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Abstract

In this dissertation, we study the verification of concurrent programs written in the program-
ming language Erlang using infinite-state model-checking. Erlang is a widely used, higher
order, dynamically typed, call-by-value functional language with algebraic data types and
pattern-matching. It is further augmented with support for actor concurrency, i.e. asynchron-
ous message passing and dynamic process creation.

With decidable model-checking in mind, we identify actor communicating systems (ACS)
as a suitable target model for an abstract interpretation of Erlang. ACS model a dynamic net-
work of finite-state processes that communicate over a fixed, finite number of unordered,
unbounded channels. Thanks to being equivalent to Petri nets, ACS enjoy good algorithmic
properties. We develop a verification procedure that extracts a sound abstract model, in the
form of an ACS, from a given Erlang program; the resulting ACS simulates the operational
semantics of the input. Using this abstract model, we can conservatively verify coverabil-
ity properties of the input program, i.e. a weak form of safety properties, with a Petri net
model-checker. We have implemented this procedure in our tool Soter, which is the first
sound verification tool for Erlang programs using infinite-state model-checking. In our ex-
periments, we find that Soter is accurate enough to verify a range of interesting and non-
trivial benchmarks. Even though ACS coverability is Expspacge-complete, Soter’s analysis
of these verification problems is surprisingly quick.

In order to improve the precision of our verification procedure with respect to recur-
sion, we investigate an extension of ACS that allows pushdown processes: asynchronously
communicating pushdown systems (ACPS). ACPS that satisfy the empty-stack constraint
(a pushdown process may receive only when its stack is empty) are a popular subclass of
ACPS with good decision and complexity properties. In the context of Erlang, the empty
stack constraint is unfortunately not realistic. We introduce a relaxation of the empty-stack
constraint for ACPS called the shaped stack constraint. Stacks that fit the shape constraint
may reach arbitrary heights. Further, a process may execute any communication action (be
it process creation, message send or retrieval) whether or not its stack is empty. We prove
that coverability for shaped ACPS, i.e. ACPS that satisfy the shaped constraint, reduces to the
decidable coverability problem for well-structured transition systems (WSTS). Thus, shaped
ACPS enable the modelling and verification of a larger class of message passing programs.

We establish a close connection between shaped ACPS and a novel extension of Petri
nets: nets with nested coloured tokens (NNCT). Tokens in NNCT are of two types: simple
and complex. Complex tokens carry an arbitrary number of coloured tokens. The rules of a
NNCT can synchronise complex and simple tokens, inject coloured tokens into a complex
token, and eject all tokens of a specified set of active colours to predefined places. We show
that the coverability problem for NNCT is TowER-complete, a new complexity class for
non-elementary decision problems introduced by Schmitz. To prove TowER-membership,
we devise a geometrically inspired version of the Rackoff technique, and we obtain TOWER-
hardness by adapting Stockmeyer’s ruler construction to NNCT. To our knowledge, NNCT is
the first extension of Petri nets (belonging to the class of nets with an infinite set of token
types) that is proven to have primitive recursive coverability. This result implies TOWER-
completeness of coverability for ACPS that satisfy the shaped stack constraint.
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Chapter 1

Introduction

‘Concurrent programs are hard to write and just as hard to verify.” This mantra is prevalent in the
verification literature on concurrent systems and concisely states the challenge faced by the field.
In this dissertation, we aim to present progress on the state of the art of a practical and theoretical
nature. The verification of concurrent programs written in the programming language Erlang is
the ultimate target of our work.

Erlang was originally designed to program fault-tolerant distributed systems at Ericsson in
the late 1980s. It is now a widely used, open-source language with support for higher-order func-
tions, concurrency, communication, distribution, on-the-fly code reloading, and multiple plat-
forms [AVW93; CT09; Arm10]. Erlang’s runtime system offers highly efficient process creation
and message-passing communication. This makes Erlang a natural fit for programming multicore
CPUs, networked servers, parallel databases, GUIs, and monitoring, control, and testing tools.
Erlang is frequently described as the first concurrency oriented programming language [Lar09]
and often called the gold standard for concurrent functional programming languages [Arm10].
Erlang’s sequential fragment is a higher order, dynamically typed, call-by-value functional lan-
guage with algebraic data types and pattern-matching. Following the actor model [Agh86], a
concurrent Erlang computation consists of a dynamic network of processes that communicate
by asynchronous message passing. Each process has a unique process identifier and is equipped
with an unbounded mailbox. Messages are sent asynchronously. A process may attempt to
retrieve a message that matches a specified pattern from its mailbox. This extracts the first
matching message if one exists and blocks otherwise. Hence, the retrieval of messages from
the mailbox is not FIFO but First-In-First-Firable-Out (FIFFO). For a highly readable introduction
to Erlang, see Armstrong’s CACM article [Arm10].

Even though Erlang is built from the ground up for concurrency, all classical faulty concur-
rent behaviours can and do appear in software written in Erlang. Races on shared resources,
deadlock, livelock, unbounded systems, and traditional sequential errors are only an incomplete
list of the software defects that arise in Erlang programs. The inherent difficulty in concurrent
program design means that such software defects are readily introduced. Even extensive test-
ing cannot detect all incorrect implementations. A class of software defects, called heisenbugs,
require unlikely sequences of events to manifest themselves and are thus almost impossible to re-
produce and localise through testing. Nevertheless such defects can have severe consequences.
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There is thus a clear need for automated methods and tools that can either prove the absence
of, or find, such software faults. Our work focusses on techniques that enable the verification
of properties such as program point reachability, mutual exclusion, system boundedness, and
absence of non-termination.

Challenges. The verification of sequential programs is already an undecidable problem. Nev-
ertheless, in many instances it is possible to automatically uncover real software defects or al-
gorithmically prove correctness. In the sequential case, this can often be achieved by sufficiently
accurate conservative analyses, i.e. analyses that may erroneously classify a safe program as un-
safe, yet may never identify an unsafe program as safe.

In the case of Erlang, the difficulties that arise in the verification of sequential programs are
magnified. To algorithmically prove that an Erlang program satisfies a property, we must reason
about the asynchronous communication of an unbounded set of messages across an unbounded
set of Turing-powerful, higher-order processes. The inherent complexity of this task can be seen
from several diverse sources of infinity in the state space [Huc99]:

(00 1) Function definitions are not necessarily tail-recursive. Thus, each concurrent process
requires a local unbounded call-stack.

(00 2) Higher-order functions are first-class values. Arbitrary closures can be created, passed
as arguments, and be returned by a function call.

(00 3) Data domains, and hence the message space, are unbounded: functions may return, and
variables may be bound to, algebraic data structures of arbitrary size.

(00 4) Processes creation is dynamic. There is no a priori bound on the number of processes
that may be spawned.

(00 5) Each process is equipped with a dedicated mailbox which has unbounded capacity.

These sources of infinity in the state space are a manifestation of Erlang’s many diverse Turing-
powerful fragments. Erlang offers a rich set of features such as higher-order functions, algebraic
data, general recursion, FIFFO message passing, dynamic process and name creation, and name
mobility. These features, in isolation or in combination, enable several distinct encodings of
Turing machines. For example, Erlang’s sequential fragment with higher-order functions and
algebraic data [OR11], the concurrent first-order functional fragment with limited synchronisa-
tions [Ram00], and the concurrent, order-zero, finite-data, tail-recursive fragment [BZ83] are all
Turing powerful. These undecidability results make the prospect of performing verification on
Erlang look daunting, but not hopeless.

1.1 Overview

To reduce the complexity of the full Erlang programming language, we introduce AAcror as a
formal object of study. AAcror is an idealised untyped functional language with actor concur-
rency. It is designed to capture the key features of single-node Core Erlang [Car01]—the offi-
cial intermediate representation of Erlang code. In particular, Aacror subsumes Core Erlang’s
higher-order functional fragment with algebraic data and communication primitives. However,
the fault-tolerance features and built-in functions of Core Erlang are not present in Aacror.



1.1. OVERVIEW 3

Infinite-State Verification. Developing verification methods for Erlang is difficult. Previous
work has focussed on under-approximation [FS07; LS04] or semi-automatic techniques [Art+98;
AEP04; Nys03] and restrictive fragments [Huc99; AD99; MW97]. It is our goal to improve on the
state of the art by developing automatic verification procedures that make use of infinite-state
model-checking. We approach the problem of verifying AAcror programs with the following
strategy:

(i) Choose a computational model that is expressive enough to model key features of AAcror

and has good algorithmic properties.

(ii) Generate a sound model from a AAcror program automatically using abstraction.
In Chapter 3, we introduce actor communicating systems (ACS) which model a dynamic net-
work of finite-state processes that communicate over a finite number of unordered, unbounded
channels. The capabilities of ACS make it a suitable candidate target model for the abstract inter-
pretation of AAcror programs. In principle, it is possible to model dynamic process creation (co 4)
and the unbounded capacity of mailboxes (00 5) in ACS. However, it is necessary to abstract
general recursion (oo 1), higher-order functions (0o 2), and data (oo 3) to obtain an ACS from
a AAcror program. ACS give rise to well-known and well-studied infinite state systems: ACS
are equivalent to Petri nets [Muk+98b] and thus enjoy good algorithmic properties. In order
to obtain a procedure that abstracts (co 1), (00 2), and (0o 3), we apply the principled method-
ology of abstracting abstract machines (AAM) [HM11; HM12] introduced by Horn and Might.
The AAM methodology provides guidance in the design of a systematic abstraction interpret-
ation [CC77] for higher-order functional languages. We apply the AAM methodology in the
novel setting of actor-style concurrency to automatically extract an abstract model, in the form
of an ACS, that simulates the operational semantics of an input Aacror program. Thus, we can
use the generated ACS to conservatively answer coverability questions on the input program.
Coverability is a reachability-like decision problem which asks given a start sy and a target con-
figuration s,y whether it is possible to reach a configuration s from sg such that s covers scoy
(s > Scov) With respect to some order > on configurations. Coverability is an important decision
problem in the context of safety verification. We have implemented this procedure in our tool
Soter which is the first sound verification tool for Erlang programs using infinite-state model-
checking. Soter generates an ACS model from Erlang source code that can be annotated with
assertions. The assertions and the abstract model are then compiled to a query for a Petri net
coverability model-checker. Our experimental results for Soter are encouraging and indicate that
infinite-state model-checking can be applied successfully to the verification of Erlang.

The Shaped Stack Constraint. Even though Soter is able to verify a range of non-trivial bench-
marks, we observe that the control-flow abstractions that we have to employ impose a cost on
precision. The fact that processes in ACS are finite-state forces us to significantly abstract the
recursive (higher-order) processes arising in Aacror. The loss of precision is considerable. For
example, consider a program P with procedure F' and a finite-state program P obtained by
abstraction from P. In the general case, an unbounded call-stack is required to remember the
context of a call to F'. After a call to F' completes, control returns to a program point that is
determined by this calling context. Unfortunately, we cannot use an unbounded call-stack in a
finite-state program. In a finite-state program P we can only remember a finite part of the con-
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text in which F is called. When F returns in 7 we must therefore introduce non-determinism
to remain sound. This non-determinism leads to spurious returns, i.e. a call to F' in context C
may return to a call site in P to which it is not possible to return to in P in the same context
C. Thus, a finite-state program that is obtained by abstraction from a fully recursive program
cannot, in general, faithfully model recursive procedure calls.

If we extend ACS by allowing processes to be recursive or pushdown, we obtain asynchron-
ously communicating pushdown systems (ACPS). Similarly to ACS, ACPS model a dynamic net-
work of pushdown processes that communicate over a fixed, finite number of unordered, un-
bounded channels. Unfortunately, ACPS are Turing powerful [Ram00]. In the general case, we
cannot perform algorithmic verification on them.

Faced with this undecidability frontier, modelling the recursive definitions that arise in Aacror
poses an interesting challenge: Can we find a subclass of ACPS that (i) has good algorithmic
properties, (ii) extends the capabilities of ACS, and (iii) is expressive enough to model a wide
range of recursive function definitions? An answer to this question is, of course, of much wider
interest than just to improve the precision of our verification procedure for Erlang.

We dedicate Chapters 4 and 5 to an investigation into this question. Previous work estab-
lished that ACPS that satisfy the empty-stack constraint [SV06] give rise to a subclass with good
decision properties. The empty-stack constraint requires that a pushdown process may only
receive a message when its stack is empty. Unfortunately, the empty-stack constraint is unreal-
istic in the context of Erlang. Erlang provides parametric implementations of common concur-
rent programming patterns through functional interfaces as Erlang behaviours. For example, a
generic server template can be instantiated with arbitrary code that handles client requests and
which may use communication and other Erlang behaviours within potentially multiple layers
of programming abstractions. This promotes the construction of Erlang programs that do not
satisfy the empty stack constraint.

In order to improve upon the empty-stack constraint, we introduce a novel class of ACPS—
shaped ACPS— and study its decision and complexity properties for key verification problems. In
the setting of unordered message passing, we may view non-blocking concurrency side-effects,
such as message sends and spawns, as commutative because the order in which such concurrency
actions are performed cannot be observed by other processes. This is in contrast to blocking con-
currency actions such as message receive which we thus call non-commutative. If we view ACPS
as concurrent recursive programs we informally say a procedure is commutative if its full exe-
cution may only give rise to commutative concurrency side-effects. Intuitively, a procedure is
non-commutative just if a blocking operation, such as a receive, may be invoked when running it.
Shaped ACPS satisfy a semantic constraint called the shaped stack constraint. The shaped stack
constraint requires that at all times, no more than an a priori fixed number of non-commutative
procedure calls may reside in the stack of any ACPS process. Note that the number of commut-
ative procedure calls is not restricted and hence shaped constrained stacks can grow to arbitrary
heights. Further, a process of a shaped ACPS may perform any communication action irrespect-
ive of whether its stack is empty or not. Shaped ACPS strictly subsume ACPS that satisfy the
empty-stack constraint. We find that coverability for shaped ACPS reduces to the decidable cov-
erability problem for well-structured transition systems (WSTS) (Chapter 4). WSTS [FS01] are
a widely-applicable class of infinite-state systems that enjoy good model-checking properties.
Unfortunately, it is difficult to obtain tight complexity results from WSTS algorithms. How-



1.1. OVERVIEW 5

ever, recent work [GMR09; GM12] has successfully established complexity results for ACPS that
satisfy the empty-stack constraint by exhibiting a connection to Petri nets [Pet62].

Nets with Nested Coloured Tokens. Encouraged by this advance, we look for a similar connec-
tion for shaped ACPS. For this purpose, we introduce a non-trivial extension of Petri nets, nets
with nested coloured tokens (NNCT), in Chapter 5. Besides ordinary Petri net or simple tokens,
NNCT feature complex tokens. Complex tokens carry a multiset of coloured tokens which may
be injected into or ejected from a complex token by transitions of the net. Thus, NNCT belong to
the class of nets with an infinite set of token types. Intuitively, the complex tokens of an NNCT
can be used to model ACPS processes while simple tokens can represent the contents of chan-
nels. We exploit these similarities to establish reductions between NNCT and shaped ACPS that
allow us to transfer complexity results obtained on NNCT to shaped ACPS. Thus, we can focus
on establishing complexity results in the simpler setting of NNCT. For this purpose, we turn to
fundamental results in the Petri net literature: the Rackoff technique [Rac78] and the Lipton con-
struction [Lip76]. The Rackoff method was originally used to establish an ExpspAcE upper bound
for Petri net coverability, while the Lipton construction provided an ExpspAce lower bound. We
show that NNCT coverability is TOWER-complete in the sense of Schmitz [Sch13]. ToweR is
a class of non-elementary decision problems that is closed under ELEMENTARY reductions. To
obtain a TowER upper bound for NNCT coverability, we devise a geometrically inspired ver-
sion of the Rackoff method. Further, we use a Stockmeyer ruler construction [Sto74], which we
obtain by augmenting Lipton’s construction, to establish TowEeRr-hardness of NNCT coverabil-
ity. NNCT are thus the first Petri net extension in the class of nets with an infinite set of token
types that are proven to have a primitive recursive coverability problem. These results imply that
e.g. coverability for shaped ACPS is TowER-complete.

Implications. Returning to our question of whether there exists an expressive decidable sub-
class of ACPS that extends ACS, we note that shaped ACPS do subsume ACS, are capable of
modelling a wide range of recursive function definitions, and they support the algorithmic veri-
fication of safety properties via coverability. Even though the worst-case complexity of the latter
is high, we do not believe that the algorithmic verification of shaped ACPS is doomed to failure.
Recently there have been remarkable advances in the design of practical algorithms for problems
of comparable or higher worst-case complexity such as higher-order model-checking [RNO14]
(TowEeR-complete) and safety verification of concurrent C programs with broadcast [KI'\W12] (non-
primitive recursive). The verification algorithms are practical in the sense that when run on
realistic (not degenerate) input programs written by humans, they terminate in a few tens of
seconds as opposed to months or years. These advances encourage us in the belief that it is pos-
sible to develop practical verification algorithms for shaped ACPS/NNCT despite their Tower-
completeness. We further believe that such algorithms would provide the basis for a verification
procedure for Erlang programs that can leverage the additional expressiveness with respect to
recursion.

Before we survey our contributions in more detail in Section 1.3, let us give a high-level intro-
duction to Aacror and explain its operational semantics on a simple example.
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1.2 A Prototypical Fragment of Erlang: AAcroxr

AAcror is an idealised untyped functional language with actor concurrency. Its sequential frag-
ment consists of Erlang’s full higher-order functional features with algebraic data structures and
pattern-matching. Functional reductions follow an eager evaluation strategy. It is augmented
with concurrency primitives for dynamic process creation and asynchronous message-passing
over FIFFO mailboxes. It thus captures the key features of single-node Core Erlang [Car01].
However, Aacror does not contain Core Erlang’s fault-tolerance features or built-in functions.

Syntax. The syntax of Aacror is defined by the grammar below. We call a term that can be
generated by this grammar a AAcror expression.

e€Expu= x| cler,...,en) | eoler,...,en) | fun
letrec x1=fun,.---x,=fun,.ine

| case e of pat; — ej;...;pat, — e, end
| receive pat; — eq;...;pat, — e, end

send(e, e2) | spawn(e) | self ()
fun = fun(xy,...,z,) =€
pat := x| c(paty,...,paty,)

where we let the metavariable ¢ range over a fixed, finite set of constructors. In definitions,
formal statements, or proofs we let the metavariables z, y, z, and f range over variables. We
adopt the usual definition of the set of free variables FV(e) of an Aacror expression e. Note that
we omit parentheses for nullary constructors.

Remark. When presenting AAcror code in concrete examples, we frequently use Erlang syntax
which is similar and often more convenient. Let us briefly explain a few cosmetic differences.
A fresh, unnamed variable for discarded values is denoted by °_’, and variable names in Erlang
start with an upper case letter, except in a letrec. The let construct (X = ej, eg) is a shorthand
for (fun(X) — e2)(e1) and the sequencing expression (e, e2) is syntactic sugar for (_ = e, e2).
The cons operator for lists is denoted by [_|_] and the empty list is written as [], which can

be translated to Aacror as cons(_,_) and nil respectively. Further, a n-ary tuple is denoted by
{e1, ..., en}, which is interpreted as the AAcror expression tupy,(eq, . .., €, ), and the character ‘%’
signifies the start of a comment in Erlang. Also note that functions are uncurried in both Erlang

and AAcror.

AAcror Programs.  We say a AAcror expression P is a program if P is a closed Aacror expression
i.e. FV(P) = (). Given a Aacror program P, we annotate each subexpression e of P with a unique
label . These labels may be viewed as the program locations of P. We write £ : e to mean e is the
subexpression of P at program location/label /. Labels are useful to distinguish subexpressions
of P that may be identical as expressions, but appear at different program locations in P. To
unclutter notation, we often omit the label ¢ when there is no confusion. We further introduce
two operations on labels: suppose £: ({y: eo)(¢1: e1,...,L,: €,) is a subexpression of P, then
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we define {.arg; := ¢; and arity(¢) := n. Lastly, let us remark on a common setting in Erlang. If
a program P consists only of a top level letrec with entry point main(), i.e.

P = letrec fi=fun(x1) — €;.- - fr=fun(x,) — €,. in main(),

then P is simply written as fi(x1) — e1.- - fn(2n) — €. in Erlang (see Example 1).

A Rewriting Semantics. In Chapter 3, we define an abstract-machine-based operational se-
mantics for Aacror which serves as its formal reference semantics. However, in order to illustrate
Aacror and its model of concurrency, we present a natural rewriting operational semantics here.
A state of the computation of a AAcror program is a set II of processes 7y, ..., T, running in
parallel which we denote by II = 7} || --- || 7. In this rewriting operational semantics, we
use the notation (e)}, to denote a process 7 that (i) is identified by a process identifier (pid) ¢,
(ii) evaluates an expression e that may contain process identifiers, and (iii) is equipped with a
mailbox m which is a sequence of messages (closed Aacror expressions). The set of eager, left-to-
right evaluation contexts is defined by the following grammar

El-]:= [-] | Ell-](e1; ... en)]
| Elv(vi,...,vi—1,[—], €41y -, 6n)]
| case [—] of pat, — e1;...;pat, — e, end

where we let v, vy,... range over irreducible expressions such as function abstractions, construct-
ors, pids, and un-applied primitives.

Purely Functional Reductions. We use the standard rewrite rules for purely functional reduc-
tions such as function application, pattern-matching, and letrec. Such functional reductions are
freely interleaved with the reductions of other processes. The following rule evaluates a function
application

(E[(fun@1,...,zp) = e)(v1, ..., 00)])i || T — (E[0(e)])s, || T

where the substitution § maps each variable z; to the value v;. We write 6(e) for the expression
obtained by substituting each variable z; in e by the expression §(z;). A case construct pattern-
matches a value v against patterns p1, . .., p,. If there is a match, i.e. v = 6(p;), then control is
given to e;:

(Ecase v of p1 — €15...;pn — e end])y, || II — (E[0(e)]) || 1

If there are multiple matching patterns the textually first is chosen. A letrec binds a number of
function abstractions to variables recursively:

(Elletrec z1=f1. -+ &n=fn. in e])y [ IT = (E[0(e)])y [| TT

where the fixpoint substitution § maps each x; to the expression letrec z1=f1. - - - Zp=fp.in f;.
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Reductions with Concurrency Side-Effects. Let us now present the rules for the primitives with
side-effects. A spawn expression, spawn(fun()}—¢), creates a new process with a fresh process
identifier  that evaluates the expression e and has an empty mailbox. The process identifier ¢/
is returned to the spawning process as the result of the evaluation:

(Elspawn(fun(—¢)])iy || I = (E[/)s || ()¢ || 1L

A send expression, send(z, v), sends the message v to the mailbox of the process with pid ¢. This
is achieved by appending v to the end of +’s mailbox. Note that the evaluation of expression
send(¢, v) is non-blocking and returns v:

(Elsend(e, o))y || ()t | L= (Ef0])iyr | ()i | 1T

In contrast to other concurrency primitives, a receive construct can cause the evaluation to block.
If a process with mailbox m=mj - - - my, evaluates the expression receive p; —€1- - -p, — €, end,
then each message m, . .., my, is considered one-by-one. If m; is the first message in m to match
one pattern, then it is removed from the mailbox and the textually first matching receive clause,
e.g. pj — e, fires. This yields the mailbox m'=mq -+ m;_1-m;y1 - mg. If there is no message
in m that matches a pattern then the evaluation blocks until a matching message arrives in the
mailbox.

(E[receive p1 — e1---pp — €ep end])y, || II — <E[0(ej)]>f;l, || II where m = 6(p;)

This means that messages may be skipped if they do not match a pattern. Hence, message passing
is not First-In-First-Out but rather First-In-First-Fireable-Out (FIFFO).

Lastly, the self primitive gives a process access to its own pid. If a process with pid ¢ evaluates
the expression self() it obtains ¢:

(Elself Ol | TL = (Elt])g [ 11

The self primitive allows a process to make decision based on its identity. Hence, two processes
may act differently even if they evaluate the same AAcror expression e. Let us now explain the
rewriting semantics on a simple example.

Example 1. The AAcror program we present below is inspired by an example by Fredlund and
Svensson [FS07]. It runs three processes A, B, and C' such that A sends two messages to C,
one relayed through B and one directly. We modify the example slightly to illustrate FIFFO
message passing and let A send a message to B which is noise and which B ignores. Consider
the following three expressions:

es = fun(X,Y) — send(X, c),send(X, {Y,b}), send(Y, a)
ep = receive {P, M} — send(P, M) end
ec = receive a — 0;b — 1 end.

We intend to let processes A, B, and C' run expressions e 4, ep, and ec respectively. Note that
e 4 is a function: it takes two arguments ¢ x and ¢y, which are assumed to be the pids of B and
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C. First, it sends a noise message c and a tuple, comprised of 1y and the message b, to the pid
tx. Afterwards, it sends the message a to ty. The expression ep is a simple receive that waits
for a message which is a pair comprised of a pid ¢p and a message m. On reception of such a
message, it sends the message m to the prescribed recipient ¢ p. Process C' evaluates expression
ec and simply waits for either message a or b to arrive first. Let us now define AAcror program
‘P that sets up our three processes A, B, and C:

main() — A = e4, B = spawn(fun() — ep), C = spawn(fun() — ec), A(B, C).

It first binds the function e4 to variable A, then spawns two processes that evaluate ep and
ec, and binds its pids to the variables B and C. As a last step, A is invoked with B and C' as
arguments. Let us present a run induced by the rewriting semantics of Aacror:

(letrec main = fun() — A = e4, B = spawn(fun() — ep) ... in main())*
— ((fun() — A = €4, B = spawn(fun() — ep),...)())~

A = e4, B = spawn(fun() — ep), C = spawn(fun() — ec), A(B,C))A

B = spawn(fun() — ep), C = spawn(fun() — ec),ea(B, C))A

B =.p,C = spawn(fun() — ec),es(B,0))A || (ep)s?

C = spawn(fun() — ec),ea(en, C)* || (en)”

" lealupse))et [l e Il {ec)e

At this point, we have reached a configuration where we have set up the three processes with
pids ¢4, tB, and (o which are executing e 4, ep, and ec as desired. We now continue with the
evaluation of e 4:

M {e)e® |l (ec)e@

send(.p,c),send(tp, {tc,b}),send(tc,a))it || (er):B || {ec)c
c,send(vp, {tc,b}), send(vc,a))* || (e)c” | (ec)

send(:, {1c,b}),send (1o, a))* || (eB)” | (ec)
(send(cc,a)) | {e5)%,, | fec)'e

= (@) || {en)', 4y | (ec)ie

In this configuration, the receive in expression ep is enabled and we can extract message {¢c, b}
from B’s mailbox skipping message c. Thus, message b can be relayed to process C.

(ealtn, e

o~~~ —

_)
%
_)
_>*

(@) || (receive {P,M} — send(P,M) end> Tion) | (ec)tc

= () || (send(ic;b))” || (ec)i®
— (a)eh || (b)!B || (receive a — 0;b — 1 end).§

= (@) || (b)e? || (O)°

Since message a appears before b in C’s mailbox, the receive in ec fires the first clause. Note
that this receive could have fired as soon as a reached process C’s mailbox. Further, a different
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order in C’s mailbox is possible, if we change the scheduling of processes. Suppose for example,
that before process A sends a to C, process B is scheduled and sends message b to C' first.
This leads to the configuration (a):4 || (b)‘Z || {ec),© which means that we ultimately reach
(@ || (o) || (1)

Even in this simple example, we use several features of Erlang/AAcror in a typical manner.
We create a first-class function, use asynchronous message passing, dynamically create two pro-
cesses, and pass their identities as first-class values both within one process and over messages.
Further, process A sends an algebraic data structure, i.e. a tuple, as a message to process B which
is received by pattern-matching.

Verification for AAcror. As we mentioned, message c is noise and should not reach process
C’s mailbox. Thus, we can pose the question whether it is possible to reach the configuration

(@i | (2 I {ec)is.

Safety Verification. Such a question can be posed as a reachability problem: given an initial
configuration, e.g. (P)‘4, does there exist a run that reaches a given target configuration, e.g.
(a)ta || <C>?LBCJ3} | (ec):$. Reachability is the prototypical safety verification problem. A safety-
property states that something bad may never happen [Lam77]. Thus, to verify whether a safety
property is ever violated, we need to check whether a bad state is reachable. We observe that
process B can under no circumstances extract message c from its mailbox since it does not match
the pattern {_, _}. Hence, process B can never get into a state of the form (send(.c,c)),5, and
therefore message c can never reach the mailbox of process C.

A weaker variant of reachability is coverability which requires a covering preorder < on
configurations. Given an initial configuration sg and a target configuration s.oy, a coverabil-
ity problem asks whether it is possible to reach a configuration s from sg such that s covers
Scovs 1.6. S > Scoy- For example, both the question whether process B can ever reach the state
(send(ic, )),; and whether the message c can ever reach the mailbox of process C' can be posed
as a coverability problem for a suitable preorder. In general, safety verification problems such
as program location reachability, mutual exclusion, and explicit bound-checks can be phrased as
coverability problems.

Liveness Verification. Another interesting property of our example is that there is no infinite
run, i.e. we eventually reach a final configuration which has no successor. Thus, P is terminating.
Deciding whether there exists an infinite run from a given configuration is called the termination
problem. Termination is an example of a liveness verification problem. A liveness property
states that eventually something good must happen [Lam77]. It is known that verifying liveness
properties reduces to checking for fair termination [Var91], i.e. is it the case that, provided non-
deterministic choices are selected fairly, every run terminates.

Verifying Boundedness. In contrast to sequential programs, many concurrent systems, such as
web servers or GUI applications, are non-terminating. It is often more interesting to ask whether
a concurrent program will only require bounded resources (bounded number of processes, mail-
boxes, call-stacks, etc.). Such a question can be phrased as a boundedness problem. Given an
initial configuration sg, the boundedness problem asks whether the set of configurations reach-
able from s is finite. Note that the AAcror program P gives rise to a bounded system. In the
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context of dynamic process creation and asynchronous message passing, it is often interesting
to specialise a boundedness question. For example, we may want to establish whether the ca-
pacity of a particular mailbox is bounded, or whether there exists a bound on the number of
processes that are executing simultaneously. Such decision questions are sometimes referred to
as selective (un)boundedness [Dem10; KIM69].

In this dissertation, we focus on the easier but important problems: boundedness, termin-
ation, and in particular coverability. Unfortunately, AAcror is a Turing powerful language and
thus even these easier problems are undecidable.

Turing Powerful Fragments of AAcror. Surprisingly AAcror subsumes several distinct Turing
powerful formalisms: Already the sequential fragment of Aacror corresponds to higher-order
functional programs with algebraic data structures and pattern-matching [OR11]. If we re-
strict ourselves to first-order Aacror programs, we can easily encode concurrent pushdown sys-
tems [Ram00]. Using tail-recursive first-order functions and dynamic process creation, it is also
possible to encode the m-calculus [MPW92]. Further, FIFFO-mailboxes allow us to simulate com-
municating finite-state machines [BZ83] and also reactive FIFFO systems [Her+02] which are Tur-
ing powerful. A reactive FIFFO system is essentially a finite-state machine with a single FIFFO
mailbox. The results of Herbreteau et al. [Her+02] imply that a single AAcror process running a
finite-state program can simulate a two-counter Minsky-machine [Min61] with its unbounded
FIFFO mailbox. There are two further, known fragments of Aacror that are expressive enough
to encode Minsky-machines [DKO11]. The first encoding is a (i) first-order AAcror program and
requires (ii) a fixed, finite number of processes with (iii) mailboxes that may not contain more
than one message, and uses only (iv) nullary constructors. Thus, the set of constructor terms and
set of messages is finite. The second encoding of Minsky-machines into Aacror also requires (ii)
and (iii), but uses (iii’) constructors of arity at most two, and (iv’) is a AAcror program of order-0,
i.e functions do not take arguments. These undecidability results are overwhelming. They em-
phasise the fact that to perform verification on AAcror, we have to consider abstractions of both
data and control-flow. In particular, identifying decidable computational models that can be the
target of an abstract interpretation of Aacror is of interest to us.

Now that we have motivated Aacror, our interest in central verification problems, and ex-
plained their difficulty, let us give a detailed overview of our contributions together with an
outline of the material that we present in this dissertation.

1.3 Contributions and Document Structure

In Chapter 2, we review essential background on transition systems and give a brief account of
the complexity classes in the hierarchy of fast-growing complexity classes [Sch13]. Further, we
review fundamental models for concurrency (Section 2.3), such as Petri nets [Pet62] and well-
structured transition systems [Fin87], and we introduce pushdown systems and context-free
grammars as models for recursive programs (Section 2.4).

We reserve Chapters 3, 4, and 5 for our contributions. In Chapter 3, we present a conservative
verification procedure for Aacror and its implementation. We study asynchronously communic-
ating pushdown systems (ACPS), the shaped stack constraint, and decision properties of shaped
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ACPS in Chapter 4. In Chapter 5, we investigate the complexity of key verification problems for
shaped ACPS via a novel extension of Petri nets: nested nets with coloured tokens (NNCT). We
survey the contents of Chapters 3, 4, and 5 in more detail in the following paragraphs.

Lastly, we conclude with a summary of our contributions and perspectives on future work
in Chapter 6.

Chapter 3. We identify actor communicating systems (ACS) as a computational model with good
model-checking properties that is capable of modelling key features of Aacror (Section 3.1). Thus,
we design an abstraction interpretation of AAcror using the methodology of abstracting abstract
machines (AAM) [HM11; HM12], which we review in Section 3.2.

e Following the AAM methodology, we give a machine-based concrete operational semantics
for Aacror that is designed to have a recursion-free state space which in turn facilitates a
structural abstraction (Section 3.3). We then present a parametric abstract interpretation
of this operational semantics and show how we can obtain a finite abstract transition sys-
tem that simulates the concrete operational semantics (Section 3.4). This constitutes the
first application of the AAM methodology in the context of message passing concurrency.
Further, we show how we can generate an ACS while exploring the abstract state space.
This ACS is guaranteed to simulate the concrete operational semantics of the input pro-
gram (Section 3.5). We can use this abstract model to conservatively verify coverability
properties of the input program.

e Thus, our conservative verification procedure is a two step process: (i) extract a sound
ACS from the input program while exploring the state space of its abstract operational
semantics, and (ii) verify coverability properties on the generated ACS using an existing
cutting-edge Petri net model-checker. We have implemented this verification procedure
in our tool Soter. We give an overview of the implementation in Section 3.6 and present a
worklist algorithm for the exploration of the abstract state space. Soter is the first sound
verification tool for Erlang programs that uses infinite-state model-checking. We illus-
trate the use of Soter on a worked example, which is a concurrent implementation of
Eratosthenes sieve (Section 3.6), and evaluate Soter on a set of non-trivial benchmarks
(Section 3.8). The results of our experiments are encouraging and indicate that infinite-
state model-checking can be successfully applied to the verification of Erlang. We find that
our worklist exploration algorithm yields a significant speed-up and that the abstractions
employed by Soter are accurate enough to verify a range of interesting and non-trivial
Erlang programs.

Chapter 4. In order to improve the expressivity of ACS with respect to recursion, we invest-
igate an extension of ACS that allows processes to be pushdown. In the general case, such an
extension yields Turing-powerful asynchronously communicating pushdown systems (ACPS). In
the literature, ACPS that satisfy the empty-stack restriction [SV06] have been studied. In the
context of Erlang, the empty stack constraint is unfortunately not realistic.

e We study ACPS in Section 4.1 and show that for the purposes of deciding coverability,
boundedness, and termination we can consider ACPS in normal form (Proposition 1), which
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is reminiscent of a context-free grammar (CFG) in Chomsky normal form. We further show
that we can consider an equivalent, simplified version of coverability, simple coverability,
which restricts the form of coverability queries (Lemma 1).

e In Section 4.2, we observe that in the setting of unordered message passing the relative
order of some concurrency actions, such as message send or process creation, is immater-
ial. We thus partition concurrency actions into commutative and non-commutative ones.
We formalise this sensitivity to order as an independence relation and lift the classific-
ation of non-/commutativity to stack characters. We build upon known results on how
CFGs interact with an independence relation and introduce a hybrid model, asynchron-
ous partially commutative pushdown systems (APCPS). Processes are modelled by a variant
of context-free grammars which distinguish commutative and non-commutative concur-
rency actions. We then show that for ACPS in normal form simple coverability polynomial-
time interreduces with APCPS (Proposition 2). Hence, we focus on developing technical
results for APCPS.

e In Section 4.3, we define an alternative semantics for APCPS which exploits commutativity
to simplify the standard semantics of APCPS. We show that for the purposes of deciding
simple coverability the standard and alternative semantics are equivalent (Theorem 7).

e The alternative semantics of APCPS suggests a natural restriction on processes: the shaped
stack constraint (Definition 21). The shaped stack constraint limits the number of non-
commutative stack characters that may reside in the stack of any process. However, the
number of commutative stack characters is unconstrained. The alternative semantics for
APCPS that satisfy the shaped stack constraint gives rise to a strict, post-effective WSTS
that is well-partially-ordered and hence coverability and boundedness become decidable
(Theorem 8). In addition, we find an easy-to-check syntactic, sufficient condition for the
shaped stack constraint (Proposition 4). We further show that the shaped stack constraint
can be recovered on ACPS in normal form (Proposition 2). Hence, we can transfer decision
and complexity results obtained on APCPS to ACPS. Note that shaped ACPS, i.e. ACPS that
satisfy the shaped stack constraint, subsume ACPS that satisfy the empty stack constraint,
thus advancing the state of the art.

Chapter 5. In Chapter 5 we focus on establishing complexity results for shaped ACPS. Encour-
aged by the connection between ACPS that satisfy the empty-stack constraint and Petri nets, we
introduce a novel extension of Petri nets, nets with nested coloured tokens (NNCTs) (Section 5.1),
that is expressive enough to model the alternative semantics of APCPS. Further, we identify an
expressive subclass of NNCT: total transfer NNCT.

e We show that NNCT give rise to a strict WSTS and thus NNCT enjoy good model-checking
properties. Coverability, boundedness, and termination are decidable (Theorem 9).

e Further, we show that simple coverability for shaped APCPS on the alternative semantics
ExpTiME-reduces to coverability on NNCT (Theorem 10). Moreover, we give a proof that
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simple coverability, boundedness, and termination for total transfer NNCT ExpTIME-re-
duces to their respective counterparts for shaped APCPS on the alternative semantics (The-
orem 11).

e We then move on to establish TowER membership of NNCT coverability (Theorem 12).
Our proof uses a geometrically inspired extension of the Rackoff argument, which was
originally used to establish Expspace-membership of coverability for Petri nets [Rac78].

e We obtain a non-elementary lower-bound, i.e. TOwWER-hardness, for simple coverability,
boundedness, and termination by adapting Stockmeyer’s ruler construction [Sto74] to
NNCT (Theorem 13). We establish these reductions from the parametrised halting prob-
lem of 2 11 n-bounded two counter machines, which is the canonical TowERr-hard decision
problem. To this end, we exhibit a polynomial-time computable total-transfer NNCT that
can simulate a given 2 1 n-bounded two counter machine. We arrive at this total-transfer
NNCT by augmenting Lipton’s construction [Lip76], which established ExpspacE lower
bounds for coverability, boundedness, and termination for Petri nets.

e Hence, coverability for NNCT and shaped ACPS/APCPS is TowER-complete (Theorems 14
and 15). To our knowledge, NNCT is the first extension of Petri nets (belonging to the
class of nets with an infinite set of token types) that is proven to have primitive recursive
coverability.

A Note to The Reader

In order to improve readability, we relegate detailed technical arguments and formal proofs to
the appendix, while we give a high level explanation in the main text that we mark with Proof
Idea. For the proofs of more intricate results such as Theorem 7, Theorem 10, or Theorem 12 we
dedicate a section to an explanation of the proof. For some conjectures we provide a high level
argument that we believe can be turned into a formal proof and mark it by Proof Sketch. Further,
we would like to mention that we review related work at the end of each chapter instead of in a
dedicated chapter. Lastly, in order to help the reader, we sometimes repeat definitions that have
been introduced elsewhere in the text.

Notation.

Sets and Multisets. Let us write N> = N U {oc} and (n) = {1,...,n}. Let U be a set and
V C U, we denote Vs set complement by V<, ie. V¢ = U \ V. We write Z[V| for the powerset
of V, ie. the set of all subsets of V. Further, we write M[U] for the set of multisets over the
set U. We use [-] to denote multisets explicitly; e.g. we write [u, U, 112} to mean the multiset
containing two occurrences each of u and v. Moreover, we write () for both the empty set and
the empty multiset. We say that u is an element of the multiset M € M[U], written u € M, if
M(u) > 1. Given multisets My and My, we write My @ M for the multiset union of M; and
M. If M = M, @ My then we define My = M & M. We order multisets (in M[U]) standardly:
My <yy) Ma justif My = [ug,...,u,], M2 = [u],...,u;,] and there is an injective map
h : (n) — (m) such that for all 1 < i < n we have u; <g u’h(i). Let M € M[U] and Uy C U.
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We define M | Up to be the multiset M restricted to Uy ie. (M [ Up) : u — M(u) if u € Uy,
and 0 otherwise.

Sequences. We write U for the set of (finite or infinite) sequences and U™ for the set of finite
sequences over U. If u,v,... range of U, we write u, v to range over U*. We also let the
metavariables 3,7, i, v, ... range over U* and we denote the length of sequence 3 by |3|. We
denote the empty sequence by € and we write *’ for the concatenation operator. Sequences in
U* are maps from N — U. If (U, <y) is a preordered set then we extend < to a preorder <g;g
on U* such that § <g;y 3’ if there is a strictly monotone function % : (|3]) — (|3’|) and for all
i € (|B]) we have 5(i) <u '(h(i).

Disjoint Unions. We write Uy + U, for the disjoint union of sets Uy and Us. Suppose we have
maps f1 : Uy — Vi and fo : Uy — Vo, we write f1 + fo : Uy + Uy — Vi + V5 where +
is the coproduct bifunctor, i.e., (f1 + f2)(ini(u)) := in;(fi(u)), for i € {1,2}, where in; is the
canonical injection of U; into U; 4 Us. Henceforth, to save writing, we will elide in; and write,

for example, (f1 + f2)(u) = fi(u) if u € U;.

Functions. We write f [u; — u],...,u, — ul,] for the function f’ such that f'(u) = f(u) if
u # u; forall i € (n), and f'(u;) = u]. We extend the operators @&, & to functions, i.e., if
hi,hy : V. — M[U] then (h; & h2)(v) := hi(v) & ha(v) and (h1 © h2)(v) = hi(v) © ha(v).
Further, let us define for all sets U, V the map 0 : U — M[V] by O(u) = () for all u € U; and
abbreviate O [uy — u), ..., uy — u)] to [ug — uf, ..., uy — ul]. Lastly, the set of finite partial
functions from U to V is denoted by U — V.

In the next chapter, we introduce a number of computational models and technical notions
that we will assume as background for the remainder of this dissertation. Among these are a
brief overview of transition systems (Section 2.1), the complexity classes of the fast growing-
hierarchy (Section 2.2), models of concurrency (Section 2.3), and models for recursive programs
(Section 2.4).






Chapter 2

Background

The material of this dissertation builds on several fundamental concepts to which we give a brief
introduction in this chapter. First we present definitions of several classes of transition systems
and introduce central decision problems in the verification literature that arise in their study
(Section 2.1). A significant part of this dissertation is concerned with the analysis of decision
problems for infinite state models; the complexity of the latter can often be accurately placed
within the hierarchy of fast growing complexity classes which we will briefly present in Section 2.2
alongside the commonly used complexity classes. Further, we give a brief exposition of models
of concurrency such as Petri nets and well-structured transition systems (Section 2.3), and present
our model of choice for recursive programs, pushdown systems (Section 2.4).

2.1 Labelled Transition Systems

Transition systems are essentially directed graphs. In the verification literature they are com-
monly used to describe how a program, a concurrent system, or other computational model
evolves. Transition systems are comprised of two parts: a state space which is often used to
describe the configuration or state of the modelled system; and a transition relation that details
how the modelled system changes state. The transition relation may be annotated or labelled to
indicate, for example, the reason why a transition is possible, an action that is performed along
a transition, or a property that holds at the successor state. A transition system with a labelled
transition relation is referred to as a labelled transition system.

Definition 1. A labelled transition system (LTS) S is a triple (Ss, —s, Ls) where Ss is a set of
states, Lg is a set of transition labels, and — g is a labelled transition relation defined as a subset of
Ss X Ls x Ss. We use the notation s L>5 s’ to denote a transition (s, [, s’) € —s and we drop
subscripts whenever S is clear from the context. Suppose there exists a sequencel € L of labels
such that there are transitions sg 1) S S1 12) S Yn) S Sp then we write so —% s, If
Ls contains the empty string € as a special label then we identify, as usual, two label sequences
I, I if they are equal after repeatedly applying ~y - € = € - v = . Further, we omit the label from

s and -55* to obtain the unlabelled one-step transition relation and its transitive closure.

17
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An (unlabelled) transition system S is a LTS for which L is the singleton-set {e¢}. For brevity
we use the unlabelled transition relation s —g s" if s <>g s’ and specify S = (5, —g) if it is
understood that S is unlabelled.

Remark. As defined unlabelled transition systems constitute a special case of LTS. However, it
is equally easy to obtain an unlabelled transition system from an LTS by omitting labels. Hence,
it is common practice to apply any notion defined on one to the other, unless explicitly ruled
out. We follow this practice and take the more convenient choice depending on the definition at

hand.

Suppose that § is a transition system. We say s € S*™ is a path in S, just if forall 1 <1i < |s],
s(i) —»s s(i+1). If |s| < w, i.e. s is a finite sequence, we say s is a finite path; otherwise s is
said to be an infinite path. We define Reachs(s¢), the set of reachable configurations from a start
configuration sg in S, as the set:

Reachs(sg) :={s € S| so —% s}.

In the context of verification, it of central interest to find answers to questions such as: Is it
possible to reach an “error” state? Is a given program guaranteed to terminate? Does a software
system require ever more resources in the course of its computation? Questions like the former
can be phrased on a transition system as the decision problems: reachability, boundedness, and
termination.

Decision Problems (Reachability, boundedness, and termination). Let S = (S, —s) be a trans-
ition system and sy € S be an initial configuration. We say the triple (S, s, s) is a yes-instance
for reachability if s is a reachable configuration from s, i.e. s) —%5 s. The boundedness problem
is to decide whether the reachability set Reachs(sp) is finite and the termination problem is to
decide whether there exists an infinite path from sg in S.

Remark. It is customary to include an initial state in the definition of transition systems, some-
times also referred to as pointed transition systems, or other computational models. In this disser-
tation we opt to define all transition systems and computational models as unpointed, i.e. without
an initial state. Instead we include an initial state as part of decision problems.

A transition system (S, —) is said to be finite state if S is a finite set. Finite state transition
systems are an important class of transition systems and play an important réle especially in the
field of hardware and software model-checking, and finite-state verification. A transition system
(S, —) is said to be infinite state if S is an infinite set. Thus, to decide the boundedness problem
we have to answer the question of whether a general transition system is a de facto finite state
transition system.

For some transition systems, especially in the context of concurrent systems, it makes sense
to think of the state space as describing the configuration of many systems each with a local
state. Such a view induces the notion of subsystem, i.e. a preorder on the state space. From
a verification standpoint, it is of interest to consider the reachability of a “bad” subsystem as a
decision problem in this setting. Such a structure can be made formal as a pre-structured transition
system, also known as preordered transition systems.
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Pre-Structured Transition Systems. Let us fix a few preliminary definitions. A preorder is a
binary relation that is reflexive and transitive. A triple S = (Ss, —s, <s) is said to be a pre-
structured transition system (PSTS) if <g is a preorder on Ss and (Ss, —s) is a transition system.
For 5,8’ € S we say s’ covers s just if s <g s’. A path sin S is said to be covering for s’ from s
if s(|s|) covers s’ and s(1) = s.

Decision Problem (Coverability). Let S = (5, —s,<s) be a PSTS and sy € S be an initial
configuration. We say Q = (S, So, Scov) is a coverability query where sy is said to be the target
marking. The coverability query Q is said to be a yes-instance for coverability if there exists a
reachable configuration s’ € S that covers scoy, i.€. Sg —% s" and scoy <g §'.

For a subset U C S we can define U’s upward closure: 1U := {u' | u < v/,u € U} and U’s
downward closure: U := {u' | «' < u,u € U}. Intuitively, the downward closure operator
saturates a set with all its subsystems. Thus, we can relate the coverability and reachability
problems and see that coverability formalises subsystem reachability: a reachability instance

(S, s0,s) asks whether s € Reachs(so); a coverability instance (S, sg, s) asks whether s €
JReachs(sy).

Simulation and Bisimulation. In the study of decision properties of transition systems, it is
often fruitful to establish a connection between two LTS. Exhibiting a simulation or bisimulation
is a technique that is commonly employed. Informally, a simulation between two LTS S and &’
guarantees that any (labelled) path that is possible in S can be replicated in S’; a bisimulation
between S and S’ ensures that this replication of behaviour is feasible in both directions. Let us
give a formal definition of simulation, bisimulation, and their weaker variants.

Definition 2. Suppose S = (5, —s, L) and 8’ = (S, =g/, L) are labelled transition systems
such that L = L'. We say a relation ® C S x S’ is a simulation just if for all (s,s’) € R the
existence of a transition s g ¢ for some t € Sand [ € L implies that there exists ¢’ € S’ such
that s’ 5 ¢/ and (¢,t') € .

In order to define two weakened variants of simulation, we define the following two condi-
tions for a choice of s’ € S/, € L,and t € S:

(W) there exists t’ € S’ such that s —l—%, t"and (¢, t') € R;
(R) either (t,5') € ® and | = ¢, or there exists ' € S such that s ~»¢ ' and (t,t') € &.

The relation R is said to be a weak simulation (reflexive simulation) if for all (s,s’) € ® such
that s L>5 t for some t € S and | € L condition (W) (respectively condition (R)) holds for s/,
[ and t. We say R is a (weak/reflexive) bisimulation just if both ® and ® ~! are (weak/reflexive)
simulations where we define the inverse R~! of a relation R as R~! := {(b,a) | (a,b) € R}.

Simulations and bisimulations are useful to transfer decision properties from a transition system
S to another §’. For example, suppose there is a simulation ® for S and &', (s, s’) € R, and t is
reachable from s in S, then we know that some ¢’ is reachable in S’ such that (¢,¢') € R. Further,
suppose R is a bisimulation, then Reachs (s) is a finite set if, and only if, Reachg/ (') is a finite set.
In this dissertation we make frequent use of this strategy when establishing the interreducibility
of two decision problems involving transition systems. Sometimes it is more natural to exhibit a
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relation between a state of one transition system and a set of states of another. In this case it is
often possible to apply the definitions of simulation and bisimulation to a powerset lifting of one
of the transition systems.

Powerset Lifting. A powerset lifting of a transition system S = (S, —s) is a transition system
with state space Z2[S]. However, there are many choices to lift the transition relation to sets of
states. We will present three possible powerset liftings of S: the existential, the universal, and
the co-universal.

Definition 3. Suppose S = (S, —s) is a transition system. We define £?7[S] the existential
powerset lifting of S by 27[S] = (£2]9], = »3[s])s PV(S] the universal powerset lifting of S
by 27[S] = (2]9], — vs])» and P1(S] the co-universal powerset lifting of S by 24[S] =
(Z[S], = p~(s)), where we define the transition relations as follows:

* S =g S"if3s € S,3s’ € S’ such that s =5 s,
* S =g S if Vs € 5,35 € S’ such that s =5 s, and
o S —png S ifVs' € 8,35 € S such that s =5 5.

A universal powerset lifting can be useful to show that properties have a forward implication:
suppose, for example, we have sets U and U’ that consist of all states that satisfy property P
and P’ respectively and there is a transition U — 5vs) U’, then we know that for all states
satisfying P any of its successors will satisfy P’. The co-universal powerset lifting allows us to
reason backwards: a transition U — gv(g) U’ allows us to deduce that every state satisfying P’
has a predecessor that satisfies P.

The decision problems that we are concerned with in this dissertation involve finite and
infinite state transition systems that are generated by computational models. In the following
sections we will review commonly used complexity classes and two strands of computational
models that are often associated with concurrent computations and recursive programs.

2.2 Classes of Computational Complexity

In this section we introduce very briefly the hierarchy of fast growing complexity classes along-
side the standard collection of complexity classes. Let us begin with characterising the compu-
tational complexity of a decision problem by the time required by a Turing machine to provide
a solution. Let n denote the size of the input and f be a function; we write

TME(f(n)), NTiMmE(f(n)), ALTTIME(f(n))

for the sets of problems decidable in time f(n) by a deterministic, non-deterministic, and altern-
ating (respectively) Turing machine. Similarly, there is such a standard characterisation with
respect to space requirements. We write

Space(f(n)), NSpace(f(n)), ALTSPACE(f(n))

to mean the sets of problems decidable in space f(n) by a deterministic, non-deterministic, and
alternating (respectively) Turing machine.
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The standard collection of complexity classes can then be defined by constraining the choice of
f: let p be a meta variable denoting a polynomial, we then define:

P= UTIME(p(n)), NP = UNTIME(p(n)),

EXPTIME = UTIME <2p (")> , NEXPTIME = U NTIME (2p (n)> ;
P P

EXPSPACE = U SPACE (2p (”)> , NEXPSPACE = UNSPACE <2p (”)> ;
P P

ALTEXPSPACE = U ALTSPACE (2”(")) .
p

In order to define a more complex class, it is useful to introduce the operator that produces

a tower of exponentials 22" of height n: the tetration operator — 1t —. Tetration is defined
inductively: k110 = 1and k1 (n + 1) = k¥ ", we write slog, , super logarithm, for its inverse,
ie.slog, (k11 n) = n and for k = 2 we drop the subscript and write slog to mean slog,. We can
then define the complexity class ELEMENTARY which contains the problems that are decidable in
time bounded by some tower of exponentials:

ELEMENTARY = U TIME(2 11 (i + slog(n))).
i>0

For a comprehensive treatment of complexity theory and the standard complexity classes, we
refer the reader to Sipser’s excellent book [Sip97] on the subject.

Fast-Growing Complexity Classes. Some decision problems involving infinite state compu-
tational models exhibit a computational complexity that lies beyond the class ELEMENTARY. In
order to provide meaningful complexity classes for such decision problems, Schmitz recently in-
troduced the hierarchy of fast-growing complexity classes [Sch13] based on the extended Grzegor-
czyk hierarchy of functions [LW70].

Ordinals, Cantor Normal Form, and Fundamental Sequences. Both the extended Grzegorczyk
hierarchy and the hierarchy of fast-growing functions are indexed by ordinals. An ordinal « is
said to be a successor ordinal if « = o/ + 1 for an ordinal . Otherwise if & > 0 we say « is a
limit ordinal. We restrict ourselves in the following to ordinals below ¢y, i.e. the least ordinal «
to satisfy a = w®, which can be expressed in Cantor Normal Form (CNF):

a=w-cg+ - -w ¢, wherea > a1 >+ >ayandw > cp,...,c, > 0.

A limit ordinal o can be written as @« = g + w*! such that a; > 0 and either ap = 0 or
a is a limit ordinal. A sequence of ordinals o, ..., ay, ... that converges to a limit ordinal «
from below is said to be a fundamental sequence for cv. We define the (canonical) fundamental
sequence o for the limit ordinal « by induction:

a(i)=ag+w-(i+1) if o« = g + w® ™t and

a(i) = ap + wo(® if @ = ag + w™ and o is a limit ordinal.
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F3 = ToOwER

ELEMENTARY

Figure 2.1: The complexity classes ELEMENTARY, TOWER, primitive recursive (PR), Ack, multiply recurs-
ive (MR), and HAck. Reproduced with permission and with minor modifications from [Sch13].

Fast-Growing Functions. For each ordinal « the fast-growing function Fy,, : N — N is defined
inductively: Fj(i) = i + 1 as the base case,

Fy1(7) Fa/)i—|r1 (1) if « = o/ + 1 is a successor ordinal, and

Fo (i)

Foiy(3) if « is a limit ordinal.

The extended Grzegorczyk hierarchy of functions (%, ), is then defined using the fast-growing
functions F,: %, denotes the set of functions f such that there exists a constant ¢ < w so
that f(n) can be computed by a deterministic Turing machine in time O ((F,,)“(n)). Writing
F<a = Uy cq Fo the hierarchy of fast-growing complexity classes is then defined by

Using many-one %, -reductions gives rise to a notion of completeness for the complexity
class F, that is familiar from the standard complexity classes. Schmitz defines three complex-
ity classes: Tower = F3 the class of the “easiest” non-elementary decision problems closed
under ELEMENTARY reductions; Ack = F,, the class of the least difficult non-primitive recurs-
ive problems closed under primitive recursive reductions; and HAck = F,« a class of hyper-
Ackermannian decision problems closed under multiply-recursive reductions [Sch13].

We use the last part of this section to quote Savitch’s Theorem relating NSPACE and SpACE
and to remind the reader that beyond TOWER it is unnecessary to distinguish between time and
space complexity:

Theorem (Savitch’s Theorem [Sav70]). NSpAce(f(n)) C Space((f(n))?).

Lemma. Spack (f(n)) C Tme (2/(™).
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Figure 2.2: A graphical representation of the Petri net V in Example 2.

Y

b2

2.3 Computational Models for Concurrency

Concurrency is one of the central yet elusive concepts of computer science. It has been the
subject of many decades of research and still today many central questions are unanswered. The
study of Petri nets has shed much light on the nature of concurrency and to the present day they
remain an important subject of study.

Petri Nets: Two Definitions and a Graphical Representation

Petrinets [Pet62] are widely recognised as one of the fundamental models for concurrency. Since
their inception in the middle of the 20th century by Carl Adam Petri, they have stimulated a
large body of research. Many decision results are known [Esp98], numerous extensions have
been proposed [AK76; Cia94; FMP04; Rei08], and various equivalent definitions exist:

Definition 4. A Petri net (PN) is a pair V = (P,T") where P is a finite set of places and T is a
finite set of transitions. A transition ¢ is a pair ¢ = (I, O) where both I and O are mappings of
type P — N. A configuration s is a distribution of tokens over places which is represented by a
mapping P — N. We say a transition t = (I, O) is enabled at a configuration s if (s — I)(p) > 0
for all places p. The Petri net V induces a transition system over configurations where the (7-
labelled) transition relation —, is defined by s 5y, s justift = (I,O) € T, s' = s — I + O,
and ¢ is enabled at s.

Example 2. A Petri net may be represented graphically. Let us consider the Petrinet V = (P, T)
where P = {p1,p2,p3,pa}, T = {t1,t2,t3}, and the transitions t1, . . ., t4 are as follows:

t1 = ([pl — 1,p3 — 1], [pg = 1]), to = ([pg — 1,p4 — 1], [pl — 1]), and
ts = ([pr— 1], [ps = 1, pa = 1]).

In Figure 2.2 we display V. Places are represented as circles and transitions as boxes. We use
arrows to display the pair of mappings making up a transition. For a transition t = (I, 0) we
draw I(p) many incoming arrows, originating from p ending in ¢, and O(p) arrows from ¢ to p
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for each place p. For example transition ¢ in V: there is an arrow from p; to t1, one from p3 to
t1, and one from ¢ to ps.

Using this representation it is easy to see that the transition relation describes the well-known
token game. Transitions allow us to remove tokens from some places and add them to others. For
example, in the configuration displayed in Figure 2.2 we can fire ¢; to move one token from p;
to p2 while removing a token from p3. At this point we can fire to to move the token in ps back
to p; removing a token from p4. The configuration we reach is the one displayed in Figure 2.2
except that ps is empty and p4 contains only one token.

There is an equivalent definition for Petri nets in terms of the more general class of affine
nets [FMP04].

Definition 5 (Petri net, affine net). An affine net (AN) is a pair V = (d, F') where d € N1 is the
dimension and F' C N¥d x 74 x N is a set of transition functions. The transition relation is
defined for s, s’ € N? and (A, B,C) € F we have s 229, ¢ justifs > C,s' = As+ B
and s’ € N%. We say an AN V = (d, F) is a Petri net just if for all (A, B,C) € F, A = id the
unique matrix such that id - s = s - id = s in which case we treat F as F' C Z¢ x N¢,

Defining Petri nets as a class of affine nets makes the well-known connection between and Petri
nets and vector addition systems obvious.

Definition 6. A vector addition system (VAS) is an AN V = (d, F') such that all transitions
(A,B,C) € F satisfty A = idand C = 0. The set of transitions is thus commonly treated
as a subset of Z.

It is well-known that VAS are equivalent to Petri nets. Petri nets subsume VAS and VAS can
weakly bisimulate Petri nets.

It is not hard to see that the common extension of <y to N%, i.e. a <ya bif a(i) <y b(i) for
alli € (d), gives rise to a preorder on N%. We note that AN and thus Petri nets and VAS give rise
to PSTS when equipped with <ya.

Decision and Complexity Results for Petri Nets and Extensions

Many complexity and decision results are known for Petri nets: coverability and boundedness are
decidable [KM69] and ExpspAcE-complete [Rac78; Lip76]. Moreover, decidability and ExpsPACE-
completeness results for termination [KM69; Lip76; HRY91], place-boundedness [KM69; Lip76;
Dem13], model-checking LTL [Esp94; Hab97], and model-checking fragments of Presburger CTL
[BS11b] have been established. The reachability problem was proved to be decidable [ST77;
May81; Kos82; Lerlla] more than 30 years ago yet its complexity is still open. An extensive
survey on the decision and complexity properties of Petri nets by Esparza and Nielsen can be
found in [EN94].

Numerous extensions to Petri nets or their VAS equivalent have been devised and studied.
Petri nets with reset arcs [AK76] or transfer arcs [Cia94] can be seen as an instance of affine nets.
A reset transition that resets place p is an affine transition (A, B, C') where A = id[(p,p) — 0].
A transfer transition which transfers the contents from place p to p’ is an affine transition
(A, B,C) where A = id[(p,p) — 0,(p,p’) — 1]. Petri nets with reset arcs or transfer arcs
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are then Petri nets that allow reset transitions or transfer transitions respectively. Reachability
is known to be undecidable for Petri nets with reset or transfer arcs [AK76]. In the case of re-
set Petri nets this remains true for the boundedness problem which implies the undecidability
of place-boundedness for transfer Petri nets [DFS98]. On the other hand, boundedness remains
decidable for transfer Petri nets [DFS98]. Coverability and termination for Petri nets with reset
or transfer arcs is known to be decidable [DFS98] and Ack-complete [Sch02; Sch10; Fig+11]. Of
course, affine nets themselves are an extension of Petri nets. One subclass of AN called strongly
increasing affine nets (SIAN) [BFP12] effectively prohibits reset or transfer like transitions. A
strongly increasing affine transition (A, B, C) is required to satisfy A > id. Coverability and
boundedness are known to be Expspace-complete [BFP12] for SIAN, yet reachability becomes
undecidable in the presence doubling arcs [DFS98]. The decision and complexity properties of
general AN are inherited from reset Petri nets (reachability and boundedness: undecidable, cov-
erability and termination: Ack-complete [Fig+11]).

VAS may be extended by adding a finite control-state component. The resulting model is
called VAS with states (VASS) which is equivalent to VAS [HP79]. Petri nets may also be extended
with inhibitor arcs or zero tests. A zero test transition is labelled by a place p and is only enabled
at a configuration s if s(p) = 0. The ability to test two places for zero renders such an augmented
Petri net Turing powerful [Min61]. Perhaps surprisingly, positive decision results exist if only
one place may be tested for zero (VASy) [Rei08; Bon11b] and if tests are hierarchical [Rei08], i.e. if
P1, - - ., Pn, may be tested for zero then a zero test transition may require all places p1, ..., p; to
be zero for some i € (n). Positive decidability results have been established for both VAS, and
VAS with hierarchical zero tests for reachability and coverability [Rei08; Bon11b; AMO09], LTL
model-checking [Bon11a], boundedness, and place-boundedness [Bon+10]. However, except for
coverability which is known to be at least as hard as Petri net reachability [BFP12], no informa-
tion is available on the complexity of the former decision problems.

There is a pattern that underlies decision results for a wide range of Petri net extensions and
variants. This pattern has lead to the introduction of well-structured transition systems [Fin90]
by Finkel.

Well-Structured Transition Systems

All the extensions of Petri nets we have discussed so far describe pre-structured transition sys-
tems with a preordered state space isomorphic to (N?, <y4). Moreover, the preorder <y is a
well-quasi-order. Let <;7 be an preorder over a set U. We say <y is a well-quasi-order (WQO)
just if for all infinite sequences w1, ug, . . . there exist ¢ < j such that u; <y u;.

Karp and Miller exploited the WQO property of <ya to show that a VAS has a finite cov-
erability tree, also known as the Karp-Miller tree, and thereby provided decision procedures for
coverability, termination, boundedness, and place-boundedness. Many further decision results
on Petri nets have been developed using the Karp-Miller tree [BS11b; VVN81; FS08]. VAS have
a special property with respect to <ya : the transition relation is monotone with respect to <yu,
i.e. we may think of <y as a simulation relation. The combination of <y« being a WQO and the
monotonicity of the transition relation has important consequences: suppose s is a potentially
infinite path; since <ya is a WQO either s is finite or there exists 7, j such that s(i) <y« s(j)
and monotonicity implies that any transition that is possible from s(7) is also possible from s(j).
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The transitions s(z), s(i+ 1), ..., s(j) can thus be seen as a (potentially increasing) loop. In the
Karp-Miller tree construction the loop s(i), s(i+1),. .., s(j) is accelerated and s(j) is widened
to its limit. The key properties that underlie this construction were distilled and generalised by
Finkel and led to the definition of well-structured transition systems [Fin87]:

Definition 7. A well-structured transition system (WSTS) is a PSTS S = (5, =5, <s) such that
<s is a WQO over S and -5 C S x S is monotone with respect to <g, i.e. if s =5 s’ and
s <g t then there exists ¢ such that t =g t' and s’ <g t'.

We say S is a strict WSTS if — g satisfies strict monotonicity: if s —g s’ and s <g t then
there exists t’ such thatt =g t' and s’ <g t'.

WSTS have emerged as a standard tool for decision results for infinite-state transition systems
and many instances of WSTS are know to date [FS01]. Importantly, extensive research has shown
that WSTS enjoy good model-checking properties [Fin87; Abd+96; FS98; Abd+00; FS01]. Let us
define the set of one-step predecessors of a set U as Preds(U) := {s | s s u,u € U}, and we
write Pred’(U) for the set of predecessors of a set U, i.e. Pred(U) = {s | s =5 u,u € U}. The
coverability, termination, and boundedness problems are decidable for a WSTS S provided that
for any given s € S the set 1Pred(1{s}) is effectively computable, the wqo <g is decidable, and
in the case of the boundedness problem S is a strict WSTS [FS01].

Monotonicity in WSTS allows us to relate coverability and reachability in a backward fashion.
A reachability instance (S, sg, s) asks whether so € Preds(s). In comparison, a coverability
instance (S, so, s) asks whether sg € 1Preds(s). Note that monotonicity implies the equivalence:
so € TPredg(s) if, and only if, s € | Reachs(sg). For any subset U C S the upward closure 1U
can be represented by a finite set of minimal elements of U thanks to <s being a WQO. These
facts are exploited by the general WSTS backward fixpoint algorithm [Abd+96] for coverability:

k

s} C 1Preds(t{s}) Ut{s} - | (1Preds)’ (+{s})

1=0

which is guaranteed to terminate in a finite number of steps [FS01].

Composing WQOs An important part of demonstrating that a PSTS S is a WSTS is to show
that <g is a WQO. Fortunately, the WSTS toolbox comes with a variety of results on construct-
ing WQOs. WQOs can be composed in various ways which makes decision results for WSTS
applicable to a wide variety of infinite-state models. In the following we recall a few results on
the composition of WQO.

(WQO-a) If (A;,<;) are WQO setsfor i = 1,...,k then (A1 X -+ x Ag, <3 X -+ x <) is a WQO set.
(Dickson’s Lemma)
(WQO-b) If A is a finite set then (A4, =) is a WQO set.

(WQO-c) If(A,<4)isaWQO then (A*, <4~)is a WQO where we define a < 4+ a’ if there is a strictly
monotone map h : {|a]) — (|a’|) such that a(i) <4 a’(h(i)) for all i € (|al). (generalised
Higman’s Lemma)

(WQO-d) If (A, <4) is a WQO then (M[A], <pyp4]) is a WQO where we order M <y M’ just if
n)

J
M = [mq,...,my],M' = [m],...,m!,] and there is an injective function h : (n) — (n’)
and m; <y4 m’h(i) foralli € (n).
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(WQO-e) If (A, <a)and (B, <p) are WQO sets, then (A - B, <4 - <p) is a WQO set, where we define
vy <a-<pd-djustify <, dandy’ <p o

(WQO-f) If (A,<4) and (B, <pg) are WQO set, then (A + B, <4 + <p) is a wqo set, where a <4
+ <pbjustifa,b € Aanda <pbora,b € Banda <pb.

Examples of WSTS. WSTS are ubiquitous. Petri nets, VAS, and affine nets are all instances
of WSTS. For well chosen WQO other computational models are also WSTS: (i) lossy counter
machines [BM99] which have unreliable counters that may non-deterministically decrement,
(ii) lossy channel systems [A]93] — communicating finite state machines with unreliable channels
that may loose messages, (iii) the depth-bounded m-calculus [Mey08] — an expressive fragment of
Milner et al’s process calculus [MPW92], (iv) context-free grammars [FS01], and (v) weak class
memory automata [CMO14] — a class of automata accepting languages over infinite alphabets.

Other Models of Concurrency. For completeness we would like to point the reader to other
models of concurrency such as communicating finite state machines (CFSM) [BZ83], Milner’s
calculus of communicating systems (CCS) [Mil80], the m-calculus [MPW92], and Hoare’s commu-
nicating sequential processes (CSP) [Hoa78]. Further, we would like to mention the process algeb-
ras of the hierarchy of Process Rewrite Systems (PRS) [May00]: (i) basic parallel processes (BPP)
[CHM93] which are equivalent to communication-free Petri nets [Esp97], (ii) the basic process
algebra (BPA) [BK84] describing sequential context-free processes, (iii) the process algebra (PA)
which extends BPA with parallel composition but without synchronisation, and (iv) PAD (PA +
pushdown processes) which subsumes PA and BPA [May00]. Lastly, process algebra nets (PAN)
[May97], which are also part of the PRS hierarchy, are of interest since they subsume both PA
and Petri nets. Thus, calls and returns may be modelled. However, synchronisations in PAN are

restrictive. For a set of processes 71, . . ., T, to synchronise, they are restricted to be leafs of the
same branch in the tree topology, and 7y, . . ., 7, are required to equal the premise of one of the
finite number of rules form 7 || - - - || m, — 7. Hence, it is impossible, in general, for a stack to

be remembered along a synchronisation.

2.4 Computational Models for Recursive Programs

Pushdown systems are a commonly employed model for the analysis of sequential recursive
programs. In this section we give a brief introduction to pushdown systems and illustrate the
connection between recursive programs and pushdown systems by an example. Let us first recall
their definition:

Definition 8 (Pushdown system). Let X be a stack alphabet. A pushdown system is a triple P =
(X, Q, T) where Q is a set of control statesand T C Q x ¥* x Q x ¥* is a finite set of transition
rules. In the following we write (¢,v) — (¢/,7’) for a rule (¢,7,¢',7') € T.

A pushdown system P gives rise to an infinite-state transition system (Q x ¥*, —p) where the
transition relation —p is defined by (¢,vd) —p (¢',7/d) forallé € ¥* and (¢,v) — (¢',7)€T.
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1 readBoolean() — 8 printTrue() —

2 X := false , 9 print "true".

3 X := read(), 10

4 case X of 11 printFalse () —

5 true — readBoolean(), printTrue(); 12 print " false".

6 false — printFalse () ; 13

7 end. 14 main() — readBoolean().

Figure 2.3: A recursive program reading boolean values from input. As long as the input provided is true,
the program continues to prompt for input; otherwise the programs prints out the list of inputs given in
reverse order. The sequences of interaction always have the form (read)” print " false" (print "true")".

Example 3 (Recursive Programs and Pushdown Systems). Consider the program P in Figure 2.3.
The procedure readBoolean() reads a boolean from input and calls itself recursively if the input
was true; otherwise it prints all received inputs in reverse order.

We will present two different pushdown systems P; (Figure 2.4) and P» (Figure 2.5) that
implement P. In Figure 2.4 we show a graphical representation of the rules P;. The control
states of P; are tuples of line numbers and valuations of the local variable X except for the entry
point main. P; follows P in the execution of line numbers and uses its stack to remember the
return state conforming to the stack frame model. Nodes in the graph represent control states and
edges represent rules. For example, the edge labelled with ‘push (Lg, X = T')’ represents the rule
((Ly, X =T),¢e) = ((Le, X =T),(Lyg, X =T)). To guide the intuition of the reader, we have
labelled transitions with their input/output behaviour; the latter is not explicitly modelled by
the pushdown system. We note that it is immediately visible that (i) PP; pushes the stack symbol
(Lg, X = T) on its stack every time it receives the input ‘true’ and (ii) every time (Lg, X = T)
is popped off the stack P; outputs ‘true’. We present the rules of P; in Figure 2.5. In contrast
to P1, the control states of P, comprise the control states g, where v is a valuation of X, and
the single control state g indicating no variable in scope. The pushdown system P, uses the stack
to remember which program points still need to be executed. The top of the stack signifies the
current program point. A program point of P is either a line number (L;), an end of line (EOL;)
or a procedure name. To help the reader we annotate Py’s rules similarly to the rules of P; with
reads and prints. We note that the rules of P are reminiscent of the code of P. In contrast
to Py’s stack frame model implementation of P, the pushdown system P, appears more like a
rewrite system.

Complexity and Decision Results and Extensions. A well-known result due to Biichi is that
the language of stack-contents of the reachable states of a pushdown-system forms a regular
language [B64]. The regular automaton recognising this language can be computed in polyno-
mial time [Cau88]. It follows that reachability, control-state reachability, and boundedness are
decidable in polynomial time. Termination is also decidable [MS85], via decidability of MSO,
and a polynomial time algorithm exists [BEM97]. Biichi’s result has been exploited to decide
complex properties, for example, to show that model-checking the alternation-free fragment of
the p-calculus is decidable and ExpTiME-complete [BEM97].

Pushdown systems have been extended to highly expressive computational models such as
higher-order pushdown systems [Mas76], which feature nested stacks, and collapsible push-
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push (Lg, X =T)

pop Ly, X =1T) print " true"

print " false"

Figure 2.4: The pushdown system P; implementing the program in Figure 2.3 using its stack to remember
return-points.

down systems [Hag+08] that are an extension of higher-order pushdown systems correspond-
ing to higher-order recursion schemes. Reachability and model-checking modal p-calculus for
both higher-order and collapsible pushdown systems is decidable and TowER-complete [Ong06;
Ong13].

Pushdown Systems and Context-Free Grammars. We can simplify reasoning about pushdown
systems by imposing a normal form. We will discuss two syntactic restrictions on pushdown
systems that do not lose expressivity. The first, which we will refer to as push/pop normal form,
limits stack pushes and pops to one symbol at a time. Hence all rules are of the form:

(¢, 4) = (¢’ ), (g,€) = (q',€), 0r (g:€) = (¢, A).

A general pushdown system can be transformed to fit push/pop normal form by introducing
control states and performing pushes and pops one-by-one. The second normal form, called
Chomsky normal form, limits a pushdown system to use only a single control state gg and rules
are required to be of the form:

(g0, A) = (qo, €), (q0, A) — (qo, B), or (90, A) = (g0, BC).

Given a pushdown system P fitting the push/pop normal form, it is possible to encode P’s control
states into the stack alphabet. Given a stack character A the transformation produces A7 for
all control states g, ¢’ of P. To obtain the rules of the pushdown system in Chomsky normal
form, the following mapping is applied to P’s rules:

(a,4) = (d¢) = (90, A7) = (qo,€)
(q.€) = (d'¢) = (g0, B*"") — (g0, BT1")
(g.€) = (¢, 4) = (90, B*") = (qo, A77" BT"1")

where B ranges over stack characters and a fresh stack character ©, and the meta variables ¢”,
¢"" range over control states. Thus, each rule of P yields a set of rules. A state (¢, Ay -+ Ay,) of
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(q, readBoolean) — (qx—p, Lo L3 Ly, L7),
(qX=b7L2> (qX F,¢€ )7
d

(qX=b7L3> re (qX T,¢€ )7 (QXZbaL3) & (QX:Fae)a
(gx=1,L4) — (g, readBoolean printTrue EOL3), (¢,EOL5) — (gx=1,€),
(qXZFa L4) — ( , printFalse EOLﬁ) ((L EOLG) — (QXZFa 6),
(gx=bL7) = (g;€),

(q, printTrue) M (q, 6),

" [ n
(g, printFalse) T (g o),
(q, mam) — (q, readBooIean)

Figure 2.5: The rules of P implementing the program in Figure 2.3 where b, b’ range over {7, F'}. The
stack of Py represents the lines of code to be executed.

the pushdown system 7P is represented by (go, AP AJV% ... Alr=19"@dn-dn+1) for some con-
trol states qi, ..., gn+1; © is intended to signify the end of the stack. The control state g; in
this representation is a guess whether a rule (g7, C) — (g;, €) will be used to pop the i-th stack
character C. This is enabled by a rule (go, C7"%) — (qo, €) in the transformed pushdown sys-
tem. The transformation we have outlined above is, of course, a description of the well-known
connection between pushdown systems and context-free grammars.

Definition 9. Let X be an alphabet of terminal symbols. A context-free grammar (CFG) in Chom-
sky normal form is a triple G = (3, N, R) where R is a set of rewrite rules of the following
types: (i) X — Y Z and (ii)) X — a where X,Y,Z € N anda € ¥ U {¢}.

Traditionally a CFG G is a computational device that generates words, i.e. sequences, in >*.
Words are generated or derived from G using the derivation relation —gC (X UN)* x (XUN)*
which is defined as 8 Ay —¢ 38~ for all words 3,y € (X UN)* and for all rules A — 4. There
are two sub-relations of — g the leftmost derivation relation —¢.;, and the rightmost derivation
relation —g. g which are defined by Ay —¢.1, 6 yandy A —¢.g v d for all words v € (X UN)*
and rules A — 0. The language of a non-terminal N induced by G, denoted by Lg(V), is defined
as the words over X derivable from N: Lg(N) = {w €X: N —=¢ w}. It is well known that
any word in L£g (V) may also be derived by a leftmost or rightmost derivation. The choice of
derivation relation is thus immaterial when words in L5 (V) are considered.

Let £ € N. A more restrictive subrelation of — is the k-index derivation relation —g.,
which restricts the number of non-terminals appearing in a derivation step to be at most £,
ie.y =gk 7 justif v —g +' and in both « and 7/ there are at most k occurrences of non-
terminals. Surprisingly, there exists a k& such that any word w in L£g(/V) may be derived using
a k-index derivation provided we regard two words as equivalent if they can be obtained from
each other by a permutation of letters [Esp+11]. We elaborate on this result in the next section.
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Commutativity and Parikh’s Theorem

One way to disregard the order of a sequence w € U™ is to consider w’s Parikh image. The Parikh
image of u to is defined to be the multiset

My () = [u = [{i [ w(i) = u}];

we drop the subscript and write M(u) whenever it is clear from the context. Further, we extend
M(—) to subsets V' C U in the obvious way: M(V) := {M(v) | v € V'}.

Parikh’s Theorem relates the Parikh images of the language generated by a CFG to the lan-
guage generated by a subclass of context-free grammars, regular grammars:

Definition 10. A regular grammar is a CFG G = (X, N, R) such that all rules in R are of the
form: (i) A — a, (ii) A — a B where A, B € N and a € ¥ U {¢}.

Regular grammars are equivalent in expressivity to finite automata, and finite-state labelled
transitions systems, and are powerful enough to generate context-free languages up to equi-
valence of Parikh images.

Theorem 1 (Parikh’s Theorem [Par66]). For all context-free grammars G and non-terminals N
there exists a regular grammar G, and non-terminal N, such that the Parikh image of the languages
they generate coincide, i.e.

M(Lg(N)) = M(Lg, (N))-

Independence Relation and Commutativity. Another common technique to formalise a sens-
itivity to order is the use of an independence relation. An independence relation I over a set U is
a symmetric irreflexive relation over U. It induces a congruence relation ~; on U™ defined as
the least equivalence relation R containing I and satisfying: (u, ') € R = Viy,1n € U*:
(vopvi,vp ' v1) € R. We obtain the full commutativity congruence relation ~¢ by defining
the independence relation C'tobe C = U x U \ {(u,u) : U}.

We may thus investigate the words derivable by a CFG G modulo ~¢, i.e. we identify words
that are equivalent under ~¢ which are thus elements of the quotient X"/ ~c. A context-
free (regular) grammar endowed with ~ is referred to as a commutative context-free grammar
(CCFG) (commutative regular grammar respectively). In this context it is possible to reformulate
Parikh’s Theorem:

Theorem 2. For all commutative context-free grammars G and non-terminals N there exists a
commutative regular grammar G, and non-terminal N, such that

Lg(N) = Lg, (N).

Recent work by Esparza et al. has shown that for every commutative context-free grammar G and
non-terminal NV there exists a k£ > 1, polynomial in the size of G, such that the language Lg(N)
can be generated by derivations of index k [Esp+11]. This result has recently been employed
[GM12] to show that a connection between CCFG and Petri nets is tighter than it was previously
known [Esp95].
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end

3

Figure 2.6: The CCFG widget a la Ganty and Majumdar of the CCFG G. This example is taken from
[Esp95] and modified to present Ganty and Majumdar’s encoding.

A Connection between Petri Nets and Commutative Context-Free Grammars.

In [Esp95] Esparza showed that for every commutative context-free grammar G there exists a
communication-free Petri net )V such that a membership query on w € Lg(N) may be answered
by a reachability query on V. Esparza’s Petri net encoding has recently been augmented by
Ganty and Majumdar [GM12] using the fact that any word generated by G can be generated
by a k-index derivation [Esp+11]. Ganty and Majumdar added a budget place that makes sure
that only k-derivations are simulated. Their encoding allows a membership query w € Lg(N)
to be tested by a Petri net transition. A consequence of this is that a CCFG derivation can be
performed by a Petri net widget, i.e. a sub Petri net, which can interact with the rest of the net.
We will present Ganty and Majumdar’s CCFG in an example:

Example 4. In Figure 2.6 we present the Petri net encoding of the CCFG G:
ri: A—a, r: A—=bAbB, r3: B—c

In Esparza’s encoding of a CCFG into a Petri net there is a place for every non-terminal /N and
for every terminal a. In the case of G, we have non-terminals A and B and terminals a, b, and c,
and there is a place for each of them. Configurations of the Petri net maintain the partial word
invariant: a configuration represents the Parikh image of a partial word along a derivation of
G, i.e. the number of tokens in (non-) terminal places correspond to the number of occurrences
of (non-)terminals in the intermediate word. In Esparza’s encoding, rule r3 leads to the Petri
net transition in Figure 2.6 labelled with r provided we remove the arcs from and to the budget
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place, i.e the transition removes one token from place A and adds a token to place A and B
each, and two tokens to place b. This maintains the partial word invariant. Ganty and Majumdar
augment Esparza’s encoding by adding a budget place to enforce k-index derivations. For G,
k = 3 is enough to derive all words in Lg(A). In general, we can take k = m|N|+ 1 where |V
is the number of non-terminals and m + 1 is the maximal number of non-terminals on the RHS
of a CCFG rule [Esp+11]. In Ganty and Majumdar’s encoding the following additional invariant
is maintained: the sum of tokens in non-terminal places and the budget place is always k, the
index invariant. We note that in the Petri net in Figure 2.6, the arcs from and to the budget place
for rules rq, 2, and 73 ensure the index invariant is maintained. For example, rule ro rewrites
one non-terminal to two non-terminals. Hence, rule 2 consumes one token from the budget.
This ensures that the budget is at least 1 and the index of the current partial word is at most £ — 1.
The index invariant allows us to use this Petri net encoding as a widget: adding two places start
and end, and two rules 7yt and 7epd. A CCFG computation can be started by placing a token
into the place start. The rule 7.y then places a token into place A and k — 1 tokens into the
budget place. This initialises both invariants. The rule r.,4 requires that there are k tokens in
the budget place. Hence the index invariant ensures that if .4 is enabled then all non-terminal
places are empty and thus the Parikh image of a generated word has been added to the terminal
places. Firing rule r.,q then places a token into the place end and removes all tokens from the
budget and non-terminal places. This signals to the rest of the net that the CCFG computation
has terminated and that the widget may be used again by placing a token into start. We note
that the terminal places do not necessarily have to be empty before the CCFG widget is started.
However, after firing 7,4 it is guaranteed that the Parikh image has been added to the terminal
places in addition to their previous contents.

We will now briefly formalise Ganty and Majumdar’s CCFG widget. Suppose we have a CCFG
G in Chomsky normal form, Ganty and Majumdar’s CCFG widget WV can then be obtained by
applying the following mapping on rules:

A—BC — ([A+— 1,budget — 1],[B — 1,C +— 1])
A—a > ([A~ 1,Ja — 1,budget — 1]])
A—e — ([A — 1,[budget — 1]])

together with the two rules rga = ([start — 1],[Ap — 1,budget — |N]]) and reng =
([budget — |N| + 1], [end — |N]]) where [N is the number of G’s non-terminals. Note that
this sets the choice k = |N| + 1.

Ganty and Majumdar’s CCFG widget then guarantees the following:

Theorem 3 ([GM12]). Let G be a CFG, Aq be a non-terminal of G, and VW be Ganty and Majumdar’s
widget derived from G. If s is a configuration of a Petri net containing YV, then

s @ [start > 1] =}y, s® [end— 1] B &’
if, and only if, s = M(w) for some w € Lg(Ap).

This result has been exploited to show that various verification problems of asynchronous pro-
grams with atomic procedure calls [SV06] are interreducible with decision problems on Petri nets
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and therefore e.g. safety verification is ExpspAace-complete [GM12]. Asynchronous programs
can be seen as a family of CFGs (gp)p where each CFG G, implements an atomic procedure p.
The alphabet of the CFGs G, are interpreted as actions that post new asynchronous calls into
unordered buffers [GM12]. It is thus not difficult to believe that a posting of a procedure call can
be seen as commutative. Hence, we can view (Qp) pasa family of CCFGs which implement an
asynchronous program. Such commutativity assumptions are clearly not always valid and we
may want to consider CFGs augmented with a partially commutative independence relation.

Partially Commutative Context Free Grammars

A commutative context-free grammar is a special case of endowing a CFG with an arbitrary inde-
pendence relation. In the general case this yields a partially commutative context-free grammar.

Definition 11. Let X be an alphabet of terminal symbols and I C ¥ x 3 an independence relation
over 2. A partially commutative context-free grammar (PCCFG) is a quadruple G = (X, [, N, R)
such that (X, NV, R) is a CFG.

The derivation relation — is defined over the quotient by ~, so the words generated are con-
gruence classes induced by ~, i.e. the derivation relation — is defined as a binary relation over
(EU/\/’)*/gI byasy X~y —+ 5+ if X — disaruleof G.

We will use PCCFG in Chapter 4 as a formalism to describe a class of asynchronous push-
down systems. Our work leverages the connection between CCFG and Petri nets to exhibit a
model of asynchronous pushdown systems that subsumes asynchronous programs. PCCFG was
originally introduced by Czerwinski et al. as a study in process algebra. They investigated the
decidability of bisimulation for BPC [CFL09], a class of processes described by PCCFG where the
commutativity of sequential composition is constrained by an independence relation on non-
terminals. BPC subsumes both BPA and BPP. Similarly to PA and BPP, processes are not allowed
to synchronise.

Summary

In this chapter we have given a brief exposition of labelled, unlabelled, and pre-structured trans-
ition systems. We have also defined the decision problems reachability, boundedness, termina-
tion, and coverability (for PSTS) which are of central interest in verification. Further, we have
introduced the hierarchy of fast-growing complexity classes F,, alongside the standard complex-
ity classes such as P, ExpTIME, ExpspPACE, and ELEMENTARY. We have given a short overview
of models of computation for concurrency, in particular Petri nets and WSTS, and of recurs-
ive programs, i.e. pushdown systems and context-free grammars. Lastly, we have illustrated
the connection between CCFG and Petri nets, and given the definition of partially commutative
context-free grammars — a generalisation of CCFG.



Chapter 3

Actor Communicating Systems and an
Abstract Interpretation of AAcror

This chapter describes joint work with Emanuele D’Osualdo and Luke Ong, and has been published
in[ s . The definition of the concrete and abstract operational semantics (Figures 3.4,
3.5, 3.6, and 3.7), and Figure 3.8 are due to Emanuele D’Osualdo as well as the implementation of the
ACS simplification procedure, Soter’s UL and the interface to BFc. The contributions of the author
to this work are the exploration algorithm of the abstract state space, WORKLISTEXPLORE, and its
implementation (Section 3.6) in addition to the proofs of soundness (Theorem 4 and 6).

In this chapter we describe an approach to verify AAcror and Erlang programs. Given a AAcror pro-
gram P, our goal is to provide a verification procedure that analyses, for example, a coverability
query on the transition system generated by P. Since AAcror is a Turing powerful formalism,
we know that this is impossible in general. Thus, we opt for a conservative approach, i.e. we
develop a verification procedure that is sound but may result in an inconclusive analysis. Given
a AAcror program P, we compute an abstract model Ap that simulates the transition system
generated by P and that supports algorithmic verification. We introduce actor communicating
systems (ACS) as a suitable abstract computational model (Section 3.1). ACS can model a dynamic
network of finite state processes that communicate asynchronously over unbounded, unordered
channels. Thus, ACS are sufficiently expressive to model the key features of Aacror and Erlang
programs. Further, ACS are easily seen to be equivalent to Petri nets [ ]. Therefore, the
decision results and tool support for Petri nets can be exploited in an implementation. To con-
servatively approximate the behaviour of a AAcror program, we turn to the framework of abstract
interpretation [ ]. Obtaining an abstract interpretation of Aacror is by no means trivial. For
this purpose, we turn to a systematic methodology that derives a sound abstract interpretation:
abstracting abstract machines (AAM) [ ; ; ; ] (Section 3.2). We apply
the AAM methodology in the novel setting of message passing concurrency and give Aacror a
concrete operational semantics in terms of a control, environment, store, and (store allocated) con-
tinuation (CESK*) machine that is adapted to fit AAcror’s natural semantics. Conforming to the
AAM framework, the machine’s state space is designed to break the cyclical dependency of do-
mains. The concrete operational semantics generates a transition system P = (State, —p) that
serves as the formal semantics for AAcror (Section 3.3). We then present an abstract interpret-
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ation of this machine semantics that is parametric in the choice of several basic domains. This
abstract interpretation yields a finite state machine that may be used to compute a range of static
properties. The finite state machine generates an abstract transition system P = (S?cﬁe, —p)
which simulates P. The accuracy of this simulation is dependent on the choice the basic do-
mains (Section 3.4). We present a common instantiation of the basic domains based on contours
[Shi91]. Our verification procedure explores the abstract state space of P induced by this choice
to generate an ACS Ap that simulates the transition system P (Section 3.5). The ACS Ap can
then be used to conservatively answer verification questions on the input program P.

With Emanuele D’Osualdo, we have implemented this verification procedure as the verifica-
tion tool Soter. Soter is the first verification tool for Erlang that employs infinite-state verification
techniques (see Section 3.7 for related work). We give an overview of Soter, present its worklist
exploration algorithm to explore the abstract state space (Section 3.6), and evaluate it on a set of
benchmarks (Section 3.8). Our experiments show that infinite-state verification techniques can
be successfully applied to Erlang programs and that the worklist algorithm provides significant
speedups over a baseline. We present the use of Soter on a worked example and explain the
information that Soter computes (Section 3.6). Further, we discuss the theoretical limitations of
ACS and the verification procedure (Section 3.8). In the next section we introduce ACS, clarify
their relationship with Petri nets, and present an example.

3.1 Actor Communicating Systems

Even though Aacror is an idealised fragment of Erlang, the computational features that it provides
are very rich. Thus, finding an abstract model that captures Aacror’s most important features and
supports algorithmic verification is not an easy task. Moreover, the abstract model is a pivotal
choice in our approach to verify Aacror and Erlang programs. As we have noted in Section 1.2,
several fragments of AAcror are already Turing powerful. The functional fragment with pattern-
matching [OR11], the concurrent pushdown fragment with simple synchronisations [Ram00],
and even systems with one finite-state process equipped with a FIFFO mailbox [Her+02], are
already too expressive to allow algorithmic verification. Constrained by these decidability fronti-
ers, we choose a model of concurrent computation that captures the interaction of an unbounded
set of finite-state processes which communicate asynchronously over unbounded and unordered
channels.

Definition 12. An actor communicating system (ACS) A is a quadruple (Q, Chan, Msg, R) com-
posed of the finite sets of control states Q, channel names Chan, messages Msg, and rules R. The
set of rules R is a finite subset of @ x A x Q where

A:={c?m,c!m,vq:c€ Chan,m € Msg,q € Q} U{e}
is the set of communication side-effects. We denote a rule (¢, \, ¢') € R by ¢ A q.

An action A of the form c ! m denotes the sending of the message m to channel ¢, ¢ ? m denotes
the retrieval of message m from channel ¢, and vq denotes the spawning of a new process that
begins execution from gq.
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An ACS A gives rise to a transition system with state space M[[Q] X (Chan — M[Msg]). We write
q |l ¢ < [ma,my,mp] B [me]? for a configuration ([q, '], [c1 > [ma, mp, mp], c2 — [mc]])
to simplify notation. We abbreviate a set of processes running in parallel as 1I and a set of
channels by I' with names in Chan. The transition relation — 4 generated by the ACS A is
defined as follows: suppose ¢ 2, ¢’ € R then

| MMl —4¢ |l ifA=¢ (3.1)
¢IT<T =aq lq|ITal if \ = vqo. (32)
g <l —4¢ [T [cr [m]] ifA=c!m (3.3)
g|T<aT&c— [m] wad |l ifA=c?m (3.4)

In the following we illustrate the operational semantics of ACS using an example. We also take
the opportunity to discuss the difference between unordered message passing and FIFFO.

Example 5. Consider the ACS A displayed in Figure 3.1 which is inspired by Fredlund and Svens-
son’s example [FS07] that has been the basis of Example 1. The rules of A are displayed as a
graph, nodes are control states, directed edges represent rules. For example, the edge from g¢p
to ¢z labelled with c¢p ? m represents rule ¢p —cptm ¢z The ACS A models three processes
A, B, and C' with dedicated channels c¢g and c¢ for B and C respectively. Control states with
subscript X are intended to belong to process X where X ranges over A, B, and C. If we fix
qa || g8 || go < 0 as a starting state, we can see that A sends two messages m and m’ which
are intended for C. The message m’ is sent directly to C, the message m is relayed to C via B.
In contrast to Example 1, we stay faithful to Fredlund and Svensson’s example here and send m/
to C before m is sent to B. The right side of Figure 3.1 displays this informal description of A in
a simple graph. Since channels are unordered and processes can proceed at will, there is a path
in A where C receives message m from channel c¢ instead of m’, which is first sent to C:

“Coadillas | go<a[m]Cem]®

C

ga llas | ac <0 —a dy || aB || ac < [m’
—=adhllds |l ac <[] =adi |l as || ac < [m/,m]°
—adh |l as |l g < [m']°

—

We would like to point out that this illustrates a major difference between ACS and Aacror. We
can easily implement the processes A, B, and C' as a AAcror program by, for example, slightly
modifying the program in Example 1. Mailboxes in AAcror extract messages using a FIFFO dis-
cipline. Since m/ is sent first to C' the operational semantics of AAcror guarantees that C' can only
remove m’ from its mailbox. Such a path can also be found for A. Using the path above up to
the penultimate configuration we obtain:

gallas lac <0 =5 dillas | ac < [m/,m] =4 dillas || g < [m]c.

Remark. It would appear as if the unordered nature of channels is a great loss of precision. Let
us take the opportunity to make the case for using unordered message passing in the abstract
model. AAcror is motivated by single-node Core Erlang [Fre01], i.e. Erlang code running on a
single machine. The operational semantics of single-node Erlang gives the programmer very
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cc'!'m

/
cc!m m m

co?m

cg!m

(a) The rules of the ACS A (b) A simplified graph of com-

munication in A.

Figure 3.1: From the configuration ¢4 || ¢5 || gc < 0 the ACS A models the evolution of three processes:
A, B, and C starting in ¢4, g, and ¢ respectively. A sends two messages m and m' to C' where m is
relayed through B. The ACS A is inspired by an example from [FS07].

strong guarantees on the arrival order of messages in the mailbox. However, these guarantees
are greatly weakened when distributed Erlang is considered [CS05; SF07]. Consider again the
simple graph description of A in Figure 3.1b. Suppose the processes A, B, and C' are deployed
on different physical machines and the physical channels along which the messages m and m’
are sent have different speeds or delays. In these circumstances, it is conceivable that m travels
faster from A to B and from B to C than it is possible for m’ to arrive at C. The distributed
Erlang semantics thus allows reorderings of processes’ mailboxes and only gives the guarantee
that ‘message passing between a pair of processes is assumed to be ordered’ [Arm03]. Let us con-
sider a process 7 executing the AAcror expression e = receive py — ...; ... pp — ...; end.
Provided that (i) the patterns py, ..., pn have no free variables, (ii) 7 is receiving messages from
processes 71, .. ., T, and (iii) the messages sent by each process 7; are guaranteed to match at
most one pattern p;, 7’s mailbox may be accurately modelled by an unordered mailbox. Thus,
ordering guarantees in the distributed setting are weak. Further, Erlang advocates a develop-
locally-distribute-seamlessly philosophy: ‘programs can be developed on a single node and deployed
on a cluster without major changes’ [Arm10]. Hence, if our verification procedure reports a false
negative that is due only to the use of unordered channels, it points to a possible over-reliance
on ordering guarantees that may hinder seamless distribution.

ACS and VAS. It turns out that ACS and vector addition systems (VAS) are equivalent. Petri net
models for finite state machines that communicate asynchronously via unordered channels were
first investigated by Mukund et al. [Muk+98b; Muk+98a]. The translation from an ACS A to a
VAS V is mainly straightforward: for every control-state ¢ and every pair (¢, m) € Chan x Msg
there is a place in V. The rules of V are then obtained by the following mapping:

g5qd =g -1,4—1] g < g =g —1,¢ = 1,(c,m) — —1]

g q =g —1,¢ = 1,¢" = 1] 0% ¢ =g —1,¢ = 1, (c,;m) — 1]
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The VAS V thus uses a place ¢ to count the number of processes in control-state ¢ while the
places (¢, m) represent the number of occurrences of the m in channel c. This relation between
configurations of .4 and V is easily seen to be a bisimulation.

Decision Problems for ACS. We can turn ACS into PSTS by adding an order on configurations:
Il <o " < TV <o) I and T'(e) <ppppgsg) () for all ¢ € Chan. Hence reachability,
coverability, boundedness, and termination are well-defined, decidable, and for the latter three,
ExpspAce-complete by translation to VAS. It is fortunate that for Petri nets and VAS there are
a range of mature coverability tools available, such as Brc [KKW12], PETRUCHIO [MS10], and
Mist [Gan+07].

In the next section, we review the methodology of abstracting abstract machines (AAM) which
we use to obtain a sound approximation of a Aacror program in the form of an ACS.

3.2 Methodology: Abstracting Abstract Machines

In this section, we illustrate the design choices advocated by the AAM methodology [Mig10;
HM11; HM12; Joh+13] by applying it to a sequential fragment of Aacror. An important choice in
designing an abstract interpretation is the concrete semantics of a program. The AAM method-
ology advocates the use of a machine based, concrete operational semantics which is designed
to facilitate a structural abstraction.

The natural rewriting semantics of Aacror is not suitable. It conflates the construction of
algebraic data structures, evaluation contexts, and environments. Thus, structural abstractions
are difficult to apply in a systematic manner. To make a first step, we present an operational
semantics that makes environments and evaluation contexts explicit. Suppose we have a Aacror
program P, i.e. P is a closed expression, from the fragment of Aacror that corresponds to the
A-calculus. Hence, P is taken from Aacror’s sequential fragment and contains only unary func-
tion abstractions and applications. The operational semantics generates a transition system
(State, —). The state space State is a set of triples of program locations of P, environments, and
continuations i.e. State = ProgLoc X Env x Kont. Each subexpression e of P is a program location
and is labelled by a unique label /. We denote this by ¢ : e and define the set of program locations
as ProgLoc = {{ : e | e subexpression of P}; we drop ¢ if no confusion arises. Environments
are partial mappings from variables to closures, i.e. Env = Var — Closure, where a closure is a
pair comprising a program location and an environment, i.e. Closure = ProgLoc x Env. The set
of continuations Kont is defined as the smallest set satisfying the following set equality:

Kont = {e} + ProgLoc x Env x Kont + ProgLoc x Closure x Env x Kont

We define the natural embeddings Stop(—) : {e} — Kont, Argo(—) : ProgLoc X Env x Kont —
Kont, and Arg;(—) : ProgLoc x Closure x Env x Kont — Kont. We usually drop the argument of
Stop for brevity. Continuations represent evaluation contexts. Using the three embeddings we
can illustrate the connection:

e Stop represents the empty context [—].
e Argo(l, p, k) represents an evaluation context F[[—](e})] which is related to ¢, p, and « as
follows. Suppose eg(e1) is the subexpression of P labelled ¢, i.e. £ : eg(e1), then p specifies
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the environment that closes the expression e; to e’l, ie p(e1) = e’l, and x is the continuation
representing the enclosing evaluation context E.
e Argi (¢, (vo, po), p, k) represents the context E[v|([—])] where £ : eg(e1), p is an environment
that originally closed the term eg(e;), po closes vy to the term v, and & is the continuation
representing the enclosing evaluation context E.

Note that there is an equivalent inductive definition of Kont generated by the above three con-
structs. The small step operational semantics breaks down functional reductions into four rules:

(L:eoler), p, K

(v, p, Argo (L, p', k)

(v, p, Arg1 (£, (fun(z) — €, po), o, K)
(x,p, Kk

— (eo, p, Argo(l, p, K)),

— (e1, 0/, Arg1 (L, (v, p), p', K)) if £: eg(er),
= (e, p'lz = (v, p)], K),
— (

v, p', k) where p(z) = (v, o).

The first rule starts the evaluation of an application according to a leftmost and strict evaluation
strategy. First e is evaluated while the continuation Argg(¢, p, k) stores the new evaluation
context. The second rule fires when the functional part ey of an application egp(e;1) has been
evaluated to v. The rule initiates the evaluation of e; and stores the appropriate continuation.
Note that we use the meta variable v for an irreducible expression such as a constructor expres-
sion or functional abstraction in head-normal-form. The third rule is enabled when an application
eo(e1) has been evaluated to (fun(z) — e)(v). After performing the substitution, which is real-
ised by updating the original environment p’ to p'[x — (v, p)], the evaluation progresses to the
function body e. The last rule specifies that if we meet a variable during the evaluation we look
up its binding in the environment.

Example 6. Let us illustrate the small step operational semantics on the expression e where
e = {p : (fun(z) — z)y with the environment p = [y — (v,0),y’ — (v/,0)]. The evaluation
produces the following run:

(e, p, Stop) — (fun(z) — x, p, Argo (o, p, Stop))
= (y, p, Argi{{o, (fun(z) — =, p), p, Stop)) p(y) = (v,0)
— (v, 0, Argy (£g, (fun(z) — x, p), p, Stop)
— (@, plz — (v,0)], Stop) plz = (v,0)](z) = (v, 0)
— (v, 0, Stop).

The operational semantics now separates the construction of algebraic data and evaluation con-
texts from the program. Any expression found in any part of the state space is guaranteed to
be a subexpression of P. However, arbitrary chains of continuations and nested closures can be
constructed.

Recursive State Space. An interesting view is offered by Might [Mig10]: there is recursion in
the definition of State. This recursion manifests itself in cycles in the dependency graph of the
state space. The dependency graph for the sets involved in the definition of State is displayed
in Figure 3.2. There are two cycles: a self-cycle at Kont and the two node cycle along Env and
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State

ProgLoc - VO/, Env

Kont

Var Closure

Figure 3.2: The dependency graph of domains.

Closure. The ultimate goal is to design an abstract interpretation that is both sound and finite. A
cycle in the dependency graph complicates a structural abstraction. To find a finite set to rep-
resent abstract continuations, we need a finite set to represent abstract continuations! The AAM
methodology offers a solution for this dilemma. Cycles can be broken by introducing an indirec-
tion, i.e. recursive structures can be represented with the help of pointers. For example, instead
of representing environments as partial mappings from variables to closures, we can define an
environment to map a variable to an address. Such a value address may then be looked up in a
store which is a mapping from addresses to closures. Using such indirections, the dependency
graph turns into a directed acyclic graph. This enables a structural abstraction. We only need to
abstract the leaves of the dependency graph and lift the abstraction along the dependency tree.
In order to restructure the state space, we have to revisit the definition of State, introduce the
appropriate redirections, and amend the operational semantics.

Restructuring the Operational Semantics. We need to break two cycles in the dependency
graph: one at Kont and the other at Env and Closure. We break both cycles by introducing value
pointers and continuation pointers. We augment the definition of State with two additional sets
for value addresses VAddr and continuation addresses KAddr. Stores will be used to resolve both
value and continuation pointers:

Store = {oy + ok | oy : VAddr — Closure, oc : KAddr — Kont}.

Environments are now mappings from variables to value addresses i.e. Env = Var — VAddr, and
the set of continuations can now be defined without recursion:

Kont = {®} 4+ ProgLoc X Env x KAddr+ ProgLoc x Closure X Env x KAddr.

We continue to use the natural embeddings Stop, Argo(—), and Arg; (—) except that continuation
addresses replace actual continuations. From the Aacror program P, the restructured operational
semantics generates a transition system (State, —p ) to which we will also refer to as P. The state
space is State = ProgLocx Envx Storex KAddr. The rules of the restructured operations semantics
are similar to the original version except that it incorporates the indirection through the store.
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The following rules define a small step ¢ —p ¢’ where we will use ¢ and ¢’ to denote the pre and
post states:

(0:eo(er), p,o,a) —p (eo,p,cla’ — k],a’) where k = Argg(l, p,a),a’ = newy,(k,s),
(v, p,0,a) =p (e1,p,0la = k],a') ifl: eyp(er),o(a) = Argo(l, p, c), and
Kk = Argi <£7 ('U, 10)7 pI7 C), a = newka(ﬁv C)
(v, p,0,a) =p (e,p' [z b],olb— (v,p)],d’) ifo(a) = Argi{{, (fun(x) — €, po), 0, d’),
and b = new,,(z,<),
(z,p,0,a) =p (v,p,0,a) if o(p(x)) = (v, p).
In the restructured operational semantics, the first rule has been amended to create a new address
a’ for the new continuation x = Argy (¢, p, a). The address @’ is created using the helper function
newy, : Kont x State — KAddr which may take into account x and the entire pre state ¢ to
generate a new continuation address. The store o is then updated to o[a’ — x| which maps
a’ to k. The second rule is similarly amended to manage the creation of a new continuation.
The third rule is analogously changed to use variable addresses for creating the bindings in the
environment. Here the helper function new,, : Var x State — VAddr may use the variable and
the pre state ¢ to generate a new variable address b. The environment p’ is then updated to bind

x to b and the store o is modified to map b to (v, p). The last rule remains essentially the same
except that the variable lookup of = now goes through the store with o (p(z)).

Example 7. We demonstrate the restructured operational semantics on the same expression e of
Example 6. However, the environment now maps to addresses, i.e p = [y — a1,y’ — asg], which
are resolved by a store 0 = [a1 — (v,0), a2 — (v, ), * — Stop].

(e,p,0,%) = (fun(x) — z, p, o[by — Argo (o, p, *)],b1)
—e (Y, p, 01[b2 = Argy (Lo, (fun(z) = z,p), p, %), b2])  01(p(y)) = (v,0
—e (V,0,02,b2) —¢ (z, plx > ag),o2[az — (v,0)],*%)  o3(a3) = (v,0)
—e (0,0, 03, %),
where the intermediate stores 01, 09, and o3 are o1 = o[by — Argg(lo, p, *)],
o9 = o1[ba — Argy by, (fun(x) =, p), p, *)], o3 = ozlasz — (v,0)].

This abstract machine semantics we have just described is called a CESK* machine, a variant of
Felleisen and Friedman’s CESK machine with store allocated continuations [HM12]. The CESK
machine is an abstract machine that executes the A-calculus with assignments using an eager
evaluation strategy [FF87]. Fortunately, the (restructured) CESK* operational semantics is equi-
valent to the operational semantics we presented earlier [HM12].

As a result of restructuring the operational semantics, the dependency graph (see Figure 3.3)
is cycle-free. We have obtained a directed acyclic graph. The leafs of the dependency graphs are
VAddr, KAddr, and Var (and its superset ProgLoc). Hence, we have been successful in pushing the
sources of an infinite state space into the leaves. If we can ensure that KAddrand VAddr are finite
sets, then the finiteness of State is ensured. We want to achieve a sound over-approximation of
the operational semantics. A common framework to obtain such a finite over-approximation is
abstract interpretation [CC77].
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Var Closure

ProgLoc State Env VAddr

Kont Store

Figure 3.3: The dependency graph of the restructured state space.

Abstract Interpretation. An analysis on a transition system S = (S5, —s) can be thought of
as a pair consisting of a transition system S= (S ,—¢) and a simulation relation % between S
and S. Typically S is a finite transition system or has good decision properties. The simulation
relation % then relates states of S to states of S. The simulation relation gives us an abstract view
on the concrete states of S which is maintained by the transition relation. In the AAM methodo-
logy, the existence of such a simulation relation is referred to as soundness of S with respectto S
and allows conservative, over-approximative deductions on S by inspecting S. The framework of
abstract interpretation [CC77] provides an extensive study of analyses—on transition systems, de-
notational semantics, or other programming semantics—, the relationship between concrete and
abstract objects, soundness, and methods for computing an abstraction. We focus our present-
ation of abstract interpretation on the setting of transition systems. Typically the transition
systems S and S are endowed with a complete lattice structure (S, <g,lUs,MNs, Ls, Ts) and
(S, < Ug, Mg, Lg, Tg) to which we also refer to as S and S. Elements of S and S are related

using an abstraction function o : S — S and a concretisation function ~y : S— S A quad-

ruple (S, a,~,S) is said to be a Galois connection if (i) o and 7 are monotone functions, (ii)
(yoa)(s) >s sforall s € S, and (iii) (w0 v)(8) <g sforall § € S.

Representation and Extraction Functions. A common way to construct a Galois connection in
the AAM methodology uses representation and extraction functions. Suppose V' is a set and L is
a complete lattice then a function 3:V — L is said to be a representation function. A representa-
tion function /3 gives rise to a Galois connection (Z[V], ag, s, L) where ag(U) = |[{B(v)|ve U}
andvg(l) = {v € V | B(v) < 1} [NNH99]. A special case arises when L is the powerset lattice
over some set W,ie. L = (Z[W],C,J,), D, W), and j3 is generated by a functionn : V. — W
ie B(v) = {n(v)}. In this case, 7 is said to be an extraction function and we write § = f3, to
emphasise that 3 is induced by 7. The Galois connection induced by 3, can then be rewritten as
(2[V], an, 1, P[W]) where

an(U) ={n(v) | v e U} and v,(U") = {w | n(w) € U’} [NNH99].
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Extraction functions are easily composed and thus are useful in the structural lifting of an abstrac-
tion. A common set of structural liftings proposed by the AAM methodology are the following:

e If n: A — B is an extraction function and 7' : A’ — B’ is an extraction function then
bothn xn : Ax A’ - Bx B'andn+1n': A+ A" — B+ B’ are extraction functions.

e If n : A — B is an extraction function then  : (C' - A) — (C — B) defined by
7' (f) = no fis an extraction function.

e If 9 : A— B and 7 : C' — D are extraction functions then n:(C — A) — (D — Z[B])
defined by n(f) = Az. {no(f(x)) | m(x) = Z} is an extraction function.

These properties of extraction functions are exploited in the AAM methodology to lift an extrac-
tion function for a leaf of the dependency graph to the entire state space.

Deriving an Analysis.  The framework of abstract interpretation provides guidance in the design
of an analysis. Given a concrete semantics and a Galois connection, the optimal abstract seman-
tics can be derived. In our setting of transition systems, we can make this more concrete. Let
S = (S5, —s) be a transition system, such that S forms a complete lattice and — s is monotone
wrt to <g, and let (S, «, 7, S ) be a Galois connection. We can derive the optimal abstract trans-
ition system S = (S ,—¢) where the transition relation — ¢ is defined through its relational
inverse: (—¢)”! = a o (—s) ! oy where o, 7 are considered as relations. Equivalently:

§ =58 = 35,55 255, 7(8) =s,a(s) = §;

S is guaranteed to be sound with respect to S since {(s, 5) | a(s) <g 8} is a simulation for S
and S [CC79].

Calculating the Abstract Semantics. Equipped with the definition of extraction functions and
the basic notions of abstract interpretation, we can now present how to calculate the abstract
operational semantics from the restructured semantics. Let us first fix two finite sets VAddr, for

abstract variable addresses, aMAddr, for abstract contin%ion addresses, and two extraction
functions Nyagar : VAddr — VAddr and ngagqs : KAddr — KAddr. In the following, we omit the
subscripts for extraction functions and write simply 7 if no confusion arises. Following the de-

pendency graph, we obtain extraction functions for abstract environments Env = Var — VAddr,

with 7(p) = n o p, abstract closures Closure = Exp x Env, with n(t, p) = (t,1(p)), and abstract
continuations

——

Kont = {Stop} + ProgLoc x Env x KAddr + ProgLoc x Closure x Env x KAddr

where the extraction function 1 can be written using pattern-matching on the embeddings

n(Argo(l, p,a)) = Argo(l,n(p),n(a)), n(Argi(l,d,p,a)) = Argi(l,n(d),n(p),n(a)), and
n(Stop) = Stop. Note that we also write Stop, Argo(—), and Arg;(—) for the embeddings for

Kont. The abstract store Store is obtained by

Store = {6y + 6% | 6y : VAddr — P[Closure], 65 : KAddr — P[Kont]}
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and the extraction function 7 is derived to be the disjoint union of the two mappings:

{UV = AD. U{nClosure(UV(v)) | nVAddr(U) = IA}} ’ oy : VAddr — Closure}7
{O‘K — . U{nKom(aK(a)) | Nkadar(a) = a} | ok : KAddr — Kont}.

Lifting the derived sets to the abstract state space State then yields State = Expx Envx Storex Kont
where lifting the extraction function from State to State is achieved naturally by the definition
n(e, p,o,k) = (e,n(p),n(c),n(k)). At this point we note that (i) 7 is an extraction function
from State to State, and hence there is a Galois connection (?[State], QYo P [State]), and
(ii) Sto Storeis a complete lattice. It is common in the AAM methodology to lift the complete lattice
of Store to the abstract state space State by turning the sets Exp, Env, and Kont into flat lattices.
The complete flat lattice U” derived from the set U is (U U {T, L}, < by Mo, Uprs, L, T) where
the order <;;, is essentially equality: L < u, T > u,and u <gp v/ ifu=v;uMp v/ =u
if u = v and L otherwise; and u Ll v = uwif u = v’ and T otherwise. In this setting, 7 turns
out to be a representation function from State to the complete lattice State. Hence, we obtain
the Galois connection (Z2[State], v, 7, State) where o and v are induced by the representation
function 7, i.e. a(S) = | [{n(s) | s € S} and y(5) = {s | n(s) <q, 5}-

Using the abstract interpretation framework, we can derive the optimal sound abstract op-
erational semantics with state space State from a transition system S’ with state space & |State]
and transition relation — g/ that is monotone with respect to C. However, we started out with
the transition system P = (State, —p). If we apply a powerset lifting to P, we may still derive
an optimal abstract interpretation.

An Optimal Abstract Interpretation via Powerset Lifting. First we need to choose a powerset lift-
ing of P that ensures the lifted transition relation is monotone with respect to C. A natural choice
is the co-universal powerset lifting 2°[P] = (P [State], — on[p)) (Section 2.1). We note that if
So = gapp) S"and Sy C Sy, then S1 — papp) ' and hence — ya(p) is monotone with respect

to C. Hence, we know that the optimal abstract transition system is 2[P] = (State, — ] 7)})

where — is defined by its relational inverse

PAP]

(o) =ac (5o on

Further, we know that {(S,3) | a(S) <s = 3} is a simulation relation between P"[P] and

PA[P]. Notice that this and a({s})/z\nState(s) implies that {(s,3) | Nsure(s) <gz, 5} isa
simulation relation between P and Z?4[P]. Thus, it is customary to write ctsiaze for 7sare in the
AAM methodology while remembering that asyse is a representation function; we will follow

this practice. To prove soundness for a particular choice of abstract semantics P, one may either
exhibit a simulation between P and P or ZA[P] and P. The former is often simpler while
inspecting 2A[P] provides a valuable guide in defining P.

Deriving the Abstract Semantics. Especially for practical considerations, it is often inconveni-

ent to implement — —— Gk Instead, it is common to directly calculate the rules of the abstract
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transition relation. The restructured operational semantics is defined by rules that are read-
ily adapted using the representation function gyy,. This yields the abstract transition system
P = (State — 5 ) The rules below define a small step ¢ —p & where we use ¢ and ¢’ to denote
the pre and post states. We note that store lookups of Varlable and continuation addresses are
now non-deterministic and hence hard updates turn into joins.

(€ ealer),p3,0) —p (0., U [ = (7Y d) where &= Argol(£. . ), & = Aewra &, ).
(v,p,6,a) =p (e1, 0,0 U[a" — {&}],a") if £ :eg(er),Argo(L, i, &) € 6(a), and
k=Argi (L, (v, p), ', ¢), &' =newyq (£, <)

(v, p,6,d) =5 (e,ﬁ/ [x — B} L5U [b — {(v,ﬁ)}} ,a’) if b = flewy; (, ¢), and
Argy ({, (fun(z) —e, po), p',a') €6(a),
(z,p,6,a) =p (v,0,6,4) if (v, ') € 6(p(x))

The first rule is essentially the same as in the concrete operational semantics. It operates on ab-
stract elements indicated by —. An abstract helper function newy, is used to generate a new ab-
stract continuation address a’ for the new continuation . The hard update of the store, o[a’ — K]
in the concrete, is replaced by a join & LI [@' — £]. In the second rule, the binding of the abstract
variable address b, which is generated by the abstract helper function new,,, is also realised by
ajoin & LI [b — (v, p)]. The lookup of the continuation in the second rule, o(a) = Argo (¢, o/, ¢)
in the concrete, becomes non-deterministic: Argy(¢, p’,¢) € 6(a). This is also the case for the
continuation lookup in the third rule and the variable lookup in the fourth: (v, p') € &(p(x)).

Example 8. We continue with our running example and present a run of the abstract semantics.
To illustrate approximations, we use only a single abstract value address a. The abstract envir-
onment thus becomes p = [y — a,y’ — a], which is resolved by the abstract store o = [d
{(v,0), (v',0)}, * — {Stop}]. This gives rise to the run:

(e, p,0,%) —¢ (fun(x) — x,p,01,b1) —¢ (Y, p, 02,b2) o1(p(y)) > (v,
—e (V',0,692,b2) —¢ (z, plx — al, 62, *) oa(plr — al(z)) > (v,
—e (V,0, 09, %),
where the intermediate stores 61 and &9 are

é'1 = &[bl — {Arg0<£07pa St0p>}]7 6-2 = 6'1[172 = {Arg1<£07 (fun(x) — x7/0)7p7 *>}]

We note that the lookup of (v, ) € o1(p(y)) is spurious and that the store & is already saturated
at the address a from the start. This is a result of the address abstraction.

Defining the abstract operational semantics in this fashion requires an a posteriori soundness
proof. In the AAM methodology, it is common to establish soundness by showing that the re-
lation {(s,3) | Qstare(s) <, 8} is a simulation between the concrete and abstract operational
semantics. This proof commonly assumes that appropriate relationships between new,,, new,,,

and new,,, new,, respectively hold. The abstract operational semantics above then coincides
—_—

with the optimal abstract interpretation 9?A[P] provided appropriate choices for new,,, newy,
are made. Note that in general this may not be the case. It is possible to derive abstract counter-
parts of the auxiliary functions from their soundness constraints [M]08]. They are thus correct
by construction.
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Choosing Concrete and Abstract Addresses. An important part of the AAM methodology is

that initially the nature of the sets KAddr, VAddrand mr, mr, and the extraction functions
Nkaddr and Nyaqqr are left unspecified. They may thus be instantiated in different ways with mild
assumptions on the relationships between new,,, newy,, and new,,, new,. If both KAddr and
VAddr are chosen to be finite sets, the cycle-free dependency graph guarantees that the abstract
operational semantics only requires a finite state space. It is customary in applications of AAM
to instrument the concrete semantics further by, for example, a time component. This further
instrumentation can then be used in the generation of variable addresses to allow more precise
abstractions in the abstract operational semantics.

From Higher-Order Control-Flow Analysis to AAM. The methodology of AAM arises from
the literature of higher-order control-flow analysis (CFA). In the presence of higher-order func-
tions, traditional data flow analyses cannot be applied since no static control-flow graph is avail-
able. The purpose of a CFA is thus to statically compute an over-approximation of the control
flow graph for which the data-flow to high-order variables needs to be determined. Shivers points
out the inherent difficulty in this task: ‘In order to do [data] flow analysis, we need a control flow
graph. In order to determine control flow graphs, we need to do [data] flow analysis’ [Shi88]. Since
the seminal works of Jones [Jon81] and Shivers [Shi88], CFA has generated a large body of re-
search [Shi91; HJ94; JW95; MS06; MJ08; Mig10; MH11; VS10]. For an overview, we refer the
reader to the excellent survey by Midtgaard [Mid12]. A family of analyses named k-CFA [Shi91]
has been developed based on contours: a contour is a finite string of program locations represent-
ing the dynamic calling context of a variable. Phrasing k-CFA in the AAM framework requires
a component Time that is instantiated to contours. Value addresses VAddr and continuation ad-
dresses KAddr are then set to be Var x Time and ProgLoc x Time. The k-CFA abstraction then
limits contours to be of length less than k by disregarding any length-exceeding suffix. This
forms the most common instantiation in the AAM literature. The abstract machine represent-
ation of k-CFA has lead to non-trivial extensions increasing the precision or scope of analyses:
I’-CFA [MS06; MS08] introduces garbage collection into the machine semantics to improve pre-
cision of abstract stores, k-CFA for shared-state concurrency [MH11], and CFA2 [VS10] changes
the abstraction to obtain a pushdown system.

In the following sections we expand on the abstract interpretation for the fragment of AAcror
that we have developed. We show how to use a 0-CFA analysis to generate a sound abstract ACS
for a given AAcror program P and discuss our implementation.

3.3 An Operational Semantics for AAcror

In this section, we extend the concrete operational semantics for the A-calculus fragment of
Aacror to the general case. The full concrete operational semantics associates with each concur-
rent AAcror-process a process identifier or pid ¢ € Pid which is also used to reference ¢’s mailbox.
The state space has one global store to realise the indirection for environments, closures, and
continuations. Let us fix a closed Aacror program P for the rest of this chapter.
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A Concrete Semantics. Without loss of generality, we assume that in P all variables are dis-
tinct, and constructors and cases are only applied to variables. The concrete operational se-
mantics generates a transition system (State, —p) where we define the set State as follows:

s € State := Procs X Mailboxes x Store
7 € Procs := Pid — ProcState
1 € Mailboxes := Pid — Mailbox

An element of Procs m associates a process with pid ¢ with its local process state 7(¢). An element
of Mailboxes (1 associates a pid ¢ with its mailbox p(¢). The local state of a process:

q € ProcState := (ProgLoc + Pid) x Env x KAddr x Time

is similar to what we saw in the sequential semantics in Section 3.2. It is a quadruple (e, p, a, t)
consisting of e which is a pid or a program location of P, an environment p, a continuation
address a, and a new component: a time-stamp ¢.

The Store remains virtually the same. However, in the full fragment of Aacror variables may
be bound to a pid. Thus, we redefine stores to map value addresses to hold values:

o € Store := {oy + ok | oy : VAddr — Value, o : KAddr — Kont}

where values are either closures or pids, i.e. d € Value := Closure+Pidx Env. The definition of the
sets Closure and Env remain the same: Env := Var — VAddr and Closure := ProgLoc x Env. We
amend the definition of the set of continuations to allow arbitrary arity of function abstractions
and applications in P:

ar

Kont = {e} + Z ProgLoc x Value' x Env x KAddr.
=0

where we write ar for the maximal arity of any function abstraction or application in P. We
continue to use the natural embeddings Stop and Argo(—), ..., Args(—) as before.

Mailboxes. A mailbox is a finite sequence of values, i.e m € Mailbox := Value®. It is supported
by two operations:

mmatch: pat® x Mailbox x Env x Store — (N x (Var — Value) x Mailbox) |,
enq: Value x Mailbox — Mailbox.

The function mmatch takes a list of patterns, a mailbox, the current environment, and a store as
arguments. The store is used to resolve pointers in the values stored in the mailbox. If match-
ing is successful, mmatch returns the index of the matching pattern, a substitution witnessing
the match, and the mailbox resulting from the extraction of the matched message. Otherwise
mmatch returns L. To model FIFFO mailboxes we set enq(d, m) := m - d and define:

mmatch(py ... pp, m, p,0) = (4,0, my - my)
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such that
m=mj-d-my Vd' € my.Vj.match,,(p;,d) = L
¢ = match, ,(p;, d) Vj <i.match, ,(p;,d) = L

where match, ,(p, d) is the concrete matching function. The function match, ,(p, d) seeks to
match the value d against the pattern p, following the pointers in environment p through the
store o, if necessary. If pattern matching is successful, the result is a substitution 6, otherwise
match,, ,(p, d) yields L.

Addresses, Pids, and Time-Stamps. In principle, the concrete operational semantics supports
arbitrary concrete representations of time-stamps, addresses, and pids. Here, we opt for an in-
stantiation based on contours [Shi91]. A way to represent a dynamic occurrence of a symbol
is the history of the computation at the point of its creation. This history can be formalised as
contours which are sequences of program locations, i.e. t € Time := ProgLoc*. Thus, the contour
that we use to start the execution of P is the empty sequence ¢y := €. At a function call we update
contours using the function tick: ProgLoc x Time — Time which is defined as tick(¢,t) := ¢ - t.

A value addresses b € VAddr is represented by a tuple (¢, x,d,t) comprised of the pid ¢,
variable z, and the time stamp ¢ at the point of binding, in addition to the bound data value .
An address a,c € KAddr for a continuations x is represented by a tuple (¢, ¢, p,t) comprising
the pid ¢, program location ¢, environment p, and contour ¢ at the point of creation of . The
distinguished address * is reserved for the continuation Stop, i.e.

VAddr := Pid x Var x Data x Time, — KAddr:= (Pid X ProgLoc X Env x Time) + {*}.

Including Pid into the address space ensures a separation in the global store along pids. The set
Data is the set of closed Aacror expressions. The function res : Store X Value — Data resolves all
the pointers of a value through the store o, returning the corresponding closed expression:

res(o, (¢, p)) ==, res(o, (e, p)) := e[z — res(o,0(p(x))) | x € FV(e)].

To enable data abstraction in our framework, the address of a value d contains the data § which
is the result of applying res. The function new,, creates such value addresses for us:

newy, : Pid x Var x Data x ProcState — VAddr

new,, (¢, x,0,(_, _,_,t)) := (¢, x,0,t)
With this instrumentation of value addresses, we can use the embedded information on data in
the abstract semantics to fine-tune the data-sensitivity of our analysis.

In order to simplify the presentation of the rules of the concrete semantics, we use two spe-
cialised helper functions newyy,q, and newy,, to generate new continuation addresses:

newy,ush © Pid X ProcState — KAddr newy,qp : Pid X Kont X ProcState — KAddr

neVVkpush(Lv <£7 Ps s t>) = (L7 g'argm P t) newkpop(['7 K, <_7 —r— t)) = (La e'argiJrla P t)
where k = Arg;{((, ..., p,_)
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Functional reductions

FunEval ArgEval

ifr(t) =(:eolery...,en)p,a,t) if m(1) = (v,p,a,t),L: 60(61, . €n)
b 1= newypuen (4, (1)) o(a) =K =Argi({l,do...di—1,p,c)

then 7’ = 7[t — (e, p, b, )] di := (v, p)

b 1= neWypop (L, K, (1))
then ©’ = 7|t — (e;41, 0, b, 1)]
o' =a[b— Argir1{l,dy...d;, p',0)]

o' =ab— Argo(l, €, p,a)]

f&pply ) LetRec
if 7T(L) = <U,p, a, t>7 arltY(f) =n if’/T( ) <letrec Ty = fl T = fnin €, P, a7t>
ola) =Arg,(l,dy...dn1,p,c) o = plzi > b | i € ()],
do = (fun(zy ... 2,) — €, po) b = newva(L x;,res(o’,d;), (1)) and
dp = (v, p) = (fi,p') foralli € (n)

b; := new,, (¢, x;, res(o,d;), (1))
t' = tick(¢, (1))
p' = plx; = b i€ (n)]
then 7’/ = 7wt — (e, p”, ¢, t')] Case

o _J[bl*—)dl b, —d ] ifﬂ-(b):<casex0fpl_>el"'pn%enendvpaavw
0= matChp,a(pi7 (.13, p)) and

for all j < i match, ,(pj, (x,p)) = L,

then7r —7T[Ll—><6,0 a,t)
o' =aolb;—d; | i€ (n)]

Vars 0=lx1—dy... 25— dg,

if w(e) = (z,p,a,t) by 1= newy, (L, T, res(o, dy, ), 7(1)),
o(p(x)) = (v, p) pl = pli = bi | i€ (k)]

then 7’ = 7|t — (v, p’, a,t)] then 7’ = 7|t — (e;, p, a,t)]

o' = olb; > d; | i € (k)]

Figure 3.4: The rules of the concrete operational semantics for functional reductions. The table defines
the transition relation s = (m, u, 0,9) —p (7', ', ', 9"y = s’ by cases. The primed components of the
state are identical to the non-primed components, unless indicated otherwise. The meta-variable v stands
for irreducible expressions such as A-abstractions, constructor applications, and un-applied primitives.

Further, a pid ¢ € Pid can be identified with the contour of the spawn that generated it. Thus, we
define Pid := ProgLoc x Time. We formalise the generation of new pids using the auxiliary func-
tion new,;q : Pidx ProgLocx Time — Pid defined by new,iq((¢','), £, t) := (¢, tick™ (t, tick(¢', 1'))).
The function tick” is just the extension of tick that concatenates two contours to one another.
When we start the execution of P, the pid of the initial process is ¢y := (¢, €), where £ is just
the label at the root of P.

Remark 1. We note that the dependency tree has now three leaves that are potentially infinite
sets: Time, Mailbox, and Data. If we ensure that these three sets are finite, we can conclude that
the state space is finite. Naturally, these three sets are the target for our abstractions.

The concrete operational semantics can be presented in a more general fashion. Following our
demonstration in Section 3.2 we may choose not to determine the sets KAddr, VAddr, and Pid.
This would yield more leaves in the dependency tree which offers more flexibility in choosing
abstractions.
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Concurrency
Receive Spawn
if (1) = (receive p1 —ey...p, —en end, p,a,t) if 7(2) = (Fun() = e, p, a, )
mmatch(pi ... pn, p(t), p, o) = (i,0,m) o(a) = Argy (€, d, o', c)
b; 1= new,, (¢, z;,res(o,d;), m(¢)) J = new. (L_é 9)
[ . pid\ > *»
P .—p[$1|—>b1...l’k'—>bk] then
then ' = 7t — (e, 0, a, t)] L (e, t)
= ple > m] T e (e *t)]
U’:U[blHdl...bk’—}dk] , s s Py %, 10
=ul — e
Send 1= pl ]
if 7(2) = (v,p,0,2) Self
J(Q)/: K =Arga(l,d,(, ), ,c), d= (send, ) jf () = (self (), p,a,t)
then 7’ = 7lu — (v, p, ¢, 1)] then 7/ = 7t — (¢, p, a, t)]

' = pl — enq((v, p), u(t'))]

Figure 3.5: The rules of the concrete operational semantics for dealing with concurrency.

Definition 13 (Concrete Semantics). The rules of the concrete semantics defines a transition
system P = (State, —p). In Figure 3.4, we present the rules for application, letrecs, and pattern-
matching. The rules for message passing and process creation are displayed in Figure 3.5. We
denote the initial state that starts the execution of the AAcror program P by sg := (g, o, 00)
where mg = [0 — (P, 0, *,to)], 1o = [to — €], and o9 = [* > Stop].

The rules for the purely functional reductions are a simple lifting of the corresponding rules for
the sequential CESK* machine that we have seen in Section 3.2. The rules Apply, FunEval, and
ArgEval are essentially the same as before. We have amended them to allow arbitrary arity in
applications. The rule LetRec constructs a fixpoint binding of the function abstractions f1, ..., f,
to the variables x1, . . ., x,. This is achieved by ensuring the environment that resolves the vari-
ablesx1, ..., T, is used in the store binding. Pattern-matching is realised by the Case rule: match
is used to find the first matching pattern p; yielding a substitution 6. Control is then given to
e; after the pattern-matching variables x1, ..., x; have been bound to their substitutions. The
Rule Receive can only fire if mmatch returns a valid match from the mailbox of the process. In
case there is a match, control is passed to the expression in the matching clause. The substitution
0 witnessing the match is used to generate the bindings for the variables of the pattern. When
applying the Send rule, the recipient’s pid is first extracted from the continuation, before enq is
called to dispatch the evaluated message to the designated mailbox. When performing a spawn
(Rule Spawn), the argument must be an evaluated nullary function. A new process with a fresh
pid is then created that executes the body of the function.

3.4 Parametric Abstract Interpretation of AAcror

Inspecting the definitions of the concrete state space, we identify that its dependency tree has
three leaves that are infinite sets: Time, Mailbox, and Data. In order to obtain a finite abstract
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semantics, we need (i) abstract sets m, mx, and D/a\ta, together with (ii) three extraction
functions Nime : Time — m, NMailbox - Mailbox — mx, and 7pg, : Data — D/a?a,
and (iii) an initial contour ¢y. Equipped with such a choice, we can begin to define the abstract
counterparts of the abstract state space by lifting and obtain the respective extraction functions
as we do in Section 3.2. We start with abstract pids Pid and abstract addresses VAddr and KAddr:

Pid = (ProgLoc x m) + {io := (Lo, 1)}, VAddr = Pid x Var x Data x Time,
n(t) =(6n(t)),  n(o) = io; (e, z,6,t) = (n(e), ,1(6),1(t));

KAddr = (Pl\d x ProgLoc x Env x ﬁn?e) + {*}
(e, 4, p,t) = (), £,m(p), n(t),  n(*) = (%).

It is then easy to lift the abstraction to abstract environments Env := Var — VAddr using the
extraction function 1(p) = AZ.nyaq4a(p(x)), and to abstract closures, values, and continuations:

@e := ProgLoc X b{rﬁz, V/aae = me + ﬁl\d X EIR,
77(67 p) = (67 77(:0>)a TValue = TClosure + )\(L, P)(U(W U(P)),

Kont := {e} + ZProgLoc x Value x Env x mr,
=0
n(Argi(l,dy ... d;, p,a)) = Argi(€,n(dr) ... n(di),n(p),n(a)), n(Stop) = Stop.

As before, we write aras the maximal arity of any function abstraction or application in P and we
write Stop, Argo(—), ..., Arg,(—) for the natural embeddings into Kont Moving up a further
level in the dependency tree, we can lift the abstraction to ProcState, Procs and Store:

ProcState := (ProgLoc + Pid) x Env x KAddr x Time,

n(e, p,a,t) =(e,n(p),n(a),n(t)), nl,p at)=n(),n(p),nla),n(t));
Procs := Pid — 2 (ProcState),

n(m) = Al. U{nProcState(ﬂ'(L)) | npia(t) =t}
Store := {oy + ok | oy VAddr — L@(‘//GEE),UK . KAddr — P (Kont)},
v (ov) = Ab. | [{nvaue(ov () | nvada(b) = b},

nic(ox) = . | H{nkon(ok(a)) | mkadar(a) = @}, and nstore = v + 1ic.

—

We note that both Procs and Store have become non-deterministic, e.g. a # € Procs maps an
abstract pid i to a set of abstract process states. In order to give us more choice in how to

represent abstract mailboxes, we make the additional assumption that Mailbox is a complete

lattice. Therefore, Namimox is @ representation function. We can then lift Mailbox and complete
the definition of the abstract state space:

—

Mmes .= Pid — ]\/ﬂlb\ox State := Procs x Mailboxes x Store,
= Al |_|{77Mazlbox ) ‘ 77P1d( ) Z}; aState(”v/%U) - (n(w),n(u),n(a)).
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We endow ﬁ(;s, Mailboxes, and Store with the partial orders below which turns all of the former
into complete lattices:

#<— & < Vie Pid#(i) C# (D),

— Procs

LT PR
S = Vi € Pid (i) < — (D),

&' < Vb e VAddr.6(b) C 6'(b) AVa € KAddr.6(a) C &' (a).

=

The state space State s thus turned into a complete lattice with the order (7, 1,6) <g= (7', ' ,6")

if, and only if, & <pres 7', 1 <paitboxes ['s and & <siore 0'. Hence we know that gy is a
representation function and we obtain a Galois connection

(P[State], o, 7y, State), where o |_|{a5mte | s € S},7(8) = {s | astare(s) <5, 8}

Before we can define the abstract operational semantics, we need to fix the abstract helper func-
tions for generating abstract addresses and pids. In the concrete, these helper functions where
defined in terms of operations on Data, Time, and Mailboxes. In the abstract, we assume that a

. = e i, . . . .
choice on Data, Time, and Mailboxes is endowed with abstract operations. Let us summarise our
assumptions on a basic domains abstraction below.

Definition 14. (i) A data abstraction is a triple D = <D/c;a, TNData; T€S) Where Data is a set of ab-

stract data values, 7)pgs, : Data— Datais an extraction function, and 7es : Store x Value— & [D/a?a]
is an abstract counterpart of the function res.

(ii) A time abstraction is a quadruple 7 = (Time, 1)7ime, tick, fy) where Time is a set of abstract
contours, 7Nrime : Time — Time is an extraction functions, to € Time is the initial abstract
contour, and tick : ProgLoc x Time — Time is an abstract counterpart of tick.

(iii) A mailbox abstractionis a quintuple M = (Mailbox, Nipox, €0q, €, mmatch) where Mailbox
is a complete lattice with least element € € Mailbox, Naiipex : Mailbox — Mailbox is a represent-
ation function, and the functions enq: Value x Mailbox — Mailbox and

mmatch : pat* x Mailbox x Env x Store — & [N x (Var — Value) x Mailbox
are monotone in mailboxes.
(iv) A basic domains abstraction is a triple Z = (D, T, M) consisting of a data, a time, and a
mailbox abstraction.

The abstract functions newkpush, nﬁv_;mp, new,,, and new, new,;q may be defined exactly as their
concrete versions, but on the abstract domains:

newkpush(z’ <£a ﬁa — t)) = (Za K'arg()a ﬁa 7?)

nﬁvk\pop(i, Ry, 1) = (i, Larg, i, p, t) where & = Arg;(€,...,p, )
newya (i, 2,0, (_, _, 1)) == (i,2,0,%)
newya((¢,1),4,1) := (¢, tick (t t1ck(€' ")
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The abstract counterpart of the matching function mm}(p, d ) uses non-deterministic look-
ups in the store to find a match of d against the pattern p. Lookups are only performed when
necessary and since they are non-deterministic @% yields a set of substitutions. Note that
an empty set is returned if matching is unsuccessful. The minimal lookup strategy ensures that
the substitutions returned by @M bind variables to values that are either abstract pids or
closures (e, p) such that e is a subexpression of P [JA07]. We can then derive the rules of the
abstract operational semantics:

Definition 15 (Abstract Semantics). The rules of the abstract operational semantics define a
transition system P = (S?cﬁe, — ). In Figure 3.6, we present the abstract counterparts of the
functional reduction rules for the operational semantics, and in Figure 3.7 we display the abstract
rules handling concurrency.

Soundness. We now go on to show that the abstract semantics induces a sound analysis given a
basic domain abstraction that satisfies a few mild constraints. We follow the AAM methodology
in exhibiting a simulation relation. Let us first give a set of conditions on the basic domain
abstraction to ensure that we obtain a sound analysis. The conditions below require that the
abstract auxiliary functions behave as intended with respect to the abstraction functions and
represent a sound abstraction of their concrete counterparts.

Definition 16. We say a basic domains abstraction Z is sound, if (i) the abstract function tick is
determined by the time abstraction and the equation:

Nrime(tick(€, 1)) = tick(£, nrime(t)); (3.5)

(ii) the abstract resolve function res is monotone with respect to stores and is consistent with
the concrete resolve function res:

6 <6 = res(6,d) < res(6',d) (3.6)
Vo > nStore(U)‘ nData(reS(U) d)) € re/\s(&, nData(d)); (3-7)

(iii) the abstract enqueue helper function enq is a consistent abstraction of its concrete counter-
part, the empty mailbox is abstracted to €, i.e.

nMailbox(enq(da m)) S e/ril(nValue(d)v 77Mailbox(rn))7 77Mailbox(€) = éa (38>

and the abstract auxiliary function mmatch is a sound approximation of its concrete counterpart,
ie. if mmatch(p,m,p, o) = (i,0,m’) then Vin > n(m), Vo > n(o), I’ > n(m’) such that:

—

(i,(6), ) € mmatch(p, i, n(p), 5). (3.9)

Equipped with these assumptions we can prove that any conforming instantiation of the basic
domain abstraction gives rise to a sound analysis:
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Functional abstract reductions

AbsFunEval AbsArgEval
if e (0 if 7#(0) > (v, p,a,t),¢: 60(61,... €n)s
q—<€ 60(61,...,6n)7ﬁ7d,f> (d)am—ArgZ@ do 2 17ﬁ/,é>

b - newkpush(L q) df (’U p>
then ﬁ" =7l [L — {<60,p,b i)Y b:= n%p(i, R, q)
"= 6 U[b {Argo(l e, p,a)}] then i’ =7 U [i — {(eiy1,,0,1)}]
o'=a6U [i)’—) {Argi“(ﬁ,cfo...czi,[)’,é>}]
AbsApply X AbsLetRec
if #(2) > q = (v, pya,), iffr(A) (letrec 21 = f1 -+, = fnine, p,a,t)
() = ploi oo b € (o),
6(a) > Argn(l, do . .. dn1, 7', ) b := fiewy (i, 21,6, (1)) and
do—(fu (1 ")—>€’p0) b; € tes(6,d;)
y (/\ 2 . d; := (fi, /) foralli € (n)
ﬁzere/sgadu) ) thenfr*frl_l[u—w{(ep a, )]
bi i=newy(i,2i,01,4) o' =& U b~ {d;} i€ (n)]
pli=p e = by by
i t/ic\k(f,f) AbsCase )
then #' =#U[i — {(e, p",¢,#)}] if 7(i) = (case z of py —e1 -+ pp— €y end, p, d, 1)
&' =6Ulb; — {d;} | i € (n)] ¢ € match, ; (pi, (z,p)) and
9—[1’1}—)611 l‘kl—)dk},
AbsVars bj = newva(L x]7(5-,fr(i)),
if #(7) > (x, pa,f) o, € res(q, dA)
6(p(x) > (v, ) pli=plaj = bl j e k),
then#' = # Ui+ {(v, ¢, a,i)}]  then® =aUl— {(ei,p',a,1)}]
¢’ =oUlbj = {d;} |j € (k)

Figure 3.6: The rules of the abstract operational semantics for functional reductions. The tables define the
transition relation 5§ = (, 1,6) =5 (7', i/, 6') = &' by cases. The primed components of the state are
identical to the non-primed components, unless indicated otherwise. We write U for the join operation
of the appropriate domain.

Theorem 4 (Soundness of Analysis). Given a sound abstraction of the basic domains, the relation
R = {(5,3) | aswate(s) <5z, 5} is a simulation relation between the concrete and the abstract
operational semantics.

Proof Idea. Every transition in the concrete system justified by rule R can be replicated in the
abstract transition system using its abstract version AbsR. See Appendix A.1 for a detailed proof.

O]

Given appropriate auxiliary helper functions on data, time, and mailboxes the abstract opera-
tional semantics gives rise to the optimal abstract interpretation along the Galois connection
(P|[State], av, 7, S?cﬁe). However, Theorem 4’s proof yields soundness also when the basic do-
mains abstraction is not necessarily optimal.
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Abstract Concurrency

AbsReceive AbsSpawn
if 7(0) 34 = (e, 0,7)

if #(2) > (fun() = e, p,a,t
e = receive p; — €1 ...p, — €, end #(2) 3 (fun() , Py a,t)

6(a) 3 Argy (0,d, i/, ¢)

(Aiv 97 m) € n}matCh(pl N DPn, ﬂ(z)v ﬁv (AT) d = (spawn, _)
b=l di.ap > di = newpa(i, £,)
Esj € res(d,d,) A then
bj = newy,(i,7;,0;,4) ”_IJZH“ﬁ%@ﬂL
P plans bz s b T e e o))
then #' = # U [i > {(es, . a, 1 )}] o
A i = Ui — €]
il = Ui m]
o'=6U [bl — {dl}bk — {dk}]
AbsSend AbsSelf
if #(0) 3 (v, p,a,1) if #(0) > (self (), p,a,t)
i,p,a,t)}]

a,
é(a) > Arga (¢, d, i, . é), d= (send, ) then 7' = 7 U [i — {{(
)

Figure 3.7: The rules of the abstract operational semantics that deal with concurrency.

Termination. Since we have eliminated any recursion from the state space, we are ensured that
for any given Aacror program P we obtain a terminating analysis.

Theorem 5 (Decidability of Analysis). Given a finite abstraction of the basic domains, the de-
rived abstract transition relation — 5 gives rise to a transition system with a finite reachability set
Reachy (usiare(50))- It is also decidable if the associated auxiliary operations (in Definition 16) are
computable.

Proof. The proof is by a simple inspection of the rules: all the individual rules are decidable and
the state space is finite. O

An Instantiation of the Abstract Interpretation

In order to generate a simulating ACS for P, we consider a specific instantiation of the abstract se-
mantics. The basic domain abstraction we consider abstracts data to expressions of a priori fixed
depth D, contours to their prefixes of length at most k£ — yielding a k-CFA style abstraction, and
mailboxes to sets of messages which disregards both the sequence and number of occurrences
in mailboxes.

The Set Mailbox Abstraction. We may assume that by abstracting data and time the set of
abstract values V/aae will be finite. Thus, taking abstract mailboxes to be sets of abstract values,
ie. 7 [V/aae], yields a finite choice. Further, & [V/aae} forms the well-known complete powerset
lattice: (@[V/aae], c,n,u, 0, V/aae). We can then define the representation function 7 from
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concrete to abstract mailboxes by 7set(m) := {Nyaue(d) | Fi. m(i) = d}. It thus remains to define

the abstract auxiliary functions enq_, and mmatchy,. We may define enq_, as set insertion

and we let m@hset apply the abstract match function non-deterministically to obtain a set of
matches, ie. enq_ (d,m) = {d} U and, writing p = p1 - - - pn,

mmatchg (p, @, p, 6) := {(i,0, ) | 3i.d € @, 0 € match, 5 (p;, d)}.
We can easily verify that choosing Mt 1= (ﬂ[V/aEe], Nset, €nq_,, 0, m@hseQ as a mailbox
abstraction is sound.

Abstracting Data. In order to allow an abstraction take data into account, we augmented the
definition of variable addresses VAddr with a data component. This allows the abstract semantics
to distinguish states that differ on the abstract bindings in environments. Since Data is a leaf of
the dependency graph, any finite data abstraction yields a finite abstract semantics.

A commonly used data abstraction for languages with algebraic data-types truncates subex-
pressions at a chosen depth D. Given a closure (e, p) the set of terms | (e, ) | ; , is the result of
this truncation where variables are looked up using the environment p and the store 6

L(evﬁ)Jﬁ,O ={_} [(fun.. ~7ﬁ)Ja,D+1 ={_}
L(c(@1- . an),p)] 5 py1 = {c(d1...0n) | di € 6(p(x:)), 0 € |di]; p}
where _is a distinguished constructor representing discarded subexpressions. A D-deep abstrac-
tion | —|_ can be similarly defined for concrete values and concrete data. We write | (e, p)Jm D

for the former and |e] |, for the latter. Hence, we can define the depth-D data abstraction to be
Dp = (Datap, ap, tesp) where Datap is defined inductively:

Datapyy = {_}YU{c(1...6,) | &; € Datap}, Datagy := {_}

and we define the extraction function 7 and the abstract resolve function resp as follows:

np(9) = [9] p, resp(6,d) = [d]; p-
The abstract resolve function resp, is easily seen to to satisfy 7(res(o, d)) € res(6,n(d)) for all
5 >~ 1(0). Further, resp is clearly monotone and hence Datap is a sound data abstraction.

Abstracting Time. k-CFA specifies a family of contour abstractions. The parameter k determ-
ines the context-sensitivity that can be captured by abstract contours. For a fixed k the set of
abstract contours becomes Timey, := | Jy<; <, ProgLoc". The extraction function 7, from Time to

mk is defined by:

Me(ly---4;) :="L1...4;, wherei=min(j,k)
Thus, k-CFA merges two contours whose dynamic history have the same k-long prefix, which
represents the k£ most recent call-contexts, in the abstract. The soundness requirement on the
function tick determines the definition: tick(¢, #) = n,(¢ - ). Hence the k-CFA time abstraction
Ti. = (Timey, N, tick, €) is sound by construction.

In the next section we show how we generate an ACS while exploring the state space of the
abstract operational semantics generated by P.
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3.5 Generating the Actor Communicating System

The abstract interpretation we describe in the previous section gives us a finite state transition
system P that simulates the concrete semantics P. As an abstract description of the concrete
transition system, P is qulte coarse. P cannot accurately track the number of processes in each
local process state. Further, P cannot account for the number of messages buffered in mailboxes.
However, P gives us a sound finite description of the local process states, pids, and messages.
We exploit this information to generate an ACS Ap that simulates the concrete semantics P. The
ACS Ap is able to keep track of the number of processes in a local process state, and the number
of messages in mailboxes. The control states of Ap are pairs (Z, ) comprised of an abstract pid
i € Pid and an abstract local process state § € ProcState. A process T = (i, q) of Ap represents
a process in state ¢ with pid i. However, there is a discrepancy between ACS and AAcror. AAcror
attaches a private mailbox to each running process. This is a feature which we cannot model
in ACS since an ACS only supports a finite number of channels. As a solution, we break the
link between the representation of a process and its mailbox. Instead, there is a channel for
each abstract pid in Ap. Thus, the mailboxes of all concrete processes whose concrete pid ¢ are
mapped to the abstract pid i are merged together in the channel ;. It remains to choose the set
of messages for Ap. In the abstract semantics, messages are values that are resolved through
the store and which may represent a regular tree language of AAcror expressions. In order to
obtain a finite set of messages, we require an additional data abstraction geared for messages.
For the purposes of the ACS, such a message abstraction needs to resolve an abstract message
just enough to uniquely identify a matching receive pattern.

We tie the generation of the ACS Ap to the exploration of the abstract semantics in our

presentation. This illustrates that the ACS Ap can effectively be generated on-the-fly during the
exploration of the abstract semantics.
Terminology. We identify a common pattern in the rules in Figures 3.6 and 3.7. In each rule R, the
premise distinguishes an abstract pid i and an abstract process state ¢ = (e, p, G, ) associated
with 7, i.e. § € 7(Z), and the conclusion of the rule associates a new abstract process state ¢’ with
i,ie. ¢ € #'(). Henceforth, we shall refer to (i, ¢, §’) as the active components of the rule R.

Definition 17 (Generated ACS). Given a AAcror program P, a sound basic domains abstraction
7 = (T, M, D), and a sound data abstraction for messages Dmsg = (Msg, Qtmsg; T€Snse) the ACS
Ap generated by P, T, and Dy is defined by Ap := (Igz\d x ProcState, Pid, Msg, R) where the
set R is defined by induction over the following rules:

(i) Ifs —p §' is proved by rule AbsFunEval, AbsArgEval, AbsLetRec, AbsCase, or AbsApply with
active components (i,4,4"), then (i,4) = (i,¢') € R.

(ii) If 3 =4 &' is proved by AbsReceive with active components (Z, ¢, ¢’) where d is the message
matched by mmatch and 1 € T€8 14 (F, d), then (i, ¢) 2™ (i,¢') € R. )

(iii) If 8§ —5 &' is proved by AbsSend with active components (i, §, ') where d is the abstract
value that is sent and 772 € e84 (5, d), then (i, §) m (2,4) € R.

(iv) If 3 —5 &' is proved by AbsSpawn with active component (i, ¢, ') where ig is the new
abstract pid that is generated in the premise of the rule, which gets associated with the process
state gy then (7, ) —2&90) s (7 §) € R.
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While we explore the state space of the abstract semantics P from the initial state OState(so)s We
collect the rules of Ap. Whenever we fire an abstract rule R, we identify an active component
(i,4,q') and add a rule (i,q) = (i,¢') to Ap where the side-effect A depends on R and the
abstract transition. Once we have exhaustively explored Reachp (tsyare(sy))> We have computed
all rules of Ap.

Soundness of Ap. Let us now argue that the ACS Ap is a sound abstraction of the concrete
semantics. For this purpose, we define an abstraction function «,¢s mapping a concrete state to
a configuration of Ap, i.e. the abstraction function has type

Qiaes = State — (M [ISEI X P&S?ate} X (}/’;l — M []\//Is\gD> .

The mapping o, is reminiscent of a counter abstraction: a,cs maps every concrete state
s = (m, u, o) to a parallel composition of ACS processes I1(7)—dependent only on m—together
with channel contents I'(y, 0)—dependent only on p and o, ie. ues(s) = II(7) < T'(p, o).
The parallel composition II(7) runs for every concrete process with pid ¢ in control state ¢ an
ACS process (i, §). InI'(u, o) every channel i is a multiset that contains the abstraction of every
message in any mailbox 1(¢) where ’s abstraction is . Formally, we define

() = a}]
D(p,0)(2) = [ — [{(1,1) | n(t) = 7, oumsg(res(o, u(1)(i))) = r}|] forall i.

Equipped with a definition of s we may now exhibit a simulation between P and Ap.

Theorem 6 (Soundness of the generated ACS). For all choices of I and D g, the relation ®_defined
by R ={(s,l1 < T') | s € State, ages(s) < II < T'} is a simulation for P and Ap.

Proof Idea. We appeal to Theorem 4 that for any concrete transition s —p s’ using rule R of
the concrete operational semantics with active component (¢, g, ¢') and there is a step of the
abstract operational semantics § —p § with active component (i, G, ¢’). This gives us a rule
(Z,q) LN (z,q') in Ap that we can use to simulate s —p s" in Ap.

See Appendix A.2 for a full proof. O

Theorem 6 allows us to relate paths of the transition system P and the ACS Ap.

Corollary 1. Let Ap be the ACS derived from P. Then, for each path s —p s1 —=p S2 =p ...
in the transition system P, there exists apath Il < I' — 4, II1 <"y =4, IIo < Ty = 4, - ..
in Ap such that a,es(s) = II < T' and for all 4, aaes(s;) < II; < T

Hence, using Ap we can conservatively answer reachability, coverability, and termination quer-
ies on the concrete operational semantics.

Corollary 2. (i) If there is no IT <1 T' > racs(s”) such that ares($) —71, 11 < I' then s #5 s
(ii) If there is no infinite path from a,cs(s) in Ap, then all paths from s are finite in P.
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The extraction function 7pecsiare may map an unbounded number of concrete process states
into a single abstract process state. Similarly, s may abstract an infinite number of con-
crete messages to the same abstract message. Thus, boundedness is not preserved by Ap, i.e if
Reach g, (ctacs(5)) is a finite set, we cannot conclude that Reachp (s) is finite. However, if Ap has
a finite reachability set from cvaes(s), then there exists a bound such that the number of processes
that can be created and the capacity of mailboxes do not exceed this bound.

Corollary 3. If Reach 4, ((vacs(s)) is a finite set, then there exists a bound B such that for all
reachable configurations (7, u,0) € Reachp(s) the number of processes is bounded by B,
ie. |{¢|m(¢) = q € ProcState}| < B, and for each pid ¢ the capacity of its mailbox is bounded
by B,ie. |u(t)] < B.

The Verification Procedure. In summary, our verification procedure for AAcror programs is
divided into two steps. Given a AAcror program P, we generate Ap while exploring the abstract
state space Reachp(crsiare(50)). We then use Ap to give conservative answers for verification
questions posed on P. Note that in our implementation we focus on coverability.

In the next section, we give an overview of the implementation of our verification procedure
in the tool Soter. We explain our exploration algorithm and apply Soter on an example.

3.6 Implementation and a Worked Example

In this section, we present the implementation of our verification procedure as the tool Soter.
Soter is written in Haskell and implements an exploration of the abstract space state and the
generation of Ap.

Soter accepts a single Erlang module, annotated with non-coverability assertions, as input.
In general, non-coverability assertions are specified in two parts. The user may label program
points and mailboxes, and express non-coverability constraints on them. An non-coverability
constraint specifies a bad state, e.g. an assertion may stipulate that a configuration in which two
(or more) processes execute at label [ is a bad state and hence should not be coverable. Thus, it
is possible to assert safety properties such as program point reachability, mutual exclusion, and
bound-checks on mailboxes. We have restricted Soter to only handle the subset of Erlang that
is readily expressible in Aacror. This includes the full higher-order fragment of Erlang together
with its communication primitives.

We present the workflow of Soter in Figure 3.8. In phase 1, Soter uses the standard Erlang
compiler erlc to compile the input Erlang module to Core Erlang. Core Erlang is the official in-
termediate representation of Erlang and close to AaAcror. The compilation to Core Erlang resolves
syntactic sugar and normalises the code. Then, Soter parses the Core Erlang output — contain-
ing user’s non-coverability assertions — rejecting any programs that make use of unsupported
Erlang primitives. Another normalisation pass is then performed by Soter to ensure that the
assumptions we make on AAcror programs in Section 3.3 are satisfied, i.e. we use a-renaming to
ensure variable names are distinct and add additional let-bindings to guarantee that construct-
ors and cases are only applied to variables. The result of phase 1 is a AAcror program P that is
equivalent to the input Erlang program.
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Figure 3.8: The workflow of Soter is divided into three phases. The first translates an arbitrary Erlang
module to Aacror. Phase 2 explores the abstract operational semantics, generates an ACS, and simplifies
the latter. The third phase invokes Brc to perform coverability checks.

Phase 2 then generates the ACS Ap on-the-fly while exploring the abstract operational se-
mantics Reachﬁ (tstate(S0)). The basic domain abstraction that we have implemented in Soter

is <D/a?aD, mg, Mailboxet) together with a data message abstraction lia?aM. Hence, the ana-
lysis is parametric in D — the depth of the data abstraction, which is set to 0 by default — and
M which is the depth of the message abstraction. By default, M is set to the maximal depth of
receive guards plus D. The abstract operational semantics is implemented in a modular fash-
ion, and we have made provisions to allow the implementation of other time, mailbox, or data
abstractions. Before Soter enters phase 3, the generated ACS Ap is simplified. This yields an-
other ACS A%. In the simplification step, we collapse rules that simulate sequences of functional
reductions into a single step. Thus, we can significantly reduce the size of Ap.

In phase 3, Soter combines the ACS A/, with the non-coverability assertions from the in-
put Erlang module to produce a VAS and a coverability query for each non-coverability con-
straint. All coverability queries are generated for the tool Brc [KKW12] which Soter uses as
a backend coverability engine. Brc implements a highly competitive algorithm for coverabil-
ity which supports VAS and VAS with transfer arcs. Brc’s algorithm tries to find small proofs
of non-coverability of target states while running a Karp-Miller-tree forward-search in parallel
[KK'W12]. For each non-coverability assertion, Soter invokes Brc with the corresponding cover-
ability instance. Finally, if BFc reports that a coverability instance is a no-instance, then we can
conclude using Theorem 6 that the corresponding non-coverability constraint is never violated
by the input program. Consequently, Soter reports that the non-coverability assertion is safe in
this case. Otherwise, the analysis is inconclusive.

Now that we have given an overview of the workflow of Soter, we focus on how Soter
explores the abstract state space and generates the ACS Ap on-the-fly.
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Exploring the Abstract State Space

The exploration of the abstract state space Reachs(aisiare(50)) drives the generation of the ACS
Ap. Every time a new active component (i, ¢, ') of a rule R is encountered in this exploration,
an ACS rule (i,q) = (i,q') is generated, where the label A depends on the rule R.

A Widening. We use the basic domains abstraction <D/a?a0, mo, MXset> in our imple-
mentation by default. With this choice many of the abstract domains collapse into singletons.
Even in this case, the size of the abstract state space Reachﬁ(a&ate(s())) is exponential in the
size of the input program P. The reason for this is that each abstract state contains its own
separate store, mailboxes, and mapping of pids to process states. Exploring Reachp (cstare(S0))
exhaustively would thus lead to an exponential algorithm. Horn and Might advocate a widen-
ing to obtain an exploration algorithm that terminates in a polynomial number of steps [FIM 10,
Section 7]. Instead of keeping separate stores, mailboxes, etc., we exploit the complete lattice
structure of State and apply a join. Thus, we keep just one global copy of each. The widening
yields a new transition system LIP = (S?cﬁe, —,p) Where the transition relation is defined as
5 =5 {8’ | 8 =5 s'}. Note that already the transition relation — 5 guarantees that any
successor &' of an abstract states § (i.e. § —p §') satisfies 5 < Sote §'. Hence, we can verify
by inspecting the rules of the abstract operational semantics that the transition relation — 5
satisfies the following diamond property: if s — s and s —5 s”, then s’ — s’ Ll 5" and
s" —5 s L s". The widening thus acts like a partial order reduction in our setting. Therefore,
we can conclude that (i) P clearly simulates P, and (ii) exploring Reach, 5 (tsiare(S0)) instead
of Reachy (cusiare(S0)) does not discover spurious active components (i, ¢, ¢'). Further, the path
in the abstract state space generated by — 5 forms an increasing chain in State. Note that the
length of increasing chains in State are polynomially bounded by the sizes of Pid, ProcState, and
Kont. If we use a Dy data /a\bstraction and a 7y time abstraction, the size of ProcState and Kont
becomes polynomial and Pid linear in the size of the input program®.

Using the widening, we obtain an exploration algorithm SIMPLEEXPLORE that terminates in a
number of steps that is polynomial in the size of the input program. We present SIMPLEEXPLORE
in Figure 3.9. Given P we start the exploration from the state §9 = ssare(S0). The ACS Ap is
generated on-the-fly. For every active component (Z, ¢, ¢’) that we discover, we add a number of
rules to Ap. This number is bounded by |1\//I;g\ + 1. The runtime overhead of the ACS generation
can thus be controlled by the choice of message abstraction. This is the motivation for letting
the message abstraction be an independent choice. We can thus increase precision with respect
to types of messages, which is computationally cheap, and keep the expensive precision on data
as low as possible.

Considering a different choice than <D/a?a0, mo, steﬁ as the basic domains abstrac-
tion can quickly lead to the need to explore an abstract state space that grows exponentially
with respect to the size of the input. In particular, the size of VAddr and thus ProcState grows
exponentially in the parameter D of the data abstraction Datap.

'We assume that the maximal arity aris a constant. Note that a currying transformation can be applied onto the
input program to force ar = 1 which leads to a polynomial increase in the size of the program.
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SIMPLEEXPLORE ({7, fig, G0)) :
§:=1;
§' 1= (70, f10, 60);
R = (;
. Al &
whAlle 3A£Smte 5do
5:=8;
for each 5 such that 5 — 5 §( with active component (i, ¢, ¢’) and rule R do
al . af al .
§ =8 USsp;
Determine A from R according to Definition 17;

R:=RU {(z, Q) > (i.d); }

return (5, R);

Figure 3.9: The exploration algorithm SIMPLEEXPLORE. Given a AAcror expression P we start the explor-
ation from the state $g = (7o, fio, G0) = stare(S0)-

A Worklist Algorithm. The algorithm SIMPLEEXPLORE is unnecessarily inefficient. The fix-
point check § £ S, S 1s expensive to perform at every iteration, and all potential active com-
ponents are re-examined at each iteration. The design of the abstract interpretation originates
from the literature on higher-order control-flow analysis. The exploration of the abstract se-
mantics is reminiscent of finding a solution to a data flow constraint system. In the context of
flow analysis, a worklist algorithm called the round robin algorithm has been devised. The round
robin algorithm takes the dependencies of the value- and control-flow of the program into ac-
count to speed up the computation of the fixpoint [NNH99]. Unfortunately, the round robin
algorithm is based on the structure of the constraint system and cannot be directly applied in
our setting [Joh+13]. However, we can seek inspiration from its design. In our setting, we can
expose dependencies between parts of the abstract state. If a change is made e.g. in the store at
an address d, this has ramifications for all points at which a is involved at a lookup. We may
thus maintain a frontier of the exploration as a worklist and repopulate it with a state whenever
a dependency is triggered by an update. We note that in the abstract operational semantics
(Figure 3.6 and Figure 3.7) there are easily visible dependencies:

(i) An abstract control state ¢ = (v, j, @, t) that has arrived at an irreducible value v will perform
a continuation lookup at G. Hence, there is a dependency of ¢ on 6(a). If the content of the latter
changes we need to revisit §.

(ii) A control state § = (x, j, G, t ) has a dependency on G(j(x)), i.e. the value part of the store.
Control states ¢ to which the rules AbsCase, and AbsReceive apply have similar dependencies on
the store.

(iii) Further, a control state § at active pid ¢ to which AbsReceive applies, depends on the contents
of s mailbox fi(z).

Whenever our worklist algorithm algorithm explores a new active control state and discovers
a dependency to a store address or a mailbox, it records this dependency in a lookup table
dependencies of type (mr + VAddr + 13;1) — L@[ﬁl\d X P@te}. If the content at a store
address or in a mailbox is updated, the dependent control states are added to the worklist for
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WORKLISTEXPLORE ({70, fig, 00)) :
worklist := [(io, 70(l0))] ;
§ 1= (o, flo, 60);
R = (;
dependencies := ();
while worklist # € do
(z,q) := dequeuemax(worklist);
for each 5 such that 5 — 5 &), with active component (i,q,q’) and rule R do
§:= 5L 8;
Determine A from R according to Definition 17;
Ri=RU{(@0) > (@.0) }
if the transition 3 — 5 8(, dependends on store addresses A then
dependencies := dependencies [a — {(i,q)} | a € A];
if the transition 3 — 4 8, is a receive transition then
dependencies := dependencies U [t — {(Z,q)}];
newgs := {};
if ¢ ¢ 7(7) then newgs := newgsU {(i,¢)}
if\=v(",4¢"),q" ¢ 7(i") then newgs := newgs U {(",q")}
if address a is updated then newqs := newgqs U dependencies(a)
if the mailbox of a i" is updated then newgqs := newgqs U dependencies(i")
for each (i1, q1) € newgs s.t. (i1,q1) ¢ worklist do
enqueue((i1, ¢1), priority(qy1 ), worklist);
return (8, R);

Figure 3.10: The exploration algorithm WoRKLISTEXPLORE which is used in Soter. Given a AAcror ex-
pression P we start the exploration from the state 3o = (7o, fio, 50) = Qstare(S0)-

renewed exploration.

Revisiting a control state is necessary to discover new active components that are enabled by
a change in a dependent store location or mailbox. In order to minimise the re-examination of
a control state, it is profitable to delay a re-examination until all potential dependency updates
have been performed [NNH99]. For this purpose, we employ a priority queue as a worklist. We
note that control states that fire rules AbsFunEval, AbsLetRec, and AbsSelf have no need to be
revisited, but add possibly new bindings in the store. Hence, we give such control states the
highest priority. On the other side of the spectrum, we have control states § that fire the rules
AbsReceive and AbsCase that may have deep, complicated dependencies in the store. We delay
revisiting such control states for as long as possible. Of the remaining cases we favour control
states that add bindings to the store or add messages to mailboxes. This prioritises control states
of the form ¢ = (v, p,a,t ) over variable lookup control states § = (z, p, @, ). We implement
this priority assignment in a simple function priority. We present our exploration algorithm
WORKLISTEXPLORE in Figure 3.10. Note that in the worst case the input program can force
WORKLISTEXPLORE to simulate SIMPLEEXPLORE. Thus, we cannot improve on the worst case
complexity over SIMPLEEXPLORE. However, in practise we see significant improvements by
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employing WORKLISTEXPLORE.

Recent work published after the completion of Soter’s implementation has conducted a sys-
tematic analysis of optimisations within the AAM framework in a sequential setting [Joh+13]. A
frontier based semantics is proposed by Johnson et al. which gives rise to a similar exploration
to ours. However, Johnson et al’s approach does not make use of dependencies as we do. This
may be due to the sequential setting. Revisiting control states is not necessary in Johnson et al’s
framework. In the concurrent case, a mailbox update may unlock a new receive branch which
needs to be explored. The analysis is conservative and has to assume that at every program point
one process may be waiting to execute. Thus, using dependencies to trigger such explorations
is of importance to us. Our experimental evaluation (Section 3.8) shows that the dependency
based worklist algorithm improves the runtime of the analysis significantly. Johnson et al. also
advocate other optimisations such as the global store widening which we also adopt, imperative
data structures, and abstract compilation. Abstract compilation reduces the administrative states
introduced by evaluating the arguments of an application and can thus speed up the exploration.
In the simplification step, we remove such administrative transitions from Ap. It may be fruit-
ful to implement abstract compilation into our exploration algorithm as it could speed up the
analysis and reduce the work of the simplification step.

The Size of Ap. The size of Ap depends on the basic domain abstraction. The ACS Ap has

at most | ProcState| x |Pid| control states, | Msg| messages and | Pid| channels. Choosing the basic

domain abstraction (@ao, mo, Mailboxset) ensures that the size of Ap is polynomial in the
size of the input program and the choice of ]\//Igg (which is usually small). In Soter, coverability
checks on Ap are performed by translation to a Petri net Vp with (\P@td + |Msg|) x |151\d|
places. The simplification step on the ACS Ap significantly reduces its size. We notice that many
control states in the abstract operational semantics serve as intermediate states in functional
reductions which may safely be collapsed. We conjecture that, after the reduction, the cardinality
of Ap’s set of control states is quadratic only in the number of send, spawn, and receive of P.

A Worked Example: A Concurrent Eratosthene’s Sieve

We demonstrate the use of Soter on an example by Pike [Pik07]. The example is a concurrent
implementation of Eratosthene’s Sieve. Pike presents this program in a Google Tech Talk in
the series Advanced Topics in Programming Languages to illustrate the concurrency model of
the programming language newsqueak. Even though newsqueak features synchronous message
passing, Pike’s example is readily translated to Erlang.

We display such a translation in Figure 3.11 and Figure 3.12. In this example, we say a process
implements a stream, if (i) it accepts request-messages of the form {poke, ¢}, and (ii) it provides
the next element d of the stream by sending a message {ans, d} back to the requestor «.

The program consists of the functions counter, sieve, filter, dump, and main. At the start, main
spawns two processes running sieve and counter. Both processes implement streams. The counter
process implements the stream of integers starting from 2. The sieve process is connected to an
incoming stream, initially the counter process. The sieve process relays any request-messages
to this incoming stream and waits for an answer yielding a number p. Initially, the request
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% Process: Pid(0), mailbox: {{ prime, Z}}

1

2 main() —

3 Me = self() , % Me = Pid(0)
4 Gen = spawn(fun(}—counter(2)end), % Gen = Pid97
5 spawn(fun()—sieve(Gen,Me)end), % creates Pid37
6 dump().

8 dump()—

9 receive

10 {prime,X} — io: fwrite ("~w~n", [X]), % X =2, N+1
11 dump()

12 end.

14 % Process: Pid97, mailbox: {{ poke, Pid37}, {poke, Pid56}}

15 counter(N) — %N =2, N+1

16 ?label_mail (”counter_mail”),

17 receive

18 {poke, From}— % From = Pid37, Pid56

19 From! {ans, N},
20 counter(N+1)
21 end.

Figure 3.11: Pike’s concurrent implementation of Eratosthenes’ Sieve translated to Erlang. We have an-
notated the code of functions main, dump, and counter with flow information that is computed by Soter.

yields the number 2 from the counter process. Before relaying the number p, the sieve process
creates a new process running filter, equips it with a test that checks divisibility by p, and passes
it its input stream. The sieve process then recurses and replaces its input stream by listening
to the new filter process. As we would expect, the filter process relays request-messages to its
input stream. However, it only relays an answer if it passes its Test. Otherwise, it continues to
request messages from its input stream until a message can be relayed. Hence, whenever the
sieve process receives a prime number from its input stream, it creates a filter process that is
placed in between itself and the counter process. This process filters all multiples of the just
received prime number. Since the first number generated by the counter process is 2, we obtain
the familiar sieve of Eratosthenes algorithm. We note that we may view the system as a chain:
on the one end the counter process, on the other the sieve process, and in between filter processes
— one for each generated prime number.

We note that Soter provides only very limited support for arithmetic operations. We provide
an encoding of natural numbers using Peano numbers. Modelling division is thus cumbersome.
To overcome this, we provide the definition of the function divisible_by as follows:

51 —ifdef(SOTER).

52 divisible_by (X) — fun(Y) — ?any_bool() end.

53  —else.

54 divisible_by (X) — fun(Y) — case (Y rem X) of 0 — true; _ — false end end.
55  —endif.

This defines divisible_by as a function that returns true or false non-deterministically when run
through Soter. Otherwise, its natural definition is supplied. The macro ?any_bool is actually im-
plemented by a primitive choice that we introduce to encode a binary non-deterministic choice.
We supply an implementation of choice as a random choice to the Erlang runtime. However,
Soter interprets a call to choice as an actual non-deterministic choice.
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22 % Process: Pid37, mailbox: {{ ans, Y}

23 sieve (In, Out) — % In = Pid56, Pid97
24 ?label_mail (”sieve_mail ”), % Out = Pid(0)

25 In ! {poke, self()},

26 receive

27 {ans,Z} — % Z =2, N+1

28 Out! {prime, Z},

29 F = spawn(fun()—filter (divisible_by (Z),In)end), % F = Pid56

30 sieve (F, Out)

31 end.

32
33 % Process: Pid56, mailbox: {{ ans,Y}, {ans,N}, {poke,Pid37}, {poke,Pid56}}

34 filter (Test, In) — % Test = divisible_by (Z)
35 ?label_mail (" filter_mail ”), % In = Pid56, Pid97

36 receive

37 {poke, From}— % From = Pid37, Pid56

38 filter (Test, In, From)

39 end.

40

41 filter (Test, In, Out) — % Test = divisible_by (Z)
42 In ! {poke, self()}, % In = Pid56, Pid97

43 receive % Out = Pid37, Pid56
44 {ans,Y} —

45 case Test(Y) of %Y =2, N+1

46 false — Out! {ans, Y}, filter (Test, In);

47 true — filter (Test, In, Out)

48 end

19 end.

Figure 3.12: The code of functions sieve and filter of Pike’s concurrent implementation of Eratosthenes’
Sieve.

This implementation of Eratosthenes’ Sieve was originally written for newsqueak’s synchron-
ous message passing concurrency model. Hence, we would like to check that the translation to
Erlang is faithful to this synchronous communication. One property we expect to hold is that
the size of each mailbox is bounded by 1. We can write this as an non-coverability assertion for
Soter. First, we need to label mailboxes, which can be done using the ?label_mail macro. We
have placed mailbox labels at lines 16, 24, and 35. These macros mark the mailbox of any process
running the functions counter, filter, and sieve. As a second step, we need to specify a bad state
with non-coverability constraints:

—uncoverable("counter_mail > 17).

—uncoverable("filter_mail > 17).

—uncoverable("sieve_mail > 17).
These directives define three non-coverability assertions. Each of them specifies a bad state as a
configuration in which there is strictly more than one messages in a mailbox labelled by either
counter_mail, filter_mail, or sieve_mail. In a similar fashion, we can label program points with
the ?label macro. Non-coverability constraints can then express how many processes need to
execute the labelled program locations to violate the assertion.

Soter produces various types of information when run on this example. It explores the ab-
stract state spaces and generates an ACS that we display in Figure 3.11 and Figure 3.12. Inspecting
the outcome of the abstract state space exploration, we obtain a store 6, mailboxes /i, and pro-
cesses 7. To illustrate the information we obtain, we have annotated the code with comments.

In lines 3, 4, 5, and 29 new processes are created. The abstract pids for the created processes
are the program points of the creating spawn. To enhance readability, Soter displays pids by



68 CHAPTER 3. ACS AND AN ABSTRACT INTERPRETATION OF XAcror

\Y
21

counter/1(succ(succ(..

counter/1(succ(suc..
end

receive
{poke From}—let _..
let ..

? {poke,Pid37} 2 {poke,Pid56
65 ks 128 d

let _#3# = send(From..
let _cor5 = (fun(n)—-..

succ(..
end)(_c..

fun()—
sieve/2(Gen,Me)
end

vPid37 . 25

112 113

ans,_cor0 ans,_cor0

Pid37 ! {ans,succ(_)}
89

Pid56 ! {ans,succ(_)}
114

receive
X—let _#1# = io:f..

110

ans,_cor0

dump/0()
end

? suucgsauu )
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Figure 3.13: The rules corresponding to the abstract pids Pid (0) and Pid97 of the ACS that Soter generates
for the sieve of Eratosthenes example.

computing a hash value. For example, the abstract pid running the sieve function can be identi-
fied with line 5. However, Soter displays it as Pid37 for simplicity. Since in this example it is easy
to group the code which is executed by each abstract pid 7, we have placed a comment line just
before the functions main and dump, counter, sieve, and filter noting the corresponding i. Further,
the comment contains the abstract mailbox /i(Z) of the respective abstract pid i. For every vari-
able z, we have included the possible abstract bindings &(/(z)) as a comment at the end of the
line. Since our basic domain abstraction uses a mo abstraction, we note that environments
are essentially identity mappings and we thus omit them.

The ACS presented in Figure 3.13 and Figure 3.14, which are actual outputs produced by Soter,
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Figure 3.14: The rules corresponding to the abstract pids Pid37 and Pid56 executing sieve and filter

respectively.



70 CHAPTER 3. ACS AND AN ABSTRACT INTERPRETATION OF XAcror

Your Erlang Program ? Quick Help & Load Example Resuits T
-uncoverable("counter_mail »= 2") [
-uncoverable("filter_mail == 2"). .
-uncoverable("sieve_nail >= 2"). The program is Safe!
main() -> }
Me = self(), » "counter_mail" >= 2: Safe.
Gen = spawn(fun()->counter(2)end), « "filter_mail" >= 2: Safe.
spawn (fun() ->sieve (Gen, Me)end),
dump (). * "sieve_mail" >= 2: Safe.
dump () ->
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lo:fwrite("~w-n", [X]), E
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Figure 3.15: A screenshot of Soter’s web interface reporting the verification outcome of the Eratosthenes’
sieve example. Soter’s web interface is available at http://mjolnir.cs.ox.ac.uk/soter/.

use a simplified display convention. The abstract pid associated with a connected component
is indicated by an additional node above it rather than keeping an explicit tuple for every state.
Further, in a receive label i ? M we omit the abstract pid i which is understood to be the abstract
pid of the connected component. Also, note that control states and messages are annotated with
a unique number that corresponds to a place in the Petri net translation.

After the exploration of the abstract state space is complete, the ACS in Figure 3.13 and
Figure 3.14 has been generated in its entirety. Together with the non-coverability constraints
the ACS is translated to a Petri net coverability query. Soter invokes Brc to perform the model-
checking and in the case of this example the results are no-instances. Hence, all non-coverability
assertions are safe. A screenshot of Soter’s web interface being run on the example presented in
this section is displayed in Figure 3.15.

In the next section, we review related work and compare our verification procedure to other
approaches from the literature.

3.7 Related Work

We start our survey of related work with the verification literature on Erlang. Many approaches
have been investigated such as theorem proving, term rewriting techniques, abstract interpret-
ation, model-checking, type systems, and static analysis. We present each of them in turn.

Verification of Erlang. The first contribution to Erlang’s verification literature is a proof as-
sistant due to Arts et al. The proof assistant allows the user to prove that an Erlang program
satisfies a p-calculus specification [Art+98]. Later work focussed on the verification of fixed
properties for specific industrial Erlang systems. Arts et al. apply techniques for well-studied
termination problems from the term-rewriting literature to verify a responsiveness property of
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Erlang’s Mnesia database [AD99] and the correct implementation of a telecommunication pro-
tocol [AG99; GAO1].

Abstract Interpretation. Huch was the first to study an abstract interpretation of the operational
semantics of Erlang [Huc99; Huc01; Huc02]. He develops an abstract interpretation framework
for the purposes of model-checking LTL on the operational semantics generated by an Erlang
program. His framework lifts a data abstraction to the entire state-space. However, other parts
of the state-space remain untouched. Thus, Huch considers a restricted fragment of Erlang pro-
grams: (i) order-one, (ii) tail-recursive, (iii) mailboxes are bounded, and (iv) programs spawn an
a priori bounded number of processes [Huc99]. These assumptions guarantee that the abstract
state space is finite. Since algebraic data structures in Erlang may grow even when primitive
data domains are finite, Huch proposes two data abstractions. The first is essentially the Data D
abstraction we present in Section 3.4. The Datap abstraction disregards nested structures be-
low depth D. The second data abstraction takes into account the patterns found in case and
receive statements of the program. Terms are represented by the patterns they fit. However,
this abstraction also imposes a restriction on the depth of nesting to arrive at a finite data ab-
straction. In subsequent work, Huch relaxes the tail-recursive requirement on functions to full
recursion [Huc01; Huc02] by means of an abstraction that is reminiscent of a ﬁm\e() abstraction.
Huch’s abstractions are designed to preserve path properties. Hence, if LTL model-checking the
finite abstract model yields a safe-instance result, then the property holds for the input Erlang
program.

A drawback of Huch’s framework is the restriction to Erlang programs that allow only an a
priori bounded number of processes with mailboxes of bounded size. Since our approach makes
use of decidable infinite-state models such as ACS, we can overcome this restriction. Further,
our approach naturally handles higher-order function definitions.

Model-Checking. EtomCRL2 [AEP04; GD07; GDHO08] provides a tool set that translates an Er-
lang program to the process algebra mCRL2. The process algebra f/CRL, which supports algebraic
data types, pattern-matching, first-order functions, and synchronisation of concurrent processes,
is a precursor for mCRL2. The process algebra mCRL2 extends ¢CRL with higher-order functions
among other things. Thus, both 4CRL and mCRL2 are Turing powerful formalisms. EtomCRL2
is capable of automatically translating arbitrary Erlang code to mCRL2, but also provides spe-
cialised translation of commonly used implementation patterns, i.e. Erlang behaviours. Further,
EtomCRL2 includes a discrete clock into the state space and can thus model time-outs [GD07].
The standard finite-state model-checker CADP [Cad] can then be used to verify an extensive set
of properties such as LTL and the p-calculus [Guo+10]. However, the EtomCRL2 verification
process enumerates the entire state space before performing the verification process. Thus, it
is unsuitable for the verification of infinite-state systems [Guo+10]. In order to guarantee ter-
mination in general, the input Erlang program needs to fall into a decidable fragment of mCRL2
which is supported by CADP.

McErlang is an explicit-state model-checker for Erlang programs developed by Fredlund and
Svensson [FS07; EF12]. McErlang offers a high degree of flexibility. It replaces Erlang’s runtime
system with its own based on a formal operational semantics of distributed Erlang [Fre01; CS05].
The input program is instrumented to use McErlang’s runtime system and then executed. The
runtime system then ensures an on-the-fly depth-first model-checking traversal. Both properties
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and abstractions may be provided to the runtime system as Erlang modules, however, McErlang’s
toolset also includes support for specifying properties such as Biichi automata or LTL formulee.
Recently, McErlang’s runtime has been extended to handle a timed operational semantics which
enables modelling of receive timeouts [EF12]. McErlang benefits from the fast Erlang runtime
for functional reductions while retaining control over concurrent executions. Hence, it provides
support for a substantial fragment of Erlang. However, since the exploration strategy is based on
execution, McErlang’s exploration may not terminate when the abstracted model is infinite-state.
This poses a particular challenge, for example, when the number of processes of the modelled
system cannot easily be bounded.

Type Systems. Marlow and Wadler were the first to propose a type system for a restricted func-
tional fragment of Erlang [MW97]. Marlow and Wadler’s type system provides decidable type
inference and they suggest an extension of their type system to support concurrency features
based on type and effect systems [T]94]. In [Nys03] Nystrom proposes a different, more ex-
pressive type-system at the cost of loosing type inference. Nystrom’s type-system uses a 0-CFA
control-flow analysis for the purposes of type-checking. Concurrency features are type-checked
against user annotations, i.e. the user needs to specify which messages a sub-program may send
and receive. The type-system then verifies that the input program adheres to these specifications.

Sound for Error Detection Static Analyses. A different approach to static analysis of Erlang was
initiated by Lindahl and Sagonas [LS04]. Lindahl and Sagonas developed a control-flow analysis
based on set-based analysis [[H]94] for Erlang programs. The analysis is implemented in the tool
Dialyzer which follows the design principle sound for error-detection [CS10], i.e. an analysis may
only report a bug, if the bug is guaranteed to occur at runtime. While Dialyzer is successful in
finding real bugs, its analyses cannot be used to establish correctness. Lindahl and Sagonas’s
analysis design philosophy is formalised in the notion of success types [LS05; LS06; SST13]. In
contrast to traditional types, success types ‘never disallows the use of a function that will not result
in a type clash during runtime’ [LS06]. Success types provide a useful type notion for dynamically
type languages. They are flexible enough to accept valid input programs while ruling out a large
fraction of incorrect ones. Further, Lindahl and Sagonas’ inference algorithm for success types
is compositional and scales well.

Dialyzer has subsequently been extended by further targeted analyses. Even though Erlang
is a purely functional language, the Mnesia database and some parts of the Erlang runtime may
be accessed in an impure fashion. The race analysis of Christakis and Sagonas tries to statically
detect such races [CS10]. Recently, Christakis and Sagonas designed an analysis for Dialyzer
that detects common message passing errors. It is designed to find (i) receive statements that
will never fire, and (ii) message sends that are never received by the recipient process.

Our analysis generates an ACS that simulates the operational semantics of the input program.
Thus, we may say that our analysis extracts an abstract description of the behaviour of our input
program. In the literature on type systems, behavioural types have been studied as appropriate
types for processes.

Behavioural Types. In general, behavioural type systems are an instance of type an effect sys-
tems [NNH99]. However, an effect ¢» describes how a program P behaves, i.e. ¢ can be seen as a
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computational model that simulates P. Behavioural types were first introduced by Nielson and
Nielson in a type system for concurrent ML (CML) [NN93]. The behaviours used in Nielson and
Nielson’s type system are terms of a process algebra that supports synchronous communication
on channels and dynamic process creation. The idea of behavioural types has also been applied
to the m-calculus [Yos96] to infer a simpler abstract process from a 7-calculus term. Later type
systems were designed to guarantee properties such as deadlock freedom [Kob97] and livelock-
freedom [Kob00] for the typeable m-calculus terms. An expressive behavioural type system for
the m-calculus that guarantees deadlock freedom and supports type inference is due to Kobay-
ashi [Kob06]. The inference produces constraints on how channels can be used which are then
checked for consistency. This check reduces to Petri net reachability [Kob06].

In contrast to the type system approach, our method takes two steps. First, we produce an
abstract behavioural description, in the form of an ACS, for an arbitrary Aacror term. Then, we
use the ACS to verify coverability properties. Since Erlang is a dynamically typed language, using
an untyped static analysis seems to be the more natural approach. A type-sensitive control-flow
analysis has been used by Reppy and Xiao to generate an extended control-flow graph for CML
programs [RX07]. The generated extended control-flow graph is reminiscent of an ACS. Reppy
and Xiao use this extended control-flow graph to detect communication patterns that can be
specialised as part of a range of optimisations at compile time.

Other abstract interpretation frameworks have been proposed for concurrent functional lan-
guages and more abstract process calculi.

Abstract Interpretation. In the literature of AAM [MS06; MS08; HM11; MH11; VS10; EMH10;
Ear+12] Might and Horn have extended the AAM methodology to concurrent Scheme [MH11].
The concurrency model is thread and shared-state based and allows synchronisations by a
compare-and-swap primitive. In comparison, our abstract interpretation applies the AAM meth-
odology to a message passing concurrency model. In particular, our concrete operational se-
mantics is modelled after Fredlund’s formalisation of single-node Core Erlang’s operational se-
mantic [Fre01].

Concurrent ML. In an abstract interpretation of CML, Colby proposes to represent process and
channel identities by the a concurrent analogue of Shivers’s contours, i.e. a process or channel is
identified by the contour that creates it [Col95]. The analysis is non-uniform, i.e. it can distinguish
between iterations in an infinite recursive communication pattern. This is made possible by
abstracting the relationship of process contours, taking into account their common ancestor
contour. However, Colby’s analysis is specialised to detect which receives may match which
message sends.

Process Calculi. Venet proposes an abstract interpretation framework for the 7w-calculus [Ven96].
His framework is specialised to allow abstractions of identities and name mobility. Further,
Venet proposes rich abstractions that can be used for non-uniform analyses. Venet’s frame-
work was later generalised and extended by Feret to open 7-calculus terms and other process
algebras [Fer05]. Subsequently, Venet and Feret’s abstract interpretation frameworks have been
applied the the process calculus CAP by Garoche, Pantel, and Thirioux [GPT06]. CAP is a pro-
cess calculus based on the actor model and features asynchronous message passing and actors as
first class values. The abstractions of identifiers employed in this line of the literature are very
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expressive and may provide a good addition to our work in order to improve the precision of ab-
stract pids when required. Further, Feret’s non-standard semantics can be seen as an alternative
base framework to the AAM methodology, but tailored for process calculi.

In the next section, we present an empirical evaluation of Soter, before we discuss our contribu-
tions and the limitations of our verification procedure.

3.8 Discussion

In this section, we discuss our approach to verifying Erlang programs. We first present an em-
pirical evaluation of Soter against a set of benchmarks. We then discuss the limitations of our
method and offer perspectives on how they can be addressed. Lastly, we conclude this chapter
with a summary of our contributions.

Empirical Evaluation of Soter

We evaluate Soter on a set of benchmark Erlang programs. The benchmarks consist of Erlang
programs that are higher-order, use dynamic (and unbounded) process creation, and non-trivial
synchronisation. The benchmark programs contain non-coverability assertions that require the
verification of properties such as: (i) mutual exclusion of a critical section, (ii) non-coverability of
a bad state, and (iii) checking explicit bounds on mailboxes.” As a whole, the set of benchmarks
and the non-coverability properties that we verify lie outside of the scope of any comparable
tool. The set of benchmarks feature non-trivial concurrent systems such as a firewall, a leader
election protocol with a finite number of processes (finite_leader), and a generic resource server
(reslock). We also include examples derived or extended from the literature: Pike’s concurrent
implementation of Erasthostenes’ sieve [Pik07], a concurrent lookup table due to Huch (concdb)
[Huc99], two examples setting up a pipe and ring topology (pipe and ring) inspired by Kobay-
ashi et al. [KNY95], and a factory for stateful functions from Rosetta Code (state_factory). The
annotated example programs in Table 3.1 can all be viewed and verified using Soter at the web
interface http://mjolnir.cs.ox.ac.uk/soter/.

We evaluate the performance of Soter’s worklist algorithm WORKLISTEXPLORE against S1mM-
PLEEXPLORE as a baseline. In this choice we follow Johnson et al. who use the sequential
analogue of SIMPLEEXPLORE to evaluate the performance of the optimisations they propose
[Joh+13]. We present our experimental results in Table 3.1. There are three observations we
make from our experiments: (i) our abstractions are sufficiently precise to prove safety for a
variety of non-trivial benchmarks, (ii) the simplification procedure is effective in reducing the
size of the generated ACS, (iii) the worklist algorithm WoORKLISTEXPLORE provides a signific-
ant speedup over SIMPLEEXPLORE, and (iv) despite the ExpspacE-completeness of the Petri net
coverability problem the verification of our benchmarks is completed in seconds. A closer look
at our experimental result yields that the simplification procedure yields an ACS whose size is

*Our benchmark suite has recently been included to evaluate the Petri net coverability checker PETRINIZER
[Esp+14]. Esparza et al. evaluated PETRINIZER on coverability problems generated by Soter from our Erlang pro-
grams with various settings.
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ABS  ACS TIME
Example LOC P R h'M Pl Rat WEA SEA SP Smp Brc Total
reslock 35 1 S 0 2 40 10% 059 7.23 12X 0.08 0.83 1.50
sieve 230 3 S 0 2 47 19% 026 235 9X 003 117 146
concdb 320 1 S 0 2 6712% 099 857 9X 016 4.62 577
state_factory 295 2 S 0 1 22 4% 058 845 15X 0.13 048 1.19
pipe 173 1 S 00 18 8% 017 142 8X 0.03 0.05 025
ring 211 1 S 0 2 36 9% 053 329 6X 007 037 097
parikh 101 1 S 0 2 4241% 005 023 5X 001 007 0.13
unsafe_send 49 1 U 0 1 10 38% 001 002 2X 000 0.00 0.01
safe_send 82 1 U 0 1 3336% 005 017 3X 001 000 0.06
safe_send 82 4 S 1 2 8234% 021 065 3X 003 012 036
firewall 236 1 U* 0 2 3510% 033 430 13X 005 0.16 0.54
firewall 236 1 S 13 7410% 182 1932 11X 030 0.06 2.18
finite_leader 555 1 U* 0 2 56 20% 040 1.90 5X 0.03 0.09 0.52
finite_leader 555 1 S 1 3 97 23% 070 3.95 6X 0.07 0.87 1.64
stutter 15 1 U* 0 0 1519% 004 016 4X 000 0.00 0.05
howait 187 1 U* 0 2 2914% 018 174 10X 0.02 0.05 0.25

Table 3.1: Results of the empirical evaluation of Soter. Column LOC reports the number of lines of Core
Erlang code for each benchmark. Column P states the number of non-coverability assertions. In the R
column, S means Soter can prove all non-coverability assertions safe, “U*” means the benchmark does
not violate the assertions but verification was inconclusive; “U” Soter reports a genuine violation of an
assertion. Columns D and M report the depths of the data and message abstractions. The column Pl states
the number of places that are required to translate the generated ACS to a Petri net after the simplification.
Column Rat reports on reduction on the ACS size achieved by the simplification as a ratio. Columns WEA
and SEA report the time taken by WORKLISTEXPLORE and SIMPLEEXPLORE respectively. Column SP
indicates the speedup gained by using WORKLISTEXPLORE. Column Smp states the time taken to apply
the simplification procedure. All times are in seconds.

on average® a sixth (16%) of the unsimplified one. The worklist algorithm provides an average
speed up of a factor of 6.5X across our benchmarks. We would expect both of our optimisations
to yield increasing benefits as the size of the input increases. If we exclude small input programs
(LOC < 150) we observe that the simplification produces reductions of a factor of 9 (11%) and the
speed up of the worklist algorithm increases to (almost) one order of magnitude (9X). Further,
Brc implements an algorithm that is Expspace-hard in the ACS size. Our experiments show
there are other factors such as transition structure that strongly influence the runtime complex-
ity of Brc. Compare, for example, the time Brc takes to perform the coverability checks on the
concdb and finite_leader examples. Thus, the experimental outcomes encourages us to believe
that infinite-state verification techniques can be applied to the verification of Erlang. However,
in order to draw stronger conclusions, an evaluation on a set of more realistic benchmarks of
larger size would be required. This requires more work to widen Soter’s scope of applicability.
There are obstacles of theoretical and practical nature that limit the scope of Soter. We elaborate
on the limitations of our approach in the next section.

*All averages for ratios (i.e. speed ups and simplification-reduction ratio) are computed using the geometric mean.
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Limitations

Practical Limitations. In order to make Soter applicable to larger real-word code bases, it is
necessary to improve the support for more of Erlang’s language features. Aacror does not cap-
ture the module system, exception handling, arithmetic primitives, built-in data types, and I/O.
The abstract interpretation framework could be extended without much difficulty and thus these
features mainly represent an implementation challenge. However, providing this support would
allow Soter to be applied to real-world Erlang code more readily. Modelling fault-tolerance fea-
tures such as the monitor/link primitives require changes to the design of the concrete and ab-
stract operational semantics, but could, in principle, be modelled by an ACS. Similarly, process
registers, type guards, and timeouts can be integrated into the analysis.

Theoretical Limitations. 'The theoretical limitations concern the limits of expressivity of ACS and
force us to choose abstractions that lose significant precision. From our perspective the choice
of abstractions should be motivated by overcoming limitations of the abstract model. ACS allow
us to model an unbounded number of finite-state processes communicating over a finite number
of unbounded channels. Thus, our abstractions have to approximate three important capabilites:
(Cq) the link between a process and its mailbox, (C2) non tail-recursive function definitions, and
(C3) higher-order control-flow. We abstract the mailboxes of all processes with the same abstract
pid into one unbounded, unordered channel. The difficulty lies in the dynamic creation of names
that are first-class values and that can be used for communication. In order to model the link
between a process and its mailbox, it seems the capability to dynamically create private names
is necessary. However, this capability already allows us to encode the m-calculus and makes
a potential abstract model Turing-powerful. Recently, progress has been made in isolating a
rich fragment of the 7-calculus called depth-bounded [Mey08]. The depth-bounded fragment
allows the dynamic creation of private first-class names in a restricted fashion while retaining
the decidability of coverability. In fact, a term of the depth-bounded m-calculus gives rise to a
WSTS [Mey08] and could form the basis of more expressive abstract model than ACS that can
lessen the need to approximate capability Cj.

In order to model non tail-recursive function definitions (C2), we need to extend ACS to al-
low pushdown processes. If this extension is unconstrained, we would obtain a Turing-powerful
model [Ram00]. However, there has recently been progress in the literature of concurrent push-
down systems. A decidable class of concurrent pushdown systems that can model an unbounded
number of pushdown processes that may communicate over a finite number of unbounded, un-
ordered channels has been identified. Processes are restricted to only receive messages when
their stack is empty. This restriction is often referred to as the empty-stack restriction [SV06].
Coverability, among other decision problems, is decidable for concurrent pushdown systems
that satisfy the empty-stack restriction [SV06] and a tight connection to Petri nets has been
established [GM12] which implies many verification problems are in fact ExpspACE-complete.
Further, the empty-stack restriction has been extended to other computational models such as
concurrent higher-order pushdown systems [CV07]. The latter may form a basis for an exten-
sion of ACS that is capable of modelling restricted higher-order control flow (C3). However, the
empty-stack restriction is not entirely realistic for Erlang programs.

In the remainder of this dissertation, we present our work on extending ACS to allow push-
down processes with a restriction that goes beyond the empty-stack restriction. Before we em-
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bark on this, we summarise the contributions we have presented in this chapter.

Summary In this chapter, we have presented a parametric abstract interpretation for AAcror, an
idealised fragment of Core Erlang. We arrive at the abstract interpretation by applying the AAM
methodology in the novel setting of message passing concurrency. We have shown how to use
the abstract semantics to generate an ACS that simulates the operational semantics of the input
program. ACS is an infinite-state model that can model the dynamic creation of finite state pro-
cesses that communicate over a finite number of unbounded, unordered channels. Further, ACS
are equivalent to Petri nets and thus algorithms for verification problems such as coverability ex-
ist. We propose to perform verification on Erlang programs via ACS and have implemented this
verification approach in our tool Soter. Soter is the first verification tool for Erlang that makes
use of infinite-state verification techniques. We have presented Soter’s worklist algorithm to
explore the abstract operational semantics and evaluated Soter, the worklist algorithm, and the
ACS simplification procedure on a set of non-trivial benchmarks. The results of our empirical
evaluation are encouraging. They suggest both the worklist algorithm and the ACS simplifica-
tion are effective. Further, they demonstrate that infinite-state verification can be successfully
applied to the verification of Erlang.






Chapter 4

Recursive Asynchronous Concurrency
and the Shaped Stack Constraint

The work presented in this chapter is joint work with Luke Ong and has been published in [ 1.

In this chapter we investigate an extension of ACS that allows the modelling of restricted push-
down processes. In the verification method we present in Chapter 3, we need to abstract non
tail-recursive function calls. This is a considerable source of imprecision. Following the AAM
methodology, Vardoulakis and Shivers have shown that, in the sequential setting, abstract in-
terpretations can be designed that lead to a pushdown system [ ]. Such an analysis has the
benefit that function calls and returns can be accurately matched in the abstract semantics. This
leads to a substantially more precise abstract model of the input program, since values can be
accurately returned to the correct call site [ ]. Vardoulakis and Shivers’s analysis could be
extended to the concurrent case using suitable abstractions.

Hence, we are interested in asynchronously communicating pushdown systems (ACPS). ACPS
are a model for dynamic networks of concurrent pushdown systems that communicate via a
fixed, finite set of unbounded and unordered channels. ACPS are an extension of ACS in the
sense that each process may be a pushdown process instead of a finite state process. Unfortu-
nately, ACPS are Turing powerful [ ]. Thus, ACPS are in general unsuitable for algorithmic
verification. However, we may look for a subclass of ACPS that retains good decision proper-
ties. Once such a suitable class has been identified, we could adapt our abstractions to approxi-
mate pathological non tail-recursive function definitions, i.e. function definitions that cannot be
modelled. The abstract model could then be employed to model the benign recursive function
definitions.

Of course, a subclass of ACPS that supports algorithmic verification is of much wider, inde-
pendent interest. ACPS are a natural model for recursive programs that employ asynchronous
communication. Hence, besides a wide range of concurrent and distributed systems, such as
client-server environments and peer-to-peer networks, ACPS are a good model for programs
written in event-driven programming style. Event-driven programming forms the basis of the
implementation of many web-based applications, embedded systems, and sensor networks. An-
other popular programming paradigm that falls into the scope of ACPS is (task-based) asyn-
chronous programming. Asynchronous calls, which return immediately, are often used to run
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%%% Server
server () —
init_despatcher (), do_server(), post_task(),
case (*) of
true — server();
false — system? stop
end,
task_bag ! stop.

G A W =

0

9

10 post_task() — task_bag ! task, task_bag ? ok.

11

12 init_despatcher () — task_bag ! init, task_bag ? ready.
13

14 despatcher() —

15 task_bag ? init , task_bag! ready,

16 task_bag ? task, task_bag! ok,

17 do_task(),

18 case (*) of

19 true — despatcher() ;

20 false — task_bag ? stop, system! despatcher_done
21 end.

22

23 main() — spawn(server), spawn(despatcher), system! stop.

Figure 4.1: Server in asynchronous programming style. The procedures do_server and do_task may be
arbitrary terminating recursive procedures that are allowed to send messages and spawn new processes.

work-intensive procedures concurrently. In recent years substantial advances have been made in
the algorithmic verification of asynchronous programs, i.e. recursive programs with asynchronous
atomic procedure calls [SV06; JM07; GMR09; GM12]. Asynchronous programs can be modelled
naturally by ACPS subject to the empty-stack restriction [SV06]. The empty-stack restriction
constrains a pushdown process to only receive messages when its stack is empty. ACPS satis-
fying the empty-stack restriction are closely related to Petri nets. For example, their respect-
ive coverability problems are polynomial-time interreducible [GM12]. Thus, many verification
problems become Expspace-complete. Unfortunately, the empty-stack restriction is unrealistic
for the purpose of verifying Erlang programs. One of our major contributions, that we present
in this chapter, is the development of a more liberal restriction that permits concurrency and
communication actions at any stack height, called the shaped stack constraint. An ACPS that
satisfies the empty-stack constraint is guaranteed to satisfy the shaped stack constraint. Thus,
the shaped stack constraint may be viewed as a relaxation of the empty-stack constraint and
enables the safety verification of a large class of message passing programs.

Before we begin with the formal developments, let us give an intuitive explanation of ACPS
and the empty-stack constraint, and compare it with the shaped stack restriction.

ACPS and the Empty Stack Constraint

ACPS are a general model for recursive programs with asynchronous concurrency and are an
extension of ACS that allows each process to use a stack. In contrast to ACS, rules of an ACPS
are of the form (g, ) A, (¢',7") where v and 7/ are sequences of stack characters. Intuitively,
the rule allows a process that is in control state ¢ and can pop 7 off its stack to make a transition
to control state ¢/, push 7/, and perform the concurrency side-effect A\. Thus, a configuration
(¢,v-~") || T < T can transition to (¢’,7 - v") || I' < T’ provided that T', II, and I are
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€
server — init_despatcher do_server post_task L4 Lg,

tem?st
Ly = server, L, R €,
task_bag!stop
Lg ——— ¢,
€ task_bag!task task_bag?ok
post_task — Lio:1 L10:2’ Lio:1 m) €, Lio ask_bag?o e,

€
do_server — ...,

task_bag!init task_bag?read
init_despatcher 5 Li2.1 L1929, Li2.1 RSN €, Li2:2 RS SN €,

despatcher 5 Li5.1 L15:2 L16:1 L1g:2 do_task L1g,

task_bag?init task_bag!ready

Lis;i —— ¢, Lisio —— ¢,
task_bag?task task_bag!ok
Ligg —— ¢, Lig2 —— ¢,
Lig — despatcher, Lis — Loo.1 Lao:2,
task_bag?stop system!despatcher_done
L2g;1 ——— ¢, L2o:2 €

do_task i> RN

. €
main — Log.1 Lo9o.o L22:3>

Vserver vdespatcher system!stop

Lot —— ¢, Log.o ——— ¢, Loo.s —— ¢,

Figure 4.2: Rules of the ACPS P implementing the task server program in Figure 4.1. Note the ACPS has
a single control state ¢p that we omit to unclutter notation, i.e. instead of (qo, ) 2 (go,7') we write

Ao
Y=

consistent with the side-effect A. Since the capability to synchronise two stacks is enough to
simulate a Turing machine, there is little hope to develop an algorithmic verification procedure
for ACPS. In fact, in the general case any ‘context-sensitive synchronization-sensitive analysis is
undecidable’ [Ram00] for concurrent pushdown systems. It is surprising and fortunate that a
decidable and meaningful class of ACPS can be captured by the empty-stack restriction. The
empty-stack restriction says that a rule r = (¢, ¢) 2 (¢, ) may only apply if the process’
stack is empty. Hence, to satisfy the empty-stack restriction, a transition using the rule » may
only be enabled in a configuration of the form (g, ¢) || IT < T @ [c — [m]]. There is a tight con-
nection between ACPS that satisfy the empty-stack constraint and Petri nets [GM12]. Hence, a
variety of verification problems are polynomial-time interreducible to decision problems on Petri
nets. Coverability, for example, is thus Expspace-complete for ACPS satisfying the empty-stack
restriction. However, the empty-stack constraint prohibits arbitrary synchronisations between
processes, thus ruling out classes of interesting programs for analysis via ACPS.

Consider, for example, the program in Figure 4.1 which is presented in pseudo-code that
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is reminiscent of Erlang. However, communication is over named, unordered, and unbounded
channels. Thus, we write sends of a message msg to a channel ch as ch! msg, and receives of
a message msg on a channel ch are denoted by ch ? msg. The program spawns two processes,
one running server, the other despatcher. The server process posts tasks to the channel task_bag.
Tasks in this channel are continually removed by the despatcher process which then executes the
selected tasks (possibly posting further tasks to the task_bag or spawning new processes), and
then non-deterministically chooses to wait for the server process to send the stop message, or
call itself recursively. If we inspect the synchronisations of the server and despatcher processes
carefully, we observe that the procedures do_server and do_task cannot execute concurrently. We
can thus consider a configuration in which they do as erroneous and ask the question whether
such a configuration can be ever be reached. Another interesting question for this program is
whether there is a moment during the execution when the messages ready and despatcher_done
respectively are in the channels task_bag and system, which would be an error. Such a questions
may be formulated as coverability problems. In Figure 4.2 we present ACPS P which is a model
for the task server program and for which we can pose such a coverability problem. Note that
we have chosen a translation that is reminiscent of a rewrite system. The ACPS has a single
control state gg which we omit to unclutter notation. Each process uses its stack to remember
which program points still need to be executed. The example run of P below shows how the
main process spawns the server and despatcher process and progresses the server process until it
blocks while waiting for the ready message in the task_bag channel:

main <I () —p Lao.1 Lo2:2Lo2.3 <1 0)
—>;<) Loo.3 || server ” despatcher < 0
—p Lao:3 || init_despatcher do_server post_task L4 Lg || despatcher <1 )
—>;<> L22.3 || L12:2 do_server post_task L4 Lg || despatcher <1 [task_bag +— [init]]

If we progress the despatcher process until it replies with the ready message, the server process can
make a receive transition while it has a non-emtpy stack. Worse, each time the server process
recurses a Lg is added to its stack. Thus, receive transitions of the ready message by the server
process occur with stacks of arbitrary height. Clearly, the task server program does not satisfy
the empty-stack constraint. To prove algorithmically that the two undesired configurations

0 < [taskfbag — [ready] , system —> [despatcherfdone“, and  do_server~y H do_task ’y/ <0

are not coverable in PP for some 7, ', we need to consider a more expressive class of ACPS.
The empty-stack constraint appears restrictive when we consider Erlang programs. For ex-
ample, standard programming patterns — Erlang behaviours —such as finite-state machines, gen-
eric servers, and event-handlers are provided to the programmer through a functional interface.
The implementations of these patterns, which make extensive use of communication, are often
parametrised by higher-order functions that can be arbitrarily instantiated by the programmer.
For example, the generic server template needs to be supplied with code that handles client
requests. This code may use further communication and may be mixed with other Erlang beha-
viours. These programming abstractions encourage programmers to use behaviours in a func-
tional way and thus promote programs that do not satisfy the empty-stack constraint. Thus,
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there is a need for a more liberal restriction than the empty-stack restriction such as the shaped
stack constraint.

The Shaped Stack Constraint

Is it possible to relax the empty-stack restriction on ACPS while preserving the decidability of
key verification problems? Fortunately, we can provide a positive answer to this question. The
shaped stack constraint exploits the observation that processes have limited sensitivity to the
order of concurrency events.

An Observation.  Since channels are unordered, processes cannot observe the precise sequencing
of concurrency actions such as message send and process creation. However, the sequencing of
other actions, notably blocking actions such as message retrieval which requires synchronisation,
is observable. To illustrate this, let us consider a sequence of concurrency actions performed by
the server process:

(task_bag!init task_bag?ready Ago semer task_bag!task task_bag?ok)n (task_bag!stop)n

where we assume Ay, server 1S @ sSequence of sends and spawns produced by do_server. For illustra-
tion, suppose the function do_server sends log messages of its start and finishing onto the channel

system, i.e.

do_server() — system ! begin, system ! end.

From the perspective of any process receiving from channel system, the order in which the mes-
sages begin and end are sent is impossible to observe. Since the channel system is unordered, they
may have been sent in any order. In particular, no process could distinguish the former definition
of the function do_server from the following one

do_server() — system ! end, system ! begin.

The situation is slightly different for the remainder of the messages sent by the server process.
The despatcher process cannot see the order in which the messages init, task, and stop are sent
to the task_bag channel. However, we know that the server process can only perform the send
task_bag ! task after it has received the message ready. Thus, the relative order of a message send
and a receive may be observed by another process.

Sensitivity to Order. How can we capture this sensitivity to order? Considering the sequence of
concurrency actions, we may postulate that certain actions commute with each other (over se-
quential composition) while others do not. If we classify the concurrency actions message send
and spawn as commutative and message receives as non-commutative, we obtain an equivalence
relation on sequences of concurrency actions. Two sequences are equivalent if we can permute
adjacent commutative concurrency actions to obtain one from the other. This equivalence re-
lation captures our intuition that in a configuration we may substitute a process state (q, ) by
another (¢’,+') that performs equivalent sequences of concurrency actions.
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commutative M do_server, Lg, L10:1, L12:1, L15:2, L16:2, L20:2,
do_task, L92.1, L22:2, L22.3, main

non-commutative B | server, init_despatcher, post_task, L4, L10.2, L12:2,
despatcher, L15:1, L16:1, L18, L20:1

Figure 4.3: A parition of P’s stack characters into commutative and non-commutative ones.

Exploiting Commutativity. In the case of the task server example we are fortunate. We can
exploit the partition of concurrency actions into commutative and non-commutative to define a
more liberal restriction than the empty-stack restriction. The ACPS P is in a normal form that
guarantees that we can associate a set of sequences of concurrency actions to each stack sym-
bol. When we rewrite a stack character to completion, one of these sequences of concurrency
actions are performed. Let us say that a stack symbol is commutative if it produces only com-
mutative concurrency actions and non-commutative otherwise. Intuitively, a stack character is
non-commutative just if a blocking operation, such as receive, may be invoked when running
it. In Figure 4.3 we present the partition of P’s stack characters that arises from this classifica-
tion. For example, the stack symbol Lg just produces a message send. Hence, it is classified as
commutative.

The Shaped Stack Constraint. For emphasis, let us mark a stack character in red if it is non-
commutative and green otherwise. Colouring the last configuration of the example run in the
previous section then yields:

Loo.3 H L1922 do_server post_task L4 Lg H despatcher < [taskibag — init]

Notice that the colour pattern of each process fits a suffix of the shape Hl* HE*HEE*. In fact,
this configuration is representative. It is the case that all reachable processes of the task server
example fit this shape. The shaped stack constraint formalises this pattern. For ACPS in normal
form, the K -shaped stack constraint, where K > 0, limits the number of non-commutative stack
symbols that may occur in any reachable process to no more than K. Thus, all reachable pro-
cesses fit a suffix of the shape W* (ll*)K. We can see that the task server example satisfies the
3-shaped stack constraint. It turns out that coverability is decidable for ACPS that satisfy the
shaped stack constraint, i.e. they satisfy the K -shaped stack constraint for some K.

A Comparison. Stacks that fit the shape constraint may reach arbitrary heights while processes
may perform concurrent actions (message-send, receive, or spawns) at any time, provided all
reachable processes fit the K -shape constraint. To illustrate the expressivity we gain by moving
from the empty-stack constraint to the shaped constraint, consider a receive transition of the
server process:

L10:2 do_server post_task Ly Lg - - - Lg || L22:3 || L16:1 L16:2 do_task L1g < [task_bag > [ready]]
—p do_server post_task Ly Lg - - - Lg || L22:3 || L16:1 L16:2 do_task Lig <1 ()

This transition would be impossible under the empty-stack constraint. To satisfy the latter the
server process is forced to empty its stack before it can make a receive transition. Remembering
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K -shaped ACPS K -shaped APCPS
PT PT e P:T Ne oT SCov
Cov «——— SCov ov oV o~ AltSem
Lem 1 Prop1  NF Prop 2 Std Sem  Thm7 R (Thm 8)
l Bound /
Bound / Term PT Bound / Term PT(®) Bound/Term PR() Term (TB,RB)
Prop 1 NF ! Std Sem Alt Sem
R (Thm 8)

Figure 4.4: A map of this chapter’s results. “P; N P»” means that (decision problem) P; -reduces to
Ps. If the K -shaped restriction is dropped, the part of the graph excluding the rightmost column (The-
orem 8) remains valid. Legend: PT= polynomial time, CT= constant time, PR= primitive recursive time, R=
decidable (recursive), NF= normal form, TB= termination bounded, RB= rewrite bounded, Std Sem= stand-
ard semantics, Alt Sem= alternative semantics, (?)= conjecture, Cov= coverability, SCov= simple coverability,
Bound= boundedness, and Term= termination.

to execute do_server (),post_task (), to return to line 4 (L4), and eventually to perform all recursive
executions of line 8 (Lg) is not possible. In general, the K-shaped stack constraint allows a
pushdown process to remember infinite state information along a receive transition, whereas
the empty-stack constraint limits it to be finite state. Notice that the K -shaped ACPS model
strictly extends the ACPS model with empty-stack restriction. In fact, the latter is guaranteed to
satisfy the 1-shape constraint. For an ACPS that satisfies the empty-stack constraint all reachable
processes fit either the shape l*Hl or l*.

A Look Ahead. With the help of Figure 4.4, let us give a brief overview of the technical results
presented in this chapter. As a first step, we formally introduce ACPS (Section 4.1) and show
that it is possible to transform an arbitrary ACPS into normal form (Proposition 1). In normal
form, it is evident that we may think of a pushdown process as a context-free grammar. Further,
we formalise the notion of commutativity by means of an independence relation. Context-free
grammars endowed with an independence relation are called partially-commutative context-free
grammars (PCCFG) and form a good model for describing ACPS processes. In Section 4.2, we
demonstrate how such context-free processes equipped with an independence relation give rise to
a concurrent system which we call asynchronous partially commutative pushdown systems (AP-
CPS). Further, we show how an ACPS gives rise to an APCPS and that coverability polynomial-
time interreduces (Proposition 2). We define the shaped stack constraint (Definition 21) and
present a sufficient easy-to-check syntactic condition (Proposition 4) which seems natural and
readily satisfied by recursive programs humans write (Section 4.5). The independence relation of
an APCPS enables us to simplify the operational semantics of APCPS. This leads to the definition
of an alternative semantics for APCPS (Section 4.3). The standard semantics of an APCPS weakly
bisimulates the co-universal powerset lifting of the alternative semantics (Proposition 3). Thus,
we can use the alternative semantics to decide coverability (Theorem 7). We conjecture that
we can answer termination and boundedness questions for APCPS on the alternative semantics
(Conjectures 1 and 2). In Section 4.4, we present a major contribution of ours: the alternative
semantics of a shaped APCPS gives rise to a strict WSTS. Hence, coverability and boundedness
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are decidable, while termination is decidable for two subclasses of shaped APCPS (Theorem 8).

4.1 Recursive Asynchronous Concurrency

In this section, we formally introduce ACPS as a model of recursive asynchronous concurrency.
Concurrent pushdown systems as the prototypical model for recursive concurrent programs have
been extensively studied within the setting of different models of concurrency. For example, con-
current pushdown systems communicating over a shared state with locks [Kah09a], with hier-
archical communication [BMOT05], synchronous message passing [EG11], and asynchronous
message passing over FIFO channels [Heu+10] have been considered in the literature.

As in the case of ACS, we opt for a model of concurrency with asynchronous message passing
over a fixed finite number of unbounded, unordered channels. Unordered message passing is a
more natural fit for the potentially distributed systems that provide weak ordering guarantees,
which arise in the verification of Erlang. Such concurrent pushdown systems with asynchron-
ous concurrency have previously been studied [SV06; JM07; GMR09; GM12] which led to the
introduction of the empty-stack constraint. Let us now introduce the formal definition of asyn-
chronously communicating pushdown systems.

Definition 18. An asynchronously communicating pushdown system (ACPS) P is a quintuple
P = (Q, A, Chan, Msg, R) composed of a set of control states Q, a stack alphabet A, a set of
channel names Chan, a set of messages Msg, and a set of rules R. The set of rules R is a finite

subset of @ x A* x A x Q x A* where
A:={c?m,c!m,v(q,B) : c € Chan,m € Msg,q € Q,3 € A*} U {¢}

is the set of communication side-effects. We denote arule (¢, 3, A, ¢’, 3') € Rby (q,8) A (q,8).

The communication side-effects remain virtually unchanged from the ACS setting. An action A
of the form ¢! m denotes a message send of m to channel ¢, ¢ ? m denotes a receive of m from
channel ¢, and v(q, 3) denotes a spawn of a new process that begins execution from (g, 3). An
ACPS P gives rise to a transition system P = (State, —p) with the potentially infinite state
space

State = M[Q x A*| x (Chan — M[Msg]).

We use a similar notation for configurations as we did for ACS configurations. Hence, we write

(Q> 5) H (qla B/) < [mm my, mb]CI ® HC2 for ([(Q7 6)7 (q/7 B/)] ) {Cl = [m(b my, mb] ), C2 H}) As
before, we abbreviate a set of processes running in parallel as IT and a set of channels by I" with
names in Chan. The transition relation —p is defined as follows: suppose (g, 3) A, (¢,8)€eR
and [y € A* then

(¢,8680) [TT< T —=p (¢,8'Bo) [T T if A = e,
(¢;860) [T < T —=p (¢,8B0) Il (q1,81) [T 2T if A =v(q1,51),
(¢;860) [T AT —=p (¢,880) T <T@ [er [m]] if \=clm,
(¢,8B0) W< T@[cr [m]] =p (¢,5'B) | H<aT ifA=c?m.
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Inspecting the operational semantics, it is immediate that ACS are subsumed by ACPS. However,
ACPS are strictly more expressive. Every process has its own local stack in addition to its control
state. The effects of communication actions along a transition, however, remain the same.

We augment ACPS with an order to yield a PSTS as follows. We define an order on processes
by (¢, 8) <gxa- (¢, ) justifq = ¢’ andeither 8 = cor B = A-By, B = A- and By <ruig B,
i.e. we can obtain fy from 3 by erasing stack characters. Configurations are then ordered using
the usual multiset and function extension: II <1 I' <, II <1 T just if II SM[QX A*] II’ and if
T'(c) <mpmsg I'(c) for all ¢ € Chan.

Restrictions to Overcome Undecidability. With this choice of order, ACPS are PSTS and hence
the decision problems coverability, reachability, termination, and boundedness are well-defined.
However, we know that unconstrained ACPS are Turing powerful. Ramalingam studied static
analyses on concurrent recursive programs that may perform very simple rendezvous synchron-
isations [Ram00]. In his setting, processes may have many possible execution paths that are
constrained by synchronisation. An analysis that only considers execution paths that are valid
with respect to synchronisations is called synchronisation-sensitive. Similarly, the call-stack or
evaluation context of a process influences the possible execution paths. The call-stack determ-
ines the return points after a procedure call completes. An analysis that is accurate with re-
spect to the constraints imposed by evaluation context or call-stack is referred to as context-
sensitive. Ramalingam’s result show that there is no computable analysis that is both context-
sensitive and synchronisation-sensitive [Ram00]. These undecidability results carry over to
ACPS since rendezvous synchronisations are easily encoded. Thus, the expressivity gained by
combining the stack and synchronisation has to be tamed. The literature on concurrent push-
down systems may thus be placed onto a spectrum. On the one side of the spectrum con-
straints on synchronisations are imposed and on the other restrictions on the expressivity of
the stack are applied. On the synchronisation-sensitive extreme we may place ACS, on the
context-sensitive one we have non-interactive pushdown systems. On the context-sensitive
side various under-approximation approaches have been successfully developed such as context-
bounded [OR05], phase-bounded [BE12b], and scope-bounded model-checking [TN11]. Under-
approximation methods are often formulated as relativised, bounded decision problems that ap-
ply to all ACPS. Context-bounded model-checking only considers execution paths in which an a
priori fixed number of context-switches occur. The stack of each process is thus unconstrained,
but the limit on context-switches enforces a limit on how many synchronisations can be per-
formed. Phase-bounded model-checking considers message passing concurrency and categorises
each process as either a sender or receiver. The phase bound limits the number of times processes
may switch between sending and receiving mode along any considered execution path. Scope-
bounded model-checking only considers execution paths along which the pushes and pops of
stack characters satisfy the following property: a stack character that is pushed onto a process’
stack is either popped within a bounded number of context switches or is never popped.

By contrast, the several restrictions that apply to the stack are more commonly formalised as
subclasses of ACPS. An ACPS P satisfies the empty-stack restriction from an initial configuration
ITp <1 Iy, if for all paths sq originating from IIy <1 I'g the following property holds: If for some
i the transition s(i) = (¢,0) | I < T —p (¢,3) || I <T' = s(% 4+ 1) uses a receive rule
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where the process (g, 3) is active, then = €. This subclass was initially proposed by Sen and
Viswanathan to model programs with asynchronous atomic procedure calls [SV06]. In contrast to
the constraints imposed by context-bounded, phase-bounded, etc., the empty-stack restriction
imposes less of a restriction onto synchronisations and more onto the stack. A restriction dual
to the empty-stack restriction has been proposed by Heufiner et al. for ACPS communicating
over FIFO channels [Heu+10]. A process may only send a message when its stack is empty, but
may receive at any time. Another restriction has been proposed by Babic and Rakamaric in the
context of FIFO channels. They consider processes that are visibly pushdown [BR13]. In general,
the visibly pushdown restriction is defined relative to an input alphabet which is partitioned
into push, pop, and 7 terminals. A visibly pushdown automata may (i) perform a push of a stack
character while consuming a push input terminal, (ii) pop a stack symbol while consuming a
pop terminal, or (iii) perform a stack neutral transition while reading an 7 terminal. This closely
relates the stack behaviour of a visibily pushdown automaton to the input word. In Babic and
Rakamaric’s model the input words are generated from channel contents. Thus, processes are
visibly pushdown transducers.

Let us now develop two ways in which we can simplify the reasoning about ACPS. One
concerns a simplification of the coverability problem, the other fixes a normal form for ACPS.

Simple Coverability. In the sequential setting of (ordinary) pushdown systems, the control-
state reachability problem is of central interest. It asks, given a control-state g, if it is possible to
reach a process-configuration (g, ) where  is some stack.

In the concurrent setting, we wish to know whether, given an ACPS and control states
q1,---,qn, do there exist stacks 71, ..., 7V, and channel contents I' such that the configuration
(g1,71) || -+ || (gnsn) || II < T is reachable for some parallel composition of processes II. It
is immediate that we can phrase this question as a coverability problem of a restricted form.

Decision Problem (Simple Coverability). Let P be an ACPS and Q = (P,Ily <1 I'g, Il < T") be
a coverability query. We say the query Q is simple, if all processes (g, 5) of II and Il satisfy
B € {e, A| A€ A}. We refer to the coverability problem restricted to simple queries as simple
coverability.

We give ourselves a bit more flexibility in the definition of simple coverability and allow the
query to also contain processes of the form (g, A). This enables the definition to remain ex-
pressive enough for ACPS in normal form which we will formally define in the following. Note
that simple coverability allows us to express not just control-state reachability queries but also
mutual exclusion properties. Prima facie it appears that simple coverability is an easier prob-
lem. Indeed, we are motivated to define simple coverability by the fact that it simplifies many of
our arguments. However, it turns out that for the choice of order <, coverability and simple
coverability are equivalent:

Lemma 1. Coverability and simple coverability for ACPS are polynomial-time interreducible.

Proof Idea. Given an ACPS P, we note that we can add a polynomial number of rules and con-
trol states that enable each ACPS process (¢, A 3) to process its own stack and test whether
B >Hig Beov for a given Be,,. The process can then record this in its local state g. We may
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thus encode a coverability query Q = (P,IIp < I'g,II < I') into P by allowing each process
to non-deterministically switch to this processing mode. We then obtain a coverability query
(P', Iy < Lo, ¢5 || -+ || ¢ < T') which is a yes instance if, and only if, Q is a yes-instance.
Note that with a polynomial number of rules it is possible to set up the configuration Iy <1 I'g
from a configuration (g, €) < I'g. Hence, we obtain a simple coverability query in polynomial
time.

For a full formal proof we refer the reader to Appendix B.1. d

Example 9. Consider the task server program in Figure 4.1 and the ACPS P implementing it in
Figure 4.2. The erroneous configuration in which, simultaneously, the message ready is in the
channel task_bag and the message despatcher_done is in the channel system can be formalised as
the coverability problem

Q1 = (P, (o, main) < 0,0 < [taskfbag — [ready] , system —> [despatcherfdone]]).

Further, the situation in which two processes execute do_server and do_task concurrently can be
expressed by the coverability query

Q = (P, (qo, main) < (Z), (qo,do_server) || (qo,do_task) < @)

Note that both Q; and @ are simple queries.

A Normal Form for ACPS. It is a well known fact (see Proposition 1) that control-states may
be encoded in an enlarged stack-alphabet and that one may w.l.o.g. consider ACPS in normal
form:

Definition 19. We say an ACPS P is in normal form if there is a distinguished control-state ¢g
such that for all rules (g, 3) 2, (¢, B") of P the following conditions are met: (i) ¢ = ¢’ = qo,
(ii) B = A € A, (iii) if X # € then 8’ = ¢, otherwise 3 € {¢, BC : B,C € A}, and (iv) if
A =v(q",B") then ¢" = qp,and 8" € A.

As in the case of ordinary pushdown systems, we do not loose expressivity by only considering
ACPS in normal form:

Proposition 1. Given an ACPS P, a simple coverability query Q, and a TI? < T'? there exist an
ACPS F¢(P) in normal form, a simple coverability query Fug(Q), and Fe(I1° <1 T0) — all poly-
nomial-time computable — such that: Q is a yes-instance if, and only if, F¢(Q) is a yes-instance;
and P is bounded (terminating) from IT° < TV if, and only if, F(7P) is bounded (terminating
respectively) from .Elf(HO < FO).

Proof Idea. Since ACPS subsume ACPS in normal form one direction is trivial.

To reduce an ACPS to normal form we can essentially apply the same steps as we have in
Section 2.4 to obtain a pushdown system in Chomsky normal form. We need to take care in the
reduction to separate a communication-side effect of a rule from a possible stack action. The
transformation is easily seen to be polynomially-time computable. As in the transformation
in Section 2.4 a process state (g, A1 - - - Ay) can be represented by a set of states of the shape
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(qo, APT AT ... Aln=19"@ndn+1) in the ACPS in normal form. It is easy to see that a co-
universal powerset lifting of the transformed ACPS can weakly bisimulate the original ACPS.
From this bisimulation, it is easy to see that simple coverability, boundedness, and termination
polynomial-time interreduce.

A detailed proof of this proposition can be found in Appendix B.1. O

Henceforth, we shall elide the single control-state gg and write a rule r simply as 3 LN A'. There
is a well-known connection between pushdown systems and context-free grammars (CFG) (see
Section 2.4). It is trivial to see that the transitions of a single ACPS process in normal form are
(essentially) the left-most derivations of a CFG.

Let us fix an ACPS P = ({qo0} ,.A, Chan, Msg, R) in normal form. From P we obtain a CFG
G(P) = (X(P),N(P),R(P)) whose non-terminals N'(P) are the stack alphabet .4, the set of
terminals 3(P) is essentially A but for brevity we replace v(g, A) by v A; the rules R(P) are
obtained by the mapping:

vA’

1

A e 5 A—vA A e s A celm
?

AS e Aoe A e s A= c?m

ASBC — A— BC

Among other things, the CFG G(P) may be seen to formalise the set of sequences of concurrency
actions that we can identify with each stack character. With each stack character A we associate

the language £(A) of the non-terminal A generated by G(P),ie. L(A) = {A € ¥* : A =" A}

4.2 Asynchronous Partially Communicating Pushdown Systems

In moving from the operational view of pushdown systems to context-free grammars, it is pos-
sible to exploit and to build upon known results on how CFGs interact with reorderings in the
words they produce. For this purpose, we introduce a hybrid model, asynchronous partially com-
mutative pushdown systems. Processes are modelled by a variant of context-free grammars which
distinguish commutative and non-commutative concurrency actions. In our setting channels are
unordered and a new process may start at its own leisure: we note that the precise execution or-
der of concurrency side-effects such as send and spawn is immaterial. However, the sequencing
of other side-effects, notably message retrieval which requires synchronisation, is observable.

Exploiting Commutativity

The use of an independence relation is a common technique to formalise such sensitivity to order.
An independence relation I over a set U is a symmetric irreflexive relation over U. It induces a
congruence relation ~; on U* defined as the least equivalence relation % satisfying the following
two conditions: (i) (a,b) € I = (ab,ba) € R and (ii) (u, ') € R = Vp,1n € U*:
(vopvi,vp ' v1) € R. Anelement u € U is said to be non-commutative wrt to I if (u,u’) ¢ I
for all v/ € U, ie. u does not commute with any other element. We denote the set of non-
commutative elements by U ™. Similarly, we call a u € U commutative wrt to I if (u,u’) € T
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forallu' € U\ U™, ie. a commutative element commutes with all elements except non-
commutative ones. We write U™ for the set of commutative elements in the following. An
independence relation I that partitions U into commutative and non-commutative elements is
said to be unambiguous.

Since receive is the only blocking concurrency action, we shall define an independence re-
lation [ that allows us to commute all concurrency actions except receive. Let 3 be an alphabet
and = C X.. We define the independence relation over > generated by = as

IndRely,(Z) := {(a,d’), (d’,a) | a,d’ € Z,a # d'}.
We can then specify the actions that we want to commute
Ym:=X(P)\{c?m | c € Chan,m € Msg}

which is captured by IndRelsp)(3°™). The independence relation IndRely; p)(3™) is unam-
biguous and partitions X(P) into the commutative (3°°™) and non-commutative actions (37°™).
Thus, IndRely; py (33¢°™) allows us to commute all concurrency actions except receive.

Given a CFG G(X(P),N,R), we want to define independence of non-terminals in a way
that is consistent with the independence relation IndRely;p) (3¢°™), Intuitively, we want a non-
terminal to be commutative if it is productive and rewrites only to commutative symbols. This
intuition can be captured as a fixpoint of a suitable monotone function F' : Z[N] — Z[N]. Let
us write 3(w) (respectively N (w)) for the set of terminal (respectively non-terminal) symbols
that occur in the word w. For a subset U C A/, a non-terminal N is an element of the set F'(U)
justif (i) L(N) # (), and (ii) for each rule N — w the set inclusions ¥(w) C 3™ and N'(w) C U
hold. We define N'°°™ as the greatest fixpoint of F'. Similarly to the case of concurrency actions,
this choice of commutative non-terminals gives rise to the independence relation I(G):

1(G) = IndRelyrsypy (X" UNT).

Again, the independence relation I(G) yields a partition of A" U 3(P) into the commutative
(33¢0om Y N¢™) and non-commutative symbols X 7™ U N 7™ The set N/ ™ denotes the set
of non-commutative non-terminals and it is easy to see that N 7™ = A/ \ A/¢om,

This definition of /™ and N/ "™ captures our intuition. Commutative non-terminals are
productive and only produce commutative symbols. Rewriting non-commutative non-terminals
may block. For example, a non-terminal is an element of A/*°™ if it produces only finite words
of sends and spawns (possibly infinitely many), or infinite words of sends and spawns including
all their prefixes. By contrast, a non-terminal that produces a receive terminal or no finite word
is categorised as non-commutative.

Example 10. Let us illustrate the definitions of N°°™ and N "™ on several concrete examples.
Returning to the task server, its implementation P, and the CFG G(P) (Figures 4.1 and 4.2),
suppose we choose the definition of do_server that sends log messages on the system channel

do_server() — system ! begin, system ! end.

and augment P with the rules

system!begin ; systemlend

do_server — L - L, L——¢ L
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It is thus easy to see that do_server is classified as commutative. This remains true in the case that
do_server sends an arbitrary number of log messages:

do_server() — case () of true — system ! log_msg, do_server(); false — () end.

which we may implement with the set of rules

m!log_m
do_server SL- do_server, do_server 5 €, [ etemiosmse
Note that £(do_server) = {(system ! log_msg)"™ : n > 0} and hence the non-terminal do_server of
G(P) is productive and it does not rewrite to any non-commutative terminals or non-terminals.
However, suppose we have another procedure block. Suppose we give block one of the following
two definitions:

block() — system ? unblock. (BLockq)

block() — system ! msg, block(). (BLocks)

The definition Brock is easily implemented and we immediately see that the stack character
block is classified as non-commutative. We can implement definition BLocks with the ACPS rule:

!
block ™%, block.
Hence, block only produces the infinite sequence of sends (system ! msg)“. Clearly, block is a non-
terminating procedure. It should not be possible to commute past such a non-terminating com-
putation. Indeed, block ¢ N°™ since L(block) = (). Further, let us we modify the last definition
of do_server to

do_server() — case (*) of 1 — system ! log_msg, do_server(); 2 — (); _ — block() end.

which adds an additional ACPS rule do_server — block to the rules of (x). In this setting, invoking
do_server may block and it is thus not safe to commute past it. The definition of N°°™ rules
out do_server as commutative because G(P) can rewrite do_server to block — a non-commutative
non-terminal.

A CFG endowed with an independence relation on N' U ¥ is called a partially commutative
context-free grammar (PCCFG) [CFL09]. Let us recall their definition:

Definition. Let > be an alphabet of terminal symbols and I an independence relation over X.
A partially commutative context-free grammar (PCCFG) is a quadruple G = (X, I, N/, R) where
(X,N,R) is a CFG.

Note the derivation relation of a PCCFG is defined over the quotient induced by =7, so the
words generated are congruence classes under ~;. Hence, the (leftmost) derivation relation —
of a PCCFG ¢ is a binary relation over (Xu N)*/gl definedas X o — faif X — [ isarule.

Asynchronous partially commutative pushdown systems (APCPS) is a class of PCCFG that are
defined over the alphabet ¥(P) and endowed with I(G). The independence relation /(G) form-
alises the sensitivity to sequencing that arises due to the nature of unordered message passing.
Even though APCPS originate from a grammar, they induce a transition system semantics that
is suitable for the analysis of asynchronous concurrent pushdown systems.
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Definition 20. An asynchronous partially commutative pushdown system (APCPS) is a PCCFG

In particular endowing G(P) with I(G(P)) yields an APCPS. Given an APCPS G the standard
semantics gives rise to an infinite-state transition system Ggq = (Stategq, —g,,) very similar
to an ACPS. The main difference is that processes are equivalence classes induced by ~g). To
illustrate the similarity we will work with representatives of equivalence classes.

Standard Semantics. A process y is a word 05X 31" - -Xp8p (modulo ~p)) in the standard
semantics, where X; € N7 3.8, € N and § € ¥ UN U {e}. We denote the set
of processes of the standard semantics by Procs. The standard semantics of an APCPS is the
transition system Ggq over Stateqq = M|[Procs] x Chans where the transition relation —¢_, is
defined in Table 4.1 and Chans = Chan — M[Msg]. Processes change state by performing a
leftmost CFG derivation of G until an action appears in the leftmost position (Rules (R-1) and (R-
2)). Note that the side condition (}) separates the case of pushing a commutative non-terminal
(Rule (R-2)) from the general case (Rule (R-1)). In the standard semantics, this separation has no
consequence. However, in the following we make use of this separation to handle a push of a
commutative non-terminal in a different way, and so we introduce (1) here to facilitate the com-
parison. Once Rules (R-1) and (R-2) have exposed a concurrency action in the leftmost position,
its type determines a concurrency side-effect that interacts with the rest of the configuration
(Rules (R-3)-(R-5)) causing the action to be consumed and enabling further leftmost reductions
of G. Let us demonstrate the standard semantics on an example.

Example 11. To illustrate the standard semantics of APCPS, let us consider the task server ex-
ample again. Let G(P) be the APCPS induced by the ACPS P of Figure 4.2 together with the
first definition (x) of do_server in Example 10. The APCPS G(P) gives rise to the run below which
is almost the same as P’s, except that the side-effect task_bag ! init appears as part of the server
process’ local state:

main < () —)Z(P) ; Loo.3 || init_despatcher do_server post_task L4 Lg || despatcher <1 ()
st

AP, L2923 || L12:1 L12:2 do_server post_task Ly Lg || despatcher <1 0

AP, Loo:3 H task_bag ! init L12:2 do_server post_task L4 Lg H despatcher <1 ()

AP Loo:3 H L19:2 do_server post_task L4 Lg H despatcher < [taskfbag — [init]].
Extending the run until the server process can execute the do_server procedure, we can observe
that commutativity allows the sending of the message end before message begin has been sent to
the channel system.

main < _%(P)std L292:3 || do_server post_task Ly Lg H Li5.2L16:1 L1g:2 do_taskLig <1 0

AP Loo.3 H LL post_task L4 Lg H Li5.2L16:1 L1g:2 do_taskLig <1 0
We can now use the independence relation to see that

LL' post_taskL4 Lg ~HGP)) L' L post_task L4 Lg
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Standard semantics

(R-1): Ay||[II < =g, By || II <D
(R-2): Ay|II < =g, BCy ||l <T
R-3): (c?m)y[[ T < ([m]®q)*®T =g, v IT g ®T
R-4): (ctm)y[I< g el =g,y T < (meg el
RS (X)y | TAT g7 | X [T aT

Let (f) be a conditionona § € N*: § = B and C is commutative.

Rule (R-1) has a side condition: A — 8 € G and (8 does not satisfy ().
Rule (R-2) has a side condition: A — BC € G, B C satisfies (), and C —* w.

Table 4.1: Standard transition semantics for APCPS.

and hence we can continue the path as follows:
main <1 () —%(73) ; Lo2:3 || L/Lpost_taskL4 Lg || L15:2 L16:1 L16:2 do_taskL1g <1 ()
sty

“GP) Lo2.3 || system ! end L post_task Ly Lg || L15:2 L16:1 L16:2 do_taskL1g <1 ()

—>g(7;)std Lo2.3 || L post_task L4 Lg H Li5:2 L16:1 L16:2 do_taskL1g < [system — [end]].

Let us augment the standard semantics with a preorder to yield a PSTS. We order processes
00 <procs 0 m1 just if there exist m(; and 7] such that § 7(, <pjg 6 7} and both 0 m; ~pgy 0 .
We lift <pyocs to a preorder <g_, on configurations, using the multiset and function extension sim-
ilarly to the ACPS case. Thus, we obtain a PSTS (Stateyq, —g,,, <g.,) and hence coverability,
boundedness, and termination are well-defined. As in the ACPS setting, we introduce simple cov-
erability. We say an APCPS coverability query (Ggq, IIg <o, II < T) is simple if 7~ 16 A eN
for all 7 in II and IIy. We are now in a position to define the shaped stack constraint for APCPS
and ACPS.

Definition 21 (The Shaped Stack Constraint). Let K € N, 8; € N™* X, ¢ N M and §j € N.
We say an ACPS process 7 such that

m=0P0X1P1- - XuBn

is K -shaped if n < K. Similarly, we say that an APCPS process 7 such that
T ~yg) 08 X1 b1+ Xnfn,

where 6 € N'U X U {¢}, is K-shaped if n < K. An ACPS (APCPS) configuration IT < I is
K -shaped if all processes in II are K -shaped and we say an ACPS P in normal form (an APCPS
G) satisfies the K -shaped stack constraint from 11y <1 I'g just if all reachable configurations from
IIp < I'g are K-shaped. For an arbitrary ACPS P, we say that P satisfies the K -shaped stack
constraint from Iy <0 [ if Fye(P)* satisfies the K -shaped stack constraint from F¢(Ilg <1 T'g).
If Iy <1 T'g is clear from the context, we omit it and say the ACPS P (the APCPS G) is K -shaped
or simply shaped, if K is immaterial.

'See Proposition 1 for F¢(P) and Fe(Ilp <1 I'p).
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Intuitively, the shaped stack constraint requires that, at all times, at most an a priori fixed number
K of non-commutative non-terminals K may reside in the stack. Because the restriction does
not apply to commutative non-terminals, stacks can grow to arbitrary heights.

Remark 2. To simplify some of our arguments, we make an additional assumption. Suppose
Q = (P,IIp <« Ty, 1T <« T) is a simple coverability query for a K-shaped ACPS P in normal
form and IT = Ay || --- || Ap. Our arguments are simplified if we assume that all A; are
non-commutative wrt to (G (P)). This is a reasonable assumption since there is often a natural
choice of a program point such as a receive or non-commutative procedure call for a simple
coverability query. However, we may also transform P in polynomial-time to ensure that A;
are non-commutative wrt to /(G(P)). We can add a control-state to P that counts how many
non-commutative stack-characters are on a process’ stack, i.e. a process state looks as follows:
(4,0 BoX1--- X;B;). We then add a stack character A;- for each j € (n) and make it non-

Ceov?Mecov

commutative using a rule A;- €. The channel c.,, and the message m.,, are fresh

and therefore will block A’. Adding for each rule (i, A) S (i',A; B) and (i, A) 5 (i, B Aj)
the rules (i, A) < (4, A; B)and (i,A) % (i +1,B A;) allows a non-deterministic choice of
whether to use the commutative A; or the non-commutative A’. We can continually apply this
for the non-terminal A if it becomes non-commutative unintentionally. This leads to at most a
doubling of N and the rules administering the counter i. Note, that the counter may go from
t = 0toi = K + 1 where the additional non-commutative non-terminal may come from a
A;. We may then eliminate the control-state as prescribed by Proposition 1. The control-state
counter enforces that the transformed ACPS will be at most K + 1 shaped and polynomial-
time computable from P. Hence, we assume in the following w.l.o.g. that the A; are all non-
commutative.

Let us now turn to relating simple coverability of ACPS in normal form and APCPS. When given
a simple coverability query Q = (P, Iy < I'g,II < I') for an ACPS in normal form P we may
analyse Q' = (G(P), 1y < I'o,II <1 I') a simple coverability query for the APCPS G(P) instead;
the reduction preserves the shape constraint:

Proposition 2. Q is a yes-instance, if and only if, Q’ is a yes-instance. Hence simple coverability
for ACPS and APCPS polynomial-time interreduce. Further, P is K-shaped from Il < I'g if,
and only if, G(P) is K-shaped from 11y < T'y.

Proof Idea. We exploit the fact that we may accelerate any transitions with commutative side-
effects (send, spawn, €) and that we may delay blocking/non-commutative transitions until the
last possible point. This means that we can synchronise reductions of P and G(P) at configura-
tions where all processes have non-commutative non-terminals as a head symbol. This gives us
a weak bisimulation result that we can use to show that the simple coverability queries Q and
Q’ are equivalent. For a detailed proof see Appendix B.2. O]

Deciding coverability, boundedness, or termination on the standard semantics looks daunting.
Even a K -shaped process is infinite state, follows a stack discipline, and may synchronise with an
unbounded number of other processes. Since APCPS subsume ordinary concurrent pushdown
systems, simple coverability is undecidable in general for the standard semantics. However,



96 CHAPTER 4. ACPS AND THE SHAPED STACK CONSTRAINT

Alternative semantics

/

R-1): AMA||I' <T =g, M~ || I < T

R-2: AMA | <T —g, BM(w) & M)y |I'<T
R-3): (c?m)y' [T 9 ((m] @ q)°@T =g, v | 9¢°@T
R-4): (c!m)y | <a¢*adT =g, v | < (Imleq)el
®R-5): (X)y I <T =g, ¥ | X|I'<T

R-6: MXA |l =g, X+ [|II' | II(M) < T aI(M)

®R-7):  MA|II' <D =g, M"Y | II' | OI(M") <« T (M)

Rule (R’-2) has a side condition: A — BC € G, B C satisfies (}), and C —* w.

Rule (R’-1) has a side condition: A — 8 € G and ( does not satisfy ().

In rule (R’-6) we require the multiset M € M[X®™] whereas in rule (R’-7) M’ is an
element of M[X°™ U N\ (M[X°™] UMI[N]) and M = M’ | N.

Further, (M) :=| acn[}"* A, and D(M) := @ . cpun B merssgle — mM ™)),

Table 4.2: The alternative transition semantics for APCPS.

the independence relation =) enables a simplification which is formalised in the alternative
semantics which allows us to exploit the shaped stack constraint.

4.3 An Alternative Semantics

In this section, we present an alternative semantics for APCPS which exploits commutativity
to simplify the state space. The key idea is to summarise the effects of the commutative non-
terminals. In the alternative semantics, rather than keeping track of the contents of the stack,
we precompute the actions of those non-terminals that produce only commutative side-effects,
i.e. sends and spawns, and store them in summaries on the stack. The non-commutative non-
terminals, which are left on the stack, then act as separators for the summaries of commutative
side-effects. As soon as the top non-terminal on the stack is popped, which may be triggered
by a concurrency action, the summary just below it is unlocked. The cached actions are made
effective instantaneously. This is enough to ensure a precise correspondence between e.g. simple
coverability for APCPS in the standard and alternative semantics.

Alternative Semantics. In the alternative semantics a process, which we denote by +, has the
shape § M X M - - - X, My, for some X; € N 7™ M, M; € M[N UX®],and d € SUN U
{€e}, and is said to be K -shaped if n < K. We denote the set of such processes by Procs,;. Then,
the alternative concurrent semantics of an APCPS is a transition system G,; = (State,, _>galt>
over elements of State,; = M][Procs,;| X Chans. We abbreviate a set of alternative processes
running in parallel as IT'.

Table 4.2 shows the transition rules for the alternative semantics. Most transition rules of
the alternative semantics, barring the different shape of processes, are essentially the same as
the standard semantics (Rules (R’-1), (R’-3)—(R’-5)). The rules that are different implement and
manage the summary of commutative non-terminals. Rule (R’-2) executes a rule A — B C by
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precomputing the actions w of the commutative non-terminal C' and inserting w’s Parikh image
M(w) into the summary M. This is the counterpart of pushing a commutative non-terminal in
the alternative semantics. As we mentioned in the standard semantics the side condition (1) sep-
arates this case and handles it differently in the alternative semantics. Note that a table compar-
ing the standard and alternative semantics side-by-side is available in the appendix (Table B.1).

The pop counterparts of Rule (R’-2) are defined by Rules (R’-6) and (R’-7). They ensure that
the precomputed actions are rendered effective at the appropriate moment. Rule (R’-6) is ap-
plicable when the precomputed summary M contains exclusively commutative actions. Such a
summary denotes a sequence of commutative non-terminals whose computation terminates and
generates concurrency actions. Rule (R’-7), on the other hand, handles the case where the sum-
mary M’ contains non-terminals. An interpretation of such a summary is a partial computation
of a sequence of commutative non-terminals. In this case, rule (R’-7) dispatches all commutative
actions and then blocks. It is necessary to consider this case since not all non-terminals have
terminating computations. Thus, rule (R’-2) may non-deterministically decide to abandon the
precomputation of actions.

Example 12. To illustrate the alternative semantics of APCPS, let us consider the task server in
the same setting as in Example 11. Note that APCPS G(P) is not in Chomsky normal form but
it is trivial to see how it can be transformed and how this enables the run given below:

main <1 () %aﬂt Loo.3 H server H despatcher <1 ()
=G L22:3 || init_despatcher [system ! begin, system ! end| post_task L4 [task_bag ! stop]
H despatcher <1 ().

The last step is possible since G(P) can rewrite do_server to system ! begin - system ! end and Lg to
task_bag ! stop. If we continue on this path progressing both the server and despatcher processes
until the former process has completely executed init_despatcher we observe how the summary
[system ! begin, system ! end] is made effective instantaneously:

main < () —%ﬂh L92.3 || init_despatcher [system ! begin, system ! end] post_task L4 [task_bag ! stop]
|| L15:1 [task_bag ! ready] Lig.1 [task_bag ! ok| do_task Lig <1 ()
%Em L92.3 || [system ! begin, system ! end] post_task L4 [task_bag ! stop]
|| Li6:1 [task_bag ! ok] do_taskLig < 0
—>Gar L22:3 || post_task Ly [task_bag ! stop]
H Li6:1 [taskfbag ! ok] do_taskL1g < [system — [begin,end]].

Again, we can turn G,y into a PSTS (Statey, —g,,, <g,,) by endowing it with a preorder <g_ .
We order elements of M[X U N with the usual multiset ordering <m[zun) and elements of
Procs,y; are ordered 69" <pyocs,, 07" by the Higman extension on ¥ U N U M[X U A] which is
lifted to configurations as before. We say a coverability query (G, IIg <0 Tg, II' <t T') for the
alternative semantics is simple if 7’ = A € N for all 7’ € II’ and II.
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A Connection between the Standard and the Alternative Semantics

In this section, we illustrate the connection between the standard and alternative semantics.
Since the alternative semantics non-deterministically precomputes summaries, a configuration
of the standard semantics is represented by a set of configurations in the alternative semantics.
In the following we make this representation precise and show that the alternative semantics
maintains this representation on the level of sets. Note that the connection between the standard
and alternative semantics is independent of the shaped stack constraint. The connection holds
for all APCPS. However, we only know how to exploit the alternative semantics for decision
properties when the shaped constraint is satisfied.

Representing APCPS Configurations. The state of a process of the standard semantics is a
sequence of non-terminals that is possibly headed by a concurrency action. We can handle se-
quences of commutative non-terminals with arbitrary length by computing a summary. This is
formalised by the following representation function:

—FSum(Cl T Cn) = { @M(wz)

C; —* w;, Wi € (EUN)*/ZI} forCi---C, € Neom*,
=1

We can then lift Fg,,(—) to arbitrary process states and configurations. To reduce the nota-
tional burden we will overload Fg,m(—) on these domains. Hence, an APCPS process state is
represented by the following set of process states in the alternative semantics:

fSum((SBOXl ﬁl Xn/Bn) = {6M0X1 Ml XnMn ’ Mz c —FSum(ﬁi)ai < n}a

where X; € N7 3, € N and § € N'U X U {e} . Further, a representation of configura-
tions of the standard semantics is obtained by lifting the function Fg,,(—) to configurations:

FSum(Wl H H T < F) = {77’1 || || T 14T ‘ T Efsum(ﬂi),i S <n>}

Example 13. Let us consider the task server example again in the same setting as in Example 11
in order to explain the definition Fg,,(—). Below we show the result of applying Fg,m(—) on
the configuration in which the server and despatcher have been spawned and the non-terminal
server has just been rewritten.

Fsum(L22:3 || init_despatcher do_server post_task Ly Lg || despatcher <1 ()

Lo2.3 || init_despatcher [do_server| post_task L4 [Lg] || despatcher <1 (),

Lo2.3 || init_despatcher [do_server| post_task Ly [task_bag!stop] || despatcher <1 (),

Lg9.3 || init_despatcher [system!begin, L/] post_task L4 [Lg] || despatcher <1 (),

Lo9.3 || init_despatcher [system!begin, L/] post_task Ly [task_bag!stop] || despatcher <1 (),
Loo.3 || init_despatcher [L, system!end] post_task L4 [Lg] || despatcher <1 (),

Loo.3 || init_despatcher [L, system!end] post_task Ly [task_bag!stop] || despatcher <1 (),

[
Loo:3 H init_despatcher [system!begin, system !end] post_task L4 [Lg] H despatcher < @,
Loo:3 H init_despatcher [system!begin, system !end] post_task Ly [taskfbag!stop] H despatcher <1 )

7
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Lifting the Alternative Semantics to Sets. To illustrate the connection between the standard
and alternative semantics, we employ a co-universal powerset lifting onto the alternative se-
mantics. Hence, we get the transition system 22°(G.y] = ([State,y], — PA[Gy))- To remind
ourselves this means that:

S = PAGur] S’ if, and only if, VI <« TV e S'AMaT e ST aT =g, I <T.

Let us explain the intuition behind a co-universal powerset-lifting. Suppose we have transition
systems S and S’. And suppose a set of S’-configurations F(s) represents a S-configuration
s. Each 5 € F(s) represents a guess of how to represent s. If we can show that the transition
systems have the lockstep property

s —g s if, and only if, F(s) = pAS] F(s),

we may say, informally, that the transition relation can accurately guess a representation set of
s’ from F(s). More concretely, if 5 € F(s) is a guess to represent s, then the transition relation
— s+ can produce an accurate guess 5 for s’ that is consistent with the guess 3, or the guess 5 is
ruled out to be inconsistent. Clearly, the lockstep property gives a bisimulation of S and QA[S 1.
In the case of the standard and alternative semantics, we are not fortunate enough to have such
a strong connection. The above lockstep synchronisation is only maintained in a weaker sense.

Establishing a Bisimulation. First, let us demonstrate the easy direction of the bisimulation.
It is easy to verify that the transitions of the alternative semantics can be followed (almost) in
lockstep by the standard semantics. We observe that the precomputations in the alternative
semantics predetermine choices when it comes to unlocking a commutative part of the stack. It
is easy to see that the standard semantics can produce the precomputed effects, albeit in more
steps.

Lemma 2. Suppose IT 9 T' € Foum(IT < T) such that IT 9 T —g,, I < T’ for some IT" < I,
Then, there exists a configuration I' < I such that T <" =g II' <TV and II' < T” €
fsum(H/ < F/).

Proof'Idea. A straightforward case analysis. See Appendix B.3 for a full proof. O

This means that the standard semantics weakly simulates the alternative semantics for APCPS.
Owing to the nature of precomputations and caches, it is more difficult to relate transitions of the
standard semantics to those of the alternative semantics. Nevertheless, if we consider 22 Gy
we can establish a simulation. However, the simulation is weaker. We are only able to guarantee
that we can synchronise the simulation at configurations of a specific shape. Let us define the
set of configurations in which every process state starts with a non-commutative non-terminal:

Sync={Il < T |Vr ell.r = X1 31+ Xpfn, X; € N B € NO™} .
We can then define a relation on the configurations of G4 and QA[gah]:

R={I <, Foum(Il <« T)) |II < T € Sync}.
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If we label the transitions of Gy 4 and @A[gah} appropriately, the relation 8 becomes a weak
bisimulation. If we choose to label transitions by configurations in Sync, we allow enough flex-
ibility in the transition relation to let & be a weak bisimulation while we ensure that Ggq and
P"Gay] synchronise on configurations in Sync. Thus, we label a transition IT < T —g, <l
by I < I if I < T” € Sync, otherwise the label is €. Similarly for 27" [Gart], we label a trans-
ition S — pag, S’ With II' < T if 8 = Fgum(II' < T') and I" < T” € Sync, otherwise the
label is also €. This labelling then allows us to conclude:

Proposition 3. R is a weak bisimulation for G4 and WA[galt].

Proof Idea. One direction easily follows from Lemma 2. The other direction can be established

by first observing that a non-e labelled step in Ggq (I < T &)gﬁd I" <« T”) can be max-
imally “stretched” (I < T’ Mggtd o Hialy Gt ol PGt I’ < V), i.e. we may

reorder independent transitions in such a way that we expose the maximal number of labels in
Sync. This can be achieved by accelerating any transitions with commutative side-effects (send,
spawn, €) and delaying blocking/non-commutative transitions until the last p0551ble point.

We canthenassumew.l.o.g. thatweare consideringanon-elabelledstepII < T" %g u <1,
that cannot be reordered to divide it and expose, further labels. In this setting, we can see that
only one process is active along II < I’ A@ IT" < T. This process either (i) rewrites
its top non-commutative terminal while possibly addlng commutative non-terminals, (ii) adds a
new non-commutative non-terminals to the top, or (iii) pops a non-commutative non-terminal,
unlocks a sequence of commutative non-terminals, and completely executes them. The first two
cases are easily simulated by the alternative semantics. The simulation of the last case relies on
the existence of a precomputation that correctly guessed the complete execution of the sequence
of commutative non-terminals. The set representing the configuration of the standard semantics
ensures that this precomputation is available. See Appendix B.3 for a detailed formal proof. [

Correspondence of Decision Problems. This bisimulation result is enough to ensure that we
can use the alternative semantics to answer decision questions on the APCPS G. First, we estab-
lish the equivalence of simple coverability for the standard and alternative semantics.

Theorem 7 (Equivalence of Simple Coverability). Suppose we have the simple coverability queries
Qstd = (Gsta, o < Lo, II < T') and Quiy = (Gan, llg < To, IT < T'). Then, the query Qyq is a yes-
instance for simple coverabililty for the standard semantics if, and only if, Qu; is a yes-instance for
simple coverability for the alternative semantics.

Proof Idea. For one direction we can exploit Lemma 2. For the other, it is an easy exercise to
exploit the bisimulation result to obtain a covering path in the alternative semantics from one in
the standard semantics. See Appendix B.3 for a detailed formal proof. O

Two Conjectures for Boundedness and Termination. The alternative semantics changes the order
of evaluation due to precomputations. Moreover, precomputations collapse potentially unboun-
ded derivations of a commutative non-terminal into a single step. Thus, relating the boundedness
and termination problems is more difficult. However, we may restrict ourselves to subclasses of
APCPS to simplify our reasoning.
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In the following, let us present an argument of why we believe it is possible to answer ter-
mination and boundedness questions posed on the standard semantics using the alternative se-
mantics. We summarise our argument by two conjectures for which we provide proof sketches.

Let us call an APCPS G termination-bounded if no commutative non-terminals C of G has
an infinite derivation. In this setting, we conjecture that we can use the alternative semantics to
answer a termination question.

Conjecture 1 (Equivalence of Termination). Suppose the APCPS G is termination-bounded. Then
there is an infinite path from 11y < I'o in Gyq if; and only if; there is an infinite path from 11y < I'g
in Gy wherelly < I'g € Foum(Ilg < To).

Proof Sketch. Again, if there is an infinite path in the alternative semantics we can exploit Lemma 2.
If, on the other hand, there is an infinite path in the standard semantics, we may assume that
it is going through infinitely many configurations in Sync (possibly after reordering independ-
ent transitions). Otherwise, we would obtain a contradiction to the fact that G is termination-
bounded. The bisimulation result then gives us an infinite path in the alternative semantics. [

We can now build on this conjecture to reason about termination of general APCPS. In order to
check termination of an APCPS G, we may perform a simple static analysis on the commutative
non-terminals. If there is a commutative non-terminal with an infinite derivation, we may check
using a coverability query if it can ever execute. If yes, we obtain an infinite path, otherwise, it
can safely be eliminated. Hence, we obtain an infinite path witnessing non-termination or we
arrive at a termination-bounded APCPS. Therefore, if the above conjecture holds true, then we
can reason about termination using the alternative semantics.

It is possible to apply similar reasoning to the boundedness problem. Let us call an APCPS G
rewrite-bounded if all commutative non-terminals C' of G rewrite to a finite set of words, i.e. the
set {w € (N UX)* | C —* w} is finite for all C. As in the case of termination, we conjecture
that we can establish a connection between the standard and alternative semantics.

Conjecture 2 (Equivalence of Boundedness). Suppose we have an APCPSG that is rewrite-bounded.
Then, the set Reachg,,(Ily <1 T'o) is infinite if, and only if, the set Reachg,,(Ily <1 T'o) is infinite for
somellyg < I'g € FSum(HO < Fo).

Proof Sketch. Since G is rewrite-bounded, if Reachg, (1:[0 < T'g) is infinite we can conclude using
Lemma 2 that Reachg,(Ilg <1 I'g) is infinite. This follows from the fact that if G is rewrite-
bounded for each IT < I" the set Fs,n (Il < I') is finite. On the other hand, if Reachg_, (IIp <1 I'g)
is an infinite set, then Reachg_,(Ilp <t I'g) N Sync must be an infinite set, since G is rewrite-
bounded. Thus, the bisimulation result is sufficient to imply that Reachg,, (Ily <1 I'¢) is an infinite
set. O

In a similar fashion to the termination case, we build on this conjecture. We conjecture that a
boundedness question on a general APCPS G in the standard semantics can be answered by a
combination of coverability and boundedness in the alternative semantics. We can detect com-
mutative non-terminals of G that violate rewrite-boundedness by a simple static analysis on G
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and check whether they can execute by a simple coverability query. If there is such a non-
terminal that can execute, then clearly we have a no-instance of the boundedness problem. Oth-
erwise, such non-terminals may be safely removed. In this case the truth of the above conjecture
implies that we can use the alternative semantics to decide the boundedness problem.

4.4 Shaped APCPS are Well-Structured

In this section, we show that the alternative semantics for shaped APCPS gives rise to a well-
structured transition system (WSTS). This allows us to transfer the good decision properties of
WSTS (Section 2.3) to the alternative semantics for shaped APCPS. Thus, we obtain e.g. that cov-
erability is decidable. Note that due to Rule (R’-2) the alternative semantics gives rise to a poten-
tially infinite branching transition system. This complicates the application of some results from
the WSTS literature. Let us recall a few definitions. Let < be a well-quasi-order (WQO) over a set
S, we say < is a well-partial-order (WPO) if < is a partial order. A well-structured transition sys-
tem (WSTS)isaPSTS S = (5, —s, <s) such that < isa WQO and — s is monotone with respect
to <g [FS01]. We say a WSTS S is strict if — g is strictly monotone with respect to <s and say a
S is post-effective if the function f(s) = |posts(s) | is effectively computable, where we define the
set of one-step successors by postg(s) = {s' | s —s s'}. Coverability is decidable for finitely or
infinitely branching WSTS if 1Pred(1{s}) is effectively computable [FS01; Abd+00], while under
the same assumption termination is decidable for finitely branching WSTS [FS01]. For infinitely
branching WSTS that are post-effective and strict and for which < is a WPO, boundedness is
decidable [BFM14].

An Analysis of the State Space

In the process of proving a PSTS to be a WSTS, an important step is to expose a WQO. For this
purpose, let us analyse the state space of the alternative semantics. Let G be a K-shaped APCPS
and G, be the transition system over State,; induced by the alternative semantics.

Let us first focus on summaries. We can classify summaries into three types: complete sum-
maries, partial summaries, and degenerate summaries. Complete summaries are multisets over
commutative concurrency actions. They are complete in the sense that they represent the com-
plete execution of a sequence of commutative non-terminals. Partial summaries, on the other
hand, represent a partial execution of a sequence of commutative non-terminals and hence con-
tain non-terminals. We can define the following sets to formalise these classifications:

CompleteSummary := M[¥X"] PartialSummary := M[X%°™ U N ™

COIH]

DegenSummary := M] Summary := CompleteSummary + PartialSummary
There are three rules of the alternative semantics Rules (R’-2), (R’-6), (R’-7) that interact with
summaries. Note that Rule (R’-6) only applies to complete summaries, while Rule (R’-7) applies
only to partial summaries and turns them into degenerate summaries. Degenerate summaries
contain only non-terminals and force a process to block. No rule applies to a process that carries
a degenerate summary at its head.
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We can now use this categorisation to define other sets that describe part of a process’ local
state in the alternative semantics:

Stack=F .= (NTeom. Summary)gk
DelayedControl := CompleteSummary + PartialSummary + DegenSummary
NormalControl := (N - Summary) + (X - N - Summary) + (X - Summary)
ControlState := NormalControl 4+ DelayedControl

Procs,y = Z ControlState - Stack=F
k<K

Decomposing the state space of the alternative semantics in this fashion makes it easy to apply
known composition results for WQO (Section 2.3) and expose a well-order.

A Well-Quasi-Order for the Alternative Semantics

Our goal is to establish that the order <g  is a WQO for State,;;. This is the first step to showing
the alternative semantics for shaped APCPS gives rise to a WSTS. We achieve this by constructing
a WQO by composition which is isomorphic to <g_.

The sets CompleteSummary, DegenSummary, PartialSummary, and M[Msg] are multisets and
ordered by multiset inclusion which is a well-quasi-order. Since the set of channel names Chan
is a finite and Chans = Chan — M[Msg] = M[Msg]/h"| we obtain a well-quasi-order for Chans
using a generalisation of Dickson’s lemma. We then compose the WQO of CompleteSummary and
PartialSummaryto obtain a WQO <summary:==< CompleteSummary + < Partialsummary for Summary. For

each j € {1...k} we define
X1 My Xo M- X My <gpen X1 M Xo My X; M) i Vi s My <gummary M

which gives a well-quasi-order for Stack=F. We obtain a WQO for DelayedControl by composing
the WQOs of CompleteSummary, DegenSummary, and PartialSummary:

éDelayedControl = SCompleteSummary + SDegenSummary + SPartialSummary .

Since ¥ and N are finite sets, (3, =y;) and (N, =,r) are WQOs. Thus, we obtain a WQO for
NormalControl by composition:

< NormalControl ‘= (:Z : gSummary) + (:Z =N SSummary) + (:_/\/' : SSummary) .
Similarly, we can construct WQOs for ControlState and Procs,;; by composition:

< ControlState *= <NormalControl SDelayedControh

<Procsy; ‘= E : =< ControlState * SStackSk :
k<K

As a last step, we make use of the fact that the multi-set extension of a WQO remains a WQO
(Section 2.3, (WQO-d)) to construct a WQO for M [Procs,y]. This allows us to define a WQO for
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Stateyr by <statey:=<M[Procsy;] X <Chans - Clearly, the following preorder isomorphism holds:
(Statealr, <state,,) = (Statey, <g,, ). Hence, we know that <g_ is in fact a WQO and we can use
<statey, and <g, interchangeably. Further, we note that <g  satisfies anti-symmetry and hence
is a well-partial-order.

To transfer the good decision properties of WSTS for shaped APCPS, it remains to show that
—g,, is strictly monotonic, post-effective, and 1 Pred(1{~}) is computable.

Lemma 3 (Monotonicity). The transition relation — ¢, is strictly monotone with respect to the
well-order <g_ .

Proof Idea. Monotonicity follows from a straightforward case analysis on the rules of the altern-
ative semantics. A detailed proof is available in Appendix B.4. d

Since the transition relation of the alternative semantics — ¢, is strictly monotonic, the altern-
ative semantics for shaped APCPS gives rise to a strict post-effective WSTS.

Corollary 4. The pre-structured transition system G,; = (Statealt, =Gt Sgak) is a strict WSTS,
1 Pred(1{~}) is computable, and G, is post-effective.

Proof. To see that T Pred(1{~}) is computable is mostly trivial. Only predecessors generated by
Rule (R’-2) are not immediately obvious. Given M’ € Summary, we observe that it is enough to
be able to compute the set

Prepyy = 1{(C,M) | C € N©™,C —=* w,M" = M & M(w), M" <y M"}.

Since C' is a commutative non-terminal, the derivation C' —* w can be seen as a computation
of a commutative context-free grammar (CCFG) for which an encoding into Petri nets has been
shown by Ganty and Majumdar [GM12] (see Section 2.4). Their encoding builds on work by Es-
parza [Esp97] modelling CCFG in Petri nets. Their translation leverages a recent result [Esp+11]:
every word of a CCFG has a bounded-index derivation. A budget counter constrains the Petri
net encoding of a CCFG to respect boundedness of index; termination of a CCFG computation
can be detected by a transition that is only enabled when the full budget is available. This result
allows us to compute the set Prej;s using a backwards coverability algorithm for Petri nets.

We can use a similar argument to show that G,y is post-effective. Only successors generated
by Rule (R’-2) may pose a problem. It is enough to show that we can compute the cardinality of
the set

Postc :={w | C =™ w}.

Clearly, we can use Ganty and Majumdar’s encoding and the decidability of boundedness on Petri
nets to check if |Postc| = oo. If |Posto| < oo, we can enumerate all the words in Postc, since
it is generated by a CFG [D6m00]. Note that since |Postc| < oo the enumeration is guaranteed
to stop before we reach G’s pumping length. Hence, by counting the enumerated words we can
compute | Postc|. Therefore, G, is post-effective. O

Now that we have established that G,y is a strict post-effective WSTS, we can apply the results
of the WSTS toolbox to obtain decision results for the alternative semantics of shaped APCPS.
Note that the alternative semantics for both rewrite-bounded and termination-bounded APCPS
are clearly finitely branching, and thus termination is decidable.
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main, Lo2.1, L2922, Loo:3

server, L4, Lg

e

init_despatcher, L12:9 do_server post_task, L10:2

Li2:1 Lio:1

despatcher, L1g

Lis:1 Lis:2 Lig:1 Lig:2 L2p:1 Lop:2

Figure 4.5: A variant of a Hasse diagram depicting a preorder >g,pe. The preorder is a witness that the
task server example satisfies the shaped constraint. Nodes are sets of >,pe-equivalent elements.

Theorem 8. Coverability and boundedness are decidable for the alternative semantics of APCPS
that satisfy the shaped stack constraint. Hence, coverability is decidable for the standard semantics
of shaped APCPS. Further, termination is decidable on the alternative semantics for termination-
bounded and rewrite-bounded APCPS that satisfy the shaped stack constraint.

This result together with the conjectures on the connection of the termination and boundedness
problem between the standard and alternative semantics for termination-bounded and rewrite-
bounded APCPS (Conjectures 1 and 2) leads us to believe that both termination and boundedness
are also decidable for the standard semantics for shaped APCPS.

Conjecture 3. Boundedness and termination are decidable for the standard semantics of shaped
APCPS.

At this point, we can summarise the implication of the results so far. The shaped stack constraint
implies decidability of coverability for ACPS/APCPS. On the alternative semantics, bounded-
ness is decidable for shaped APCPS and termination is decidable for rewrite- and termination-
bounded shaped APCPS. We conjecture that the latter two results can be extended to the standard
semantics and to shaped ACPS.

4.5 A Syntactic Sufficient Condition and Two Examples

An APCPS G satisfies the K -shaped stack constraint from Ilg <1 I'g if for all reachable con-
figurations II < I, i.e. I < I' € Reachg,,(Ily < I'p), every process m of II has less than K
non-commutative non-terminals on its stack. Since the definition of the shaped stack constraint
involves the set of reachable terms Reachg_,(Ily < I'g), it is considered a semantic property of
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G. Hence, the question whether for an arbitrary APCPS (or ACPS) G there exists a K such that
G satisfies the K-shaped stack constraint is in general undecidable. However, there is a simple,
easy-to-check syntactic sufficient condition. We omit the easy proof.

Proposition 4. Let G be an APCPS. If there is a preorder >gap. 0N N such that for every rule
A — fand B € N(B): (1) A >chape B, and (ii) 3IC € N7 : A — BCisarule of G
= A >gpape B, then G is a shaped APCPS from any configuration.

Intuitively, Proposition 4 says that if no non-terminals A can ever be rewritten to A~y such that
~ contains a non-commutative non-terminal, then G satisfies the shaped stack restriction. This
condition appears natural and readily satisfied by recursive programs humans write. To illustrate
its usefulness let us apply Proposition 4 to two examples.

Example 14. Let us consider the task server example of Figure 4.2 again. Figure 4.5 shows a dia-
gram of a preorder >, On the stack characters/non-terminals of the task server program. Note
that the depicted preorder satisfies the conditions of Proposition 4. Proposition 4 is phrased for
APCPS/ACPS in normal form. However, if we transform every rule of the form A — A;--- A,
torules A — Ay A, A] — A AL, - A, — Ap_1 Ay, it is easy to see how to apply Pro-
position 4. Note that if Ay, is the last non-commutative non-terminal in the sequence A; - - - A,
Proposition 4 allows us to set A =gpape Ax =shape Ak4+1 =shape *** =shape An. This explains
why we can set main —shape Lo2:1 —shape Lo2:2 —shape Lo2:3, server —shape Ly —shape Lg, and
despatcher =ghape L18.

Example 15. In Figure 4.6, we give an example program implementing a simple replicated work-
ers pattern. It consists of a distributor process that initially spawns a number of workers, sets
up a single shared resource, and distributes one task per worker over a one-to-many channel.

Each worker runs a task-processing loop. Upon reception of a task, the worker recursively
decomposes it, which involves communicating with the shared resource at each step. Note that
the communication of each worker with the resource is protected by a lock. For the worker,
the decomposition has two possible outcomes: (i) the task is partially solved, generating one
subtask and an intermediate result or (ii) the task is broken down into one subtask and one
new distributable task. In case (i) the worker recursively solves the subtask and combines the
result with the intermediate result. In case (ii) the worker recursively solves the subtask and
subsequently dispatches the newly generated distributable task before returning. When a worker
has finished processing a task, it relays the result to the server and awaits a new task to process.
We have left the implementation of the functions decompose_task and combine open. For the
purpose of this example, we only assume that they do not perform any concurrency actions, but
they may be recursive functions.

Note that the call stacks of both the distributor and the workers may reach arbitrary heights,
and communication actions may be performed by a process at any stage of the computation,
regardless of stack height. For example, the worker sends and receives messages at every de-
composition, and each recursive call increases the height of the call stack.
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main() — setup_network(),

6 unlock(toResource),
77 return Result.

1
2 redistribute (). 45 % Worker
3 46 worker() —
4 setup_network() — 47 toWorkers ? Task,
5 spawn(worker), 48 result = do_task(Task),
6 case (*) of 49 toDistributor ! result ,
7 true — setup_network(); 30 worker().
8 false — "
9 spawn(res_start(init )), 5“’
10 toResource ! isReady, 53 do_task(Task) —
11 toDistributor ? ready; 54 case decompose(Task) of
12 end, 55 local (Task’, Int_result ) —
13 toWorkers ! task. 56 Result = do_task(Task’),
14 57 Result’ =
15 redlstrltzu)te (2 — 58 combine(Result, Int_result )
16 case () o 59 return Result’;
17 true — toDistribut:)r ? redist (Task), 60 redist (Task’, Task”) —
18 toWorkers ! Ta:k; 61 Result = do_task(Task’),
[ . 29
’1) false — tOPIStl’lbutOl’ ? result (Result), 62 toDistributor ! Redist(Task™) ,
20 p print (Result); 63 return Result;
21 end, 64 end.
22 redistribute (). 65
23 66 combine(res, res’) — ...
24 % Resource 67
25  res_start (S) = 68
26 fun() — toDistributor ! ready, 69  decompose(Task) —
27 resource (S) 70 lock (toResource),
28 end. 71 toResource ! getState,
/J" 72 ?label (”critical ),
30 resource (S) —?) 73 toWorkers ?  state (State),
31 toResource ? lock_req, 74 (Result, Update) = decompose_task(Task, State),
32 toWorkers ! locked, 75 toResource ! update(Update)
7: ! ,
33 resource_locked (S). ; P P

34
35  resource_locked(S) —

36 case (") of 79 decompose_task(Task,State) — ...
37 1 — toResource ? unlock_req, 30

38 resource(S); 31

39 2 — toResource ? getState, 82 lock(C) —

40 toWorkers ! state (S), 33 C! lock_req,

41 resource_locked (S); 84 toWorkers ? locked.

42 _ — toResource ? update(X), 85

43 resource_locked ( X) 86 unlock(C) — C! unlock_req.

44 end.

Figure 4.6: A resource, a task distributor, and a worker that recursively solves tasks and shares its work-
load.

An interesting verification question for this example program is whether the locking mech-
anism for the shared resource guarantees exclusive access to the shared resource for each worker
process in its critical section.

Since the replicated worker program is first-order, it is easy to see that we can model it as
an ACPS. We omit the straightforward description of the ACPS implementing this program. In
Figure 4.7 we present a diagram for a preorder that can be derived for this program. A non-
terminal L; _; models the code of line numbers i to j. We have omitted non-terminals L;_; from
the diagram in Figure 4.7 whose ordering is trivially seen. Note that non-tail recursive calls are
potentially problematic. In the example, the recursive call to setup_network() in the definition of
setup_network is non-tail recursive, but only places a send action (L13) onto the stack, thus causing
no harm. Note that in the partial order we may thus set setup_network =ghape L6—12 =shape L13-

The only other non-tail recursive calls occur in do_task: the call to decompose_task poses no
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main, redistribute

setup_network, Lg_12,L13
/ \
Ls Lo—11
resource, res_start, resource_locked, L3g_43
worker

do_task, combine, L5464, L57—69, L62—63

decompose, decompose_task

lock

Figure 4.7: A variant of a Hasse diagram depicting a preorder >,.pe Witnessing that the replicated worker
example satisfies the shaped constraint. Note, some line numbers for which the orderings are straightfor-
ward are omitted. Nodes are sets of >g,pc-equivalent elements.

threat since decompose_task does not invoke do_task again. The two recursive calls to do_task
which either place procedure calls without concurrent actions (Ls7_gg) or send actions (Lg2—g3)
on the stack are harmless. The preorder >, shows that they can all be set =gp,,pc-equivalent to
do_task. Therefore, Proposition 4 tells us that the replicated worker program satisfies the shaped
stack constraint.

We now proceed to give an account of the literature that is related to our work.

4.6 Related Work

In this section, we give an overview of the literature on decidability results for asynchronously
communicating pushdown systems and other concurrent pushdown systems.

Asynchronously Communicating Pushdown Systems. Mukund et al. were the first to invest-
igate dynamic networks of finite state processes that communicate asynchronously via a fixed
finite number of unordered channels [Muk+98b; Muk+98a], i.e. ACS. They identified the equival-
ence of ACS and Petri nets and investigated regularity of ACS [Muk+98b]. Further, Mukund et al.
studied asynchronous protocols that are robust with respect to the unordered nature of channels
[Muk+98a]. In an influential paper [SV06] in 2006, Sen and Viswanathan showed that safety
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verification is decidable for recursive programs with asynchronous atomic procedure calls. They
introduced the empty-stack constraint on ACPS to model programs that are written in task-based
asynchronous programming style which are often referred to as asynchronous programs. Sen and
Viswanathan observed the applicability of Parikh’s Theorem [Par66] and showed that recursive
procedures in asynchronous programs can be accurately modelled by regular multiset automata
which give rise to WSTSs. Further, Sen and Viswanathan established Expspace-hardness of
control-state reachability for asynchronous programs by reduction from the halting problem of
net programs [Esp98]. Building on this, Jhala and Majumdar [JM07] developed an extension for
asynchronous programs in BLasT [Hen+02], a highly competitive on-the-fly software model-
checker employing CEGAR. The state space that is explored by Jhala and Majumdar’s algorithm
contains counters for pending asynchronous procedure calls. The exploration is reminiscent of
the expand, enlarge, and check (EEC) [GRB04] algorithm scheme. Both an under-approximation
(bounding counters at k) and an over-approximation (counters are widened to co at k + 1) are
explored for successively larger k. The under- and over-approximations are guaranteed to con-
verge for large enough k. Despite the Expspace-hardness of the problem, Jhala and Majumdar
observed that their algorithm only explored state spaces and k& that are sufficiently small on real-
istic benchmarks and that their verification procedure thus performs well in practise. Liveness
properties of asynchronous programs were extensively studied by Ganty et al. [GMR09]. They
presented an encoding into Petri nets that embeds Parikh automata into the net that model re-
cursive procedures. Decision results on Petri nets are then applicable and can be exploited to
decide boundedness, fair termination, and fair non-starvation for asynchronous programs. Fur-
ther, Ganty et al. showed how fair-termination and fair-starvation for Petri-nets can be reduced
to the satisfiability problem for Presburger arithmetic. However, the best known constructions
of Parikh automata are exponential [Esp+11]. Thus, Ganty and Majumdar improved on their
construction [GM12] by combining an encoding of CCFG into Petri nets [Esp97], due to Esparza,
with recent results [Esp+11] on Parikh’s Theorem. In [Esp+11], Esparza et al. show that for
every CCFG G there exists a k > 1, polynomial in the size of G, such that the entire language
of G can be generated by derivations of index k. Ganty and Majumdar exploited this result to
obtain a compact encoding of CCFGs into Petri nets (see Section 2.4). Their encoding is linear in
the size of the CCFG [GM12] and thus yields the polynomial-time interreducibility of a variety
of verification problems for asynchronous programs to decision problems on Petri nets. Thus,
safety verification, boundedness, and termination are Expspace-complete, while configuration-
reachability, fair-termination, and model-checking liveness properties are polynomial-time equi-
valent to Petri net reachability. Moreover, Ganty and Majumdar studied decision properties of
various extension of asynchronous programs that allow capabilities such as cancellation of, or
tests of absence of, asynchronous procedure calls. Ganty and Majumdar show that the former
extensions are equivalent to Petri nets with reset arcs and Petri nets with zero tests, respectively
[GM12]. Further extensions that allow the modelling of real-world asynchronous task scheduling
systems such as Grand Central Dispatch, which is available on MacOSX, iOS, and FreeBSD, were
investigated by Geeraerts et al. [GHR13]. Emmi et al. studied under-approximation techniques
for asynchronous programs with prioritized task-buffers [ELO12]. Their method is based on se-
quentialisation, bounds context-switches, and task-reorderings to obtain a practical and compet-
itive analysis. A general-class of under-approximation techniques for asynchronous programs
based on sequentialisation is investigated in [EOT14]. Given a suitable scheduler that bounds
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context-switches or synchronisations, Emmi et al. encode an asynchronous program into a se-
quential program which enables mature program analyses. Many non-trivial extensions of Sen
and Viswanathan’s model have been proposed that allow e.g. the dynamic creation of task buffers
[EGM14] or WQO stack alphabets [CO13]. An extension proposed by Chadha and Viswanathan
is possibly the most general [CV07]. It applies to any computational model for which reachability
is decidable. The chosen model is augmented with a well-quasi-ordered auxiliary storage such as
counters. Chadha and Viswanathan then formulate an analogue of the empty-stack restriction
for such WQO auxiliary storages. Their results imply that algorithmic verification for e.g. con-
current higher-order (collapsible) pushdown systems that satisfy the empty-stack constraint is
possible. Nevertheless, the empty-stack constraint remains a key restriction for the models that
have been investigated.

The literature on ACPS is part of the vast body of work on concurrent pushdown systems.
Numerous classes with decidable verification problems have been discovered. We give a brief
overview of the literature in the following.

Communicating Pushdown Systems. Heufiner et al. [Heu+10] studied a restriction on push-
down processes that communicate asynchronously via FIFO channels: a process may send a
message only when its stack is empty, while message retrieval is unconstrained. Parallel flow
graph systems are a model of fork-join parallelism and can be captured by the process algebra
PA. Building on results by Lugiez and Schnoebelen [L.598] that the reachability set of a regular
set remains regular for PA-terms, Esparza and Podelski present an algorithm for computing the
forward- and backward-reachability sets for parallel flow graph systems that is linear in the size
of the program [EP00]. Dynamic pushdown networks (DPN) where investigated by Bouajjani
et al. [BMOTO05]. DPN model dynamic networks of pushdown processes that can create new
processes which may communicate results back to a parent process in a restricted fashion. Bou-
ajjani et al. showed that DPN’s predecessor operator pred” preserves regularity and thus they
obtain a polynomial-time backwards-reachability algorithm [BMOT05]. Recent work by Bouaj-
jani and Emmi investigates several classes of recursively parallel programs [BE12a]. Pushdown
processes may create new processes and await the termination of a child process’ computation.
Communication is hierarchical and limited to the point of creation and termination. A process
may communicate values to a newly created child process. Upon termination, a child process
may return a value to its parent. Bouajjani and Emmi identify this model as Expspace-hard and
provide a 2ExPTIME algorithm for control-state reachability. Their algorithm is based on a re-
duction to coverability of BVAS [Dem+09]. The concurrency model is rich and subsumes one
subclass that can model asynchronous values via futures (control-state reachability in P) and in-
cludes another subclass that corresponds to asynchronous programs. However, a combination
of futures and asynchronous programs lies outside the decidable fragments proposed by Bouaj-
jani and Emmi. In particular, modelling processes that synchronise on a shared resource, which
can be modelled by shaped ACPS, is not possible in their model. Several other communicating
pushdown systems have been explored such as visibly pushdown automata that communicate
over FIFO-queues [BR13] and pushdown systems communicating over locks [Kah09a].
Verification techniques such as thread-modular model-checking that over-approximate cor-
rectness properties of concurrent pushdown systems have been studied [FO03; Hen+03]. Under-
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approximation techniques such as context-bounded [OR05], phase-bounded [BE12b], and scope-
bounded [TN11] analyses have been explored (see Section 4.1). The phase-bounded restriction
is reminiscent of the reversal-bounded restriction on counter-machines [[ba78]. Counters are
classified as incrementing or decrementing and a change in classification is called a reversal. In
reversal-bounded model-checking only paths are considered along which the number of reversals
does not exceed an a priori fixed bound. The reversal-bounded restriction has also been stud-
ied in the context of pushdown systems [HL11; HL12]. The ordered restriction [ABH08] on a
concurrent pushdown system requires a linear order < on its finite number of processes. A
pushdown process may push onto its stack at any time while it may only perform a pop if it is
the least process (with respect to <) that has a non-empty stack. In this line of the literature,
a unifying under-approximation technique for multi pushdown systems (MPDS), i.e. concurrent
pushdown systems with a fixed finite number of processes and shared state, has been proposed
by Madhusudan and Parlato called bounded tree-width model-checking [MP11] . In this setting,
bounded tree-width model-checking subsumes ordered, context-bounded, phase-bounded, and
scope-bounded model-checking. Instead of paths, a MPDS generates run graphs which can be
interpreted as paths with annotation edges which justify e.g. corresponding pushes and pops.
The tree-width of such a graph measures its similarity to a tree. Madhusudan and Parlato show
that, given a MPDS P and a bound on tree-width B, MSO is decidable on P’s run graphs with
tree-width less than B. Bounded tree-width model-checking has also been studied in the context
of MPDS that communicate over FIFO channels, satisfy the empty-stack constraint, and have a
restricted communication topology [MP11; Heul2]. Following Madhusudan and Parlato, Cyriac
et al. propose split-width [CGK12] as an alternative graph measure which is equi-expressive with
tree-width. In the setting of MPDS with shared state, they show that model-checking restricted
to paths satisfying combinations of either (i) scope-boundedness or phase-boundedness, or (ii)
scope-boundedness or ordered are instances of bounded split-width model-checking and are thus
decidable. In further work, Aiswarya et al. extended bounded split-width model-checking to
MPDS which communicate over FIFO channels [AGK14]. The bounded split-width restriction
yields decidability of reachability, MSO, and model-checking temporal logic. While the proper-
ties that can be decided using the under-approximation techniques of bounded tree/split-width
are impressive, it is important to note that an a priori bound of the number of processes is ne-
cessary. Moreover, when MPDS with FIFO channels and no restricted communication topology
are considered the split/tree-width can easily become unbounded [MP11].

Pattern-based verification has been introduced by Kahlon in [Kah09b]. Pattern-based verific-
ation considers synchronisation traces of concurrent pushdown systems that lie within a regular
language that is bounded. A bounded regular language is characterised by a regular expression
of the form w7 - - - w;, where all w; are words over an alphabet 3. In pattern-based verification,
a family of context-free grammars G; model the synchronisation traces of a number of concur-
rent recursive programs. A bounded regular language B is chosen to specify the pattern of
synchronisation traces which are to be considered for verification. The procedure is then based
on Kahlon’s result that the intersection-emptiness problem, i.e. ﬂle L(G;) N B = 0, is decid-
able for bounded regular B. Esparza and Ganty investigated the complexity of this intersection
emptiness problem and showed it to be NP-complete [EG11; EGP14]. The decision procedure
presented by Esparza and Ganty is based on an application of Parikh’s theorem. Esparza and
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Ganty construct an existential Presburger formula that is satisfiable if, and only if, the intersec-
tion is empty. They exploit the fact that Parikh images of context-free languages are semi-linear
sets which are definable in existential Presburger arithmetic. Subsequently, an effective CEGAR
method [Lon+12] has been developed using the pattern-based verification approach.

Partially Commutative Context-Free Grammars (PCCFG). Czerwinski et al. introduced par-
tially commutative context-free grammars as a study in process algebra [CFL09]. They proved
that bisimulation is NP-complete for BPC, a class of processes where the sequential composition
of certain processes is commutative. Bisimulation is defined on the traces of BPC processes. The
process algebra BPC subsumes both BPA [BK84] and BPP [Esp97]. Note that synchronisation
between processes (which transforms PCCFG to APCPS) is not a feature considered by Czerw-
inski et al. In further work, Czerwinski et al. investigated partially commutative context-free
languages [CL12] and their word reachability problem, which is NP-complete [CHL12].

4.7 Conclusion

Summary. In this chapter, we have introduced asynchronously communicating pushdown sys-
tems (ACPS) as an extension of ACS. We have shown that for the purposes of studying cover-
ability, boundedness, and termination of ACPS we may consider ACPS in normal form. Further,
we have illustrated how unordered message passing in ACPS naturally gives rise to the notion of
commutativity and an independence relation. Exploiting the latter, we have demonstrated how
a concurrent system generated by an ACPS can be modelled by asynchronous partially commut-
ative pushdown systems (APCPS). We have introduced two operational semantics for APCPS, a
standard and an alternative one. A major contribution of ours is a proof that the standard and al-
ternative semantics of APCPS are tightly connected. This connection can be formalised as a weak
bisimulation between the standard semantics and the co-universal powerset lifting of the altern-
ative semantics of an APCPS. This result allows us to conclude that we can reduce a coverability
decision question on the standard semantics to its counterpart in the alternative semantics. An-
other major contribution is the introduction of a novel class of ACPS which is identified by the
shaped stack constraint. We have shown that for APCPS that satisfy the shaped stack constraint
the alternative semantics becomes a strict post-effective WSTS which is well-partially-ordered
yielding the decidability for coverability and boundedness. Further, for termination- and rewrite-
bounded shaped APCPS, the alternative semantics is finitely branching and hence termination is
decidable. Hence, our reductions imply that coverability is decidable for shaped ACPS. Moreover,
we have presented an easy-to-check syntactic condition on ACPS/APCPS from which the shaped
stack constraint can be deduced. Lastly, we have presented an overview of the literature on de-
cidable classes of concurrent pushdown systems and compared our work on shaped ACPS to
other formalisms.

Open Problems and Future Directions. A number of open problems remain concerning the
decision problems boundedness and termination.

e A missing link for boundedness and termination lies at present between ACPS in normal
and the standard semantics of APCPS. We conjecture that it is possible to exhibit a polyno-
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mial time interreduction. However, it seems a more complicated and tighter bisimulation
argument than we use in Proposition 2 is required to establish a reduction.

e Another open question is whether we can decide termination and boundedness questions
on the alternative semantics instead of the standard semantics. We believe that this is
possible for the termination-bounded and rewrite-bounded classes of APCPS. We further
believe that the proof sketches of Conjectures 1 and 2 can be expanded to formal proofs.

Positive answers to these two questions would imply that decision questions of boundedness
and termination for shaped ACPS can be reduced to the alternative semantics for APCPS that
are rewrite- and termination-bounded resp. (Conjecture 3) and hence they would be decidable.

A Perspective on Applications of Shaped ACPS. Let us briefly comment on possible applications of
shaped ACPS. The empty-stack constraint fits nicely with the atomicity requirement of procedure
calls in asynchronous programs. The only synchronisations an atomic procedure call needs to
make are immediately before and after its execution which may thus be performed with an empty
call-stack. The shaped stack constraint enables a relaxation of the atomicity requirement: it
allows non-trivial synchronisations during the execution of a procedure call. This capability
allows us to model the worker processes in Example 15 by shaped ACPS. Such programs can be
obtained from a suitable abstract interpretation of Erlang programs. As we have mentioned at
the beginning of this chapter, we consider it an interesting research problem to extend SOTER’s
framework [DKO12; DKO13] to produce shaped ACPS. Further, the development of practical
algorithms for shaped ACPS is of natural interest.

Another interesting research direction is to consider extensions to asynchronous programs
that can be modelled by shaped ACPS. An attractive extension for asynchronous programs is to
weaken the atomicity requirements on procedures and allow an asynchronous procedure call to
return a value asynchronously. Such an asynchronous value is often called a future or promise.
Futures that can interact freely with other processes cannot be sequentialised in the general case.
Further, they require synchronisation between the caller and the callee, which can be modelled by
ACPS provided the shaped stack constraint remains satisfied. Futures have been investigated in
the context of recursive programs with hierarchical and thus restricted communication [BE12a].
Another recent work [Boe+12] considers futures in a lock-based concurrency model and studies
tail-recursive processes. We believe that the shaped stack restriction could be useful to extend
the scope of algorithmic verification techniques beyond the models that have been considered
in the literature.

In the next chapter, we investigate the computational complexity of coverability for ACPS
that satisfy the shaped stack constraint. The WSTS toolbox from which decidability of coverab-
ility can be deduced unfortunately only allows the deduction of coarse complexity results. To
overcome this obstacle, we introduce a non-trivial extension of Petri nets, nets with nested col-
oured tokens (NNCT), which enjoys a tight connection with APCPS. Our complexity results on
NNCT imply that coverability for shaped ACPS/APCPS is TowER-complete and that bounded-
ness and termination on the alternative semantics is TowER-hard.






Chapter 5

Nets with Nested Coloured Tokens

and a Complexity Analysis of Shaped ACPS

The work presented in this chapter is joint work with Luke Ong and is unpublished at the time of
writing [ 1.

In this chapter, we investigate the complexity of key decision problems for shaped ACPS/ AP-
CPS. For ACPS that satisfy the empty-stack constraint, Ganty and Majumdar established a tight
connection with Petri nets [ ]. Thanks to this connection central decision problems for veri-
fication, such as coverability, termination, and boundedness, are polynomial-time interreducible
to their respective Petri net counterparts. This result is highly encouraging. However, it is non-
trivial to find a suitable model that is closely related to shaped ACPS/APCPS. As we have seen in
the previous chapter, the shaped stack constraint captures a larger class of ACPS than the empty-
stack restriction. If we focus on the alternative semantics of APCPS, we notice three capabilities
that appear to lie outside the scope of Petri nets. A process carries summaries which are multisets
— unbounded in size — of commutative concurrency actions. A parallel composition of processes
thus has a nested multiset structure (C1) in the alternative semantics. Further, a summary may
be added to (C2) or dispatched (C3) in one step. Is there an extension to Petri nets that can sup-
port these capabilities? We seek inspiration in nested Petri nets [ ] and Petri nets with transfer
arcs [ ] to define an extension of Petri nets that corresponds to shaped ACPS/APCPS. Nested
Petri nets give rise to configurations that feature arbitrarily nested multisets, while the capability
to dispatch a summary in one step is reminiscent of a transfer transition. Note that both nested
Petri nets and Petri nets with transfer arcs have non-primitive recursive coverability problems.
For our purposes, it is thus important to augment Petri nets with just enough expressivity (and no
more) to capture the alternative semantics. For example, only singly nested multiset structures
occur in the alternative semantics. Further, except for a dispatch, it is not possible to remove a
single element from the multiset constituting a summary. This means a process cannot (directly)
justify a transition by the contents of its summaries. Fortunately, these two facts are sufficient
to avoid non-primitive complexities. We introduce a non-trivial extension of Petri nets that is
designed to capture the alternative semantics of APCPS: nets with nested coloured tokens (NNCT).
As the name suggests NNCT feature, among ordinary Petri net tokens, complex tokens that carry
coloured tokens. Transitions may inject coloured tokens into a complex token; or transfer certain
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coloured tokens—those whose colour is from a specified set of active colours—from a complex
token to predefined places. We establish a connection between the alternative semantics of K-
shaped APCPS and NNCT. Therefore, coverability of shaped ACPS/APCPS ExpTiME-interreduces
to coverability of NNCT. Further, we show that we can reduce simple coverability, boundedness,
and termination for a subclass of NNCT to their respective decision problems for shaped APCPS.
Building on this connection, we establish that coverability for NNCT is TOwER-complete, and
termination and boundedness are decidable and TowERr-hard. This implies TOwER-completeness
of coverability for shaped ACPS/APCPS and TowER-hardness for boundedness and termination
on the alternative semantics.

In order to motivate the design of NNCT in more detail, let us highlight capabilities (C1)-
(C3) of the alternative semantics and explain why an extension of Petri nets is required to model
them.

A Closer Look at the Alternative Semantics

Let us examine the three features (C1)—-(C3) of the alternative semantics in more detail. We will
demonstrate which requirements they set on a suitable Petri net extension. For this purpose, we
revisit the task server example presented in Chapter 4.

Example 16. Let us consider a setting of the task server example in which we have a function
definition do_server() — (). and where G(P) is amended appropriately. It is easy to verify that
we can reach the following configuration in the alternative semantics:

main <1 () _%(73) Loo.3 ” server H despatcher < 0

alt

—GP),, Lo2.3 || init_despatcher post_task Ly [task_bag ! stop| || despatcher <1 ()

Omitting empty mulitsets (), we can see that the state of the server process is an element of
(N 7eom 5 M[¥°°™])3, ie. its state consists in part of multisets such as [task_bag ! stop]. If we write
IT < () for the last configuration, it is immediate that IT is a multiset of such process states. Thus,
the nested multiset structure (capability (C1)) becomes visible in II. This illustrates that a single
process in the alternative semantics is infinite-state, since a summary may contain concurrency
actions of an arbitrary number.

A process can interact with a summary via Rule (R’-2) and add the result of a precomputation
to it (capability (Ca)):

main < @—)E(P) 1 Lo2.3 || init_despatcher post_task Ly [task_bag ! stop| || despatcher <1 ()
alt
* !
_>g(73)ah Lo9.3 || server [task_bag ! stop] || despatcher <1 0

P, Loo:3 H init_despatcher post_task Ly [taskfbag!stop, taskfbag!stop] H despatcher <1 ().

The summary [task_bag ! stop] of Lg remains when the server process recurses. However, when
server is rewritten, the new summary [task_bag ! stop| of Lg is added to yield the summary

[task_bag ! stop, task_bag ! stop]
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of Lg Lg. We observe that a single multiset/summary represents a potentially growing number of
stack characters Lg. Note that there is no mechanism to remove a single, specified concurrency
action from a summary. We can only add elements to a summary.

However, a process may dispatch the concurrency actions of a summary using Rules (R’-6)
and (R’-7) (capability (C3)). As far as the process is concerned, the dispatch is oblivious of the
summary’s content. For illustration, let us observe how the stop message sent by the main process
unlocks the summary of Lg Lg.

main < () _%(73) init_despatcher post_task Ly [task_bag!stop, task_bag!stop] || despatcher || La2:3 <1 )

alt

—>Z(73)alt Ly [task_bag ! stop, task_bag ! stop] || despatcher || Lo2.3 <1 ()
—Gp),, L4 [task_bag ! stop, task_bag ! stop] || despatcher <1 [system — [stop]]
_%(P)m [task_bag ! stop, task_bag ! stop] || despatcher < {)

—>E(7>)3h despatcher < [taskibag — [Stop2” .

The fact that a configuration in the alternative semantics features a nested multiset structure
poses a difficulty. In a Petri net we may think of a configuration or marking as a distribution of
tokens over a set of places P, i.e. a configuration is a mapping of type P — M[{e}]. As we can
see, the definition admits no nesting of multisets. A similar difficulty arises in the definition of
nested Petri nets [LS99]. Configurations of nested Petri nets describe markings where a token can
be a whole (nested) Petri net. The concept of a U-marking allows us to generalise the definition
of markings. Suppose U is a set of token types, then a U-marking is a distribution of U-tokens
(i.e. elements of U) over a set of places P, i.e. a mapping of type:

P — M[U].

Hence, Petri nets have {e}-markings, nested Petri nets have nPN-markings where nPN is the set
of nested Petri nets. For our purposes, nested Petri nets are too expressive. Nested Petri nets
allow horizontal and vertical synchronisations of tokens.

Example 17. To illustrate the difference, let us briefly give an example of a nested Petri net (see
Figure 5.1). Suppose we have the nested Petri net A/ which has two places p; and py. Further,
let us assume the tokens of N are drawn from the same ordinary Petri net Nj with possibly
different markings. The outer net N has two transitions: the transition ¢; takes a token, i.e. N7-
marking, from p1 to po, the transition ¢o is guarded by the label [ and also takes a token from
p1 to pa. The internal Petri net N7 has two places p) and p), a transition ¢} which takes a token
from p| to ph, and a transition ¢}, guarded by the label I which also takes a token from p/ to pj.
The transition ¢3 and t}, are meant to fire together and perform a vertical synchronisation. This
is indicated by the label I and its counterpart /. Let u be a marking of A7 that places one token
inp), ie.u = [p) > [o]], and let v place a token in place p}, i.e. v’ = [pl, — [o]]. Placing u into
place p; of NV, it is then possible to perform the following vertical synchronisation in one step:

’
[p1 = [ul] =n [p2 =[]

using both transitions ¢2 and ¢},. However, for this particular nested Petri net it is also possible

to reach the same configuration along two horizontal transitions:

1= [ul] = 1= [W]] = [p2 =[]
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Figure 5.1: An example nested Petri net. On the right we display the configuration u and on the left we
display [p; — [u]]. Note that arcs are labelled with variables to indicate where a token selected by an
input arc is moved to by an output arc.

firing first ¢/ and then ¢1. Note that the vertical transition involving ¢5 and ¢} is not possible at
g 1 g 2 p
[p1 + [u']] since t}, is not enabled in v'.

Vertical synchronisations are powerful and easily allow nested Petri nets to simulate Petri nets
with reset arcs [LS99]. Hence, reachability and boundedness are undecidable, and coverability is
non-primitive recursive for nested Petri nets [LS99].

Fortunately, we do not require the full expressive power of vertical synchronisations. Let
us return to the task server example and show how we can model a process of the alternative
semantics as a U-marking for a suitable U.

Towards Nets with Nested Coloured Tokens. Consider the following state of the server process
m = Ly [task_bag ! stop, task_bag ! stop]. The process state 7 consists in part of the multiset

M := [task_bag ! stop, task_bag ! stop]

over elements of X°°™. Suppose we have a set of places that contains a place Ly, it is easy to see
that we can represent the state of 7 by the M[X°™]-marking

[Lyg > [[task_bag ! stop, task_bag ! stop]]],

i.e. M, which is a M[[¥°°™]-token, is in place Ly. Suppose further we use a similar representation
of channels as in the ACS case, i.e. for each channel ¢ and message m there is an ordinary Petri
net place (¢, m). Consider the following path of 7

Ly M < [system — stop] —gP) [task_bag ! stop, task_bag ! stop] <1 {)

alt

—>g(fp)ah €< [taskfbag — [stop,stop]]

and let us imagine a Petri net extension that can generate the following transitions involving

(M[X™] U {e})-markings:

[Ly — [M], (system, stop) > [@]] — [€ — [[task_bag ! stop, task_bag ! stop]]]
— [6 — [(Z)] , (taskfbag, stop) — [o, o]] .
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The last step is reminiscent of a transfer transition. For each element task_bag ! stop contained
in M an ordinary Petri net token e is added to the place (task_bag, stop). In this setting here, a
mapping of type X°°™ — Chan x Msg can specify an assignment that tells us to which place
an a € X°™ is transferred to. Hence, we observe that we require a Petri net extension that
supports (M[X™] U {e})-markings and transfers that can be characterised by a mapping of
type X°™ — Chan x Msg to model the alternative semantics.

Unfortunately, representing a process state as a M[[X™]-token is not quite sufficient. Let us
consider another example to illustrate how we can augment the requirements for our Petri net
extension. Suppose we have a different state of the server process:

= [system ! begin, system ! end] post_task () L [task_bag!stop] .

In this case, the process state 7’ is comprised of three multisets over X, However, a simpli-
fication is possible. We can accurately represent these three multisets in a single multiset over
an enlarged carrier set. Let us create three copies of ¥°™: Y5°™, (" and X5™ and write a;
for an element a; € X{°™ where a € X™. Then, we can represent the process state 7’ as a
M[U?IO ¥¢°™]-token in a place representing the sequence of non-commutative non-terminals
post_task L4:

[post_task Ly > [[(system ! begin) , (system ! end) , (task_bag ! stop),]]] -

In this representation, modelling dispatch transition of the alternative semantics works slightly
differently. Suppose we have the transition:

< —GP),, post_task () Ly [task_bag!stop] <1 [system > [begin, end]].

Using the representation of 7’ as a M[U?:O ¥¢°™]-token we can model this transition asa ‘partial’

transfer where only elements of 33" are involved:

[post_task Ly > [[(system ! begin)o , (system ! end)o , (task_bag ! stop)2m
— [post_task Ly — [[(task_bag ! stop)QH , (system, begin) + [e] , (system, end) —> [o]] .

Note that in this transition for each element (¢! msg)g € 3™ we place a e-token in place
(c, msg). We can make this assignment precise again with a mapping ¢ of type

¢: U?:O M — Chan x Msg

that is defined by (((c! msg);) = (¢, msg). The partial transfer can then be indicated by con-
sidering ¥°™ as an active subset of U?:o 2¢°™ along this transfer transition. Thus, if we have a
MJZ, 2¢°™)-token m and a partial transfer transition ¢ specified by an active subset P, then P
tells us whether an element a; € m will be transferred along ¢, while ¢ tells us where to transfer
a;. Hence, we can augment the requirements to the Petri net extension we seek. If we abstract
away the particulars of this example, we can imagine elements of U?:o 257%™ being represented
by different coloured tokens, i.e. there is one colour for each element of U?:o ¢om, Let us call
such a set of colours Col. We would then expect a suitable Petri net extension to give rise to
configurations of type:

(P — MMICol]]) + (P" — M[{e}])
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K -shaped APCPS NNCT
SCov ET Coverability
Alt Sem Er Thm 10 ToweR (Thm 12)
Thm ¢,
Bound / Term ET SCov / Bound / Term
Alt Sem Thm 11 for Total Transfer

R (Thm 9), Tower-hard (Thm 13)

Figure 5.2: A map of the technical results presented in this chapter. “P; N P,” means that (decision
problem) P; 6-reduces to P». Legend: ET= exponential time, R= decidable (recursive), Alt Sem= alternative
semantics, SCov= simple coverability, Bound= boundedness, and Term= termination.

i.e. M[Col| U {e}-markings where we have a dedicated set of places P’ for simple {®}-tokens
(representing channels) and a set of places P for complex M[Col]-tokens representing processes’.
This allows us to model capability (C1). To model capability (Cg), the Petri net extension needs
to allow for transitions that can insert a coloured token into a complex token, i.e. given a colour
¢ € Col and a M[Col]-token m the transition can produce m & [c]. Further, to model the kind
of partial transfers that we have presented we need a mapping ¢ : Col — P’ and a set of
active colours associated with each such partial transfer transition. This is enough to model
capability (C3). These are the basic ingredients of nets with nested coloured tokens.

Note, that these requirements illustrate that we do not need the full expressivity that nested
Petri nets offer. We only require a singly nested multiset structure whereas nested Petri nets
support an a priori fixed but arbitrary nested multiset structure. A further difference with respect
to nested Petri nets is that we do not need the full power offered by vertical synchronisations.
Moreover, the transfer transitions that we have described appear constrained when compared to
Petri nets with transfer arcs. This seems to be an explanation of why the non-primitive recursive
complexities of nested Petri nets and Petri nets with transfer arcs can be avoided in shaped
ACPS/APCPS and NNCT.

Before we move on to give a formal presentation of NNCT, let us give a brief outline of the
material that we present in the remainder of this chapter with the help of Figure 5.2.

A Look Ahead. In Section 5.1, we formally introduce nets with nested coloured tokens (Defini-
tion 22). We show that NNCT are strict WSTS and thus coverability, termination, and bounded-
ness are decidable (Theorem 9). We then present how to encode the alternative semantics of a
shaped APCPS into an NNCT (Section 5.2). This encoding yields an ExpTiMe-reduction of cov-
erability for shaped APCPS to NNCT coverability (Theorem 10). In order to transfer a lower
bound of these decision problems on NNCT, we turn to total transfer NNCT which are a subclass
of NNCT. In this subclass colours are always active. We show how a total transfer NNCT can
be simulated by a shaped APCPS. This yields an ExpriMme-reduction from simple coverability,
termination, and boundedness to their counterparts for shaped APCPS (Theorem 11). Thus, we
focus on establishing the complexity of coverability, boundedness, and termination for NNCT.

Note that there is an isomorphism of M[Col] 2 Col — M[{e}] which allows us to view a multiset of coloured
tokens as a distribution of e-tokens over the set of colours Col.
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We prove that coverability for NNCT is ToweRr-complete. To our knowledge, NNCT is the first
extension of Petri nets, belonging to the class of nets with an infinite set of token types, that
is proven to have primitive recursive coverability. To prove TowER-membership of coverability
for NNCT (Theorem 12), we devise a geometrically inspired version of the Rackoff technique
[Rac78], which was originally used to prove an ExpspAcE upper bound for coverability of Petri
nets (Section 5.3). We obtain non-elementary lower bounds and thus TowER-hardness of simple
coverability, boundedness, and termination by adapting a Stockmeyer/Lipton ruler construction
[Sto74; Lip76] to NNCT (Theorem 13).

In the next section we introduce NNCT, illustrate their operational semantics by an example,
and show that they give rise to strict WSTS.

5.1 Nets with Nested Coloured Tokens

As we have seen in the previous section, the alternative operational semantics of APCPS has
capabilities that appear to be beyond the expressive power of Petri nets. Configurations of the
alternative semantics feature a nested multiset structure (capability (C1)). Rules (R’-6) and (R’-7)
seem to require a feature that allows the transfer or ejection of elements from inside a nested
multiset (capability (C3)). Fortunately, we know from the literature [Esp97; GM12; Esp+11] that
computing the summary of a commutative non-terminal, as performed by Rule (R’-2), can be
achieved by a Petri net (see Section 2.4). To model transitions generated by Rule (R’-2) thus only
requires the capability to inject elements into a nested multiset (capability (Ca)).

Inspired by nested Petri nets [L.599], which give rise to configurations of nested structures of
multisets, we introduce nets with nested coloured tokens which feature multisets of multisets and
vertical transfers. NNCT are designed with the necessary features to implement the alternative
semantics for APCPS, while also allowing APCPS to simulate NNCT. Let us first define NNCT:

Definition 22. A net with nested coloured tokens (NNCT) is a quintuple A = (P, PC, P/, R, ()
where P°, P, P!, and R are respectively finite sets of simple places, complex places, colours, and
rules; and the colour mapping ( is a function from P to P,
Markings. To define the set of configurations that a NNCT generates, we employ the concept
of U-markings. Let us first define the set of complex tokens M“°" to be the set of markings over
Pcul:

Mcolour — {m ’ m - pcol N M[{.}]}
We also view a complex token, i.e. an element of M as a multiset of coloured tokens. Note
that the isomorphism M®¥ = M[P*]| illustrates how we can view a complex token both as
a {e}-marking over places P and as a multiset of coloured tokens. It is then easy to specify
markings over simple places and complex places as

Msimple — {m ‘ m - 735 — M[{.}]} , Mcomplex — {m ‘ m - PC N M[Mcolour]} .

Thus, a marking for P°¢ fills each complex place with a multiset of complex tokens. Similarly,
a marking for P? is a distribution of simple tokens, i.e. e-tokens, over the simple places. A con-
figuration of a NNCT is the disjoint union of a marking over simple places and a marking over
complex places:

Config := {m + m' | m € M m’ € Moy
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Rules. We partition the set of rules R into SimpleRules, ComplexRules, and TransferRules.
A rule r € SimpleRules is a pair r = (I, O) such that I, O € Config and I satisfies the following
condition:

I(p)(m) = 0if both p € P and m # 0.

As a reminder, the map 0 maps any argument z to the empty multiset. Hence, if p is a complex
place, then I(p)(m) may only be positive if m is the empty complex token 0.

Arule r € ComplexRulesis a pair 7= ((p, I), (p/, ¢, O)) where p, p’ are complex places(p, p’ € PC),
¢ is a complex token (¢ € M®°), and I, O are elements of the set of simple configurations

Configs (I, O € Config,) which is defined by
Conﬁgs = {m + 0 ‘ m € MsimPlE’ 0c Mcomplex}'

A rule r € TransferRules is a pair ((p, I), (p’, P, O)) such that p, p’ are complex places (p, p’ € P°),
I, O are simple configurations (I, O € Config,), and P C P! is a set of active colours such that
the following condition is met: ¢ [ P : P — ((P) is bijective, i.e. (! is well-defined on ((P).
Given arule r € R, we sometimes need to refer to the mappings I, O in which case we write I,
and O,..

Operational Semantics. The operational semantics of NNCT is defined by three transition rules
corresponding to SimpleRules, ComplexRules, and TransferRules. Let s € Config.

(R1) Suppose r = (I,0) € SimpleRules. We say rule r is enabled at s, if s = sg @ I for some
5o € Config. In this case, there is a transition s — s s’ using rule r where s’ := sg @ O.

(R2) Suppose r = ((p,I),(p',¢,0)) € ComplexRules. Rule r is said to be enabled at s if there
exists a 89 € Config such that s = sg @& I @ [p — [m]]. Then, there is a transition s —— s s’
using rule r where s = 59 @ O & [p' — [m & (]].

(R3) Suppose r = ((p,I), (p/, P,O)) € TransferRules. Then, we say rule r is enabled at s, just if
there exists a s9 € Config such that s = so @ I @ [p +— [m]]. In this case, there is a transition
s — s 8’ using rule r such that

s'=s50®0® (mpo¢ )@ [p = [mp]]
where mp = m | P and mp = m | (P“'\ P).

A simple rule may insert new complex tokens into complex places, since I, O € Config; it may
also remove empty complex tokens. A complex rule removes a complex token m from a complex
place p and inserts a new complex token m @ ¢ to a complex place p’. A set of active colours
P C Pl is associated to each transfer rule, which removes a complex token m from a complex
place p, and inserts into p’ the complex token mp which is obtained from m less all tokens with
an active colour c. For each such ¢ € P, these tokens are transferred instead to the simple place
¢(c) which corresponds to a multiset-addition of mp o (1.

We observe that NNCT fulfil the requirements we set out in the previous section. NNCT
give rise to configurations with complex tokens that provide a nested multiset structure (capab-
ility (Cy)), allow to inject coloured tokens into complex tokens (capability (C2)) using a complex
rule, and feature transfer transitions (capability (C3)). Before we illustrate the operational se-
mantics of NNCT on an example, let us define a subclass of NNCT that restricts transfer trans-
itions.
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Figure 5.3: The net of Example 18

Total Transfer NNCT. Let N = (PS5, P, P, R,() be an NNCT. Suppose 7 is a transfer rule
such that r = ((p,I), (p/, P,0)) and P = P, then we say r is a total transfer rule. If all
transfer rules of /" are total then we say N is a total transfer NNCT.

To relate total transfer NNCT to shaped APCPS, we may think of them as modelling APCPS
processes that require at most one non-empty summary. This feels like a significant restriction.
However, it turns out that total transfer NNCT are sufficient to obtain a lower bound on the
complexities of coverability, termination, and boundedness for NNCT.

Before we move on to investigate the decision properties of NNCT, let us present an example
of NNCT to illustrate the operational semantics in detail.

Example 18. We define a NNCT N with complex places P¢ = {p1,p2}, a set of simple places
PS = {ps, p4,ps5}, colours P = {red, green, blue, black}, and colour mapping:

¢ = [red — py, green — ps, blue — p3] .

The rule 71 = ({p1 — [0],p3 > [e]}, {p2 — [m1]}) is a simple rule that can create the complex
token my = {black — [e%] , blue — [o], green — [#?] ,red — [o]}. The complex rules are:

r2 = ((pb@)v (pQ’{blaCkH [.]}7(2)))7 r3 = ((p27{p5 = [.}})7 (p17®7@))

The transfer rule ry is defined by 4 = ((p1,0), (p1, {red, blue, green},))). We note that N/
is not a total transfer NNCT. We can graphically represent NNCT similarly to Petri nets. In
Figure 5.3 we can see a configuration of /. The complex place p; contains the complex token
my, the empty complex token O (displayed in p; as an empty circle), and the complex token
mg = {black — [e?]}. The complex token m3 = {black — [e3]} is located in complex place
p2. We graphically distinguish transfer rules by using double edged boxes and we display ¢ and
the set of active colours using dashed arrows. We indicate the origin and destination for complex
tokens moved by complex and transfer rules with additional arcs that have a #-end. Complex
rules are displayed as a box labelled with the colour marking ¢ to inject. Simple rules may have
arcs from complex places labelled with O (indicating the removal of the empty complex token)
and arcs to complex places that are labelled with the complex token to be added. With the help
of Figure 5.3, we will illustrate the operational semantics. Simple rule r; removes an empty
complex token from p; and a simple token from p3, and adds the complex token 11 to pa. The
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complex rule ro non-deterministically selects a complex token e.g. mg and moves it to pa while
inserting one black-coloured token into myo, i.e. mo becomes m3. A complex rule may move a
complex token, e.g. rule r3 non-deterministically selects a complex token from ps and moves it to
p1 while consuming a simple token from ps. Let us imagine for a moment that the simple places
D3, P4, and ps are all empty. Rule r4 non-deterministically selects a complex token in p1, mq
say, and distributes its blue, green, and red-coloured tokens as indicated by the coloured dashed
arrows to the simple places p3, p4, and p5 and turns them into simple (black) tokens. The result
is that p3 and p4 contain a simple token each and ps two as displayed in Figure 5.3; the token
m1, less its blue, green, and red-coloured tokens, remains in place p; and becomes ma.

We now focus on the decision properties of NNCT. In the following, we define an order on NNCT
configurations to obtain a PSTS, and we show this yields a strict WSTS.

Decision Properties of NNCT. It turns out that NNCT enjoy good model-checking properties.
This is thanks to NNCT being strict WSTS. Let us briefly recall the definition of WSTS [FS01]:
A PSTS S is a transition system equipped with a preorder <g. Suppose <g is a well-quasi-order
(WQO) over a set S, then a well-structured transition system (WSTS) is a PSTS § = (S, — s, <s)
such that — g is monotone with respect to <g. A WSTS § is said to be strict, if — is strictly
monotone with respect to <g (see Sections 2.1 and 2.3).

First, let us turn NNCT into PSTS. For this purpose, we equip Config and M with pre-
orders. NNCT allow the removal of empty complex tokens via simple rules. Thus, we need
to define slightly different preorders on Config and M“°* than we would expect. This is ne-
cessary to ensure that NNCT are strict WSTS. Let m,m’ € M®° be two complex tokens.
We define m <, m’ if for all p* € P« we have either 0 = |m(p®)| = |m/(p*)|, or
0 < |m(p©)| < |m/(p*)|. Hence, the ordering m <,w m’ ensures that if m contains no
tokens of colour p*, then m’ also contains no p“-coloured tokens. This implies that if m is
the empty complex token (i.e. m = 0), then also m’ = 0. We can now lift this ordering to
NNCT configurations using the standard multiset extension. For configurations s, s’ € Config,
we define s <, & if for all p € P¥ we have s(p) <m[{e}] s(p') and for all p’ € PC we have
s(p') SM[Meolow] s(p'). As we have mentioned before, the preorder <, . is non-standard yet it
remains a WQO:

Lemma 4. (M“ < o) and (Config, < cop,) are WQO.

Proof Idea. To see that (M < ) is a WQO, we decompose M into a disjoint union of
sets that are easily seen to be well-quasi-ordered and give rise to <, . We define a family of
subsets M(P) of Ml parametrised by subsets P of P!, An element M of M(P) does not
contain any token of colours p € P and at least one p’-coloured token for each colour p’ ¢ P.
It is easy to see that the isomorphism M“ = %", -, M(P) holds and that ) ppu M(P)
is a finite disjoint union. If we restrict the normal multiset order to elements of M (P) it is clear
that we obtain a WQO for M (P) and this order coincides with <, on elements of M(P).
Thus, we observe that <« arises by composing the orders on M(P) as a finite disjoint union.
Hence, <, 0w is @ WQO. It is then a routine exercise to lift the well-orderedness of <, et to
< cConfig-
For a formal proof we refer the reader to Appendix C.1. O
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Thanks to the refined order <, i, the transition relation — or of a NNCT N is strictly monotone
with respect to <. Thus, we can conclude:

Proposition 5. Given an NNCT N, (Config, = a7, <conse) 18 @ strict WSTS.

Proof Idea. The fact — s is strictly monotone is mainly trivial. The only case that requires care is
that of a simple rule that can remove an empty complex token. Note that the order <, ensures
that for two configurations s and s’ such that s <, s’ the number of empty complex tokens in
s for a complex place p is strictly less than in &/, i.e. [s(p)(0)| < |s’(p)(0)|. Hence, if we remove
an empty complex token from s in complex place p we can remove an empty complex token
from s’ in place p maintaining the strict ordering.

For a full formal proof see Appendix C.1. O

It is straightforward to see that the set 1Pred(1{s}) is effectively computable and the WQO <,
is decidable. Since NNCT are strict WSTS this implies that the coverability, termination, and
boundedness problems are decidable [FS01]:

Theorem 9. Coverability, termination, and boundedness are decidable for NNCTs.

As in the case of ACPS and APCPS, we consider a simplification of the coverability problem:
simple coverability. A NNCT coverability query Q = (N, 80, Scov) is said to be simple if sy and
Scoy do not contain complex tokens, i.e. so(p) = Scov(p) = () for all p € PC.

NNCT are able to implement the alternative semantics of APCPS and vice versa by construc-
tion. In the next section, we illustrate how the alternative semantics of shaped APCPS can be
modelled as an NNCT and how this yields an ExprimE-reduction for simple coverability. Further,
we show how a total transfer NNCT can be encoded into APCPS. This encoding yields EXPTIME-
reductions from NNCT simple coverability, boundedness, and termination to their shaped APCPS
counterparts.

5.2 NNCT and the Alternative Semantics of Shaped APCPS

In this section, we demonstrate how the alternative semantics of a shaped APCPS can be en-
coded into an NNCT and vice versa. We first concentrate on the direction from shaped APCPS
to NNCT. The NNCT that we obtain weakly bisimulates the given shaped APCPS. The encoding
is exponential in the size of the shaped APCPS and yields an ExpTime-reduction of coverability
from shaped APCPS to NNCT. We represent processes as complex tokens and channel contents
as simple tokens. We use a slightly modified CCFG widget d la Ganty and Majumdar [GM12]
and the capability to inject coloured tokens into complex tokens to implement Rule (R’-2). The
dispatch of summaries (Rules (R’-6) and (R’-7)) is modelled by transfer rules.

Reducing Simple Coverability from Shaped APCPS to NNCT

In the interest of readability, we simplify part of the encoding and reduce the notational burden.
We start with a demonstration of how a configuration of the alternative semantics is represented
in a NNCT. Then, we explain how we can implement the alternative semantics in the rules of an
NNCT so that this representation is maintained.
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Let us fix a K-shaped APCPS G = (X, I, N, R) and a simple coverability query
Qg = (Gai, o < Lo, APV || -+ || A5V < T°Y)

throughout this section. The encoding will yield an NNCT N = (PS5, P€, P! R, () and a simple
coverability query Q for /. We start with an account on how we employ N\’s places to capture
a configuration of the alternative semantics.

Representing Configurations. Suppose we have a K-shaped process 7 that we can write as
m=0MyX1 My--- Xy, My,

where the X; are non-commutative non-terminals (X; € N 7¢M) n < K, the summaries
M; eM[X™], and § € N U X U {e}. Following our explanations at the start of this chapter, we
want to represent the state of this process as the following configuration:

[Ps X1 Xoo X, = (Mo @ M{ @ -+ ® M|

where the multisets M/ are tagged versions of the M;. For this purpose, N has a complex
place ps x, ... x,, for each possible choice of X1,..., X}, and ¢. Note that the number of choices
is bounded by O((|Z] + |N|) x JN7°mK). As before, we want to represent the multisets
Moy, My, ..., M, by one multisets. We know that G is K-shaped. So for any given reachable
process we need to represent at most K + 1 summaries. Hence, we can create K + 1 copies

of Ycom: g, MM, ..., NR™. We tag elements a of ¥ with an index ¢ (denoted by a;) that
creates a link to the summaries of a process. Then, a multiset M/ € M[Ufio 3¢°™] can represent
’Fhe multisets Mo, M1, ..., M, by interpreting elements of e.g. E(}?E(n—i) as the contents of M;,
ie.

M X% i) = lak—(n—i) = Mi(a) | a € Z°7].

For the above configuration, M = M/ @ --- M),. Thus, A" has (K + 1) x |£™| colours: one
colour for each element of Ufi 0 25°™. In the full proof of Theorem 10 (see Appendix C.2), we
have more than one complex place ps x, x,... x,,- These places encode additional information
that we require to correctly model partial summaries and cover two edge cases. To improve
readability, we omit these technical details here. However, we want to stress that a process 7 is
represented by a set of configurations F () and that we may think of the configuration

[péXlean —> [M(/) EBM{ D @MH]

as representative of the configurations in F (). This representation easily lifts to parallel com-
positions of processes. Suppose we have II = 71 || --- || 7, then II is represented by a set
of configurations F(II). The set F(II) consists of configurations m1 & - - - & m,, where each
m; € F(m;). We represent channels in the familiar way. For each msg € Msg and ¢ € Chan, we
introduce a simple place p(,, ). The contents of a set of channels I' is then represented in the
usual way by the configuration F(I'): for each occurrence of message msg in channel c there is
one simple token in the place p,, ) in configuration 7 (T"). Thus, we represent a configuration
IT <1 T of G,y by a set of configurations F(II <1 I"). The set F(II < I") consists of configurations
M @ F(T') where M is a representative for II, i.e. M € F(II).
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Figure 5.4: A schematic visualisation of the NNCT A. The net N is subdivided in three parts. The
simulation widget simulates the Rules (R’-1), (R’-3)—(R’-7), the CCFG widget simulates Rule (R’-2), and the
coverability widget processes a coverability query.
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The Colour Mapping. It remains to specify the colour mapping (. As we would expect N’s
colour mapping ¢ maps a send (c! msg); € 35°™ to the simple place p(, ysg)- However, 2™ also
contains spawns v X . To correctly model dispatch transition (Rules (R’-6) and (R’-7)), we need to
ensure that a spawn v X leads to the creation of a complex token. Since in NNCT a transfer rule
can only take coloured tokens to simple places, we introduce for each v X € ™ a simple place
pux- The net N then has a simple transition that removes a single token from place p, x and
adds an empty complex token to the complex place px. Thus, we can complete the definition of
the colour mapping ¢ by assigning each tagged spawn (v.X); € X¢°™ to the simple place p, x.
Note that by taking >7°™ as a set of active colours we ensure that the map ¢ [ 3$°™ is a bijection.
We now move on to describe how we derive the rules (and other auxiliary places) of \V.

An Encoding of the Alternative Semantics. Let us illustrate how we encode the alternative
semantics of G into the rules of A. In Figure 5.4 we display a schematic overview of /. We
can think of the N\ as subdivided into three widgets. The simulation widget simulates the Rules
(R’-1), (R"-3)~(R’-7). The CCFG widget is an augmented version of Ganty and Majumdar’s encod-
ing tailored for NNCT. We use the CCFG widget to simulate Rule (R’-2). The Coverability widget
processes the simple coverability query Qg. If this processing is successful a single simple token
is placed into the dedicated simple place peoyerapie?- Hence, the simple coverability query for A/
may test whether the configuration that places a simple token in place pcoyerapie? is coverable. We
associate with each widget a ‘mode’ place, i.e. the simple places pgim, Decre, and peoy are linked
with the widgets simulation, CCFG, and coverability respectively. A rule of a widget is only en-
abled if the widget’s associated mode place contains a token. Our encoding ensures that there is
only one token in the places psim, Pecro, and peoy at any point in time. The arrows in Figure 5.4
indicate that if the simulation widget is active, it is possible to activate the CCFG widget (to
simulate Rule (R’-2)). It is also possible to abandon the simulation and activate the coverability
widget. On the other hand, it is only possible to return to the simulation widget from the CCFG
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widget. In the following, we focus on each widget in turn.

The Simulation Widget. The simulation widget is mainly straightforward. It consists of the
complex places ps x, X,..- x,, to represent process states, the simple places p(,, ) to represent
channel contents, and p, x to keep track of spawns. Let us demonstrate how the simulation
widget encodes arule A — ( € G such that (R’-1) applies. For each place p4 x, x,... x,, thereis
a complex rule ((pa x, x5 X,.»0), (P8 X, X5 X,,.» 0, 0)) which enables the following transition

DA X, Xp- X, = [M]] & s =N [ngl Xy X, T [M]] D s.

Note that if = B C and C is non-commutative then of course we require n < K. Further, let
us illustrate how (R’-3) is encoded. Suppose we have a receive ¢ ? msg, then there is a complex
rule ((Pe2msg X1 Xa- Xs (6, msg) = [o]]), (Pe X, Xy X,0» 0, 0)). This rule enables transitions of
the form:

[pc?mng1 Xo- Xp ™7 [M]] @ [(07 msg) — [.” Ds =N [pﬁXl Xo X, 7 [MH D s.

Rules (R’-4) and (R’-5) are similarly encoded. Lastly, we show how a transfer rule implements
the dispatch of a complete summary (Rule (R-6)). For each place p, x, x,... x, we have a transfer
rule ((Pe x; Xo-- X5 0): (X1 X0 X, 5 D5 ,,5 0)) that enables transitions of the form:

[Pe Xy X X = [My@® My & -~ My || @ s
=N [Pexy XX, = (M@ M) @ s

® [p(qm) — [.M{)((C!m)K—n)] DX {.M(’)((VX)K_TL)H ‘

Note that ¥52™  is the colour of the topmost summary M. The implementation of Rule (R'-7) is
analogous. The simulation widget encodes all transition rules of the alternative semantics except
Rule (R’-2). The latter rule is simulated by the CCFG widget.

The CCFG Widget. 'The CCFG widget is a slightly altered version of Ganty and Majumdar’s
encoding [GM12] (see Section 2.4). It simulates the computation of a CCFG derivation C' —* w.
In contrast to Ganty and Majumdar’s encoding which produces the Parikh image M(w) in a set
of ordinary Petri net places, our encoding carefully inserts Ml(w) into a selected complex token.
For this purpose, we use a copy of each complex place ps x, x,... x,, thatis part of the simulation
widget. We denote this place by p§%’ y .y and it is part of the CCFG widget. The CCFG
widget is activated to simulate a transition generated by Rule (R’-2) such as the following:

AMyX1 M- X, M, ”H < F—>g(7)) BMQ@M(w)XlMl---XnMn HH T

alt

where A — B (C'in G with C' commutative and C' —* w € Y™, To simulate this transition, we
have a complex rule that takes a complex token from place p4 x, x,... x,, to pgﬁl Xo X, while
changing the ‘mode’ of the simulation to the CCFG widget. Note that our encoding maintains the
invariant that the complex places of the CCFG widget are empty while the simulation widget is

active and contains exactly one complex token while the CCFG widget is active. Once the CCFG

widget has completed, the complex token is moved from pJCBCF)Gﬁ Xy X, OPBX; Xo-e X, and the
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end

&)

CCFG
Px,x1 X,

Figure 5.5: The CCFG widget a la Ganty and Majumdar of the CCFG G. This example is taken from
[Esp95] and modified to present Ganty and Majumdar’s encoding.

‘mode’ is changed back to the simulation widget. Hence, we simulate the above transition by the
sequence of transitions of the following shape:

[PAX, X0 X, = Mg© M ® -+ @ My ] @ 5 ® [Dsim — o]
=N PSS Xy x, P MyS M & & M| & 5 [pecr = [o]]
=N [PES Xy x, P MBS M @& M & M| &5 [pec > [o]]
—N [pBX1X2~~~Xn HMé@M{@"'@MA@M’] D s D [psim > [9]]

where M’ is the correctly tagged version of M(w) with respect to the top cache M. To show
our alterations of Ganty and Majumdar’s encoding, we believe it is best to use an example. In
Figure 5.5 we reuse Example 4 of Section 2.4. We concentrate on two commutative non-terminals
A and B and the three rules

rn: A—a, ro: A—-bAbBB, r3: B—c

We show (part of) our encoding in Figure 5.5. Let us assume that K = 2. Note the complex token
[a1, az] inplace pgg’; °%, x,- ltrepresents an intermediate state APCPS process X o0 X1 [a1] X2 [asg]
involved in a Rule (R’-2) transition. For example, its pre-state may be X,0.X; [a1] X2 [a2] and
there is a rule X; — X0 A in G. The CCFG widget is virtually the same as Ganty and Majum-
dar’s widget. Let us briefly point out the differences. In our version, rules r1, 9, and r3 are

implemented as a collection of complex rules. Each rule of the collection, synchronises with one
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of the complex places in the CCFG widget. For example, rule 1 produces the terminal @ in the
CCFG G. In our encoding, the place in which the complex token is located determines which
copy of a, i.e. a; € X°™, is injected. In the displayed case, we have a token in p'y’y x, and
hence the correct copy of X°™ is 5™, Since this synchronised injection of coloured tokens is
the only modification of Ganty and Majumdar’s widget we ensure that transitions generated by

Rule (R’-2) are correctly simulated®. It remains for us to explain the coverability widget.

Coverability Widget. The coverability widget encodes the simple coverability query Qg. This
widget is necessary since Qg may ask for the coverability of process states that are encoded as
complex tokens. However, in NNCT a simple coverability query may only involve simple tokens.
Thus, for each non-terminal A5°¥ that appears in the coverability query Qg, there is a simple place
py" in the coverability widget. The rules are then fairly straightforward. For each complex place
p that encodes a process state that covers A:°", we have a complex rule that moves a complex
token from p to an auxiliary complex place paux while placing a simple token into py?. Such
rules are only enabled when the net is in coverability widget ‘mode’. There is one rule 7" that
removes a simple token from p” for each AF°". Further, to test that the channel contents 'Y
are covered, the rule r®¥ removes appropriate tokens from simple places and places a simple
token into the place Peoyerapie?- Hence, we can use a simple coverability query on N to decide

whether Qg is a yes-instance.

The Size of . The resulting NNCT A has O(n - |Z||\V|) simple places, O((|N]|2])°5)) com-
plex places, O(K - |2|) colours, and O(n - |R| - (IN||2])O¥)) rules. Thus, we can compute A/

in EXPTIME.

A Bisimulation and a Reduction of Simple Coverability. We now give an account of the re-
lationship between N and G,;. Since we are representing a configuration of the alternative
semantics by a set of NNCT configurations, we have to move to a co-universal powerset lifting

of Ni.e. | N]. Then, there is a weak bisimulation between Z*[\] and G,;. The bisimulation
is given by the relation

R={II< T, FII < 1) |II < T € Statey} .

As in the case of the bisimulation between the alternative and standard semantics, we need
to label the transitions systems appropriately. We label a transition I < I" —¢_ II' < I' by
II" < T". For a transition S — pan S we attach a label IT' < T just if S = F(II' < TV).
Otherwise the label is e. With this labelling it is then straightforward to prove the following
lemma.

Lemma 5. The relation % is a weak bisimulation for 2 [N] and Gyy.

Equipped with this lemma, it is easily deduced that we can decide simple coverability queries on
Gai; using the ExpTIME-computable A.

*For completeness, we would like to add that our CCFG widget also allows premature abortion of the CCFG
computation and may move the complex token to correctly represent partial summaries. We omit these technical
details here; they can be found in full in Appendix C.2.
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Theorem 10. Simple coverability for K -shaped APCPS in the alternative semantics EXpTIME-time
reduces to simple coverability for NNCT.

The full proof of the bisimulation lemma, the above theorem, and a detailed account of the con-
struction of A/ can be found in Appendix C.2.

The reduction of the termination and boundedness problem for shaped APCPS in the alternat-
ive semantics to NNCT is more intricate. The CCFG widget may introduce non-terminating runs
in the precompuation of a summary that do not arise in G,;. It may also add infinitely many in-
termediate configurations. However, we believe that if we restrict ourselves to termination- and
rewrite-bounded shaped APCPS, we can use N to decide termination and boundedness prob-
lems. Again we conjecture that using a preprocessing step that involves a combination of a
polynomial-time static analysis on G and coverability (see end of Section 4.3) we can answer
boundedness and termination questions for G,;; on . We summarise the above in the following
conjecture

Conjecture 4. Boundedness (termination) for shaped APCPS on the alternative semantics EXPTIME-
reduces to a decision problem pair consisting of boundedness (termination resp.) and coverability
for NNCT.

In Section 5.4, we show that NNCT simple coverability, boundedness, and termination are TOWER-
hard. These lower bounds can be transferred to the alternative semantics. The fact that the
reduction from G to V is exponential is thus immaterial for establishing the complexities of the
former decision problems.

In the next section, we show how to model a total transfer NNCT in a shaped APCPS and
demonstrate ExpTiME-reductions from NNCT to APCPS.

From Total-Transfer NNCT to Shaped APCPS

In this section, we demonstrate how we can construct a shaped APCPS G that simulates a
given total-transfer NNCT A/. We use channels to encode the contents of simple places and
represent the state of complex tokens by processes that carry a single summary. This encod-
ing yields an ExpTiME-reduction from simple coverability, boundedness, and termination for
NNCT to their respective counterparts for shaped APCPS. Hence, let us fix a total transfer NNCT
N = (P35, PC, P R, () for the remainder of this section. We begin with a brief account of how
we represent a configuration of N as a configuration of Gj;.

Representing NNCT Configurations. We represent a configuration s of A in the following
way. For each simple place p € P° we introduce a channel ¢, in G. The channels ¢, contain only
one type of message that we write as . We represent the contents of the simple place p, i.e. s(p),
by placing a message e into ¢, for each simple token in p. This specifies a channel mapping
FL(s) € Chans such that

Fl(s) = [cp > [o's(p)q |pe 735} )
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Since N is a total transfer NNCT, we know that we can associate to each colour col € P® a
simple place ((col). So let us represent a complex token M € M[P*!], where we can w.lo.g
assume that M = [coly, ..., col], by the summary F**™(M ) which is

]:-sum(M) = [pg(coll) le,... 1 D¢ (coly) lel.

For each complex place p we introduce a non-commutative non-terminal N? into G together
with a dedicated non-commutative non-terminal N”. Using these non-terminals we represent a
complex token M in complex place p, i.e. a marking [p — [M]], by a process NP F*“™(M) N*
which we denote by F™([p — [M]]). There is one edge case that we need to consider where
M = (. In a total transfer NNCT, a complex token can only be empty as a result of being created
empty or being emptied by a transfer transition. Hence, we can keep track of this information
by tagging the non-terminal NP, i.e. we introduce the non-commutative non-terminal Né) that
captures this edge case. Hence, F7 ([p — [0]]) = N0 N,

Further, we introduce a control process that executes the rules of N'. G has a special non-
terminal V™ that is reserved for the control process. Thus, a configuration s, which we may
decompose as

5 = Scomplex + Ssimple ~ Where  Scomplex = [p1 > [M1]] @ - @ [pn = [My]],
is represented by the APCPS configuration F(s) defined by
F(s) = N [| F (S comptex) < F* (Ssimple)
where F!' (scomptex) = F™ ([p1 = [MA]]) || -+ || F™([p = [Ma]]).

Let us elaborate on how the control process manipulates the state of processes and channels in
order to execute the rules of /.

The Control Process. It is the responsibility of the control process to execute the rules of V. It
achieves this in several steps and with the cooperation of the processes that encode complex
tokens. For each rule r € N there is a non-commutative non-terminal N that specifies the
actions of the control process. We introduce a rule N™ — N N*™ that lets the control process
non-deterministically select a rule 7 to execute.

N | }—H(scomplex) < ]:F(Ssimpk) 7 Garr NT N*™ I }-H(Scomplex) < fr(ssimple)

The implementation of each rule r by the non-terminal N” follows a similar scheme whether

r € SimpleRules, ComplexRules, or TransferRules. Each rule r has mappings I, and O, whose

effect on simple places are implemented by non-commutative non-terminals Nj and N(,. The

effect of 7 on complex tokens is implemented by a non-commutative non-terminal N7. So for

eachr € R weaddarule N" — N7 N, 6 N(’}. When the control process executes N7, it extracts

messages from channels simulating the removal of simple tokens as prescribed by ;.. Similarly,
( sends messages to update the contents of channels as determined by O

N™ N | F (S oomplex) <0 FL (Ssimpte)
— G NI NG NEN (| FN (Scompiex) <1 F (simpte)
=6 NoNEN | F (s complex) < F* (Ssimple © Ir)
5 NoN™ | FU S complex) < FT (simpte © I & Oy.).
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Note that there is an exponential blow-up introduced by the rules implementing N7 and N,. The
mappings [, an O, can be compactly represented by an array with binary representations of the
numbers I;:(p) and O, (p). The implementations of N7 and N, in Chomsky normal form rep-
resent the numbers I,.(p) in unary and hence lead to the introduction of an exponential number
of non-terminals.

Let us now turn to a high level account of the implementations of N.. The effect of executing
N{. depends on the type of rule 7. The control process communicates with the processes that
represent complex tokens over a number of administrative channels. For each complex place p
there are two channels c; and Cl(p,@)‘ The first is designated for communication to all processes
representing complex tokens in place p. The second is meant for the subset of processes repres-
enting empty complex tokens in place p. Additionally, there is a channel ¢, that is reserved for
communications to processes that are in state NV 7

A simple rule 7 may remove empty complex tokens and create new complex tokens. We
encode this in N7, as follows. For each removal of an empty complex token in the complex

place p, the control process sends a message remove to channel c/(p 0) which is received by a

process 7 in state Né) () N?. The process m sends an acknowledgement ok on Cl(p,@) and pops
off its head non-terminal making the empty summary effective. Thus, the process 7 arrives in
state N7 and is the only process in this state. After receiving the acknowledgement, the control
process sends another message remove on channel ¢, and waits for another acknowledgement.
Receiving this message the 7 process responds with ok on ¢}, pops off N ?, and terminates by
rewriting to e. To create a complex token M in the complex place p, the control process executes
a spawn v N (1:M) and waits for an acknowledgement on cj’g. The non-terminal N M) sends this
acknowledgement and rewrites to N N3/™ N ’. Note that N A is a commutative non-terminal
that produces one word w such that Ml(w) = F**™(M). Hence, executing N, for a simple rule
r leads to the desired run:

Ng’ NSim H ]:H(Scomplex) < ]:F(Ssimple oI, @ 07’)
_>Ealt Nsim H fH(Scomplex el o OT) < fr(ssimple el @ OT‘)

The implementation of N for a complex rule 7 is slightly simpler. In this case 7 may move a
complex token M from a complex place p to another p’ while injecting a multiset of colours M.
For this purpose, we let the control process send a message move, p;/ to channel c; and wait

for an acknowledgement on c;),. A process 7 in state NP F“"™(M) N ? may receive this message
and rewrite its top non-terminal to N PN A while sending the acknowledgement on c;,. Thus,
T arrives in the state NP F“"(M') @ F*™(M) N’ = NP F*"(M’' & M) N’. Note that if
M = () then, of course, 7 can mimick the same synchronisation from non-terminal Né’ , but ends
up in state N?' Fs4m(\[’) N7 Hence, we obtain the desired run:

NE’ NSim H fn(scomplex) < -FF(Ssimple SIS OT)
=5, N | ]-'H(smmplex@ p— M@ — [MeM]]) < fr(ssimple oI, @ 0,).

The implementation of N, for a total transfer rule r follows a similar synchronisation scheme.
Suppose 7 takes a complex token M from complex place p to p’ while ejecting its entire contents.
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The control process simulates this by sending a message transfer to channel c;, and waits for
acknowledgement on ¢,. A process 7 representing M, i.e. in state NP F*“"™(M) N ?, receives
this message, sends an acknowledgement on ¢/, pops N”, and makes the summary F*“"(M)
effective. Thus, 7 arrives in state N*. On receiving the acknowledgement the control process
synchronises with m once more which leads to 7 rewriting to Né) 2 sum(()) N”. Note that if
M = () then this synchronisation can again be mimicked from the nonterminal Ng . Thus, we
obtain the following run as desired:

NE’ NSim H fH(Scomplex) < fr(ssimple oI ® OT)
i N T Sompter © [p = M) @ [+ [0]) <9 F (Sutmpte © Iy @ O @ (M 0 ¢71)).

For a full and detailed description of G, we refer the reader to Appendix C.2. Let us now move
on and focus on the relationship between the transition systems generated by N and G.

A Bisimulation and a Reduction. The relationship between A and the alternative semantics
G is slightly simpler than in our encoding of shaped APCPS into NNCT. We can represent each
configuration of N by a single configuration of G,;. Thus, no powerset lifting is necessary.
The transition system G,;; can replicate each step of A/ using a number of steps, i.e. G,; weakly
bisimulates \. The weak bisimulation is due to the fact that the control process takes several
steps to execute one rule of A/. We make the weak bisimulation explicit with the following
relation:
R = {(s,F(5)) | s € Config}.

In order to make sense of a bisimulation, we need to label the transition systems A/ and G,j.
We follow the familiar scheme and label the transition s — s s’ by s’. A transition of Gy
II 9T —g, II' < I"is then labelled by &' just if 7(s") = I’ < I'". Otherwise we label it with
€. With this labelling we can establish the following lemma.

Lemma 6. The relation R is a weak bisimulation for A" and G.

It is not difficult to see that the control process does not add any infinite paths and introduces
at most finitely more reachable configurations. In fact G is easily seen to be both rewrite- and
termination-bounded. Thus, we can answer simple coverability, boundedness, and termination
questions for N on G. Note that G is ExpTIME-computable from N and that it is easy to verify
that G is 4-shaped.

Theorem 11. Simple coverability, boundedness, and termination for a total-transfer NNCT EXPTIME
reduces to simple coverability, boundedness, and termination respectively for 4-shaped APCPS in the
alternative semantics.

A full detailed proof of the above lemma and Theorem 11 together with a complete description of
G can be found in Appendix C.2. In the next two sections, we show that coverability for NNCT is
a TowER-complete problem and that boundedness and termination are TowEeRr-hard for NNCT.
As a reminder, the notion of reduction used in TOWER are ELEMENTARY-time reductions which
give rise to TowER-complete problems. The ExpTIME reductions of Theorem 10 and Theorem 11
are thus sufficient to infer that (simple) coverability for APCPS is TowER-complete and that
boundedness and termination are TowER-hard.
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5.3 Upper Bound: A Nested Rackoff Argument.

In this section, we focus on establishing an upper bound to the complexity of NNCT coverability.
An effective algorithm for deciding coverability is already available to us since NNCT are WSTS.
However, it is difficult to obtain upper bounds from the WSTS coverability algorithm. Thus, we
turn to a technique that has been frequently applied in the Petri net literature. First, let us fix a
NNCT N = (P5,PC, P R, () with a coverability query (N, sq, Scov) throughout this section.
We enumerate \’s simple places P° = {p(y), . .., p(n,) }, complex places P = {pl(l), . ,p’(nc)},
and colours P = {pz"ll), e pE‘fLwl)}. Our proof of TowER-membership for NNCT coverability
is inspired by Rackoff’s method [Rac78]. Originally used to establish an ExpspacE upper bound
for vector addition systems (VAS), Rackoff’s method has recently seen an increase in popularity
[Dem+09; BS11b; BFP12; Dem13; LS14; Ler11a; Ler11b; LPS13]. The Rackoff method constructs a
bound on the covering radius of a given target state s.oy, which is the greatest covering distance to
Scov from an arbitrary state s. The covering distance is the length of the shortest covering path.
Typically the covering radius can then be used to establish a bound B on the space required for a
machine representation of any state along a covering path for s..,. Depending on the flavour of
VAS, it is then easy to see that a 3-space bounded non-deterministic/alternating Turing machine
can find a covering path, if there is one, and reject a path if its length exceeds the covering radius.

Definition 23 (Covering distance, radius, and diameter). Suppose S = (5, —s, <g) is a PSTS.
Let us recall the definition of a covering path. A path s € S* is said to be covering for s’ from s
if ' <s s(|s|) and s(1) = s. We define dists(s, s), the covering distance between s and s’ in S,
as follows: if there exists a covering path for s’ from s in S then

dists (s, s') := min {|s| | s covering path for s’ from s} ;

otherwise set distg(s, s') := 0. The maximum covering distance for s’ from an arbitrary s then
gives rise to the covering radius pg(s’). Formally, we define the covering radius pg(s’) by

ps(s’) :=sup {distg(s,s") | s € S}.

Another geometrically inspired notion is the covering diameter of a set. Given a set of pairs
S’ C S x S, the covering diameter of S’, which we denote by ds(5’), is the maximum covering
distance between any pair in 5, i.e

ds(S") := sup {dists(s,s') | (s,s') € $'}.

Note that the definition of dist ensures that the covering distance between any pair of configur-
ations is finite. However, prima facie the covering radius or diameter may be infinite. With the
Rackoff argument we can establish that both are always finite for NNCT.

A Relativised Problem. In order to determine a bound on the covering radius, a more general,
relativised problem is considered. Suppose the contents of the last (n — i) places are ignored and
the remaining ¢ places are not ignored, how can we bound the covering radius p; for scqy?
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We follow an elegant reformulation of this relativised argument by Bonnet et al. where places
are assigned ‘unbounded’ contents. In order to ignore the contents of simple places in N, simple
markings are relaxed: define M*™"*> = PS5 — M°[{e}] where we write M>°[U] for multis-
ets over elements in U with possibly infinite multiplicity, i.e. the set of functions U — N°°.
Configurations with possibly infinite simple markings can be defined as

Conﬁgoo = {m +m! ’ m e ./\/131""1716007 m' € Mwmplex}.

We extend the transition relation — 5r in the obvious way to Config™. Further, for eachi < nswe
define a new transition relation — 5/, that formalises that we ignore the last 5 — 7 simple places.
Formally, we have a transition s —; s’ justif s —xr s’ and s(p(;))(e) = s'(p(;))(e) = oo for
all i < j < ng Writing N; = (Config™, =/, <cope) the relativised problem is to determine the
covering radius p. (Scov)-

The Rackoff Recurrence Relation. The core argument underlying the general Rackoff method
establishes a recurrence relation that relates p; 1 to p;. This is achieved by a careful analysis of
the size or norm of configurations that occur along covering paths for soy. In general, we say
| —1| is a norm for a set S if || —|| is a function from S to N*°. We extend ||—|| to a norm |—|*
on sequences 5™ in the usual way:

]I = max {||s[| : 1 <@ < |s]}.

The general Rackoff method introduces a family of norms (||—||;)i-, where each || —||, ignores
the contents of the last (n — i) places. The intention is to use the norm ||—||; ; in establishing
the recurrence relation between p;41 and p;. For this purpose, two facts are established:

(Fact;) There exists a number B(p;) that is an upper bound on how many tokens can be removed
in a path of length p;.

(Facta) For any covering path s for s.oy one of two cases apply.

Caser: ||s||;}; < B(pi),ie. the configurations along s have a ||—||,, ; norm that is bounded
by B(p;).

Cases: The path s can be split at a pivot configuration sp, i.e. s = 81 - s) - 82 such that the
following two properties are satisfied: (Property1) ||s1(|;,; < B(p;) and (Propertys)
one not ignored place of s, the i 4+ 1’s say, contains more than B(p;) tokens.

A consequence of Propertys is that we may ignore the contents of the ¢ + 1’s place for any
covering path for sy from s,. Thus, we can replace sg by a path s/, with length at most p;. We
note that Property is satisfied both by paths s to which Case; applies and paths s; that arise
in Caseg. A path that satisfies Property; may be replaced by a path of length no more than the
covering diameter 4;1 of the set of configuration pairs

{(s(1),s(s])) : s path, [|s[l{; < B(pi)}

with respect to the transition system that does not ignore the first i+ 1 places. This yields the
Rackoff recurrence relation p;y1 < d;411 + p;. The problem is thus reduced to bounding the
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covering diameter of a set of configurations of bounded norm. Note that the Rackoff recurrence
relation establishes a connection between the covering radius and a notion of size or norm of
configurations. From a high-level perspective, we may thus say that it describes a connection
between two different notions of distance: the covering distance and a distance induced by the
norm.

It is challenging to apply Rackoff’s method to NNCT, as opposed to the usual VAS setting.
We are forced to adjust the above argument in a few technical details, while we remain faithful

to the high-level argument. In the setting of NNCT, we introduce two families of norms || —|| -
and [|—||y;.c on Config™. The norm ||—|| . ignores the simple places p(; 1), - .-, P(n,)- The
norm ||—|| . also ignores coloured tokens and complex places, i.e. for s € Config™ we define

sl n7, = max{|8(p(j))| 17 < z} and

je <nc>} u {HS’M}> :

||s||M;c=max({s<p'(j)>|, max [,

mes(p(;))

Further, the norm ||—|| , on complex tokens is defined by ||/, = max{]m(p%’)ﬂ 17 € (Neat) -

In the following section, we show that in the setting of NNCT appropriate versions of Fact; and
Facty hold which leads us to the desired Rackoff recurrence relation.

Establishing the Rackoff Recurrence Relation

As a first step, we turn to Fact;. Let us define a number R that helps us bound the number of
tokens that may be removed from any place along a single transition:

R :=max ({|I(p)], |0:(p)| | r € R,p e PPUP} U{1}).

The definition of R bounds the number of tokens that can be removed or added along a single
transition. Thus, we know that if a place contains more than R tokens it cannot disable any rule.
We define another bound R’ as the maximal norm of s, or new complex tokens plus R:

R :=R+1+max(ZU {HSCOVHNng;C}) where Z:={||¢|| ;| c€ O, (p"), p' € P, r € SimpleRules}

In contrast to R, the number R’ is large enough to ensure that if a place p contains more than
R’ tokens then after applying any rule r there will be more tokens in p than in sy (p). Hence,
we can show that an appropriate version of Fact; holds in our setting.

Lemma 7. Suppose s is a covering path for scoy in Nit1 and [s(1)(pi41))| = R’ - pp (Scov)-
Then there exists s’ a covering path for scoy in N1 such that s'(1) = s(1) and |s'| < py. (Scov)-

Let us now address Facto. We can establish that covering paths fall into two categories.

Lemma 8. For all covering paths s for s.oy in NV 1 one of two cases applies:
(C1) HSHj\/iH <R PN, (Scov); or
(C2) s=s1"5sp-sysuchthat sy, <R pp;(scov) and [[spllps = R+ oy (Scov)-
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Unfortunately, in the NNCT setting we need stronger guarantees on the pivot configuration s,
It is necessary for us to require that there exists a “small” predecessor s,/ of 5y, i.e. Hspr

NitiC S
R’ (ppr(scov) +1) and sy —n7,,, Sp, that is covered by s1. Of course, this does not hgld for
all pivot configurations. However, given a covering path satisfying case (C2) we can construct
a pivot with this property. The construction exploits Propertys. We replace s3 with a path s,
satisfying |s5| < p v, (Scov) and we make two observations. Suppose we have a path s of length
L then (O1) along sg only L complex tokens can be moved/removed; and (O2) for any complex
token m occurring in s¢(1) at most L- R’ carried coloured tokens of a given colour can be ejected
and removed along sg. Hence it is possible to eliminate any superfluous complex and coloured
tokens in sg(1) without affecting the validity of the path. We summarise these observations in
the following lemma:

Lemma 9. Suppose s is a covering path for s,y in N; 1. If L € N such that |s| < L and
Is(Wlin;,, <L- R’ then there exists a covering path s” for s¢oy in NV; 11 such that s”(1) <c,.p
s(1), Is"(Dllnr, .0 < L- R, and|s"| < L.

We use Lemma 9 as a tool to strengthen Lemma 8. This yields an appropriate version of Facts
for the NNCT setting. It is strong enough to help us establish the Rackoff recurrence relation.

Corollary 5. For all covering paths s for scoy in N1 either

() H5||7\/;-+1 <R Py, (Scov); or

(C) there exist paths s1 and s,y - s2 such that sy is a covering path for s,/, s1(1) = s(1), and
I81[7v;,, < R’ ppy,(Scov); further s,y - 82 is a covering path for scov and 85| < py. (Scov);

and HSP' Nit1;C <R PN; (cov)-

The final piece to establish the Rackoff recurrence relation is the set of configuration pairs that
capture the paths that satisfy Property;. To simplify notation, let us write B; = R - p N (Scov)-
We denote the set of configuration-pairs (s, s’) for which there exists a covering path from s for
s’ of norm less than B by S5(i,)- Formally, we define the set 5; g by

S(i,B) = {(8(1)78/) : Spath, H"5H,>/k\/'Z < B, }SIHM;C < B78/ <config S(|S|)}

Inspecting case (C3), we notice that the pair (s1(1), s,7) € S(; p,)- Hence, it is immediate that we
can find a path s of length at most dj, | (S(i 41, Bi)) to replace s1. A similar argument applies

to paths s of case (C)). We are thus in a position to establish the Rackoff recurrence relation for
NNCT:

Proposition 6. (i) p. (Scov) < dp, (S(O,R’)) and (i) py, | (Scov) < dn;,, (S(i+1,Bz-)> + P, (Scov)-

Establishing the Rackoff recurrence relation is a significant step in finding a bound on the cov-
ering radius. The problem is now much simpler. We can focus on establishing a bound on the
covering diameter of the set 5; p). Note that a bound on 4; in Rackoff’s original argument is
trivially established. In the VAS case, the analogue of S(; p) is generated by the set of paths that
have norm ||—||7 less than B. Given such a VAS-path s with ||s||] < B, i.e. all configurations
along s have counters bounded by B, we can eliminate all simple loops. This yields a path s’ of
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length at most B, since no configuration in s’ is repeated [Rac78]. Establishing a bound on d;
is also considered an easier part in other applications of the Rackoff method [Dem+09; BS11b;

BEP12; Dem13; LS14]. In the case of NNCT finding a bound on 4, (S(i73)> is non-trivial.

The Covering Diameter of Bounded Paths

Our strategy to establish a bound dj, (S(i, B)) is as follows. We first uncover a sub-transition
system T of ; that we may think of as generating the configuration pairs in S; p). Inspecting
T yields that we can obtain a Petri net V such that a sub-transition system 77 of ' can bisimulate
T This bisimulation allows us reason about the paths of V rather than N;. Further, we can apply
results from the literature on covering radii to }V and transfer bounds to N/;. This yields a bound

on dy, (S(i,B))'

Normed PSTS. It is our goal to derive a transition system from N; that generates exactly the
paths of bounded norm. We achieve this in a general setting by appealing once more to geometric

intuition. Suppose (S, =g, <g) is a PSTS and ||—|| is a norm for S then we say
S= (57 —5,<8; H_H)
is a normed PSTS. Given a normed PSTS S = (5, —s, <s,||—||) and a norm-radius p € N> we

define a normed sub-PSTS B,[S] — the ball of norm-radius p in S — by

By[S] = (BylS), =5, () <s. -1l

where B,[S] := {s € S| ||s|| < B}, and —p 5] := —s N (B,[S])2. Note that by construction
all B,)[S]-paths s satisfy [|s||" < p. Attaching the norm || —||\. to ;, we then obtain a normed
PSTS (Config™, — A <comies | = z7,) to which we also refer to as A;. The transition system
Bp|N;] produces the paths that generate the set S(i,B)» in the sense that we may characterise
S(i,) by the equation:

Su,B) = {(3(1), s") | s covering path for s" in Bg[N;], S/HNZ-;C < B} .

A Counter Abstraction on Bg[N;]. Let us now investigate the paths generated by Bg[N;].
Suppose we have a path s in Bg[N;]. A complex token m that appears along s cannot carry more
than B tokens of a particular colour colif m’s col-coloured tokens are ejected on the path s. Oth-
erwise, we could find more than B simple tokens in a configuration along s violating ||s||};, < B.
If m’s col-coloured tokens are not ejected on the path s then they play no réle in enabling the
path. This observation gives us a stepping stone for an abstraction. Along paths of Bg[N;], we
may represent a complex token m as a mapping 7 of type P — {0,1,..., B — 1,00}. Note
that there are only finitely many possible mappings of this type. We can thus apply a counter
abstraction on Bg[/N;] which keeps a counter for each pair (p’, ) representing the number of
abstract complex tokens 772 in complex place p’. This counter abstraction yields a Petri net. Petri
nets are an instance of strongly increasing affine nets [BFP12] for which convenient results for
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bounds on covering paths exist [BFP12]. We first recall the definition of (strongly increasing)
affine nets [FMP04] and Petri nets.

Definition (Petri net, affine net). An affine net (AN) is a tuple V = (d, F') where d € N* and
F C N x 74 « N%, For s,5' € N% and (A, B,C) € F we have s Mw s’ just if
§>C,s' = As+ Band s’ € N%. We say an ANV = (d, F) is a Petri net (strongly increasing)
just if for all (A, B,C) € F, A = id (A > id resp.) where id is the identity matrix. If V is a
Petri net, we treat F' as F' C 7% x N¢,

Representing Configurations of Bg[N;]. Before we define the counter abstraction Petri net V; g,
let us define an abstraction function from NNCT configurations to configurations of V; g. Con-

figurations of V; p have dimension Ji,B =i+ (B + 1)((nc + 1)(B + 1)1 — 1), ie. are

elements of N%:2. Note that we need the first i places to represent the contents of Bg[N;]’s
i simple places. Further, we require the counters 7 + 1,7 + 2,...,d; p to represent the pairs
(p’,m). For concreteness, we assign a counter i + 6 to each pair (p’,71) based on a (B + 1)-
ary representation. If p’ = p“("{n ) and m = [pz"ll) — jo,pz‘g) 1, ,p“(”]’.n ) = Jne—1)s
then we define 6 = >/, jj, - (B + 1)* and assign counter i + 6 to represent the pair. In the
counter abstraction V; g, rather than seeing an abstract complex token as a mapping of type
Pl — {0,1,...,B — 1,00} we view it as a mapping of type P** — {0,1,...,B — 1, B}.
This is may under-approximate the number of coloured tokens in a complex token, but only
once it reaches B. This is necessary to correctly implement transfer transitions as ordinary
Petri net transitions. Even though it slightly complicates the definition of a counter abstrac-

tion function «, it remains the same in spirit. The definition of the counter abstraction function

a; g : Config™ — N%:.8 below makes this representation formal for configurations in Config™:

a; g(s)(j) == |S(p(j))| forl <j<iand

a; B (s)(i+0):= | Z s (p/(jnm,)> (me)

mmle’YB (j07" ‘7jnw[7 1

where jo, ..., jn, rangeover 1 < j, < ncand0 < j, < B,k =0,...,n,— 1 and determine
0=> 1"k (B+ 1)*. Further, we write

YE G0y« -+ s Jr—1) = {m € M | min(m(pz‘}é)), B) = jkfl}

for the set of concrete complex tokens that are represented by an abstract complex token

col . col . col .
[p(l) — J0sP(2) = J1, ,p(jnwl) — jncol_l]'
It turns out that «; p satisfies a Tinearity’ property. This makes «; g easier to use and simplifies

many of our arguments.

Lemma 10. Leti < ng, B € N. Suppose s,s" € Config™ such that both [|s]| . , [|5'|| 5, < o<,
thena; g (s ® s') = o B(s) + o p(s') andif s© s’ € Config™ then o g (s © §') = a; p(s) —
Oéi’B(Sl).
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The Petri Net V; p. As a next step, we define the Petri net V; p. It is our intention to show
there is a tight (length preserving) correspondence between B p[N;]-paths and paths in V; .

We define the counter abstraction Petri net V; g = (d; B, F; p) where the set of rules F; p is
derived from R by case analysis:

e Forr = (I,0) € SimpleRules, add 7 := (o; (O © 1), a; p(I)) to FA’Z-’B.
e Forr = ((p,I),(p,¢,0)) € ComplexRules, add for all m € M such that ||m||,, < B the
rule 7y, := (7, dim) to F; g where

Tm=0ip(0Oa[p—med elep—m))
dm = a; g (I ® [p— [m]]).

e Forr = ((p,I),(p', P,0O)) € TransferRules, we derive a set of rules 7, parametrised by the
set of m € M such that ||m| , < B and max,cp(|m(p)|) < B. We define the rule

Tm = (7,,dn) and add them to Fi,B where mp =m | P, mp =m [ (P“'\ P), and

m = i,5(0® (mpo (™) @ [ = [mp]] & (T @ [p s [m])),
dm = o5 (I ® [pr— [m]]) .

While we can simply apply «; g to obtain a corresponding rule 7 in Fi, B for a simple rule r
of NV, the situation is different for complex and transfer rules. To simulate the latter two, we
need to manipulate counters that represent complex tokens. Since we only need to consider a
finite number of abstract complex tokens, we can introduce an appropriate abstract complex or
transfer rule for each such complex token. Let us illustrate the derivation of V; g on a simple
example.

Example 19. Suppose we have a NNCT N with a simple place p, a complex place p’, two colours
red and black, and a colour mapping ( that maps both red and black to p. Further, let us assume
that AV has two rules: a complex rule r and a transfer rule r’ such that

r=((p,0), (¢, [black — [o]],0)), = ((r),0), ¥, {black} , 0)),

i.e. both rules r and r’ take a complex token from p’ to p’; while doing so r injects a black token
and r’ transfers all black tokens. Suppose we take the bound B = 2 and consider the counter
abstraction Petri net V; . First, let us focus on the configuration s with 5 simple tokens in p and
a complex token m in p’. The complex token m carries one red and 10 black tokens, i.e.

s = [p — [.5] p [m]] where m = [redr—> (o] , black — [.10“ '

The abstraction function a1 2 determines a counter j, r.4—1 plack>2 that represents complex to-
kens in p’ with red = 1 and black > 2. The configuration a 2(s) of the counter abstraction Petri
net V1 o representing s then looks as follows:

[jp = 57jp’,red:1,black22 = 1] .

The rules of V; 2 maintain this representation. For example, let us consider the complex rule r. In
V1,2, we obtain a family of rules for r. One of them, 7, applies in the above configuration and
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removes a token from jy req—1,plack>2 and adds a token to jy redq—1,piack>2- Since  injects a black
coloured token and j, red—1,piack>2 T€presents complex token with more than 2 black coloured

tokens, firing 7, does not change the configuration. Consider now a different complex token

m/ = [red — [e], black — [e]] and the transfer transition r’. In Vj 9, ’ leads to the rule 7/ ,

which removes a token from jy re4—1,plack=1, adds one token to jy red—1,plack=0, and adds one
token to jp, i.e.

N . . . .
T'm = ([]p = 17jp’,red:1,black:0 = 17,7p’,red:1,black:1 = _1] ) [Jp’,red:Lblack:l = 1]) .

Remedying the Coverability Discrepancy. Coverability instances for V; p and Bg[N;] are unfor-
tunately not isomorphic. The reason is that the order on N%:2 is ignorant of complex tokens.

Consider the above example again. Clearly m’ <, i m, but in N%:5 the configurations

80 = [Jp’ red=1,ptack=1 — 1] and 81 = [jp red=1,plack>2 > 1]

are incomparable. To remedy this, we add rules to V; p that allow 5 to transition to 3g. This is
reminiscent of introducing ‘lossy’ steps. Thus, we obtain the Petri net

2

< -2 £<
Vo = (di,B)Fi7B U Fz,_B> .
Let us write sy, := [p — [m]] for p € P, m € M, and define

/
m < pgeiow m' € MO, }

/ <B,p/€PC

<
fib = {(ai,B(Sp/7m,) = @i B(spm), i, B(Sp m)) ' m
col —

[l

col ?

Remark. Even though the Petri nets V; p and V?B have a vast number of rules, the maximal
entry in any rule is tightly controlled: max(R, B) > max{r(i) | ¥ € Fi,B U FFB}. We aim to
exploit a result by Bonnet et al. that shows that covering radii in SIAN are only sensitive to the

maximal entry in any rule instead of the cardinality of the rule set.

Establishing a Bisimulation between Bg[\;] and Bg[V; p]. We now set out to show the con-
nection between V; g and ;. First, we need to add a norm to V; g: define

v|ly. . = max(|v(J)]).
Iolly, , = max (1))
Hence, the transition system Bg[V; ], the ball of norm-radius B, is well-defined for V; . The
technical lemma below shows that we can follow transitions B [N;] in lock-step in V; g and
vice versa under appropriate conditions.

Lemma 11. Suppose s € Config™, i < ns, B € N such that |s(p(;))| = oo forall i < j < n.

(i) If s —p,n;) s then we have a; p(s) =y, 5 i B(s).

(ii) If o B(s) —v,, a4 p(s) 4 r then there exists an s’ € Config™ such that o; p(s') =
a;p(s)+rands —p; s
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In order to make sense of a bisimulation, let us temporarlly label the transition systems relations
of NV; and VZ .B- We label transitions of N by s 2=, s if s —a; s’. We label the transition
v =y, , v of V; g by s if a; p(s’) = v’ and by € otherwise.

Proposition 7. The relation {(s,o; p(s)) | s € Bp[Config™], |s(p(j))| = 00,i < j} is a bisim-
ulation between the labelled transition systems Bg[\;] and Bg[V; p].

A Connection between N, V; g, and VZ.SB. Unfortunately, the bisimulation between B g[N;]

and Bg[V; p] is not quite enought to obtain a bound on the covering diameter d, (S i, B)) . The

reason is that the covering paths of Bg[N;] do not necessarily give rise to covering paths in
Bp[V; B] because of the order discrepancy. Hence, we need to extend the relationship between

Vi g and \V; to VEB' For this purpose, we temporarily relabel the transition relations of V; g,
VEB’ and ; so that we can establish a set of simulation results. We label all transitions of V; g
and N; with the distinguished label ~. Transitions of VSB are labelled to indicate which rule set
was used. We label the transition v —>V1<B v with € if it uses arule r € F'S B if the used rule r is
an element of Fi, B then we label the transition with ~. This labelling allows us to prove several
simulations:

Proposition 8. The relation { (c; (s),a; 5(s)) | s € Config™} is a simulation relation for V;
and Vz'SB' The relation {(c;,B(5),8") | 5 <cope 8',5,5" € Config™,[s(p(;))| = o0,i < j}isa
weak simulation for Vz‘SB and NV;.

Exploiting the (Bi-)Simulations for a Bound on the Covering Radius. We can now exploit the
bisimulation established in Proposmon 7 and the simulations of Proposition 8 to relate the cover-
ing distances induces by N; and V5. Since (i) Bg[V; p] bisimulates B[], (ii) VSB simulates

Vi B, and (iii) ; simulates V B we can take an arbitrary covering path s for a configuration
pair in S; g and obtaln a path 80 in V; g (using (i)) and extend it to a covermg path S that cor-

responds to s in V; B (using (ii)). If we find a suitable, shorter covering path &’ in V _p» We can
replicate it in N using (iii). Hence, we can show the following covering distance 1nequahty

Corollary 6. Let i < ns, B € N. For all (s,s") € S; p we have

disty; (s, s") < dist, < (i B(s), i g(s)).

i,B

This result immediately gives us a way to bound the covering diameter dy, (S(L B)) by the

greatest covering radius in V 1 for configurations that have bounded norm:

Corollary 7. Let ¢ < ng, B € N. Then

d;, (S(i,B)) < sup {pvf (i,(s") : [|s H/\a,c B}'
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Since the covering radii on the right-hand-side involve the Petri net ViSB’ we can appeal to a
result by Bonnet et al. for bounds on their cover radii.

Lemma 12 ([BFP12, Lemma 12]). Let V = (d, F') be a strongly increasing AN, M.y, be the
marking to be covered, and Ry = max{|A(7)(7)|,|B(?)],|C(¢)| : (A,B,C) € F,1 <1i,j <d}.If
we let R}, = max({Meov(p) | p € P} U {Ry}) then p),(Meoy) < (GRvRﬁ})(d‘H)!.

Applying this lemma on the inequality above immediately gives us a concrete bound on the
covering diameter of S(; py:

Corollary 8. For ¢ < ngand B € N we have
dy;, (S(i,B)) < (6max{R, B,1} max {R', B}) (di'B+1)!_

Solving the Rackoff Recurrence Relation. We have finally obtained a bound on the covering
diameter of S(; ). With a simple induction we can now exploit the Rackoff recurrence relation
we have established earlier. This yields the desired bound on the covering radius for s¢oy.

Theorem 12. For all v < ng the following three inequalties hold:

PG (Seov) < 2711 2 slog(48ncnsn. i R'),

/
(max{p 7, (scov),2}) 4875

p,/\/’,iJrl (3c0v> < 22 ) and
PAr(Scov) < 271 205 + 2 slog(48(ns + DnemsncR).

Equipped with this bound on the covering radius p,-(scov), we can follow the usual Rackoff
argument. The bound gives us an upper limit on how much space we require to represent a
NNCT configuration in a non-deterministic Turing machine that guesses a covering path. This
immediately yields TowER-membership of NNCT coverability.

Corollary 9. Coverability for NNCTs is decidable and in TOWER.

Note that the full and detailed proofs of all lemmas, propositions, corollaries, and theorems can be
found in Appendix C.3. Now that we have established TowERr-membership of NNCT coverability
we move on to obtaining lower bounds.

5.4 A Lower Bound

In this section, we show that simple coverability, boundedness, and termination for total-transfer
NNCT is ToweRr-hard. Our hardness proof uses a variant of Stockmeyer’s yardstick construc-
tion [Sto74]. We show that we can encode a bounded counter machine in NNCT which is con-
structed inductively. Given n > 1, we construct the yardstick counters cq, . .., c,: for each ¢ the
counter c¢; is bounded by 211 ¢. Each counter ¢; can be incremented, decremented, and tested
for zero. Furthermore, operations of the counter ¢; 1 are implemented using operations of the
counters ¢y, ..., c;. Following Lazic et al. [Laz+07], we present our proof using pseudo code
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rather than explicit NNCT rules, which we believe is clearer and more readable. In any case, it is
straightforward, if tedious, to derive the corresponding NNCT. The type of yardstick construc-
tion we use is reminiscent of Lipton’s ExpspAcEe-hardness proof for coverability and reachability
for VAS [Lip76]. A 211 i-bounded counter c is represented by two places: p. and its complement
place p,.. A valuation v(c) of c is represented by p. containing v(c) tokens and p,. containing
2114 — v(c) tokens. Notice that the places p. and P, maintain the invariant that the number
of tokens they carry sum up to 2114 at all times. An increment (decrement) of ¢ can then be
implemented by adding a token to p. (p,. resp.) and removing one from p,. (p. resp.). This yields
implementations for c++ and c- -. In order to implement a zero test iszero(c), an additional 2 11 i-
bounded counter s; is maintained. On the invocation of iszero(c) a non-deterministic number &
of tokens is removed from p, and k is added to s;, which is assumed to be 0 at the invocation
of iszero(c). Then, the operation ismax&reset(—) is applied to s;. The operation ismax&reset(—)
performs a decrement of precisely 211 ¢ on s; and blocks if s; has a smaller value. This of course
means that ismax&reset(—) can only succeed if ¢ = 0 to begin with and k¥ = 211 4. This con-
struction scheme involving the operation ismax&reset(—) is originally due to Lipton [Lip76]. An
excellent account of the technique and the ideas underlying the construction by Esparza can be
found in [Esp98]. Lipton’s scheme has also been been applied to obtain TowER-hardness of cov-
erability for VAS with one stack (SVAS) [Laz13] and branching VAS with states (BVASS) [LS14].
Our construction of ismax&reset(—) is similar to Lazic’s proof for SVAS. Lazic uses the 211 i-
bounded counters to enumerate all possible stacks over a binary alphabet of height 2 11 ¢ while
decrementing the given counter one-by-one. This yields a guaranteed decrement of 211 (¢ + 1).
In the case of NNCT, stacks are not available. However, we can encode arrays into complex
tokens in a yardstick fashion and, instead of enumerating stacks, we enumerate all binary arrays

of length 211 4.

Theorem 13. Simple coverability, boundedness, and termination for total-transfer NNCT is TOWER-
hard.

Proof. We can deduce TowER-hardness by showing that given a deterministic bounded two-
counter machine M of size n with counters that are 2 11 n-bounded, we can construct an NNCT
N4 in polynomial-time that weakly bisimulates M. The machine M can use the following
operations: x++, x- -, reset(x), iszero(x), and ismax(x) for each counter .

The NNCT Np. Each simulation state of Ny represents a valuation v of 6n + 2 active and
inactive counters, and n arrays. In addition to the counters x, y of M, the NNCT N simulates
the auxiliary counters s;, p;, pg, Ci, cg, and an auxiliary array a; for each ¢ < n. To simplify
notation, let us write C; for the set of counters {si, Pis D Cis c;} when i < n, and C, for the set
of counters { sy, pn, Phs Cn, Ch, T,y }. Each active counter d € C; is 211 i-bounded, each inactive
counter has an undefined value. For each i the array a; has length exactly (2114) + 1 and carries
values a;(j) € {0,1,2} for j < 271 i. The NNCT N has two simple places p[d] and p[d] for
each counter d € Cj, three complex places p|a;], Pa;], and p[aux;], and two colours p[j;] and p[j;]
for each array a;. Further, Ny, has a complex ‘sink’ place p|[dis]. The colour mapping ¢ of Ny
maps p ] to p[p;] and P[j:] to D[p]. Lastly, Mo has a number (polynomial in n) of simple places
encoding the control of M and the internal control of AV. Further, No’s transfer rules are all
total, and hence N\, is a total-transfer NNCT.
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Move a complex-token from p|a;] to p[auxi];
deactivate(p},);
Eject the contents of a complex-token m in plaux;] and its remains into p|disd;
isequal(p;, p); reset(p});
Create an empty complex-token in p[aux];
while (p; # p}) do
Inject a plj:]-coloured token into a complex token in p[aux;];
Iy
pi++7
while (—(ismax(p}))) do
Inject a p|j:]-coloured token into a complex token in p[aux;];
Iy
pi++7
Move a complex-token from plaux;] to p|a;];
reset(p});

Figure 5.6: The implementation of a;(p;)++. Swapping p[a:] for p[a;] in Line 1 and P[a] for p[a;] in Line
12 yields an implementation of a;(p;) - -.

Representing a Valuation. A valuation v is represented by a configuration s as follows:

- For each i and d € Cj, if d is active then there are exactly v(d) e-tokens in p[d] and
2114 — v(d) e-tokens in p[d].

- For each i and d € Cj, if d is inactive then both places p[d|, D[d] are empty.

- For each i the array a; is represented as follows. For each k < 2114, let m; 1) be a complex
token such that m; ;) contains exclusively tokens of colours p[j;] and p[ji]: k tokens of
colour p[j;] and 2114 — k tokens of colour p[j;]. Then, to represent a;, there are exactly
v(a;(k)) complex tokens m; 1y in p[a;] and 2 — v(a;(k)) complex tokens m; 1,y in P[ai].

- For each i the place plaux;| is empty.

Reducing from M’s Halting Problem. The question whether M halts, i.e. whether M reaches a
halting control state from its initial state, can then be answered by performing a simple coverabil-
ity query on A ’s simple places encoding M’s finite control. Assuming that only M’s halting
control states have no successors, M’s halting problem also reduces to the termination prob-
lem for Ny . Augmenting N, with an additional simple place that is incremented with every
transition shows that the halting problem for M reduces to deciding boundedness of N 4.

Auxilliary Operations. In addition to M'’s operations, we implement further instructions to
simplify and improve readability. The NNCT N will simulate activate(d), deactivate(d) for
d € U;e(ny Ci, and operations reset(d), iszero(d), and ismax(d) for d € ¢y, Ci \{s:}. Further
for each ¢ € (n), we implement ismax&reset(s;) and the counter-specialised operations:
isequal(p;, p}), a;(pi)++, a;(pi) - -, reset(a;(p;)), iszero(a;(p;)), ismax(a;(p;)), activate(a;).
All above operations are only guaranteed to succeed if the counters in question are active at the

start of the operation.

An Inductive Construction. The counters in (' are 2-bounded so implementing operations on
them is trivial. For ¢ < n, operations on a; are simulated using s;, p;, p;, Ci, c; and operations
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on 841, Pit1> Piy1» Citl, Cjyq are simulated using operations on p;, pj, ¢;, ¢;, and a;. In the
following, we give an account of how to implement a number of selected operations. The im-
plementation of the remainder is either analogous or straightforward. We refer the reader to
Appendix C.4 for a complete version of the construction. A cornerstone of our encoding scheme
is the capability to represent and operate on arrays. They are a key ingredient of our implement-
ation of the operation ismax&reset(s; 1) which is central in the Lipton-style construction. Thus,
we start with the array operations.

(i) InFigure 5.6, we show how to implement a;(p;)++. The operation a;(p;)++ can only succeed
if p; and p] are active.

Suppose a;(p;)++ is executed in a configuration s that represents valuation v and p;, p/; are
active. If v(a;(v(p;))) < 2, then we know there exists a complex token m; ,(p,)) in Pla:] and
all complex tokens in P[a;] are of the form my; ) for some k < 2174. The move of one m; 1
complex token from p|a;] to plaux] results in p[aux;] containing just m; 1), since by assumption
plaux;) was empty before. After deactivating p, we know that both p|p;] and p[p]] are empty.
Ejecting the contents of m; ;) removes m; 1) from p [aux;], inserts k e-tokens into p[p], 211 i —k
e-tokens into j[p], and places the remaining (now empty) complex token into p|[disc]. We can see
that, disregarding a;, the configuration we have reached represents a partial valuation v that
sets v/(p}) = k and v/ (p;) = v(p;). After executing isequal(p;, p}), the simulation only succeeds
if k = v(p;). Hence, Pla;] now contains 2 — (v(a;(v(p;))) + 1) complex tokens my; ,,(p,)) and
the same number of other complex tokens m; 1. The two following while loops carefully inject
plji]-coloured tokens and p|j;]-coloured tokens into the newly created token at p[aux] to yield a
NeW 10(; 4(p,)) located in p [aux;] which we move to p[a;]. Thus, p[a;] now contains v(a;(v(p;)))+1
complex tokens m; ,(,,)) and the same number of other complex tokens m; 1, as before. The
configuration s’ that we have reached represents a valuation v such that v"(a;(j)) = v(a;(j))
forall 0 < j < 21tiand j # v(p;), and v/ (a;(v(p;))) = v(a;(v(p;))) + 1, as desired.

Considering the case that v(a;(v(p;))) = 2 initially, we see that the simulation either blocks
while attempting to move a complex token m(; ;) from P[ai] to plauxi| or the simulation blocks
on the execution of isequal(p;, p}), since it is impossible to obtain k = v(p;). By swapping p|a;]
and p|a;] in Figure 5.6, we obtain an implementation of a;(p;)- -.

(i) In Figure 5.7, we show how to implement the operation activate(a;) which can only succeed
if both counters p; and pg are active.

The interior for-loop simply repeats its body twice and can be considered syntactic sugar.

Suppose activate(a;) is invoked in a configuration s such that in s the places p|a;] and p[a;] are
empty. We can then follow our analysis in the second part of a;(p;)++’s implementation to see
that the interior for-loop places two complex tokens m; j, into pla;] for all £ < 211 i. Hence,
when the outer for-loop terminates, we have reached a configuration that represents a valuation
v such that v(a;(k)) = 0 for all k.
(iii) We now turn to the implementation of ismax&reset(s;11). Note that we assume implement-
ations of reset(a;(p;)), iszero(a;(p;)), and ismax(a;(p;)) here. Since we know how to implement
a;(p;)++ and a;(p;) - - and since the entries in a; are all 2-bounded, their implementations are
straightforward and can be found in Appendix C.4. The following shows how to implement
ismax&reset(s;+1)-
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for p; :=0to 2117 do
for z :=0to 1do
reset(p});
Create an empty complex-token in p[aux;;
while (p; # p}) do
Inject a plj:]-coloured token into a complex token in p[aux;;
iy
pi++7
while (—(ismax(p}))) do
Inject a Dlj;]-coloured token into a complex token in p[aux;|;
Iy
pi++a
Move a complex-token from p[aux;] to plai];

Figure 5.7: The implementation of activate(a; ).

for p; := 0 to 2114 do (reset(a;(p;));)
while (iszero(a;(2114))) do
Sit1= =5 reset(p); ai(pi)++;
while ismax(a;(p;)) do
ai(pi)==; pit+; ai(pi)++;
We know that after the for-loop, a; is the array such that a;(z) = 0 for all x < 2114. The array
a; is meant to be binary representation of a number between 0 and 211 (¢ + 1). This number
is initially 0 and we can see that the outer while loop performs a long addition of 1 for each
iteration. If v(a;(v(p;))) = 2, then v(p;) is an index representing a carry bit in the long addi-
tion computation. For each number represented by a; we perform s;41--. Hence, if initially
v(8i+1) = 2711 (i + 1) then, after performing ismax&reset(s;+1), we reach a configuration that
represents a valuation v such that v/(s;41) = 0. However, if v(s;41) < 211 (i + 1) holds ini-
tially, then after v(s; 1) iterations the resulting valuation v’ would set v’ (s;+1) = 0 and a; would
represent the number v(s;41). Since v(s;4+1) < 271 (¢ + 1), this implies that a;(211¢) = 0, and
hence the body of the outer while loop is executed again leading to an invocation of s;41--
which will block. Hence, ismax&reset(s;+1) will block when executed in a configuration repres-
enting v such that v(s;11) < 211 (i + 1).
(iv) The following shows how to implement iszero(d) for d € {pH_l, j 115 Cit1s c +1} and in
the case that i + 1 = n: d = x or y. The precondition for iszero(d) is that s; 1 is 0.

while (%) do (d++; s;4.1++; ); ismax&reset(s;11);

while (x) do (d--; s;+1++;); ismax&reset(s;+1)

Note that the only operations that modify s;11 are iszero(d) and ismax&reset(s;+1). Further,
ismax&reset(s;y1) is only invoked by iszero(d). Thus, except when executing iszero(d) we main-
tain that the counter s;,1 is 0.

If ismax&reset(s;1) is successfully executed after the first while loop, it is clear that the latter
must have incremented s;11 to 271 (¢ + 1) and hence also d. Since d is 211 (i + 1)-bounded this
implies that d had to be 0 to begin with and is valued 211 (i 4 1) after ismax&reset(s;4+1)’s first
invocation. The rest of the implementation then guarantees that d is decremented to 0 again and
that also s;1 is guaranteed to be 0 after the successful execution of ismax&reset(s;41). Hence,
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iszero(d) succeeds only if started in a configuration that values d as 0.
A detailed description of how to implement the remaining operations can be found in Ap-
pendix C.4.

Lastly, in order to set up N4 to simulate the initial configuration of M from its initial state,
we set My to execute activate(—) for all counters and arrays in turn, in order of the bound size
and length. From this point on, Ny weakly bisimulates M. Thus, we can reduce the halting
problem for M to simple coverability, termination, or boundedness of N 4.

O

Theorem 13 tells us that simple coverability, boundedness, and termination is TOWER-hard for
total-transfer NNCT. Since total transfer NNCT are a subclass of NNCT, these hardness results
carry over to NNCT. Further, Theorem 13 implies that coverability of NNCT is TowER-complete,
and thus the upper bound that we established in Section 5.3 can be considered asymptotically
optimal. Another implication of Theorem 13 is the TowER-hardness of (simple) coverability,
boundedness, and termination in the alternative semantics for shaped APCPS. This follows from
Theorem 11. Focussing just on coverability, we can deduce that for shaped APCPS simple cov-
erability is TowER-complete (via Theorem 7) and that for shaped ACPS coverability is TOWER-
complete (using Proposition 2, Proposition 1, and Lemma 1). We summarise these results in the
following theorems.

Theorem 14. NNCT coverability is TowER-complete.
Theorem 15. Coverability for shaped ACPS is TOWER-complete.

In the next section, we give an overview of related work.

5.5 Related Work

In this chapter, we have introduced NNCT, shown that its coverability, boundedness, and ter-
mination problems are decidable, and established complexity results: coverability is TOWER-
complete, boundedness and termination are TowER-hard. Since NNCT are a Petri net extension,
the literature on complexity results for similar extensions is related to our work.

Extensions of Petrinets. Coverability, boundedness, and termination are central decision prob-
lems in the vast literature of Petri net extensions. These decision problems are EXPsPACE-com-
plete for Petri nets. However, any non-trivial extension, such as reset arcs, transfer arcs, or affine
transitions, typically gives rise to extraordinary increases in complexity or even the loss of de-
cidability. For example, coverability and termination for Petri nets with reset or transfer arcs is
decidable [DFS98] and Ack-complete [Sch02; Sch10; Fig+11]. However, boundedness is unde-
cidable for reset Petri nets [DFS98], yet decidable for Petri nets with transfer arcs. Affine nets
[FMP04] inherit the complexity and decision results for coverability, termination, and bounded-
ness from reset nets (see also Section 2.3).

While reset, transfer, and affine nets provide extensions to the transition functions available
in Petri nets, another class of extensions considers richer token types. Nested Petri nets [L.599]
are a prominent example of the class of nets with an infinite set of token types. They may appear
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closely related to NNCT, they are however much more expressive. Nested Petri nets are WSTS
and so coverability and termination are decidable. However, it is easy to encode Petri nets with
reset arcs into a nested Petri net. Thus, coverability and termination are Ackermann-hard and
boundedness is undecidable [L599]. Nested Petri nets allow arbitrary nesting of tokens, and syn-
chronisation can take place across nested layers of a token. By contrast, internal synchronisation
is not possible in NNCT: coloured tokens can only be ejected to simple places and then inspected
(see start of Chapter 5). Our proof of the upper bound exploits this fact and it seems to explain
the Tower-membership of NNCT coverability.

Data nets [Laz+07] are another member of the family of nets with arbitrary token types. Data
nets allow tokens to be drawn from an arbitrary linearly ordered set. The selection of tokens
that are involved in affine transitions of data nets can be constrained by a boolean formula over
the linear order. Thus, data nets are a very general model. Recently, it has been discovered
that coverability and termination for data nets and a subclass, Petri data nets (PDN), are in fact
F .w-complete [HHSS12]. By contrast, TOwWER = F3 in the hierarchy of fast-growing complexity
classes [Sch13] (see Section 2.2). In PDN, only Petri net-style transitions are allowed, i.e., addition
and subtraction of tokens are allowed but not multiplication (transfer, reset, or copying). A
more restricted subclass of Petri data nets studied by Lazic et al. gives rise to a TowERr-hard
coverability problem, namely, unordered Petri data nets (UPDN) which features an equality check
on tokens. Lazic et al. show that coverability, termination, and boundedness are all TowEr-hard,
but no upper-bound is available. Unfortunately, the equality check on tokens is a big hurdle
and makes it unclear whether coverability of UPDN reduces to coverability of NNCT which is
why we opted for a TowER-hardness proof from first principles. Adding the ability to create
fresh tokens to UPDNs yields v-Petri nets (v-PN). In v-PN tokens can be seen to carry names
on which transitions can perform name matching — coverability is Ack-hard, i.e. non-primitive
recursive [RVFE11].

Rackoff Technique. Our proof of TowER-membership for NNCT coverability employs the Rack-
off technique. Originally introduced to show ExpspaceE-membership of coverability and bound-
edness for VAS [Rac78], the Rackoff technique has lately become popular.

Expspacke Upper Bounds on Petri Nets. Rackoff-style arguments have recently been successfully
applied to obtain answers to a range of open complexity questions in the Petri net literature.
Demri showed that selective unboundedness can be decided in Expspace for VASS [Dem10;
Dem13]. Reversal-boundedness, place-boundedness, and regularity can be captured by selective
unboundedness. Thus, Demri provided ExpsPACE upper-bounds for these decision problems. In
[BS11b] Blockelet and Schmitz give an ExpsPACE upper bound for model-checking eventually in-
creasing, existential CTL formulse with Presburger path constraints (eiPrECTL) on VAS. The logic
eiPrECTL captures many properties that are decidable using the Karp-Miller tree such as coverab-
ility, boundedness, place-boundedness, and regularity. Another contribution to model-checking
VAS is due to Leroux et al. [LPS13]. They obtain an EXPsPACE upper bound on model-checking
a logic that can express properties on the trace language of a Petri net. Leroux et al. leverage
their result to show that the context-freeness problem for Petri nets is in ExpsPACE. In [Ler11b],
Leroux considers the reversible reachability problem for VAS. A pair of configurations (s, s') is
reversible reachable if s’ is reachable from s and vice versa. Leroux obtains an EXPSPACE upper
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bound for the reversible reachability problem by bounding the length of reversible paths using
the Rackoff-method.

The Rackoff Technique on Petri Net Extensions. The Rackoff technique has also been general-
ised to apply to Petri net extensions such as SIAN, branching VAS (BVAS), and alternating
BVAS with states (ABVASS). Bonnet et al. extended the Rackoff technique to SIAN to obtain
ExpsPACE upper bounds for coverability and boundedness [BFP12]. SIAN are a subclass of affine
nets that prohibit reset, transfer, or copying like transitions. Another extension was presen-
ted by Demri et al. [Dem+09]. They considered coverability and boundedness for BVAS and
obtained ALTEXPSPACE upper bounds for coverability and boundedness. In addition to non-
deterministic transitions, BVAS feature branching rules that e.g. allow transitions v — {v/, v}
such that v = v’ @ v”. Hence, BVAS generate run trees. Extending BVAS with states and al-
lowing alternating rules yields the model ABVASS. An alternating rule enables transitions of
the form (¢,v) — {(¢’,v),(¢",v)}, ie. in contrast to branching transitions where v is non-
deterministically distributed along the two branches of the run tree, in an alternating transition
v is passed to both branches. The coverability problem for ABVASS was investigated by Lazic and
Schmitz. Using a Rackoff-style argument, they obtained a TOWER upper bound [LS14]. Further,
they found that already for BVASS the coverability problems is TowER-hard. Thus, coverabil-
ity is TowER-complete for ABVASS. Lazic and Schmitz’s work on ABVASS is of interest since
both NNCT coverability and ABVASS coverability are TOwWER-complete. It is not obvious how
to interreduce the coverability problems for NNCT and ABVASS. In particular, it is hard to see
how one can simulate along a path in an ABVASS (of a fixed dimension) the ability of NNCT
to model arbitrarily many complex tokens, carrying an unbounded number of coloured tokens,
that can interact via ejection with other complex tokens. In the other direction, there is no clear
counterpart to the tree-like runs of ABVASS in NNCT.

Stockmeyer/Lipton Yardstick Construction. The method of reducing from the parametrised
halting problem of a 211 n bounded counter machine to establish TowER-hardness goes back
to Stockmeyer. To establish such a reduction to the equivalence problem for star-free regular
expressions (SFEQq), he introduced the Stockmeyer yardstick construction [Sto74]. Lipton used a
similar inductive construction from a 22" bounded counter machine to obtain ExpspacE lower
bounds for VAS reachability, coverability, boundedness, and termination. Lipton’s construction
is specialised and relies on the capability to implement a ismax&reset(—) operation that per-
forms a guaranteed 22" decrement on a bounded counter. An excellent account of the Lipton
construction is due to Esparza [Esp98]. Esparza shows how to model net programs in Petri nets,
which are simple counter programs with linearly ordered procedures. The presentation of the
Lipton construction as a net program is remarkably simple and instructive, and has inspired the
presentation of several hardness results [SV06; AG11; Laz+07; Laz13] including ours.

The Lipton construction has recently been extended to yield Tower-hardness for coverabil-
ity of BVASS and VAS with one stack (SVAS). Lazic shows that reachability and coverability are
ToweRr-hard for SVAS in [Laz13]. The decidability of coverability and reachability is still an open
question. Interestingly, recent work by Leroux et al. on SVAS has shown that boundedness and
termination are decidable for SVAS and that the problem lies in HAck [LPS14]. Lazic’s construc-
tion of the ismax&reset(—) operation in SVAS is possibly to closest to ours for NNCT. Lazic’s
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implementation of ismax&reset(—) enumerates all stacks over a binary alphabet of height 2114
to ensure a 211 (i + 1) decrement. Our construction follows a similar strategy. We encode arrays
into complex tokens and enumerate all binary arrays of length 2 11 ¢ to obtain an implementation
of ismax&reset(—).

Lazic and Schmitz’s TowER-hardness proof of coverability for BVASS [L514] exploits branch-
ing transitions to implement an ismax&reset(—) operation for 211 n bounded counters. Given
that coverability for BVAS lies in ALTEXPSPACE, this is surprising at first sight. However, the
combination of branching rules and control states is powerful enough to force the halving of a
counter, i.e. transitions of the form (¢,v’ & v') — {(¢’,v'), (¢’,v’)}. This is exploited in Lazic
and Schmitz’s construction of the ismax&reset(—) operation.

CCFG Encodings into Petri Nets. For completeness, we would like to mention Esparza’s en-
coding of CCFG into Petri nets [Esp97] and Ganty and Majumdar’s CCFG widget [GM12] here
again (see Sections 2.4 and 4.6). Ganty and Majumdar’s encoding is an important ingredient in
showing that verification problems for asynchronous programs, or ACPS that satisfy the empty-
stack constraint, are polynomial-time interreducible to decision problems on Petri nets. We use
a slightly modified version of Ganty and Majumdar’s CCFG widget to implement Rule (R’-2) of
the alternative semantics of APCPS in NNCT. This allows us to reduce coverability for shaped
ACPS to coverability of NNCT and thus yields a TowER upper bound for the former.

In the next section, we present a brief summary of our contributions and the technical ma-
terial that we have presented in this chapter.

5.6 Conclusion

Let us give a brief summary of this chapter’s contents, before we list our contributions, and
elaborate on future directions.

Summary. In this chapter, we have introduced NNCT as a vehicle to analyse the computational
complexity of coverability, boundedness, and termination for shaped ACPS/APCPS. NNCT fea-
ture simple and complex tokens. The latter carry coloured tokens which may be injected into
and ejected from complex tokens. We show that NNCT are strict WSTS and thus enjoy good
model-checking properties. Configurations of NNCT have a nested multiset structure due to
complex tokens, and it is possible to add elements to and transfer partial contents from a nes-
ted multiset. We exploit these capabilities of NNCT to show that the alternative semantics of
shaped APCPS can be implemented in NNCT. Further, we identify total transfer NNCT, a rich
subclass of NNCT, that can model shaped APCPS. We then turn to the computational complexity
of NNCT coverability, boundedness, and termination. We give a geometrically inspired version
of the Rackoff argument to establish TowEr membership of NNCT coverability. We then present
areduction from the parametrised halting problem of 2 1 n bounded counter machines to simple
coverability, boundedness, and termination of total transfer NNCT. This yields a non-elementary
lower bound for the former decision problems.

Contributions. Let us summarise the technical contributions that we present in this chapter:
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e NNCT are strict WSTS (Proposition 5), and NNCT coverabililty is TowER-complete (The-
orem 14).

e Boundedness and termination for NNCT are decidable (Theorem 9) and TowEtR-hard (The-
orem 13).

e To our knowledge, NNCT is the first extension of Petri nets—belonging to the class of nets
with an infinite set of token types—that is proven to have primitive recursive coverability.

e Coverability of shaped ACPS/APCPS ExpTiME-reduces to simple coverability for NNCT
(Theorem 10) and is ToweR-complete (Theorem 15).

e Simple coverability, boundedness, and termination ExpTiME-reduce to their respective
counterparts on the alternative semantics of shaped APCPS (Theorem 11). The latter are
thus TowEeRr-hard.

Our analysis of the coverability problem for NNCT has a surprising implication. The bound K on
the number of non-commutative non-terminals in the K -shaped constraint is not the expensive
resource. Inspecting the simulating NNCT N that we construct in the proof of Theorem 10, we
see that K influences only the number of colours n,, and complex places n¢ of N. Combining
this with the result of Theorem 9, we see that coverability is decidable in space bounded by an
exponential tower of height O(ns + slog(ns - n. - nc)) where ng is the number of simple places
of A which is independent of K.

Future Directions. We leave the upper bounds for boundedness and termination for NNCT as
open problems. We believe that our arguments of Section 5.3 can be refined to obtain TOWER
membership of NNCT boundedness and termination. Once complexity results for boundedness
and termination are available, it would be interesting to investigate whether our reduction from
shaped APCPS to NNCT can be amended to yield reductions for boundedness and termination.
In combination, such results would constitute a step towards obtaining decision and complexity
results for boundedness and termination for shaped ACPS.






Chapter 6

Conclusion

In this dissertation, we have presented research contributions to the verification of asynchronous
concurrency. We have focussed in particular on concurrent programs employing asynchronous
message passing written in the programming language Erlang. Erlang offers a range of express-
ive features that give rise to many distinct Turing powerful fragments and hence its verifica-
tion poses a difficult challenge. Previous research has concentrated on under-approximation
[FS07; 1LS04] and semi-automatic techniques [Art+98; AEP04; Nys03], or restrictive fragments
[Huc99; AD99; MW97]. We approach the problem of verifying Erlang programs with the fol-
lowing strategy: (i) identify a suitable decidable computational model as a target for abstraction,
and (ii) develop a procedure that extracts a sound model from an input Erlang program, using
abstract interpretation [CC77], which allows us to verify properties conservatively.

ACS and an Abstract Interpretation of Aacror. In Chapter 3 we have applied this approach
with actor communicating systems (ACS) as the abstract model. ACS model a dynamic network
of finite-state processes that communicate over a fixed, finite number of unordered, unbounded
channels, and are equivalent to Petri nets. Thus, ACS are a suitable target model for an abstract
interpretation of AAcror, which is an idealised yet expressive fragment of Erlang. We generate a
sound ACS by exploring the state space of an abstract operational semantics of a given Aacror
program and subsequently use it to verify coverability properties conservatively. The abstract
operational semantics of AAcror is obtained by an application of the abstracting abstract machines
(AAM) methodology [FHIM11; HM12] in the novel setting of message passing concurrency. We
have implemented this procedure in our tool Soter. Soter accepts an Erlang program as input
and uses a Petri net coverability tool to model-check the generated ACS. To our knowledge, Soter
is the first verification tool for Erlang that makes use of infinite-state model-checking.

We have evaluated Soter on a collection of Erlang programs and our empirical results are
encouraging. Even though coverability for ACS is Expspace-complete, Soter is able to verify a
range of interesting and non-trivial benchmarks (50-550 LOC) in a matter of seconds (< 6s). In
particular, we find that our worklist exploration algorithm and the ACS simplification procedure
are effective in providing speed ups and reductions in the problem size. Thus, we believe that
infinite-state verification can be successfully applied to the verification of Erlang.

However, we find practical and theoretical limitations of our verification procedure that re-
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Figure 6.1: A map of the technical results presented in Chapters 4 and 5. “P; %, P,” means that (decision
problem) P; 6-reduces to P». Legend: PT= polynomial time, CT= constant time, ET= exponential time, PR=
primitive recursive time, R= decidable (recursive), NF= normal form, TB= termination bounded, RB= rewrite
bounded, Std Sem= standard semantics, Alt Sem= alternative semantics, (?)= conjecture, Cov= coverability,
SCov= simple coverability, Bound= boundedness, and Term= termination.

quire further work. In order to apply Soter to real-world code bases, the support for Erlang
features, such as I/O, arithmetic, built-in data types, dynamic type checks, receive timeouts, and
fault-tolerance primitives needs to be improved. Furthermore, limitations of a theoretical nature
are imposed by the expressivity of ACS. In particular, ACS cannot model recursive processes,
higher-order control-flow, or name mobility.

ACPS and the Shaped Stack Constraint. In this dissertation, we have chosen to improve the
precision of our verification procedure with respect to recursion. Thus, we ask the question: Can
we find an extension of ACS that (i) has good algorithmic properties, (ii) can model (restricted)
pushdown processes, and (iii) is expressive enough to model a wide range of recursive function
definitions?

Such an extension of ACS would be a subclass of asynchronously communicating pushdown
systems (ACPS). Recent work by Vardoulakis and Shivers [VS10] in a sequential setting has shown
that the AAM methodology can be applied to yield a pushdown system while significantly im-
proving the precision of the abstraction. Equipped with a subclass of ACPS that fulfils the above
requirements, we believe it is possible to extend Vardoulakis and Shivers’s work to Aacror and
the concurrent setting. However, an expressive subclass of ACPS with good model-checking
properties is, of course, of independent and wider interest.

We have conducted a theoretical study of ACPS and we present our findings in Chapters 4
and 5. Figure 6.1 displays a summary of the technical results that we have obtained. We have
shown that we can simplify our reasoning on ACPS in two ways. Instead of the coverability
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problem, we can consider simple coverability which restricts the form of coverability queries
(Lemma 1). Further, we can restrict ourselves to ACPS in normal form for the purposes of de-
ciding simple coverability, boundedness, and termination (Proposition 1). In the setting of un-
ordered message passing, we make the observation that the relative order of some concurrency
actions, such as message send and spawn, is immaterial and that we can classify concurrency
actions as commutative or non-commutative. We formalise this sensitivity to order using an inde-
pendence relation, lift it to stack-characters, and introduce the hybrid model asynchronous par-
tially commutative pushdown systems (APCPS). One the one hand, APCPS induces a concurrent
system which is suitable for the analysis of ACPS. On the other, APCPS give rise to processes
that are modelled by a variant of context-free grammars which distinguish commutative and
non-commutative concurrency actions which is less standard. However, we show that there is
a polynomial-time interreduction between simple coverability for ACPS and APCPS (Proposi-
tion 2). Thus, we focus on APCPS and observe that it is possible to exploit commutativity to
simplify the standard semantics of APCPS. This yields an alternative semantics for APCPS which
precomputes summaries of commutative stack characters’ concurrency effects. For the purposes
of deciding simple coverability, the standard and alternative semantics of APCPS are equivalent
(Theorem 7). The alternative semantics suggests a natural semantic restriction: the shaped stack
constraint (Definition 21). The shaped stack constraint limits the number of non-commutative
stack characters that may reside in the stack of any APCPS process to an a priori fixed bound
while commutative stack characters are unconstrained. We find that the alternative semantics
for an APCPS that satisfies the shaped stack constraint gives rise to a strict well-structured trans-
ition system (WSTS) [Fin87] and thus e.g. coverability is decidable (Theorem 8). Further, the
shaped stack constraint can be recovered on ACPS in normal form (Proposition 2) and thus we
can deduce that coverability is decidable for shaped ACPS, i.e ACPS that satisty the shaped stack
constraint. Hence, we find that shaped ACPS can model (restricted) pushdown processes, a wide
range of recursive function definitions, and are significantly more expressive than other models
that have been considered in the literature. In particular, shaped ACPS strictly subsume ACPS
that satisfy the empty-stack constraint [SV06]. The latter are a popular decidable model that has
emerged in the verification literature on asynchronous programs. More concretely, we show that

e coverability for ACPS polynomial time interreduces with simple coverability for APCPS,

e thereisaweak bisimulation between the standard semantics and the co-universal powerset
lifting of the alternative semantics of an APCPS and thus simple coverability queries are
equivalent between the standard and alternative semantics,

e the alternative semantics for APCPS that satisfy the shaped stack constraint gives rise to
an infinitely-branching strict post-effective WSTS that is well-partially-ordered and hence,
coverability and boundedness is decidable, and

e there is an easy-to-check syntactic condition on ACPS/APCPS from which the shaped con-
straint can be deduced (Proposition 4).

Therefore, ACPS that satisfy the shaped stack constraint appear to be a suitable decidable model.
However, the following question arises: What price do we incur for the expressivity provided by
shaped ACPS in terms of higher worst-case complexity?
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Nets with Nested Coloured Tokens. In order to find an answer to this question, we have
decided to investigate the complexity properties of shaped ACPS. We present our results in
Chapter 5. Encouraged by a connection between Petri nets and ACPS that satisfy the empty-
stack constraint [GM12], we introduce nets with nested coloured tokens (NNCT), a novel exten-
sion of Petri nets. NNCT feature simple and complex tokens. Complex tokens carry coloured
tokens which may be injected into and ejected from complex tokens by transitions of the net.
NNCT are designed to capture the essential features that are required to implement the alternat-
ive semantics of shaped APCPS (Theorem 10). Further, shaped APCPS can simulate total trans-
fer NNCT (Theorem 11), a subclass of NNCT. Equipped with these two results, we focus on a
study of NNCT. We find that NNCT give rise to strict WSTS and thus coverability, bounded-
ness, and termination are decidable (Theorem 9). In order to obtain precise complexity results,
we turn to a proof technique originally used by Rackoff to establish ExpspAcE membership of
coverability for Petri nets [Rac78]. We rephrase Rackoff’s argument using geometric intuition
and adapt it to obtain TowER membership of NNCT coverability. TOWER is a complexity class
recently introduced by Schmitz for non-elementary decision problems [Sch13]. We show that
this upper bound for NNCT coverability is asymptotically optimal by exhibiting a polynomial-
time reduction from the parametrised halting problem of 21 n bounded counter machines to
simple coverability, boundedness, and termination of total transfer NNCT. Our proof is based
on a Stockmeyer/Lipton [Sto74; Lip76] construction. This result implies that NNCT coverability
is TowER-complete and that boundedness and termination are TowER-hard. Moreover, this res-
ult allows us to deduce that coverability for shaped ACPS is TowERr-complete. In summary, we
establish that

e NNCT are strict WSTS, and thus coverability, boundedness, and termination are deciable,
e NNCT coverability is TOwER-complete,
e boundedness and termination for NNCT are TowEgR-hard,

e to our knowledge, NNCT is the first extension of Petri nets—belonging to the class of nets
with an infinite set of token types—that is proven to have primitive recursive coverability,

e simple coverability for shaped APCPS on the alternative semantics ExpTiME-reduces to
NNCT coverability,

e simple coverability, boundedness, and termination for NNCT ExptiMmE-reduces to simple
coverability, boundedness, and termination for shaped APCPS,

e hence, coverability for shaped ACPS is TowER-complete.

6.1 Further Research Directions

There a number of practical and theoretical research directions that address the limitations of
our verification procedure for Erlang and improve the scope of Soter.

Support for a Larger Fragment of Erlang in Soter. In order to make Soter applicable to real-
word Erlang programs, it is necessary to improve the support for more of Erlang’s language
features. Aacror does not capture the module system, exception handling, arithmetic primitives,
built-in data types, and I/O. Further, Soter does not handle fault-tolerance features, process re-
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gisters, type guards, and timeouts at present. We believe the design of our abstract interpretation
can be adapted to support these features and thus make Soter applicable to real-world Erlang code
more readily.

Extensions of ACS. Beside the lack of support for recursion, there are two other theoretical
limitations of ACS that require us to use substantial control-flow abstractions. ACS are not
able to model private mailboxes of processes nor higher-order control-flow. Recently, Meyer
has isolated a rich decidable fragment of the w-calculus called depth-bounded [Mey08]. This
fragment may provide a basis for an extension of ACS that can model the link between a pro-
cess and its private mailbox as well as name mobility (see also Emanuele D’Osualdo’s forth-
coming DPhil thesis). Concerning higher-order control flow, a general result by Chadha and
Viswanathan [CV07] implies that coverability for concurrent higher-order collapsible pushdown
systems [Hag+08] that satisfy the empty-stack constraint is decidable. Higher-order collapsible
pushdown systems are a decidable model for higher-order functional programs with finite-data
and thus Chadha and Viswanathan’s result can be used to obtain an extension of ACS that can
model higher-order control-flow. We believe that it is an interesting research question to invest-
igate whether this result on the higher-order case can be extended to the shaped stack constraint.

Boundedness and Termination There are a number of open theoretical questions with respect
to the boundedness and termination problems for shaped ACPS and NNCT.

NNCT. We know that for NNCT boundedness and termination are decidable and TowER-hard.
However, we leave the problem of establishing an upper bound for these two decision problems
open. We believe that our version of Rackoff’s argument for NNCT coverability can be adapted
to obtain TOWER upper bounds. A difficulty lies in establishing a Rackoff recurrence relation for
paths that witness unboundedness or non-termination.

Shaped ACPS. If TOWER upper bounds were obtained for these two decision problems, it would
open up the opportunity to find a reduction of boundedness and termination from the alternative
semantics of shaped APCPS to NNCT. For suitable subclasses of shaped APCPS we may be able
to exploit the encoding of the alternative semantics into NNCT that we present in Section 5.2.
Such subclasses need to ensure that the CCFG widget (Section 2.4, Section 5.2) does not intro-
duce infinitely many reachable intermediate configurations or paths of infinite length. Rewrite-
bounded and termination-bounded APCPS that satisfy the shaped stack constraint are candidate
subclasses that may enable such a reduction. As we explain at the end of Section 4.3, the former
two subclasses are also likely to be suitable subclasses for which the standard and alternative
semantics are equivalent with respect to boundedness and termination (Conjectures 1 and 2).
Since we can establish whether a shaped APCPS is rewrite-bounded or termination-bounded
using simple static analysis and coverability, we believe that TowER-completeness for bounded-
ness and termination on the standard semantics can be established for shaped APCPS provided
that NNCT boundedness and termination can be shown to be Tower-complete (Conjecture 4).
We further believe that, equipped with TowER-completeness results for termination and
boundedness for shaped APCPS, it is possible to show that boundedness and termination for
shaped ACPS are TowERr-complete. The missing link at present lies between shaped ACPS in
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normal form and shaped APCPS. It may be possible to adapt the bisimulation result that under-
lies Proposition 2 to also obtain an interreduction of the boundedness and termination problems.
This would yield a more complete picture of the decision and complexity properties for shaped
ACPS.

Practical Algorithms for and Applications of Shaped ACPS. In our opinion, there are three
further interesting research directions. We believe that the development of a verification al-
gorithm for shaped ACPS that is practical, i.e. performs well on non-degenerate programs written
by real programmers, is an important and non-trivial research problem. While the TOWER com-
plexity of coverability for shaped ACPS is high, we are encouraged to pursue this direction by
recent advances in the design of practical algorithms for verification problems of comparable or
higher worst-case complexity, such as higher-order model checking [RNO14] (TowER-complete)
and safety verification of concurrent C programs with broadcast [KK'W12] (Ack-hard). Another
promising research direction is to extend our verification procedure for Erlang programs to yield
shaped ACPS. This could be achieved by extending Vardoulakis and Shivers’s CFA2 [VS10] to
Aacror and abstracting degenerate non-tail recursive function definitions while letting shaped
ACPS model benign ones. Another interesting application of shaped ACPS could be to extend
decision and complexity results on programs with asynchronous atomic procedure calls [SV06],
which can be modelled by ACPS that satisfy the empty stack constraint. We believe it is possible
to weaken the atomicity requirement on asynchronous procedure calls using shaped ACPS. This
could allow the modelling of asynchronous calls that return values asynchronously via futures
or promises. Futures have been studied in the tail-recursive case [Boe+12] and in the setting of
hierarchical communication [BE12a] in which processes cannot synchronise freely. We believe
that a larger decidable class of asynchronous programs with futures could be captured by shaped
ACPS.
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Appendix A

Appendix for Chapter 3

A.1 Proofs for Section 3.4

Concrete and Abstract Match Function:
matChp o(pi, (z, P/)) = matChp o(piro (p/( )
match,, ,(7,d) = {z + d} if z ¢ dom(p)
matchpﬁ(@d) = {z — d} if match, ,(p',d) # L
where (p/, p’) = o(p(z))

match,, ,(p, (¢ ® match,, , (p;, (t;, "))
1<i<n
where p=c(p1,--.,Pn)
t=c(tl,... tn)
260 =1 if 3z . 0(x) # 0 ()

060 =0Ul  otherwise

match,, ,(p,d) = L otherwise

match 5 (p;, (2, ) = U match, 5 (p;, d )
des (¢ (2))

mm(x d):{x»—MZ}

matchy 5 (p, (t, p ® match s(pi, (ti, 7))
1<i<n

lfp =c(p1s---+DPn) and
t=c(t1,...,tn)
_ 0= 0:,0# L,
where ®({@i]1§i§n}): 0 1<i<n
0;€0;,,1<i<n

—

match, 5 (p,d) = 0 otherwise
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Theorem 4 (Soundness of Analysis). Given a sound abstraction of the basic domains, the relation
R = {(5,3) | aswate(s) <s=, 5} is a simulation relation between the concrete and the abstract
operational semantics.

Proof of Theorem 4. The proof is by a case analysis of the rule that defines the concrete transition
s —p s'. For each rule, the transition in the concrete system can be replicated in the abstract
transition system using the abstract version of the rule, with the appropriate choice of abstract
pid, the continuation from the abstract store, the message from the abstract mailbox, etc.

Let s = (m,p,0) — (7', 14,0’y = ' and § = (7, i, &) such that asg(s) < 5. Thus, we know
the following inequalities hold: n(7) < 7, n(n) < fi, and (o) < 6. We consider a number of
rules for illustration.

Case: (Send).
We know that s —p s’ using rule Send; we can thus assume

() = (v, p,a,t) o(a) = Arga(l,d, !, c) d = (send,_)

and for s’

/ /

T = ﬂ—[[’ = (v, p, C7t>] n= M[L/ = enq((va p)MU(L/))] g =0.

As a first step we will examine u and show that v —5 ' for some u'. For # and &, writing
i :=n(t), we know that n(7)(Z) C 7 (¢) and n(c)(a) C 6(a) from which we can infer:

(,p,a,t) € #(0) Arga(0,d, 7, _, &) € 6(a)

~

where p = n(p), & = n(a), d = n(d), £ = n(t), i’ = n(/) and ¢ = n(c). Hence rule AbsSend is
applicable and we can set

A~

=AUl @] G = (ped) il o eng((v, p), i)
i !

It follows from rule (AbsSend) that § — §'. Let us show that n(n’) < #’. Suppose iy be an

abstract pid. There are two cases.

(i) 2o # &. Then 7’ (ig) = #(ip) 2 n(w)(io) = n(x7')(ip). Otherwise

(i) io = i. Then #(i) = #(?) U {a} 2 {a} = n(')(0).

Hence, we conclude ?7(7'(/ ) < #'. Further the sound basic domain abstraction ensures us that
(1 () = nlenq((v, p), u(¢'))) < enq((v, p), ali')) = /(@)

and hence we can conclude both (1) < i/ and aigiere(s’) < 8’ which concludes this case.
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Case: (Receive). In the concrete s —p s’ using the Receive, hence we can make the following

assumptions

(1) = (receivep; — €1...pn — epend,p,a,t) =: q
(4,0, m) = mmatch(ps . .. pn, u(t), p, o)
9:[$1’—>d1...$kf—>dk]
b] = newva(L7 Ljs 5]7 Q)

d; = res(o,d;)

and for state s’

e q]
<ei7p/7aat>
[1‘1 —by...xp — bk]

71_/
q/
p=0p
= pfe— m]
o U[blHdl...bkl—}dk].

As a first step we will look at § to prove there there exists a §’ such that § —p §' using rule
AbsReceive. Since 1(m) < 7 we know that for j := n(p), @ := n(a), t = n(t) and i := (1) we
can find

G := (receive p; — €1...pn — €n end,ﬁ,&,£> € ().

Further, the set inequality n(u(¢)) C i(Z) holds as (i) < ji. Since the instantiation of the basic
domains is sound and 7(c) < ¢ we then know that

A A

(i,0, ) € mmateh(7, (i), 5, &)
such that 6 = () and t > 7(m). Turning to the substitution § we can see that
é: [.’L‘l'—>dA1xk>—>dAk]

where d; = n(d;) for 1 < i < k. Appealing to the sound basic domain instantiation once more,
noting that n(o) < 4, yields that for j = 1,...,k we have Sj = n(0;) € res(a, a?j); to obtain
new abstract variable addresses we can now set l;j = newy, (4, xj, Sj,cj ). Rule AbsReceive is
applicable now; we make the following definitions

le = (ei, AI7&7 A>

P = plry — IA)l xp > byl

i = pfi — ]

&’:&u[@lwdl...ék'ﬁdk]
/ /

>

|
—
>
=
S~
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and observe that § — 5 §. It remains to show that age(s’) < §'. Similar reasoning to the
one applied in the (Send) case yields that n(7’)(ig) C #’(ig) for all abstract pids ip and that
n(a’)(a) C 6'(a) for all abstract addresses a. Hence, we conclude n(n’) < #’ and n(o’)
Since m > n(m) we can similarly conclude that n(u')(ig) < ji/ (i) for all i and thus n(')
This completes the proof of this case.

<é
<.
Case: (Apply). Since s —p s’ using rule Apply we can assume that

m(t) = (v,p,a,t) =1 q
o(a) = Argn(l,dy ... dp_1,p,¢) ==k

arity(¢) = n
do = (fun(zy ...zn) — €, p0)
:(v,p)
andfori=1,...,n

d; = res(o,d;)
b; = new,, (¢, z;, 0, q)
additionally for the successor state s’
7 =7l (]
where ¢’ := (e, p/[r1 — b1 ... 2 — by, ¢, tick(4, 1))
0/20[51 l—)dl...bnl—>dn]
p=p

As a first step we will examine § and show that there exists a §’ such that § — 5 § using rule

P
AbsApply. Since n(7) < 7, it follows that

g := (v,n(p),n(a),n(t)) € #(n(t)).

Letting p := 7n(p), @ = n(a), t := n(t) and i := n(t) we further obtain, as 7]( ) < &, that
Argn(l,dy .. .dn—1,p',¢) € G(a) where we write d; := n(d;) for 0 < i < n, p' := n(p) and
¢ := n(c). Inspecting dp we see that dp = (fun(z1 ...zn) — €, po) where po = n(po). Taking

dp, := (v, p) we obtain from our sound basic domain abstraction &; := 1(J;) € res (6, d;) for i =
1,...,nasn(oc) < ¢ and d; = n(d;). Turning to the abstract variable addresses we define
b; := newy, (i, z;,0;,G ) for 1 < i < n. Rule AbsApply is now applicable and we define

~/

#i=r Ui {d]
7= (e, plle1 — by ...xn — byl ¢, tTJ{(E,f»
6 =61 [bl — {dl} bn — {dn}]

§ = (7 p,d).

It is clear from rule AbsApply that § — 5 §; it remains to show that augee(s’) < 8’ to prove this

case. First observe that since we have a sound basic domain abstraction we know 7(tick(¢,t)) =



190 APPENDIX A. APPENDIX FOR CHAPTER 3

tlck(€ n(t) ) thus we can conclude that 1(¢’) = ¢’. Hence it is a routine exercise to verify
n(7’) < 7" and n(o’) < 6’ which implies qsyare(s’) < §'. This completes the proof of this case.

Case: (Case). Since s —p s’ using rule Case we can assume that

7(t) = (case x of p1 —e1 - prp—rep end, p,a,t) =: q
0 :matChp,o'(pia (%P)),
9:[1-1 —dy...xp dk],

b i=neWy, (L, T, Om, q),

Om =res(o, dm)
and for m € (k). Additionally for the successor state s’

7' =7+ ¢'] whereq = (e;, p,a,t)
p=plag e by | 7€ (k)
o = O'[bi — d; | 1€ <k>],
w=p
Let us examine § and show that there exists & such that § —p §' using rule AbsCase. Since
n(m) < 7, it follows that

A~

G = (case x of p1 —e1 -+~ pp,—> ey end, n(p),n(a),n(t)) € 7(n(L)).

Thus let us define p := n(p) :=n(a), t := n(t) and i := n(¢). Inspecting the definition of
match and noting that 7(c) < ¢ we can infer that

o —

0 e matchy 5 (pi, (2, p)) and 0 = [x1 — dy ...z — dy)

where 7)(d;) = dAj for all j € (k). Thus, since we have have sound basic domain abstraction we

can take

7' = U~ {q'}] whereq = (e, a,t)
6'=6Ulb > {dj}|je <k>]
§/ — <ﬁ_l, ,[11’, a_l>

where (53 = n(0;) for all ] € (k). It is easy to see that § —5 &' using AbsCase; it remains
to show that aisare(s’) < &' to prove this case. First observe that since we have a sound basic
domain abstraction we can conclude that that 7(¢’) = ¢’. Hence it is a routine exercise to verify
n(7’) < 7’ and n(c¢’) < 6’ which implies asre(s’) < §'. This completes the proof of this
case. O
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A.2 Proofs for Section 3.5

Terminology. Analogously to our remark in Section 3.5 on active components for rules AbsR in
the abstract operational semantics it is possible to identify a similar pattern in the concrete oper-
ational semantics. Henceforth we will speak of the concrete active component (¢, ¢, ¢’) of a rule
R of the concrete operational semantics and we will say the abstract active component (Z, 4, ¢')
of a rule AbsR of the abstract operational semantics where AbsR is the abstract counterpart of
R. We will omit the adjectives abstract and concrete when there is no confusion.

Lemma 13. Suppose s —p s’ using the concrete rule R with concrete active component (¢, ¢, ¢)
and 8§ > asre(s). Then § — 4 § with 8 > «sare(s’) using rule AbsR with abstract active

component (1(¢),n(q),n(q")).

Proof. The claim follows from inspection of the proof of Theorem 4. O

Theorem 6 (Soundness of generated ACS). For all choices of 1 and Dy, the relation R =
{(s,I1 < T) | s € State, auges(s) < II < T'} is a simulation for P and Ap.

Proof of Theorem 6. Suppose s —p s using rule R of the concrete operational semantics with
active component (¢, ¢, ¢') and suppose (s,II <t ') € ®. Let us perform a case analysis on R.

- R = FunEval, ArgEval, Apply, LetRec, Case, or Vars. Take § = asqre($); Lemma 13 gives us
that § —p g using abstract rule AbsR = AbsFunEval, AbsArgEval, AbsApply, AbsLetRec,
AbsCase, or Vars respectively with active component (i, G, ¢") where . = 7(¢), ¢ = n(q)
and ¢’ = n(q’). It follows that we have the rule

r:=(i,4) > (i,d') € R.

We note that aes(s) = (£,4) || I < TV and aaes(s’) = (i, ¢’) || I <t T for some I and
IV, Thus, (acs(S) —> 4, Qacs(s) using rule 7. Since by assumption aes(s) < II < T the
monotonicity of — 4, implies that II < ' — 4, II' < I such that ape(s") < II' < T
We can deduce that (s',II' < I”) € ® which is what we wanted to prove.

- R = Receive. Let the message matched by mmatch and extracted from y(¢) be d = (v, p')
for pattern p;. Let § = usire(S). Inspecting the proof of Theorem 6 we can deduce that

§ —p & using abstract rule AbsReceive with active component (i, ¢, ') where i = 7(¢),
G = n(q) and ¢’ = n(q¢’) and where message d = (v, p’) with p’ = n(p’), is matched by
mmatch for pattern p;. We note that s = (m, 0, u) and § = (7,5, 1) where 7 = n(m),
6 =mn(o) and 1 = n(p).

Since the message abstraction is a sound data abstraction we know that
i = n(res(o,d)) € TeSpe(6,d)

and hence we have the rule r := (i, §) LN (i,4") € R.

Since d is the message extracted from ji(1) and m = g (res(o, d)) we know that cvaes(s) =
(2,4) | o < To @ [i + [rh]] and aaes(s’) = (2,¢’) || g < Tg for some I and T'g. Thus,
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Qacs(8) = Ap Qtacs(s”) using rule 7. Since by assumption aies(s) < II < I' the monoton-
icity of — 4, implies that IT < ' — 4, II' < I such that a,es(s’) < II' < TY. We can
deduce that (s/,II' < ") € ® which is what we wanted to prove.

R = Send. Using Lemma 13, with 3 = acg(s), gives § —5 &' with active component
(z,4,q") for the abstract rule AbsSend where i = (1), § = n(q) and ¢’ = 7(¢’). Examining
the concrete and abstract states we see s = (m, 0, ) and § = (7,7, [1) where T = n(7),
6 =n(o) and i = n(p). Let the pid of the recipient be ¢’ and let d be the value enqueued
to ¢’s mailbox y(¢'); inspecting the proof of Theorem 4 the pid of the abstract recipient
is i’ := n(//) and the sent abstract value is d = 7(d). Appealing to the soundness of the
message abstraction we obtain

i = n(res(0,d)) € T€8,,(6,d)

and hence we have the rule

ri=(i,4) 2% (i,¢) € R.
We know that aes(s) = (2,4) || o < T and anes(s’) = (2,4 || o < To @ [ — [i]]
for some IIp and T'g. Thus, acs(S) — .4, Qacs(s’) using rule . Since by assumption
Qacs(s) < II < T the monotonicity of — 4, implies that IT << T" — 4,, I < I" such that
Qaes(s’) < TI' < TV, We can deduce that (s/,II' < IT”) € ® which is what we wanted to
prove.

R = Spawn. Take § = a.f(s); Lemma 13 gives us that § — 5 using abstract rule Abss-
pawn with active component (%, ¢, ") where & = 7(¢), § = n(q) and ¢ = n(q’). We note
that s = (m,o,u), s = (7',0',)) and § = (7,6, i) where # = n(rw), 6 = n(o) and

i = n(p). Further we can assume

(1) = (fun() — e, p, a,t) o(a) = Argy (£, d, p, c) d = (spawn, _)
(!, ety =¢

/' := newyq (1, ¢, ) 7' (1)
() = (e, p, %, to) =1 ¢"

Noting that we are replicating the step s —p s’ in the abstract 3 —p 8, aea(s) = §and
70 newpiq = n/ev_vﬁ o 71 we can see that the new abstract pid created is i’ = n(.’) together
with its process state ¢ = 1(q”). Hence we can conclude that we have the rule
ri=(i,q) = (i,4) € R.

We observe that a,es(s) = (i, q) || o < To and aues(s”) = (2,4 || (7,4") || o < To @
[ +— [m]] for some Iy and I'g. Thus, ttacs(S) — .4, Qtacs(s’) using rule 7. Since by as-
sumption ves(s) < II <1 I' the monotonicity of — 4, implies that II < I' — 4, II' < I
such that a,es(s’) < II' <1 TY. We can deduce that (s', 1T’ <1 TV) € ® which completes the
proof of this case and the theorem.

O]
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Appendix for Chapter 4

B.1 Proofs for Section 4.1

Lemma 1. Coverability and simple coverability for ACPS polynomial-time interreduce.

Proof. The reduction from simple coverability to coverability of ACPS is trivial since the former

is a subproblem of the latter. For the other direction suppose we have a coverability query Q =

(P, 11y < Lo, Heoy < Teoy). Let us assume that P = (Q, A, Chan, Msg, R), oy = (q1,51) ||
| (gn, Bn) and Ty = (¢, 80 || --- || (¢%,B%,) where ¢;, q? € Qand ﬁi,ﬁg € A* for

i€ (n),je (m).

Let us define the following ACPS P’ = (Q', A, Chan, Msg, R') where Q' = QU {qEZ.714”6),)7 qu,e)7

q?jﬂ,,) B =A-B-5, 6;-) =p"-p",Br = €,i,k € (n),j € (m)} and all control states qu,A,B)’

qzk,e) q?jﬂ) are fresh and

€ - l
(qEZ,A7Bﬁ/)’B) — (qELA,ﬂ/)’E)? ﬁ’b A/B’M

€ Bl =08y -B-A,
R/:RU q/i ”7B, - qli myy €), !
(9(3,,67) )e(f’ﬂ) bl
(9, 4) = (4,48 9) | i € (n)
(4k+€) = (4{10©); Br = ¢,
U (Q?jﬁm.C%DO) i> (Q?ngm), DO 0)7 B;) — B”/'C‘B/”/
(a0}, Do) = (43, €) ke (n),je (m)

The ACPS P’ essentially implements the query Q’. The rules involving q?j ) set up the start

configuration with arbitrary stacks from a length one stack. Rules involving qE oe) and qzi’ Ae)

essentially check that the coverability query is satisfied. In order to account for this we change

the coverability query to Q' = (P,II}, < Lo, I, < Tcoy) where IIf; = (q?1 50),D0) ||
~ M1

(q?n,ﬁg)’ ) Héov - q(lﬂ ”

B; =A-p then 3; = A, e. By construction Q’ is a simple query.

- (q(n 5.y €) and if 3; = € then 81 = € otherwise if

193
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Since any set of suffixes/prefixes of a sequence [ satisfies

{Bo: Bo-P1 =P} =Hb1:Pbo-P1=PB}<|B

we can clearly set that |Q| < |Q| + (n + m) x max{\ﬁi\,mgl : 4 € (n),j € (m)} and
IR'| < |R|+ 3(n+ m) x max{|5;], |B?| 27 € (n),j € (m)} and hence P’ and Q’ are clearly
polynomial-time computable from P and Q.

By construction P’ has the following property: (q; 4 5,4 5) || o < T =% (4 4 €) ||
IIp < T"ifand only if 8; = A BoB1, $1 <mig B3, i.e. checking coverability at a process level is cor-
rectly implemented by each process. Further Iy <t I'g —p II < I'if, and only if, ITj < T'g =7,
II < T, ie. IIf; correctly sets up IIo.

Suppose now that Q is a yes-instance. This means that Iy < T —% II < I' such that
eov < Teoy <ucps II <1 T'. Clearly it is then the case that H6 Ty —>>7‘5, II < I'. Since Il.oy < Doy
<aces IT < T we know that IT = (q1,31) || -+ || (gn, B;,) || I’ and for all i € (n) either 5; = ¢
or i = A- B/, 5, = A- B and B <z 5.

And hence ITj; < Tg =5, II < T' =%, ( I (qén,ﬁn)’e) | IV < T and hence

/
a9l
Q’ is a yes-instance for coverability.

For the other direction, suppose Q’ is a yes-instance for coverability. We then know that

T < To 0 (¢, 5080 |+ | (a], 5 54) | TV <1 T/ = ' such that

(qzl,&)’ﬁ) el (qzn,&)’e) AT <y 8-
Then our observation above tells us that it must be the case that (possibly reordering locally-
independent transitions) Iy < To =%, (q1,8{81) | -+ || (an,Bnfy) || ' < IV =%,
(QE1’61)761/61) ” e ” (qznﬁn)vﬁg@,@) H H/ < P/ Wlth either BZ = € 0or Bl = Aﬁj, BII = A/BZ{//

and ﬁj <nig ) and thus Bj <mig B)'B} for all i € (n). Further ITy < Ty —p (q1, 8767 |
< || (qn, B1BL) || T < TV Hence Q is a yes-instance for coverability.
We can thus conclude that simple coverability and coverability are polynomial-time interre-

ducible. O

Proof of Proposition 1

In this section we will give a proof of the following Proposition:

Proposition 1. Given an ACPS P, a simple coverability query Q and a IT° < T there exists
ACPS F¢(P) in normal form, a simple coverability query Fg(Q), and Fe(I1° <1 T0) — all poly-
nomial-time computable — such that: Q is a yes-instance if, and only if, F¢(Q) is a yes-instance;
and P is bounded (terminating) from IT° < T'V if, and only if, F(P) is bounded (terminating
respectively) from ]-;lf(Ho < FO).

We will give a proof in two steps: (i) we first transform a general ACPS P into an ACPS that
satisfies a pre-normal form as defined below; (ii) secondly, we show how to transform an ACPS in
pre-normal form with the desired property. We lay out our argument in the two Lemmas below,
but first we define pre-normal form: We say an ACPS P = (Q, A, Chan, Msg, R) is in pre-normal
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if for all (¢, ) A (¢,B") € R (’)if X # e then 3 = 3’ = ¢, otherwise either (ii') 3 = A € A
and f’' = cor (iii')B=cand ' = A" € A;or (iV) 3=/ =¢and (v')if A\ = v(q¢",3”) then
g =e.

Lemma 14. Given an ACPS P, a simple coverability query Q and a start configuration IT0 < T'°
there exists ACPS FP™(/P) in pre-normal form, simple coverability query FP*(Q), and start con-
figuration ]:pnf(ﬂo < FO) — all polynomial-time computable — such that: (A) Q is a yes-in-
stance if, and only if, fpnf( Q) is a yes-instance; (B) P is bounded from 1Y < 10 if, and only if,
FPrf(P) is bounded from FP(I1° < T0); and (C) P is terminating from I1° < T if, and only
if, 7P"f(P) is terminating from P (110 < I'0).

Proof. Let us fix an ACPS P = (Q, A, Chan, Msg, R) and let us define the ACPS Py = (Q/, A,
Chan, Msg, R') and

r pop spush
Q@ =0QU {qﬂo 4,

U {q”%z,s h

(Qa ﬁ) i> (qlvﬂ/) € R/aﬁ = B(/) : BO?}
8'=p1- B

V(q//76//) / / /
(¢,8) —=(¢,B) €R }u{q“)queg}

/! /! 1
B = 50 " Pl

A
(¢.8) = (d,B)eR
if A =v(q",8")
B’ ush
then \' = u(qg?, ,€)
otherwise \' = \

(Q7 6) i> (qgopv 6); A
Y /push € / (%B) - (ql75/) € R/
(¢ e) = (d,€)
@S @, [ drahee
u u ush ush
(@500 S (@5 A 5B e &

The rules of Py simply implement a (g, 3) LN (¢, ") by popping 3 one symbol at the time
and then pushing /3’ one symbol at the time. It is easy to see that Py is in pre-normal form.

Further let = — {|8], 18] : (0, 8) 2 (¢,8) € R’} U{18"] : (¢,8) L% (. 8) € R}

then |Q'| < 2|Q| + 3 x |R| x max(Z) and |R/| < 2 x |Q'| + 3 x |R| and so Py is clearly
polynomial-time computable from P.
We will show that there is a weak reflexive bisimulation between P and Pj.

Definition (Weak reflexive bisimulation). Suppose (S, = g) and (S’, % g/) are labelled transition
systems we say a relation B C S x S’ is a weak reflexive simulation if for all (s,s") € B, if for
some ¢ € S we have s —g t then either (t,5) € B and u = ¢ or there exists ¢’ € S’ such that

s’ 5% t' and (t,t') € B. We say B is a weak reflexive bisimulation relation just if both /3 and
B~ are weak reflexive simulation relations.
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We temporarily label the transition systems (P, —p) and (Pg, —p, ) with rules of R. Let us label
the transition II < I' 5 II' < IV if the rule r € R is used to justify the transition We label
Py’s transition as follows: If II < I' —p, II' < I” using a rule (qgOp : 6) = (¢ %L,‘Sh, €) € R/

introduced because of a rule r = (g, 3) A (¢, ") € R we label the transition IT < T Dsp,

II’ <1 T/; otherwise we label the transition with ¢, ie. II < T i>7>0 I <1
Let first define a representation function for the state of a pushdown process:

A
) q.B) = (¢.8") eR
F(q,8) = {(a:0)} U § (a5, B2~ B") | p = B" - 8"
5" =f1-f2
" (QO7ﬁ0) (QLBI) €ER
0 @™ 8- 8) X = v(a,5)
f=p1-P2
A
g, 8) = (d,8") eR
U (@pr Ba-B") | p=p"p"
B =p1- B2
with which we can now relate configurations of P and Py using the relation:
B={Ml<aT,I'<D):M=my || || mn, [ =7 || - || 7, Vi € {n) 7w, € F(m;)}.
Let us now prove that 3 is a weak reflexive simulation. Suppose (7 || Il < T',mg || IIg < T') €
B, and clearly 7 = (¢, 8),and (¢,8) || I < T L)'p (¢, ") || I < T". Clearly this must happen
using rule [ = (q, o) N (¢, By), and, B = Bo - B1 and ' = f, - 1. We will briefly show that

we can assume Ty = (qggp , B1). We observe that we can then perform the following e-labelled
transitions:

( Sh75”‘/8”/ ”H <]F

5P (g, 8" B") | g 9T = (ge, B) | T < T

i>770 ( popvﬁ) H IIp o

= (¢, Bo - b1 0 - (g5, +B1) [Tl < T
(@€, B0 B1) [ Tl < T =,

ush
(@™ 87) | Thy < T S5,

it should be clear that for all 7g € F'(q, ) we can e-transition 7g || llp < T iﬁ% (q poP, B1) |
IIp < T'. Hence we will assume in the following that Ty = (qg,zp, B1).

First we note that there is a rule (qup, e) = (¢ %?Sh, €) € R/. We can thus make a case
analysis on \.

o Case: N\ =e.
Then clearly IT = II'’ and I" =T and \' = € and:

l u;
(ahy . B1) [ Mo < T =, (q/%/s ;A1) [ o < T
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Thus we can see that (¢, 51) € F(¢',#) and hence ((¢’,5) | TU < T, (¢%™ 61) |

IIp < T') € B which is what we wanted to prove.

e Case: N=c!m.
Then clearly Il = IT" and I" = T' & [c > [m]] and ) = ¢! m and:

! h
(a5 81) [ Tlo < T =, (45, B1) || Ty < T

Thus we can see that (¢%%", 31) € F(q',#") and hence ((¢/,#) || IV < IV, (¢"", 31) |
0 0
IIp < I’) € B which is what we wanted to prove.

e Case: A=c?m.
Then clearly IT = I and T' = I @ [c — [m]] and ) = ¢ ? m and:

l h
(a5, > B1) [ To < T =y (¢, 1) || o < I
Thus we can see that (¢, 1) € F(q', ) and hence (¢, 8) || I' < I", (45", 51) |
IIp < I') € B which is what we wanted to prove.
e Case: N =v(q",p").
Then clearly IT' = (¢”,3”) || Tand IV =T and \ = V(qgl,j,uSh, €) and:

l h h
(@5, > B1) | o < T =y (¢, 1) | (g3 ) || Tlp < T,

Thus we can see that (q’%ZSh, p1) € F(d,B3), (qg?,uSh, €) € F(q¢",8") and hence ((¢/,3") ||

<1, (q’%‘fSh,ﬁl) I (qg?,uSh, €) | Iy < I'’) € B which is what we wanted to prove.
0

Hence we can conclude that B is a weak reflexive simulation.

Let us turn now to B~1. Suppose (7 || II < T, 7o || Ilp < T) € Band g || g < T i)'p
mg || I, < T using rule r € R’.

Let us perform a case analysis on r

- Case: 7= (q,€) = (P, ).

Then clearly mo = (¢, 8), ™ = (¢,8) and 7, = (¢, B), IIj; = Iy, and I'j; = I'. Further
(€, 8) € F(q,) and thus (« || II < T, n(, || IIj, < ['y) € B which is what we wanted
to prove.

- Case: r = (qEUSh,e) 5 (g, ).

Clearly mg = (unSh,B), m = (¢,0) and m, = (¢, ), IIjj = Ilp, and I';; = T'. Further
(¢,8) € F(q,B) and thus (7 || II < T',7(, || II; < I'{j) € B which is what we wanted to
prove.

- Case: v = (q57, A) 5 (¢, o).

Clearly mo = (¢, A 8'), 7 = (¢, 8 A+ ) and = (6%, §), Tty = Ty, and T = T
Further (qgﬁ,ﬁ') € F(q,8-A-p")and thus (7 | Il < I', 7, || I, < T'y) € B which is
what we wanted to prove.
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- Cases 7= (g5, 6) = (5, A).

Clearly mg = (qgujl,ﬂ’),w =(q,8-A-pB')and 7}y = ( push ' 4. B'), Iy = lp,and Iy =T
Further (g poP,ﬁ) € F(q,8-A- ) and thus (7 || II <1 L, || I, < T) € B which is

what we Wanted to prove.

- Case: = (qg’p, €) = (q/%l,mh,e).

Clearly mo = ( poP,ﬁ”) T = (¢, -B")and 1, = (¢ %?Sh,ﬂ"). Further there is a rule

(q,P) X, (¢',B") € R. Let us do case analysis on A

- Case: X\ =e.
Then IT}, = H}?,Ff) =Tand N =e And (¢, 88") | I < T Sp (¢/,8/8") | TT < T.
Clearly (ql%us B") € F(¢,8'8") and thus ((¢/,5'8") || L < ', 7, || I < T'G)
€ B which is what we wanted to prove.
- Case: A=c!m
Then IT) = Iy, T =T @ [c = [m]] and X' = c¢!m. And (¢,88") [TI < T Sp
h
(¢",8'8") || < Tg. Clearly (¢'5™", ") € F(q','8") and thus ((¢',5'8") ||
I < Iy, w || I, < F’) € Bwh1ch is what we wanted to prove.
- Case: A=c?m
Then IT)) = Tlp, T = T @ [c + [m]] and N = c?m. And (¢, 88") |TI < T Sp
h
(¢',8'8") || T <TG Clearly (¢’ %L B") € F(d,p'B") and thus ((¢/,5'8") ||
I <aTy,m |1, <TG) € B Wthh is what we wanted to prove.

h
- Case: A =v(q ”%l,l,s, ,€)

ThenTTy = (¢"%"¢) || TIo, T = Thand X' = v(¢”, ). And (¢, 38”) | L < T Dsp

(¢, 88" || (¢",8") || TL< T Firstly (45", 8") € F(q/,8'8") and (¢"55",¢) €
F(¢",8"). Thus (¢, #'8") | (¢".8") || T < T, mh || Ty <1 Th) € B which is

what we wanted to prove.

Hence B! is a weak reflexive simulation and hence B is a weak reflexive bisimulation.
Let us now define 7PY(P) = (Q', A, Chan, Msg, R’ U Roy) Where

( cov

(@€, €) = (¢ e),
h
( pus. ) 6 (qCOV,G), qgop’qgush c Q,
pop E h
Ry = W0 5 @A) | 0 @)
(a
(

/’) (COVA/) qu

L (a.€) = (@°,0),

Adding the rules Ry to Pp (which are non-reversible) only changes which configurations are
reachable/coverable by a one step transition. Obviously FP™(7) remains polynomial time com-
putable from P
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Suppose that Q = (P, Ily < I'g,II < T') is a simple coverbility query where II = (g1, 81) ||
|| (qx, Bi) and B; € AU {e} then let FP(Q) = (FP(P), Iy < g, I’ < T') be a simple
coverability query such that IT" = (¢, 81) || - - - || (¢}, Br)-

Suppose Q is a yes-instance then IIy < I'g —>73 II{ < T’y suchthat IT < I" <, 117 < T'q.
Since B is a reflexive weak bisimulation we know 11y <1 I'g —>;;O I} < T’y such that (II; < Ty,
Il <T'y) € B.Since IT 9 T' <, I} < 'y we know that Iy = (q1, 37) || -+ || (ax, 8y || T2
such that for all ¢ € (k) either 3; = eor 5; = A; € Aand 3] = A; B{. Hence we can deduce
that I} = @} || -+ || 7}, || II§ such that 7} € F(q;, 8;) for all i € (k). Thus it is easy to see that

I <1y —>§_.Pnf(7)) (@, B7) | -+ Il (g5, 8;) || Iy < 'y such that for all i € (k) it is the

case that 8" = AB)" and 3] = ABZT and hence FP™(Q) is a yes-instance.
Conversely, suppose FP"(Q) is a yes instance then Ty <1 I'g —>}‘_.pnf(7)) (g5, 8) Il -+ |
(¢, B;,) || I} < I'y such that for all ¢ € (k) either 8; = e or §; = A; and 3 = A; 3. Hence

clearly (by reversing transitions from Reoy) o < To —5, 71 || =+ || mg || II} < Ty where
€ F(q;,B)) for some B, ..., B} such that either 3; = e or 3]/ = A;3/ forall i € (k).
Since B is a reflexive weak bisimulation we know that Iy <1 T'g =% (q1,57) || - || (qx. 5;,) |

II; <1 I';. Hence Q is a yes-instance. We can thus conclude that Q is a yes-instance iff FP*(Q)
is a yes-instance.

For boundedness, let 1% <1 T'Y be a start configuration and let f'pnf(HO < PO) =11° < 1°.
Suppose that {IT < I' : Tly <t I'g =% IT <1 '} is a finite set. We notice that for all IT < T' the set
{I' <« T: (Il <« T,II" <« T) € B} is finite. Thus using that B is a reflexive weak bisimulation we
can infer that {Il < T": IIg < T’y —>;‘30 IT < T'} is a finite set. Since the rules in R, adds only a

finite number of reachable configurations we can conclude { II < I' : Il <1 I'g —>;__pnf(7,) II « F}
is a finite set and thus 7P"(7P) is bounded from .Fp“f(l'[o T 0).
Conversely, suppose {H < TI': 1l < Ty —>;_.pnf(73) II « F} is a finite set. Then since the

rules in R0y adds only a finite number of reachable configurations we can infer {II < T" :
Iy < T —>}';0 IT < '} is a finite set. We further note: {II < T' : Ilp <y =5 [T < T} C

{H < T:1IIg < Ty —>;‘,O II < F} and thus P is bounded from IIy < I'g. Thus P is bounded

from Iy < I'g if and only if 7P"(P) is bounded from FP"(I1y < T).

For termination, let Iy <1 I'g be a start configuration and define again .Fpnf(l'[o < FO) =
1Y < T9. Suppose there exists an infinite path s in P starting from IIy < . Since B is a
weak reflexive bisimulation and s uses an infinite sequence of labels it is clear that there is a
path s’ in Py and s’ is also an infinite path. The path s’ is clearly also a path of FP™(7P) hence
FP(P) is non-terminating from ]-"pnf(HO < I‘O). Conversely, suppose that s’ is an infinite path
in 7P (P) starting from IIy < I'g. Since a path can only be finitely extended by rules in R,y we
can deduce that there is also an infinite path s” from Iy <1 g in Py. If s” gives rise to an infinite
sequence of labels then, since 3 is a weak reflexive bisimulation, we clearly obtain a path s in P
that is also infinite (since all transitions in PP carry a label). Suppose for a contradiction that s”
gives rise only for a finite sequence of labels. This implies there exists an infinite path sqg in Py
such that for all i the transition s(i) <p s(i + 1) is an e-transition. Inspecting the definition
Py we see this is implies all rules used must of the form (¢, 8) = (¢/, 8"). We can conclude
that this is impossible since there are no cycles in Py’s rules with no side effects. Hence we can
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conclude that P is non-terminating from I1° < TV if, and only if, 7P*(P) is non-terminating
from FP(TIy <1 T). O

We can now use a summarisation-inspired idea to encode control-states into the stack alpha-
bet:

Lemma 15. Given an ACPS P in pre-normal form, a simple coverability query Q and a start

configuration IT° < T there exists ACPS F™ (P) satisfying: for all rules (g, 3) LN (¢, B of
FE(P) ()qg =4, ()8 = A c A (i) if \ # e then B’ = A’ € A, otherwise (iv)

B e {,A,BC: A" B,CeA},and (v} A\ = v(q”,B) then ¢" = ¢, and 8 € A; simple
coverability query 7™ (Q); and start configuration 7™ (II° < I'Y) — all polynomial-time com-
putable — such that:  (A) Q is a yes-instance if, and only if, 7™ (Q) is a yes-instance; and

(B) P is bounded (terminating) from IT® < T'? if, and only if, ¥ (P) is bounded (terminating
respectively) from F™ (HO < FO).

Proof. Suppose P = (Q, A, Chan, Msg, R) is an ACPS in pre-normal form. We then define
P = (Q, A, Chan, Msg, R') where Q' = {¢o} and qq is a fresh control state, A’ = {A(@7) |
7,4 € Q,A € QU{O}}, where O is a fresh symbol, and R’ is obtained from R as follows

(g,€) 2 (d',€) € R,
/! /
R/ — A(Qaq,,) )\_/> A(q/7q”) A S A U {6}7q 7q0 € Q7
if A = v(qo, €) then \ = p0(20:9%)
otherwise A = )\’
(¢,¢) = (¢, B) € R,
U Aled") 5 Blaa™) Ad"d) | 4 e AU {0},
q// q/// 6 Q
U{a@D) & ¢ (q,4) 5 (¢,e) € R}

where rather than writing (qo, A) we just write A. It is easy to see that P’ is polynomial time
computable from P.
We represent the state of a pushdown process by the following function:

F(q,A1Ag Az - Ap) = {qu,ql)A;ql,qa)quz,qs) oo Alan10) ganan i | E}

where = = q1,...qn+1 € Q. We use the former to represent a P-configuration as a set:
II=m H H T,
G <aD)=RWaT|Il'=m | | nh,

Vi € (n).m € F(m;)
Further we define a relation of configurations and sets of configurations:

B={II<T,GII <T))}.



B.1. PROOFS FOR SECTION 4.1 201

Let us define a co-universal powerset lifting of the transition system induced by P’ and —p,
as follows Z[P'] 1= (Z[M[Q x A*]], = »p) where S — pipq S just if for all 5" € S
there exists s € S such that s —p, s’. Further we temporarily label P and 2[P’] by P-

/
configurations as follows: if s —p s’ we label by s’ the transition s ~»p . If S — 2 S

such that S” = G(s') for some P-configuration s’ we label by s’ the transition .S LN 2 S
We will show that B is a bisimulation relation for P and Z[P’]. As a first step let us give
a proof that B is a simulation relation: Suppose (7 || I < T',G(m || I <T)) € Band 7 ||

Iar i)'p 7' || II” < T” using rule r € R. We know thatl = «' || II' < I". So let 7} ||
Iy <" e G(n' | I" < T”) such that IT) < I" € GII' < I”) and 7} € F(n’). Let us perform
a case analysis on 7

- Case: 7= (q,¢) = (¢, B).

In this case 7 = (¢, A1 -+ Ayp), @ = (¢, BA1---Ap), T =TV and I = II". From this
we can deduce: 7] = Ba) qul’(p) e A,(mq"’q"“)@(q"“’q"“) for some q1,...,qnt+2.
Let m = qu’qz) . A1) Q(an+1,Gn+2) then cearly my || I} < T —p, ) || I} < T
using rule qum) 5 Blda) qul’(h). Further m; € F(7w) and hence my || II} < T €
G(r || II' 9T) = G(x | I <«T'). And so since ] || II} < I' is an arbitrary element
of G(x’ || I < I") we can deduce G(m || 1 <9 T) % popp G’ || IV 9 TV). and (' |
'« rV,G( | I < T)) € B.

- Case: 7= (q,A) 5 (¢, e).

In thiscase 7 = (¢, AA1---Ap), 7 = (¢, A1---Ap), T = TV and I = II". From this
we can deduce: 7] = qu a) A,(lq“‘l’q")@(%qnﬂ) for some q1,...,qn+1. Let mp =
Ala:4) qu ) A%qn*l’q")@(q"’q"“) then clearly 1 || I} < T —p, 7 || I} < T
using rule A(®9) 5 ¢ Further 71 € F(r) and hence 7y | I} <« T € G(n | I < T) =
G(m || I < T). And so since 7} || I} < I is an arbitrary element of G(n’ || II' < I)
we can deduce G(7 || Il < T) L{g;[p/] G(r' | ' «TV). and (7' || ' < TV, G(=" ||
Ir'<r’))es.

- Case: = (q,¢€) 2, (d,e€).
In this case 7 = (¢, A1 -+ Ap), ©" = (¢, A1 -+ Ay). From this we can deduce: 7] =
qu a) A%Qn—lﬂn)@(qn,qn+1) for some q1,...,qns1. Let 1 = qu’ql) . A%Qn—ly(h)
©(an:4n+1)  Let us perform a case analysis on \:

- Case: A =e.
Wehave I =1II',T =TI",and m || II} < T —p, 7} || I} < T using rule qu’ql) 5
qu 9 Further 71 € F(r)andhencemr; || II} < T € G(n || I' < T) = G(r |
II < T). Since 7} || I} < I" is an arbitrary element of G(7’ || II' < I”) we can
deduce G(7 || T < T) L)gz[rp/} G | ' <aT’). and («' || I <« TV,G(7" ||
<1’ eB.
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- Case: A=c!m.
Wehave Il = II', T =T @ [¢c — [m]],and m || II} < T —p, np || II} < T’
using rule qu’ql) dm, qu ) Further m € F(r) and hence 71 || II} < T €
Gir | I' «T) = G(r || II < I'). Since 7} || II} < I is an arbitrary element of
G(r' || ' <« T”) we can deduce G(r || Il < T) i)g[p/] G || ' <« T7). and
(' | I <« T',G(x" | II' < T)) € B.

- Case: A =c?m.
Wehave I = II',T =T"® [¢c — [m]],and m || I} < T —p, «y || II} < T’
using rule qu’ql) am, qu ) Further 71 € F(r) and hence m; || II} < T €
Gir | I' «T) = G(x || I < I'). Since 7} || II} < I is an arbitrary element of
G(r" || TI' <« T') we can deduce G(w || II < T) i>g;[fp/] G(' || ' <« T7). and
(7| I <« T",G('" | I <« T)) € B.

- Case: A\ =vq", e
We have I = (¢”,€) || ILT = I". Hence I} = mp || II such that I} < T €
G(II < T) and mp € F(¢”,€) which implies mg = 074" for some ¢"”. Thus 7 ||

I, < T —p, 7 || ©79" || T[; < T using rule qu’ql) vor ” qu/’ql). Further
m € F(m) and hence my || II} < T € G(x || II < T). Since 7} || II} < I” is an

arbitrary element of G(7’ || I < T”) we can deduce G(r || IT < T") L{@[p/] G(r' ||
I'<a).and (7' | I <« T/,G(x" || I <« T")) € B.

We can thus conclude that B is a simulation relation.

For a proof that B~! is a simulation relation we will first prove a little lemma:

Lemma. {(so,s): so € G(s)} is a simulation relation.

Proof. Suppose m || IIp < T € G(rw || Il <9 T') and mg || g < T' —pr 7, || I, <0 I using rule
r € R'. Let us make a case analysis on r:

- Case: r = A@d) S ¢

ThenIlfy = IIp, I =TV, mg = A(qvq/)qul’ql) e A%qn*l’q")G(q”’q”“) and 7 = qul’ql) e
Aﬁﬁ"—“q")@(%vqnﬂ) for some g1, . .., gnt+1. We can deduce that m = (¢, A A1 - -+ A,) and
we canlet 7’ = (¢/, A1 - - - Ay,) so that n(; € F'(n’). Further we know by construction that
(,A) S (¢/ye) € Randthus 7 |[TT < T —p a/ [T < Tand 7 || T < TV € G(' |
II' <« T") = G(«' | IT < T") which is what we wanted to prove.

Case: = A@d") & B(d'd") A(d".4")

Then IT) = I, T’ = I, my = A(@a) A" . g{dn=190) (an.an41) and 7/, = B(d"4")
A(q///’q”)quN’(h) ‘e A%qn*l’q”)@(q"’q"“) for some q1, ..., qp+1. We can deduce that 7 =
(¢, AA;---Ay,) and we canlet 7 = (¢, BA Ay --- Ayp) so that 7, € F(n). Further we
know by construction that (¢,¢) = (¢, B) € Randthus 7 || I <T —p 7' || I < T
and 7)) || I, <« I” € G(«' || I' < I') = G(«’ || II < I") which is what we wanted to
prove.
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- Case: 7= At Xy A(dd"),
Then Iy =TIy, T = T”, mp = AW@) AL . g{in—1:90) @ (an.ani1) and 7y = A(d'4")
qu//,‘h) . A%‘]n—l»QN)@(Qnaanrl) for some q1, ..., qp+1. We can deduce that 7 = (¢, A 41
-+ Ap) and we can let 7’ = (¢/, A Ay --- Ay,) so that ) € F(n’). Further we know by

construction that (g, €) LN (¢',€) € R. Let us perform a case analysis on .

- Case: N =e
Then A = ¢ Il = I, T = IMand thus 7 || II< T —p 7’ || H<T and 7, ||
Iy < IV e G(n' | II" <« T') = G(«' || II < T") which is what we wanted to prove.

- Case: N =c!m.
Then A\ =c!m, I =1T,T"=T&[c— [m]]and thus7 [ ITI T —wp 7' | T < T’
and )y || I, < IV € G(n' | II" <« T') = G(«' | 1T < I'’) which is what we wanted
to prove.

- Case: N =c?m.
Then A =c?m, I =1"T=1"®[c— [m]]andthus7 [ I < =p ' | < T’
and 7)) | II; < IV € G(«' || II" <« I”) = G(«’ || IT < I") which is what we wanted
to prove.

- Case: N =p0W@"d"),
Then A = v(¢",e), Il' = (¢, ¢) || ILT' =T and thus 7 || T < T —p 7' (¢, €) ||||
H<aMandn || II; < IV € G(n' | II" < TY) = G(«’ || IT < I”) which is what we
wanted to prove.

which concludes the proof. O

Now we can use the above Lemma to show that B! is a simulation relation. Hence suppose
(r|I<T,G(r || I<T)) € Band G(7 || II < I) i{@[pl] G(m' || I < TV) then clearly
G(n' || I" <« T”) # (0 and hence we have s € G(7 || I < T') and ¢’ € G(«' || II" < I”) such
that s —p/ s’ from which the above Lemma let’s us conclude that 77 || [T < T —p # || IT' < TV,
Hence we can conclude that B is a bisimulation.

Let us define 7™ (P) = (Q', A'UAcoy, Chan, Msg, R'URcoy) where Aoy = {@E&A), @Ef{f) :
g€ Q,Ae A} and

Reow = {477 5 0, 477 5 0 1 q.¢ € Q. A € A}

U {@q’ql 5 @EZf) 1q,q € Q} )

It is easy to see that ¥ (P) is polynomial-time computable from 7P.

Now suppose Q = (P,IIp < I'g, oy < I'eoy) is a simple coverability query. Since Q is
simple we may assume that ITp = (¢0,€) || -+ || (¢),€) and Iy = (g1, 51) || - -+ (g, Bn) such
that 3; € A U {e} since a trivial polynomial-time transform P may set up a general IIy <1 T
from a simple query Q.
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Fixaq' € Q. We may define the query F™' (Q) = (F™ (P), 7' (Tly <1 Tg) , F*¥ (Teoy <1 Teoy))

where
.an’(HO ATy = olal.a") -l a4 I and
‘ch’(Hcov < Fcov) = @E?,‘l,’ﬂl) ” ” @ggc,ﬁn ar.

Ff (g < Tp) € G(ITp <1 Tg) and F (Teoy < Teoy) € G(Ileoy <1 Teoy) and both the former
are polynomial-time computable.

Now suppose Q is a yes-instance, then Il <1 I'g —> II < T such that IT.oy < Teov <ucps
IT < I' and since B is a bisimulation we also know thatG(Ho < To) _>,@[ P G(II < I'). Further

we must have II = (g1,8]) || -+ (gn,B,) || II1 where either 3; = € or §; = A; and ] =
A; - B!. By definition for all II' <« T € G(II < I') there exists a II{; <« g € G(IIp < I'g) such

that I, < Tg —%, II' < T'. We can deduce that IT' = Aql’qllﬁ | --~Aq”’q;“LBn | II} where
either A; = f3; or B; = e and A; = ©. We can then see that II' < T —>]__nf(7>) @gg&’ﬁl)ﬁ I

: @cg:/“ﬁn)ﬁn || II}. Slnce I = eld.ai) || ... || @%% may differ from 7 (IIy < T'y) only
by the choice of the q] whlch cannot play a ro6le in any reduction; this allows us to deduce:

Ff(Iy < Tg) — o) ol 3, | - ltbg | IT{. Thus F2(Q) is a yes-instance.

Conversely, suppose ™ (Q) is a yes-instance then F™ (ITy <1 T'g) —>;.nfx(73) Cgé’ﬂ 1) Bl

- 95,33 P "? B || 11 Reversir}g transitions using rules from R,y we can see that 77! (Il <1 Tg)
— A?l’qlﬁl | - || AZ B, | 11} where either A; = ; or 3; = € and A; = O. Since
Ff(Ilp <1 Tp) € G(Hg < T'g) the Lemma above implies that A(fl’qllﬁl |- A?L"’%Bn | 11} €
((ql,ﬂl 51) H || (gn,Bn By,) || 1) for some B} and II; and Iy < Ty -5 (q1, 51 B

| (qn, Bn BL) || I1;. Thus (P, 1y < Tg, oy < T'eov) is a yes-instance.

For boundedness, suppose given Iy < I'g suppose {II < T' : Ilp <« Ty =5 I < T} is
a finite set. Then since B is a bisimulation this implies {G(Il < I") : G(IIp < I'g) —>>€'§y[7),]
G(IT < T')} is a finite set which implies that {II < T : F* (Ily <t [g) —%, II < I'} is a finite
set since G(II < I) is a finite set for all IT < T". Since rules from R,y only add a finite of fi-
nite number of configurations we can deduce that {IT <1 T : F™ (ITy <1 I'g) —* II<T}

For(P)
is a finite set. Conversely, suppose {II < T' : F (IIg <1 T) —>;__nf,(79) IT < T'} is a finite set
then since rules from R,y only add a finite of finite number of configurations we can infer that
{Il < T : 7°F(Iy < Tg) —%, II < T} is finite set. Clearly this implies that {G(IT < T') :
G(IIp < Tp) —>?;][P,] G(II < T')} is a finite set and thus {Il < " : [Ip <« g =5 II < I'}isa
finite set since B is a bisimulation.

For termination, since B is a bisimulation clearly there is an infinite path from IIy < I'g in
P iff there is an infinite path from G(Ily <1 Tg) in Z[P’]. And the latter is clearly possible if,
and only if, there is an infinite path from a 7™ (Il <1 Tg) € G(IIg < T'g) which is implied by
the Lemma above and by B being a bisimulation. This concludes the proof. O

We can now give a proof of Proposition 1:

Proof of Proposition 1. Let F'(P) = F°f (FPr(P)), F'(Q) = F™ (FP(Q)),and F'(Ily <1 I'g) =
Fof (FPrf(IIy <1 Tp)). Lemma 14 and Lemma 15 then implies that F/(Q) is a yes-instance if, and
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only if, Q is a yes-instance; F/(P) is bounded from F'(IIy <1 I'g) if, and only if, P is bounded
from Iy <1 Tp; and F'(P) is terminating from F'(Ily < T'p) if, and only if, P is terminating
from Iy < Ty. F'(P) is not quite in normal form yet, since it contains rules of the form A A B
where normal form requires the RHS to be ¢, clearly we can by introducing a polynomial number
of non-terminals to remedy this; replacing such rules by pairs::

ALBH{Aéc*B,cAAE}.

We call the the resulting ACPS F¢(P), and take the query F¢(Q) = F'(Q), and Fe(Ilg < Tg) =
F'(IIy < Tp) and it is trivial to see that the result holds. O

B.2 Proofs for Section 4.2

In this section we give a proof of Proposition 2. For this purpose, we fix a P in normal form
and hence have also a fixed G(P). The proof of Proposition 2 exploits the fact, that we may
accelerate any transitions with commutative side-effects (send, spawn, €) and that we may delay
blocking/non-commutative transitions until the last possible point. This means we can syn-
chronise reductions of P and G(P) at configurations where all processes have non-commutative
non-terminals as a head symbol. We will relabel the transition relations several times in order
to chose different synchronisation points.

Let us first extend ~ygp)) to parallel compositions. We write 71 || -+ || ™ ~ygp)) 1 ||
e H 7y, just if m; ~HG(P)) m; for all i € <n>

For this section let us write —gp) for —¢,, to make clear that the transition relation is
induced by G(P). We temporarily label —p and —gp) by P-configurations as follows: If

I, < 17
IT <« T —p II" <1 T’ then we label the transition IT < T’ Lﬁ: " < T for TIy =~ ygpy) I

QT —gpy ' 9TV and I ~ygpy) I, I € MIN™] then we label the transition

<l Mg(p) II" < IV; otherwise we label it by €, i.e. II < T i>g(p) I <r.

Lemma 16. The relation § = {II < [, Il < T) : II ~1G(P)) I, € MN*]} is a weak
simulation relation for P and G(P).

Proof. Suppose (7 || I < Ty || Ilp <T) € Rand 7w | II < T —p 7 || I' < IV, We may
assume that 7 = A 5 and a rule A LN /3’ is used in the transition. Since g || Il ~rapy) AB |

II we can w.l.o.g. assume that 1y = A and 3 ~ 1gP)) B (by using transitivity of ~ygpy)
otherwise). Let us perform a case analysis on A:

- Case: A =¢€
Since P is in normal form we know that 8’ € {¢, BC : B,C € A}, «' = '3, 1I' =11,
I"=Tand A — B € G(P). Thenclearly AS || Il <« T L>g(p) BB || Ho < T and
BB || o ~ggpy) BB | L= =’ || II'. Further clearly 5" 3 || Ilp € M[N*] and thus we
may take [ = 7’ || IT'.
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- Case: A=c!m
Since P is in normal form we know that 3’ = ¢, 7’ = 5, II' = I, T =T & [c — [m]]
and A — c!m € G(P). Then clearly A3 || Ip <« T ;g(p) c!'mB |y <T L>g(p) B
Iy < TV and 3 || g ~pgpy B || I = 7' || II'. Further clearly 3 || Iy € M[N*] and
thus we may take [ = 7’ || IT".

- Case: A=c?m
Since P is in normal form we know that 3’ = ¢, 7’ = 3, Il' = IL,T' = I" @ [c > [m]] and
A — c?m € G(P). Then clearly A3 || Ilp < T i>g(7;) c?mf || Iy < T L>g(7;) Bl
o < T and 3 || g ~pgpy B || I = 7" || II'. Further clearly 3 || Iy € M[N*] and
thus we may take [ = 7’ || IT".

- Case: N =vA
Since P is in normal form we know that 8’ = ¢, 7/ = 8, 1I' = A’ | I, T = I and
A—vA e Q(P)._Then clearly AS || Tl < T —gpy vA'B | Tlog 9 T =gy B || A ||
Ilp < T. Further B || A" || Tlp ~pgpy) B || A" || L = 7' || II', and Further clearly
B || A" || Ty € M[N*] and thus we may take [ = 7/ || IT'.

Hence R is a weak simulation which is what we wanted to prove. O

We temporarily relabel —p and —gpy by side effects in A as follows: If Il < I" —p rar
using rule /3 LN (' then we label the transition IT < T i>7> ' HEAB T < T —gpy B
IT" <t T using rules (R-4), (R-5) and A € 3(P) then we label the transition A3 || IT < T i>g(7;~)
B || I" < T’; otherwise we label it by ¢, ie. I < T i>g(p) II' < T’. Further we label the
transitive closures as usual: If ITy <1 I'g l—1>g(7>) I <« I’y l—2>g(p) l—”>g(7>) II,, < T'), then
we label Il <1 I'g M%(P) II,, < I}, and similarly for L>’7k;.

We capture the language of side effects of a 3 € N™ in P and G(P) as follows: Lgp)(53) =
A8 <90 p eI TIA) QT(A)}and Lp(8) = {X | B <0 2% ¢ | TI(A) < T(A)} where
a A determines a “delta” to the configuration in terms of sent messages and spawned processes:

() = { I (5 a) } ,

A€
ra:={ @ P [c»—>[mMW(dm>H
c€Chan mEMsg

Further we note that Lgp)(8) is effectively the Parikh language defined by the CFG G(P) of 3
in the standard derivation sense. We can now make precise how we can accelerate the execution
of commutative non-terminals:

Lemma 17. Suppose 3, 3 € N°™* then:
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(i) Lp(B) # 0 and for all A € Lp(3) we have the transitions: §5" || I < T =5 g || 11 |
IIA) < T®&T'(A); and

(i) Lgpy(B) # 0 and for all A € Lgp) () we have the transitions: 35’ || II < T _%(’P) Bl
I || TI(A) < T(X).

And if 8 >~y gpy) /3 then we have the set equality:

[(I), T()) [ A € Lp(B)} = { (A, T(N) | A € Lgp)(B)}

Proof. Let us first prove that Lp(3) # (). First since 5 € N™* we may see them as non-
terminals of G(P) and rewrite them. Suppose 5 = A; - - - A;, then we know that A; is commut-
ative and thus £(A;) # ( foralli € (n). Soletuspick A; € L(A4;) let us show in a brief induction
that if A € L(A) then A € Lp(A). Let us suppose A =™ X. If n = 1 then we use arule A — A

in G(P); hence there exists a rule A 2, ¢inP and thus A < ) 1%(7)) e || TI(A) < T'(N). If

n = k + 1 and the claim holds for all A’ and ¥/ < k then we can see that A — 3 —F .
Now since G(P) is in Chomsky normal form the first step must be a rule of the form A — B C
and § = BC. This implies A = XX/, B =% X, C =% X' and k = k' + k", which
yields using the IH that X' € Lp(B) and X" € Lp(C). Further we know there is a rule

] . N, N,
A S BCin P and thus A < () SQ(P) BC <0 =gp C | X)) QT(X) Z=gp € |
II(A'A) < T(N) which concludes the induction. Hence we can infer that in fact \; € £(A;)

Al 4 A2 4 An s
and so we can see that Ay - -+ A, < () _1>g(73) Ag -+ Ap || II(A1) < T'(A1) _2>Q(’P) OGP

ceee || TI(AL -+ - Ap) < T(A1---Ap) and thus Aq -+ Ay, € Lp(B) which is what we wanted to
prove. For the second claim of (i) suppose A € Lp(3) then by definition 5 <1 ) A%(P) e |
II(A) < T'(A). It is then trivial to see that 33" | II < T" =} ' || I || II(A) < T @ T'(X).

For (ii), let us first prove that Lgp) (B) # 0. First we note again that 3 € N°™* and thus

L(3) # 0. Hence take A € L(3). By continuously commuting non-terminals to the leftmost-
position we can see that 3 < () ;E(P) A < () and then clearly XA <1 () A%(P) e ]| TI(A) < T(A)

thus A € Lgp) (). For the second claim of (ii) let A € Lgp) () then by definition B<i A%(P)
e || TI(A) < T(A); it is hence trivial to see that 38" | Il < T —5 8 || I || II(A) <« T & T'(X).

Since G(P), restricted to non-terminals of A/°°™, is effectively a completely commutative
context-free grammar derived from P we can see that {M(\) | A € Lp(B)} = {M(\) |

A ~ngpr) A € Lp(B)} = {M(A) | X e Lgp) (B3)} which implies immediately that

{(TN), T() | A € Lp(B8)} = {(TA).T(N) | A € Lgp)(A)}
O

As a final step in our argument let us relabel the transition relation again. We temporarily re-
label —p and —gp) by P-configurations as follows: If IT <T' —p II' < I then we label

Iy « 17

the transition II < T p ' < T I € MIN ™ - A*] and ITj) ~ygpyy IT'; other-

wise we label it with e Il < T Sp I 9TV, I < T —gpy I < IV and I ~gpy) 1T,
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Ir € M[N 7™ . N'*] then we label the transition IT <1 T’ Mg(p) I’ <1 T/; otherwise we

label it by e, ie. 1T < T 2000 I 4 1

Lemma 18. The relation ®' = {(Il < T,II < T) : II ~1G(P)) ILIT € MIN ™™ . A™*]} is a
weak bisimulation relation for P and G(P).

Proof. Let us first prove that ®’ is a weak simulation. Suppose (Il << I',1Ij < T') € ®' and

II«rT Mﬁ; IT" <t T such that I € M[N 7™ . A*]. Lemma 16 then tells us that IT <t T’

M/—ﬁ) Iy < T' and I ~ygpyy II'. The latter implies that T € M[N 7™ - N*] since
II' € MIN ™ . A*], i.e. each process is headed by a non-commutative non-terminal which
obviously are invariant under commutation. Hence we can deduce that &/ is a weak simulation.

Let us first prove that ®'~1 is a weak simulation. Suppose (Il <t I',Tlp < I') € ®’ and
Iy < T M%(P) Iy <1 TV where ITjy =~y gpyy II' for some I € MIN ™™ - A*]. W.lo.g. we
may assume this path may not be split to expose two labels /, !’ (otherwise we may consider a
maximal splitting of the path to obtain several labels and apply the below to each in turn one-by-

one). We can infer that Il = A By || II and the transition may be split A 5y || II; < T i>g(7;)

B Bo || I} <« L%(P) Iy < IV, 1.1 =1I' < T’ and using a rule A — ' € G(P). Further

we may infer that IT = A 3 || II. Let us make a case analysis on 3.

- Case: (' = B C, B non-commutative.
Firstly, we notice II} = II;,I' = I'; and BC Sy || II; € M[N ™™ . A*] which implies
that ] = I < TV and also IT), <t IV = 8 By || II;. Further there is a rule A = B C in P
and thus A8 || I < T 5p BOB || s < Tand BC B || Lz ~ygpy) BC Bo || Iy
which is what we wanted to prove.

- Case: ' = BC, B commutative.
Firstly, we notice H’1 = II{ and I" = I';. Since A was non-commutative it must be the
. . . I <1
case that C' is non-commutative. Further since IIp < I L)E(P) 11, < I may not be

further split we may assume that for some A € Lgp) (B) we may rewrite the transition

l/
ass Afp | I < T Sgpy BCBy | I T =&py CBo || T || TIA) < T & T(X),
ie Iy < IV = CBy || I || II(A) < T & I'(A). Now we know that there is a rule
AS BCinPandthus AB || Tl <« T Sp BC B || Iz < T and Lemma 17 then gives

usthat BCSB || Iz < T L)% Cp | II(A) < T @ I'(X) for some A € Lp(B) such

that TI(A) = II(A), '(A) = T'(A). Further C 8 || Iz || TL(X) ~ygpy) C Bo || T || TI(X)

which is what we wanted to prove.

- Case: B =e.
Firstly, we notice IIY = II; and I' = I'; and we may write 8y = /(3 such that 5 €
Neom* and B € (N TeomNm*)*  Further since Iy < T’ &%(P) I, < IV may

not be further split we may assume that for some A € Lgp) (B)) we may rewrite the
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transition as: Afp || II; < T’ i>g(p) Bol|lIl; «T L%(P) By | I || II(A) < T @ T(A),
ie. I) < T = By || I; || TI(A) < T @ I'(A). Now we know that there is a rule A 5 ¢

in P and thus A3 || Il <« T S5 B || Il < T and since 8 ~1gp)) Po we may rewrite
B = B'B" such that B’ ~ygpyy By and B” ~ygpy) By, hence clearly 5/ € N°™* and

B € (NTeomAcom ) and Lemma 17 then gives us that 8 || IIo <t T’ l—>}§ @” | I ||

II(A) <« T@T(A) for some X € Lgpy (') such that II(A) = II(A), T'(A) = ['(X). Further
B || Ty || THA) ~pggepyy By || T || TI(A) which is what we wanted to prove.

- Case: B =c!m.
Firstly, we notice IT] = II; and I' = I’y and we may write Sy = ({3 such that ) €

Nem* and B € (NTOmNm*)*  Further since Iy < T &%(7’)

not be further split we may assume that for some A € Eg(p)(ﬁ(')) we may rewrite the

I, < I’ may

transition as: A5y || II; < T’ i>g(7;) c!mppy || II; <« T LE(P) By |l Iy || H(c!m -
A)<Tel(e!m-A),ieIly <TV =501 |[H(c!m-A) <T@&T(c!m-A). Now
we know that there is a rule A < ¢ in P and thus A3 | Iy <« T Sp 6| o ||
[I(c!m) < I'@®T'(c!m) and since 3 ~ygp)) fo we may use analogous reasoning to the
B’ = € case to obtain that 3 || Iz || II(c!m) < T & I'(c! m) L}B B || Ty || T(c!m -
A) <T@T(c!m-A)suchthat 87 || g || TI(c!m - X) ~ygepy) By || T || TI(c!m - X)

which is what we wanted to prove.

- Case: B =vA.

Firstly, we notice IT] = II; and I' = I'; and we may write Sy = ({3 such that ) €
Nem*and g € (N MmN m*)* Further since ITy < T’ ME(P)
be further split we may assume that for some A € Lgp) (B() we may rewrite the transition
as: Aflo || Th < T Sgupy vA'o || T T Sy B0 || T | TIwA’ - A) < T&T(wA'-
A),ie Iy < TV = g || I} || II(vA" - A) < T @ T'(vA" - X). Now we know that there
isarule A Y2 ¢ in P and thus AB |y <« T Sp B || I || H(rA)) <« T @ I'(vA4)
and since 3 ~y¢gp)) So we may use analogous reasoning to the 3’ = € case to obtain that
B g || H(rA) <« T @ T (vA) L)%} B g || H(rA"-X) <« T & T(vA" - X) such that
B || Mg || (ctm - X) ~ygepyy By || M1 || TI(c!m - X) which is what we wanted to
prove.

I, < I may not

- Case: B =c?m.
Firstly, we notice ITj = II; and I' = I'; and we may write Sy = ({3 such that ) €
Neom* and B € (N MmN m*)* Further since ITy < T’ &%(7’) I, < I may not
be further split we may assume that for some A € Lgp)( f3(,) we may rewrite the transition

l/
as: Afy || Ty < T Sgpy c?mfBo | i < T Sgpy Bo | Th < T & [c — m] —&P)
By |y || IA) <« T @A), Le. Iy < TV = B || 1 || II(A) < T © [¢c — m] & T'(A).
Now we know that there is a rule A <% ¢ in P and thus A 3 [Ty < T Sp 8| T2 |
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< TI'S [e — m] and since 8 ~ygp)) Bo we may use analogous reasoning to the gl =ce

case to obtain that 3 || Iy <« T & [c — m] L;} B’ |y || TIA) < T & [c— m] & T(N)
such that 8" || Tg || TI(A) ~ygpyy By || T || TI(A) which is what we wanted to prove.

This concludes the proof.
O

Proposition 2. Suppose P is an ACPS in normal form and Q = (P, Il < I'g, Il < T") a simple
coverability query. Then, Q is a yes-instance, if and only if, Q' = (G(P),Ily < Ty, II < T) is
a yes-instance. Hence simple coverability, boundedness and termination for ACPS and APCPS
polynomial-time interreduce. A simple APCPS query (G, Iy <0 I'g,II < I") satisfies: 7 ~ 19)
A € N for all 7 in IT and IIy. Further P is K-shaped from IIy < Ty if, and only if, G(P) is
K-shaped from Iy < I'g.

Proof. First suppose Q = (P,Ily < I'g, Il < T') is a simple coverability query for ACPS in nor-
mal form, IT = Ay || --- || An. Wlo.g. we may assume that all A; are non-commutative wrt
to I(G(P)) (otherwise we may introduce a fresh channel c.oy, message Moy, non-terminals A;

and local states 0, . . ., K, K +1, oo, counting the number of non-commutative non-terminals on
CCOV?,rrLCOV

stack — widening at > K + 2, rules (k, 4;) = Al for k < K + 1, AL =", ¢ and change II
toll = A} || --- || A)},; applying polynomial-time normal form reduction afterwards; this trans-
formation may increase the shaped constraint from K -shaped to K + 1-shaped, since (oo, 4;)
will clearly be commutative, and is also polynomial).

Defining then Q' = (G(P),Ily < Iy, II < T) is then clearly a simple coverability query
and can be polynomial-time computed.

Since G(—) is clearly a bijection and both G(—) and G(—) ~! are polynomial time computable
we may simply show that Q is a yes-instance if, and only if, Q' is a yes-instance.

Suppose Q’ is a yes-instance then Ty <1 T'g _%(’P) II' < IMsuchthat Il < T <g  II' < T".
Let us maximally split this path so that

My <1 To —— gy My Ty 202 o e Sime ML, 9 Ty Sy I < T

using the third labelling of this section. Since Q' is simple we know that IT = A; || --- || Ay
and thus IT" ~jgp)) A1B1 || -+ || AnBp || TI”. Further since the path above is a maximal split

we may assume that II,, ~ygpy) A1B1 || -+ || ApfBn | I" and I < T, ;Z(P) o <1
where the latter may not be split into two paths exposing a label. Hence we may conclude that
0" =B BB} || -~ || By BLAL | 17" where By, ..., By € N~om, gf ... 8l € Aeom* and
ﬁir/, . ,ﬁ,il € (NTeomp\feom* )X that after a one rule step for each process 1 up to k we can go
o1 Ty Sp 81 B |- | B0 AL [T < Tt S5, 7 < T where 8], 8] €

Neem* 117 = 11" || H()\I .. )\L) I=Ttg F()\I .. )\L) for some )\;[)‘lf’ c Eg(p)(ﬁgr”) for
each 7.
We will now show that we can follow these transitions with P. First Lemma 18 tells us that we

find the following path Iy <1 I'g %;B I, < Iy o 2 T Do Mo < T D I, < Ty, such

that II; ~jgpy) I foralli € (n). Now I, = A1By || -+ | ApfBy | I and 1" = By ] A1 |
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|| By, B;LB}: | TI"" since A1, ..., Apn, B1, ..., By, € N7® Now since By, ..., B, € N/ 7¢m
it is easy to see that we can follow the G(7)-path one rule step per process in: II"" <1 Ty, ;E(P)
BI BI -l B;L B,JL | """ < T1 where BI ,...,B}; € N©m* and BZT ~ 1 G(P)) ﬁj for all
i € (k). We can then pick 5\3 € Lp (B;f ) such that 5\2 ~1G(P)) )\ZAZ . Lemma 17 then tells
us we can reach II"” < 'y, i%(’P) ot || o | H(S\J{ e 5\;2) arferte F(S\J{ e ;\L) where

we write I = BI/ -l ,3}: We note that I' < F()\J{ e )\L) < F(S\J{ e 5\2) We can now
use these paths to extend our P path to a covering configuration: Iy <1 I'g =% I, < 'y =%
ABy || -+ || AnfBp || TIF | I | H(S\J{ - ;\};) aTfert EBF(;\I e S\L) which clearly implies
that II <1 I is coverable in P from [Iy <1 I'g Hence Q is a yes-instance.

Conversely, suppose Q is a yes-instance. Then IIy <1 I'g —>f,‘) I’ <t TV suchthat IT <1 T <, cps
I < T. Since Q is a simple query we know that II = A; || --- || A, and hence we may
conclude that II' = A1 31 || -+ || AnfBn || I”. Lemma 16 then allows us to conclude that
Iy < T _%(P) Iy < " where ITj >~ ygpyy I ie. Ty ~ygpyy A1 B || -+ || An Bn || TI” and
thus clearly IT < I <g_, I}, < I which implies Q’ is a yes-instance.

For the second claim, we will prove that there is a reachable K-shaped configuration from
IIy < g in P if, and only if, there is a reachable K -shaped configuration from Iy < I'gin G(P).

Suppose then that [Ip < T'g —7 II < I' and that II < T" is K-shaped. An application of
Lemma 16 then yields that IIy <1 I'g _%(7’) II' < T where II' ~ 1g(p)) 1 which clearly implies

that IT" is K -shaped as processes of IT’ are only (commutative) permutations of processes in II.
Conversely, suppose IIy <1 I'g —%(7,) IT < T"and IT < I" is K-shaped. As before let us max-

imally split this path so that IIy <1 I'g ME(P) I <« Iy Map) ME(P)
I, <y, 5%,(73) II < T using the third labelling of this section. Now IT = 8181 || -+ || Bnf3,
with 8; € N and ] € (N mN™*)* Using Lemma 17 we know that we can extend
the path above to Il <1 I'g _%(7?) I«T _%(P) Bl - || B, < = I «T'. Clearly
beta) || -+ || B, € MIN ™A *] and since IT <1 I, and we have only “executed off” all commut-
ative f3;’s, it is easy to see that II' <t I is also K -shaped. Since beta) || --- || 5], € M[N TN ¥

we can invoke Lemma 18 to see Il <1 I'g —>’7*3 I" < I’ such that I ~ 1G(P)) IT'. Hence as above
we may conclude that II' < I' is K-shaped.

Hence we can conclude that there is a reachable K -shaped configuration from Iy < I'g in P
if, and only if, there is a reachable K-shaped configuration from Iy <1 I'g in G(P). From which
we can deduce that P is K -shaped if, and only if, G(P) is K -shaped. O
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Standard semantics Alternative semantics

(R-1): Ay <l =g, By Tl R-1): AMA | <l —g, M~ |I' < T

(R-2): Ay|II Q@ =g, BCy Il 4T (R'-2): AMA | 9T =g, B(M(w) ® M)+ |[II' < T

R-3): (c?m)y[[ T < ([m]®q)", T =g, v | IL<qT | ®R-3): (c?m)y | I < (jm]®q)°,T =g, v || II' < ¢, T

R-4): (c!m)y[|[TL < ¢°T =g, v [T < ([m] @) T | R-4): (c!m)y | I < ¢°T =g, ' | I < ([m] @ q)°,T

R-5): wX)y[|HAT =g, v || X [Tl R-5): (X)'|I' QT =g, 7' [| X [T <T

(R’-6): ivmg\__ ﬂ\A_H,iQ%NQ\ I I [II(M) <« TeI'(M)
®R-7: MY | QT =g, M"+" | TI" [ TI(M') <T@ T(M')

Let () be a conditionon a 8 € N*: § = BC and C is commutative. Rules (R-2) and (R’-2) have a side condition: A - BC € G, BC
satisfies (T), and C' —* w. Rules (R-1) and (R’-1) have a side condition: A — 8 € G and /3 does not satisfy (}). In rule (R’-6) we require
the multiset M € M[X°™] whereas in rule (R’-7) M’ may be an element of M[X™ U N] and M"” € M|N]. We use the abbreviations:

M(vA .
EQ&.V ”H:xym\/\__u vy \r and ﬁhiv = @emﬁwa: mw,\:mimw? = Tﬁzﬁ v:

Table B.1: Transition semantics for APCPS
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B.3 Proofs for Section 4.3

Lemma 2. Suppose IT 4 T' € Foum(IT < T) such that IT < T —g,, I < T’ for some IT" < I,
Then, there exists a configuration I' < I such that T <" =g II' <T' and II' < T” €
fsum(H/ < F/).

Proof. Let II; € M[Procsy;|, Ilo € M([Procs] and ', T/ € Chan — M[Msg| such that IT; < T €
Fsum(lIz < ') and suppose that II; < T' —¢_ II} < I7.

We will prove that there exists a IT} such that IT] < I € Fgym(Il, < I')and Il < T —6
II5, <1 T” by case analysis on the rule used for II; < I' —¢, I} < I". First, though, we notice
that Ty = v || I, Iy = 4/ || TI, and ITy = « || 119 such that y € Feym(a) and 119 € Fyn(119).

e Rule (R’-1)
In this case, II{ = 11" and I' = . We know that v = X M~ and v/ = 41 M~o. Thus
a = X PBag such that M € Fg,m(5) and g € Foum(vo).

Further, X — 71 € G and 1 does not satisfy (f).

Clearly X Bag || I < T' =g, mBap || 11 < T =: I}, <1 IV, Therefore, writing o/ :=
v1Bag gives us v = y1 M~y € Foum(') as desired.

e Rule (R’-2)
In this case, II{ = Y andT' = I". X — AB € G and AB satisfies (), i.e. B commutative
and B —* w. Further, we know that v = XM~ and 7/ = A(M(w) & M)yo. Thus,
a = X Bag such that M € Fg,m(5) and yg € Foum(vo).

Then, XBag || 11§ < T —g,, ABBag || 113 < T' =11}, < I".

Clearly, M(w) & M € Fsym(B ). Hence, writing o/ := A B fayg yields v/ = A(M(w) @
M)~o € Fsum(a') as desired. This concludes the proof of this case.

e Rule (R’-3)
Then II; = (¢?m)y || I and T' = IV @ [c + [m]] and T} = ~ || IIY. Hence Iy =
(c?m)a || 1Y with v € Fsym(a) and so 1T} € Fsym( || 113). And using rule (R-3)
(c?m)a || I3 < V& [c— m]] =g, oI < T

e Rule (R’-4)
Then Iy = (¢;!m)y | IO, I} = v | I and IV = T' @ [c ~ [m]]. Then Il =
(c;!'m)a || IS with v € Foym(a ) and so [T} € Foym(a || T19). By rule (R-4) we can see
(c;tm)a | II§ < T =g, o I3 <1F69[c»—>[ 1]-

e Rule (R’-5)
ThenIl; = (vX)~ || IIY, 11 =~ || X || I and IV = I". Hence Iy = (vX) o || 119 with
v € Fsum(a) and so IT) € fgum(a | X || TI9). By rule (R-5) (vX) e | I3 < T —g,, o |
X | Of<r.

e Rule (R’-6)
Then IT; = M X ~ || 1I{ such that M € CompleteSummary, T' = T@T' (M), X € N o,
and [T} = X v || TIY || TI(M). Also Iy = B X a || I and M X v € Fsym(8 X ).
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Hence X v € Fsym(X ) and M € Foym(B). Thus, f —* w, w € X°™* such that
M(w) = M. Hence using rules (R-4), (R-5), (R-1), and (R-2) repeatedly we can see that
BXa |l =5 Xa| 9| Mw) «TGT(M(w)) = Xa || II(M) <T@
I(M) =11, < T'. and I} € Foum(IL5).

e Rule (R'-7)
ThenIl; = M X~ || TI{ and 1T} = M’ X « || T1? || IL(M) such that M € PartialSummary,
M’ € DegenSummary, I" =T @ T'(M) and X € N/ 7eom,
Alsolly = X o || 11 and M X v € [BX a]. Thus M € Foym(B3) and hence 8 —* w,
w € (Xemy Neom)* \ Yeom* guch that M(w) = M. Then w ~ wow; such that wy €
Yeom* and wy € N™ and M/ = M(wy).
Hence M’ X v € [w1 X o] and thus un X o || I§ @ (M) <« T@T(M) =: I}, < IV and
I} < I Foum(I, < TV).
Using rules rules (R-4), (R-5), (R-1), and (R-2) repeatedly we can see that 5 X « || Hg <
S, wiX o || T || Ti(wo) < T&T(M(wo)) = wiX a || I3 || Ti(w) < TEL(M(w)) =
w X o Y| TI(M) <TeT(M)=11, < T".

Hence the claim holds in all cases. O

Corollary 10. Given an APCPS P if IIg < I’y —%ah I <Tand Iy <t Ty € Fsum(Ilg <1 Tg)
then Iy < I'g —%M II <t T such that IT <1 T’ € Faym(II < T).

Proof. Follows trivially by induction from Lemma 2. O

A Few Technical Lemmas for the Co-Universal Powerset Lifting

The next few lemmas establish cases in which the Co-universal powerset lifting of the alternative
semantics can simulate a step of the standard semantics. They are technical in nature but we build
upon them in the following.

Lemma 19. If & < ) =g, # < 0 such that @ € N* then Fsym(a < 0) = P(Gu] Fsum(B < 0).

Proof. Since o <1 ) —¢,, B < () we have & = X and 8 = ajag such that X — aq. And so
Fsum(a) = X Fsym(ap). We will proceed by case analysis on X — .

- X — a1, a1 does not satisfy (7).
Take a10 € a1 - Foum(ap) = Foum(arap) = Foum(S). Then X§ € Feym(ar) and
X6 <0 —g, 16 < . Hence Fsym(a < 0) = p(g,] Fsum(B < 0).

- X - AB, B € N¢om,
Suppose AM'§ € Fsym(ABag) = Fsum(a1c0) = Fsum(3). Then clearly M' = M(w) @
M suchthat B —* wand M§ € Fsym(ap). Now then X M6 € Foym(a) and X M6 < ) —g,,
A(M(w) D M)(S < (. Thus .Fsum(Oé < @) —>(@[gah} fsum(ﬁ < @)

O]
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Lemma20. (i) fa e X andaad’ | I 9T =g, ad || I & II(M(a)) < T & T'(M(a))
where o € (N U {e})N™* o/ € (N TOMNM)* ‘then

Fsum(acd || 1) < T = g, Fsum(ad || @ M(M(a))) < T ® [(M(a)).
(i) If (c?m)ad | LI <T@ [c — [m]]) =g, ad || II < T where o € (N U {e})Neom*,
Oé/ c (Nﬂcorn/\/'com)*’ then
Fsum((c?m)ad | TL < T @ [c > [m]]) = PG Fsum(aa || 1) < T

Proof of Claim 1. We show that Fsym(aad’ || T < T) = p(g,] Fsum(aa’ || II' < T') by case
analysis on a:

-a=c'm

Then IT & II(M(a)) = 11,

Take v | 7 € Fsym(aa’ || II) then (c¢!m)y || # € Foum((c!m)ac’ || II). Using rule
(R’-4) we see that

(c!m)y||m <l =g, v||7 <T@ [c— [m]]).

Hence we conclude Fsym((c!m)ac || I < T) = pig,1 Foum(aa! | TT < @fc = [m]]).

-a=vX
Then T II(M(vX))=11|| X, T =T

Take v || X | 7 € Fsym(ad! || X || ) = Foum(ad || 11 || X) then (vX)y || m €
Fsum((vX)aa! || ). Using rule (R’-5) we see that

WX)v[[m < =g, v X||7m<T.

Hence we conclude Fsyn((vX)aa' | TT < T) = p(g,) Foum(aa! [[ T || X < T).
O

Proof of Claim 2. Take v || 7 € Foum(ad' || ) = Feym(aa’ || 1) then (c?m)y | © €
Fsum((c? m)aa/ || ). Then using rule (R’-3) we see that

(c?2m)y | x <T@ crs [ml]) =g, 7| = < T.

Hence we conclude Fsym((c? m)aa’ || TL < T @ [c = [m]]) = pg,] Fsum(ad' | T < T).
O

Lemma 21. If a1 - - an € SO, a; € N and o € (N com Afeom)*
ard 90 =g, araza’ <0
=Gy @20/ | TI(M(a1)) < T(M(a1))
N
anom 10! | I(M(ay---an_1)) < T(M(a1---an_1))
=6, ang10 [[ TI(M(ay - - - an)) < T(M(ay - - an))
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then
Fom(010’ 90) <5, Foun(ans1a’ | T(M(ar - an)) < T(M(a1 - - an))).

Proof. We prove the claim by induction on n. For n = 0 the claim is vacuously true.
For n = k + 1, assuming the claim holds for k it is enough to show that if

app1d || U(ay---ag) < T(ay---ap) G agpr10ps20 | (ay - -ag) < T(ay - - ag)

_>éstd Ckk+20/ H H(al te a/k+1) < F(al ce ak+1)

then
Founlrd | War -+~ ag) < Tlas - ar)) =g,
Fsum(agr20” || (a1 -~ ag41) < T(ar---agy1))
which we obtain by repeatedly applying Lemma 19 and then Lemma 20. O

Lemma 22. If aad’ || T QT —g,, ad’ | ' <T" =5 o | II" <T" wherea € 3, a €
Nccm*, O/ c (N—\com/\/‘com)*, a—=*we E*/ZI, H// — H/ D H(M(w)), F” — P/ D F(I\\/Jl(w))
then

Fsum(aaad! | T Q1) = gig1 Foum(ad || T 9 T') = 56,1 Foum(a’ | T < T").

Proof. For Fsym(aad || TL < T') = (g, Foum(aa' || TI" < T') we appeal to Lemma 20. Now
since a —* w we have ad’ | II' < TV =g o || I @ I(M(w)) < TV & T'(M(w)).
Let M = M(w) and take

v 7 @I(M) 9 T' & T(M) € Fsum(a' | II' & I(M(w))) < I' & T(M(w)).
Then note M~y || 7’ € Fsym(aa/ || I') and using rule (R’-6)
Myl 7 9T =g,y || 7 STI(M) < T @ T(M).
0

Lemma 23. Ifacd’ [T < T =g ad [T 9TV =5 wa' [T < TV =g w'a’ | TI" < T”
where a € &, a € N o € (NTeompccomyt o e NTOM* and o —* w where w €
EUN) oy € N/, T =TI @ TI(M(w)), I = IV @ ['(M(w)) then
Fsum(aaa' | TL 9 T) = pig,| Foum(ad || T < T")
—)(@[galt} M(w’) . fsum(a/) H Fsum(HN) < F”.

Proof. For Fsym(aad' || TL < T') = z(g,1 Fsum(aa! || TI' < T') we appeal to Lemma 20. Now
since @ —* w we have a’ || TI' 9 T =g w'a’ | T @ T(M(w)) < I' & T(M(w)).

Let M’ = M(w’) then

M~y |7 ell(M)<I'eT(M) € M) Fsum(a) || Foum(II”) < T" and M~y | ©’ €
Foum(a' || ITI') such that M = M(w). Using rule (R’-7)

My|n <l =g, My |7 e II(M) <« TV & T(M).
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Lemma 24. Let X € N, o € (NTOMNOM*)* 4y € 3™ and 3,0/ € Neom*
M) fXBa <0 —g ol IM(w)) < I(M(w)) then
Foun(X B 1 0) =%y, Frun(ae || TOM(w)) < T(M(w)))

(i) f XBa <0 =5 ool IM(w)) < T(M(w)), then

Fsum(XBor < 0) —%16,1 M(0) - Foum(@) || Foum(ILM(w))) <1 T(M(w)).

Proof of Claim 1. Then X fa —* acpa where a € 3™ U {e} such that acg —* w so by Lemma
19 Foum(X Ba < 0) —>j;}[galt] Fsum(aapa <1 (). By Lemma 22

]:Sum(aaoa < @) _>jk@[galt] ]:Sum(a || H(M(w)) < F(M(w)))
and clearly also
Foum(X B 9 0) =75g,1 Fsum(acoa || I(M(w)) < T'(M(w))).
O]

Proof of Claim 2. Then X Ba —* aapa where a € X°™ U {¢} such that acyg —* wa’ so
by Lemma 19 Fgm(Xfa <1 () _>?;)[Qau} Fsum(acpa < ). By Lemma 23 Fym(aapa <1 ()
—>Ez[g N Foum('a || TI(M(w)) <t T'(M(w))) and clearly also

Foum(XBa 4 0) <51 Foumlacoa || TI(M(w)) < T(M(w))).

Lemma 25. Let X € N/ ~com 0, ﬁ/ e Ncom* and a, o € (Nﬂcom/\/‘com*)*.
@) If Xpa <0 =5 oo I(M(w)) < T(M(w)) then

Foum(XBa 4 0) ~pig.1 Foumla'a || IM(w)) < T(M(w)))

i) If XBa < 0 =% (c?m)Fa’a || TI(M(w)) < T(M(w)), then
Fsum(X Bar) < 0) =g, Fsum((c?m)f'a’a < 0)
Proof of Claim 1. Then
XBa a0 =5, X' o || M(wy) < T'(wo)

such that X’ —* aag where a € 2™ U {e}, ag € N™* such that acyg —* w1 and w = wow;.
By Lemma 21

Fsum(XﬁOé < @) —>Z”[galt] ‘FSum(X/a/Oé || H(U)O)) < F(U)O)

Then the proof of Lemma 24 Claim 1 applies to give the result. O
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Proof of Claim 2. Then
XBor 10 =g, X'X"B'd o || O(wp) <1 T'(M(wp))
such that X"/ —* ¢? m, and X’ —* wy where w = wow;. Hence
X'X"g'o’a || I(wo) < D(wo) =g, (¢?m)f'd o || I(M(w)) < T(M(w)).
so by Lemma 21 and Lemma 19.

Fsun(XBa <1 0) =g, Foum((c?m)'a’a || TH(M(w)) < T(M(w))).

Establishing Simulations

We now establish that the co-universal powerset lifting of the alternative semantics simulates
the standard semantics.

Proposition 9. R is a weak simulation for Gy4 and Ph (Gat]-

Proof: To prove the simulation suppose wehaveall < I' € Syncsuchthatll < I' —=¢ rar
and II' < I € Sync. We assume without loss of generality that during II < T =G <1
only one process makes progress (note this can be achieved by delaying receptions and perform-
ing sends and spawns as early as possible) and none of the intermediate steps are configurations
of Sync.

Hence, Il = o || TI°, II' = o/ || TI° @ TI(M(w)) and IV @ T'(w') = T @ T'(M(w)) for
some w € X°™* and w’ € {e} U XM, Further, « = Xapai, X € N7 qy € NOm*,
a1 € (NTemAOm*)* and o/ = afay where af, € € U (N TN ©M*)F e ejther we increase
the call-stack or we pop one non-commutative non-terminal off the call-stack. Otherwise we
would get a contradiction to IT" < T € Sync.

e Case o) = €.
Then Xagaq || TI° < T —%Hd X'asapaq || TI® <1 T such that X/ € N, ap € NOm*
and X'agagen | I 9T =5 won | 0T =% ap || IO || I(M(w)) <T &
['(M(w)), where w € £°™* such that II' = o/ || TI? || I(M(w)) and IV = T' @ T'(M(w)).
Lemma 20 then allows us to conclude that

Fsum(Xaoar | 17 < T) =561 Foum(X azagar | 17 < T)
and Lemma 24.1 gives us
Fsum(X'azagar | 17 9 T) =260 Foum(ar | 10 [ IH(M(w)) < T & T(M(w))).

Hence we can conclude Fg,n,(IT < T') —>’f@[g N Fsum(I' < T7) as desired.
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e Case o, # €.
Follows directly from Lemma 25.1. Hence we can conclude

Fsum(II < T) _>>;/”[Qa1t] Fsum(Ill < T)
as desired.
Thus R is a weak simulation. ]
Proposition 3. % is a weak bisimulation for Ggq and Z2* (Galt]-

Proof. It remains to prove that ® ~! is a weak simulation. Suppose we have a Il << T’ € Sync
and I' < TV € Sync such that Fg,,(IT < T') &ﬁ*@[g N Fsum(I' < T7). Since clearly

Fsum(I < T7) # D thereisaIl’ <t TV € Foum(Il' < T'). Hence by definition thereisa Il <1 T' €
Fsum(Il < T) suchthatIl <t T o II" < T”. Lemma 2 then implies that IT <1 I" s Ir < 1.

Hence ® ! is a weak simulation. O

Connection between Reachability and Coverability Decision Problems
We now strengthen the connection between coverability and rechability.

Proposition 10. If Iy < T'g =5, IT" < TV then Fsym(Ily <1 Tp) _>>«k9”[gan] Foum(Il' < T7)

Proof. Define the set Py = {a | 3. || II = I/} for some given IIf € M[Procs]. Further
define the set of configurations

Pi= {IL 4T |Va € ILa € NN SOmA/EOm* ) | 5 760m pfeoms (\r=eom pfeoms )« | A7 () By ).
Now suppose that for some I, IT" and I", T
MaTl:=TMy<lg—g, M <aly =5, - =5, Tn<Th =1 aT’

such that II; < I'; € P for i = 0,...n. Without loss of generality we can assume that for all
i=0,..,n1; =1 | Hzf such that for all o € Hlf we have o € Ppjy and « is not involved
in any transitions in II; <1 I'; —%std IT,, < I'y,. Note that we are not loosing generality, since a
reduction o || IT < T' = o || II" < T can either be pre-empted or goes through a process
state in Y TeomAcom¥ (\/meom \feomx )k Note this also means that Hlf 1= Hlf | T Zf . We further
assume w.l.o.g that for each i it is the case that IT{ = a || IT; and 11§, | = o' || TI; @ TI(M(w))
and Ty 1 @ T(M(w')) = Ty & I'(M(w)) for some w € X°™* and w’ € {e} U X™, ie. during
eachIIf <1’y —§ 1I7 | < T'41 only one process makes progress (note this can be achieved
by delaying receptions and performing sends and spawns as early as possible) and none of the
intermediate steps are configurations of P.
We will prove by induction on n:

FSum(HS | ﬁg < To) _>(*€Z[gah} o ‘_{‘;}[galt] Fsum(n | ﬁfL < Tn)

where for all i = 0,...n and @ € Hzf we have either H{(a) = ﬁlf(]:sum(a)) or H{(a) —
i1/ (M(0) - Foun(a1)), @ = agar.
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-n=0.
The claim holds trivially.

- n =k + 1, assuming the claim holds for k.
To prove the inductive claim we need to show that from ITj, = « || II}, Iy 1 = o || IT} ||
II(M(w)) and T 41 T (w') =Ty @ T'(M(w)) where I, < Ty —§ T 1q < Tpyp. We
want to prove Fg,m(Il; < ') _>Z”[gah} Fsum(Mgs1 < Tgy1). We will do so by a case

analysis on the shape of « and .

Q, O/ c (N—\com/\/’com*)*

From Proposition 3 we infer that
Faum(e 9 T) ~ipig, ) Frun(a! || TM(w)) < Tpsn)

Hence, clearly Foum(a || 1T, < T'y) %b[gah] Foum(a || I(M(w)) < Tgyq)-
a € E—'com'/\/’com*(/\/’—'com./\/’com*)* and O/ c (N—'comNcom*)*

Follows from Lemma 22.

a € (N—'com./\/’com*)* and Oél c Zﬁcom/\/’com*(j\/‘—'com./\/’com*)*

Follows from Lemma 25.2

a € N and o/ € (N Teomp/com*y*

We can assume that « € N'°™ since otherwise a case above already applies. By the
definition of '™ we can thus infer that o/ = ¢ since otherwise oz would not be
commutative. Thus Lemma 24.1 applies.

= N and O/ c EﬁcomNcom*(NﬁcomNcom*)*
There is nothing to prove for this case as, similarly to the case above, either o €
N 7™ and so a case above applies or o € N ™ but then

Oé/ ¢ E_‘COmNCOm* (N_‘COmNCOm*)*

which is impossible; so the former must be the case.

o € (N7OmNOm)* and o/ € Py,
If o/ € (N Teompsecom*)* | yimeom \feomsx( \fmcom Afeom*)* the ahove cases apply. Oth-
erwise it must be the case that

O/ c NCOH‘I*(/\/’"COI‘HN’COH‘I*)* U ECOIHNCOIH*(N"COIHNCOIH*)*'

_ CY, c Ncom*(NﬂcomNcom*)*
So it must be the case that « = Xagag, X € N7 a5 € NO* o1 €
(NTeempAfom )  and of = afojar where of € (N TOMNOMF)* qf € Neom*
Lemma 24.2 applies to give

fsum(Xa()al H Hk < Pk) %’Zj[gah}
M(a())'FSum(a/lal) H JrSum(Hk: H H(M(w)) < Fk: @ F(M(w)))
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_ O/ c EcomNcom*(NﬁcomNcom*)*

Follows from Lemma 21

- o € E—'comNcom*(/\/‘—'comNcom*)* and a/ c PHf
Unless o/ € N/Com*(\/meom\jcom* x| ) yjeom Afeomk ( \fmeom Afcom*)* thig case is cov-
ered by a case above. The remaining follows from Lemma 23.

-a€Nandd € Py,
Unless O(, c Ncom*(j\/’—'com/\/’com*)* ] EcomNcom*(/\/’—momNcom*)* this case is cov-
ered by a case above. The remaining follows from Lemma 19 and Lemma 21

This concludes the proof of the inductive step.

Now we apply the above for the case that IT,, <t T';, = II' < I. We can then conclude that
‘FSum(HO <] FO) —>Zz[galt] ]:Sum(]._.[, < F/)
which concludes the proof. O

Corollary 11. If Iy < Tp —§, I < T/ then for all I" <t IV € Fsum(I' <1 T”) there exists
ﬁo Ty e ]'-Sum(Ho < FO) such that IIy < I'g —%ﬂh Ir 1.

Theorem 7 (Equivalence of Simple Coverability). Let Quy = (G, Il < T'o,II < T') and Qu; =
(Gar, o < T, II < I'). Then, query Qyq is a yes-instance for simple coverabililty for the standard
semantics if, and only if, Quy; is a yes-instance for simple coverability for the alternative semantics.

Proof. We will first prove the = -direction. Let Quq be a yes-instance of the simple coverab-
ililty problem and IT = Aj || --- || Ay. Then, a configuration Ay || - || Apay, | TV < T
for some ar, ..., ap € ( U/\/’)*/gl is —¢,, reachable. By Corollary 11 A& || - -+ || Anc, ||
I’ < T is reachable for —g,, and thus Qy is a yes-instance.

For the <=-direction let Q,; be a yes-instance of simple coverabililty. Then a configuration
Yi |l -+ || v || IT < T is —¢,, reachable and for i = 1,...,n either v; = A;~} or v; = M,
such that A; € M;. By Proposition we can conclude that oy || -+ || o || I < T is =g,
reachable such that 1 || -+ || v || I < T € Fsym(aq || -+ || @n || I" < T'). That means
fori = 1,...,n either a; = A;al or a; = B;al such that 8; € N™* and 3; —* wlw] such
that M(wil) = M; and w? € Xeom* It follows, by using ~; where necessary and choosing
rewrite rules to expose A;, that 3; —* w’ ?Aiﬁz’- where ' ? € Yom* and B; € N™* Hence
a1 | o flan | TPl =5 of ||+ || o | TP 9T @ D(w'y- - w'y) where either
7 = = Ajoy and w’? = eor o = A;f3}. Thus we can conclude that Qyq is a yes-instance
for simple coverability. O

(0%
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B.4 Proofs for Section 4.4

Lemma 3. The transition relation — ¢, is strictly monotone with respect to the well-order <g .

Proof. Suppose 111 < I‘l,H'l < I"l,HQ < I'y € Statey; such that II; < I'y <g,, IIo < I'2 and
I <y —g, I <T. We will show that there 3II} such that IIy < 'y —¢, II5 < T%
and IT} < T <g, W5 <T%. Since II; <« Iy <g, Il <Tyand II; <« T —¢, I < T,
we can infer the components of the configuration involved in the latter transition. That means
I = v || 1Y and T = 4 || 19 such that TIY <ggprecs,) 119> T1 <chans T'2, 7,6 € Procsy and
¥ <procsy, 0. Further, IT} =~/ || H'lo. Since I} <1 'y <g,, Iz < I'y, we further know that one
of the following three cases holds: either I1{ <M{[Procs.] 19, 't <chans T'2, 0T ¥ <prosy, 6. Our
proof will be by case analysis on Iy < I' —¢_ I} < I7.

- II; @ Ty =g, I} < I} using Rules (R'-1) or (R'-2).
We can immediately infer that I'y = I"/, H'lo = H/lo, v =AMyXy My Xo My --- X; M;
and 0 = A Mo X 1M} Xo My --- X Mj' with M; <summary M| for i < j < k. Further we
know that there is a rule A — 8 € G. We perform a case analysis on whether 3 satisfies

(f)-

e [ satisfies (7).
Thus, 8 = BC, C commutative, C' —%, w and 7' = B(M(w) @ My)X1M; - --
XjM;. Hence, if we define &' = B(M(w) & Mg) X1 MjXoMj - -- X;M; then

6| TIY < Ty —g, & || IJ < Ty =: I15 <1 T,

Clearly (M(w)®Mo) <summary (M(w)@®M{) and thus ' <proes,, 9. IfH(l) <M{Procsa]
Hg orI'y <cpans I'2, then H'1 < F’1 <G H’2 < F’Q isimmediate. Otherwise, 7 <procs,,
4 thus two cases arise: My <summary M} or X1 My -+ XjMj <procsy, X1 M1 - X;Mj.
From both cases 7' < Procs,y & follows immediately. Hence we can conclude H’1 < F/l
<g,, I < T as desired.

e (3 does not satisfy ().
Thus 7/ = 8 MoX1M; - -- X;M;. Further since v/ in Procs,y it is the case that j < k.
If we define ¢’ := S M} X1 M] - -- XjMJ’-, we can see that

S| Y < Ty —g, & || I3 < Ty.

Thus, clearly 7/ <proes,, 0/ If 19 <M{Procsu] 19 or T'y <pans 2, then I} <1 T <g,,
IT5 < T is immediate. Otherwise, ¥ <procs,, 0 thus Mo X1 My -+ X;M; <procs,,
MoX|M;--- X ]'M ;. This implies 7" <pyocs,, 0" follows immediately. Hence we can
conclude IT) <1 T} <g,, II5 <1 I, as desired.

- II; @ Ty =g, I} < T using (R'-3).
Thus we can conclude (i) v = c¢?m7y/, (i) I} =~ || OY, (i) Ty = T @ [c = [m]].
Further since II; < 'y <g, I < I's we infer (iv) 6 = ¢? md’ with 7' <proes,, 0’ and
V) To =T, ® [e— [m]).
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Then we have IIy <1 'y =g, &' || I < T,

Writing I} := ¢’ || I3 it remains to show I} <1 I} <g  TI5 < T%.

Now (a)+/ <M{Procsu] &', (b) H(l) <M{Procsu] Hg by assumption and (c) since I'y <cpans I'2
and clearly F'l < Chans F/Q.

Hence we conclude IT) < I} <g  II} < T%.

-1y < Ty =g, H/l < Fll using (R’—4).
Thus we can conclude (i) v = c!m~/, (i) I} =~ || 1Y, (i) [} =1 @ [c — [m]].
Further since II; < I'1 <g_, IIs <1 T’y we infer (iv) & = ¢! m ¢’ with 7" <pyes,, 0.
Then we have ITy <t Ty —¢, &' || II3 < Ty & [c — [m]].
Writing I, := ¢’ || I and I’y := I's & [c > [m]] it remains to show I} < I} <g
I, < T%.
Now (a) 'Yl SM[Procsalt] &, (b) H(l) SM[Procsalt] H(QJ by assumption and (c) since I't <cpans "2,
@ and I'(-) monotonic we have I'1 @ [¢ — [m]] <cpans ['2 ® [c — [m]].
Hence we conclude IT} <1 I} <g  TI5 < T'). Further, if II <M[Procsu] 19 or 't < chans I'2,

then IT) < I} <g,, T, < I', is immediate. Otherwise, ¥ <procs,, 0 and thus v <proes,, 0’
follows immediately. Hence we can conclude I} < T} <g,, 115 <1 I’} as desired.

- II; 9Ty —g, I} < T using (R'-5).
Thus we can conclude (i) v = (vX)+/, (i) I} =~ || IIY || X, (iii) I} = I';. Further
since [T} <1 'y <g,, Iz < 'y we infer (iv) 6 = (vX) 6’ with 7" <proesy, 0.
Then we have ITy <t 'y =g, & || TIY || X < Is.

Writing 15 := & || 119 || X it remains to show [T} <1 'y <g,, II} <1 I's. By assumption
(a) ’)/ SM[Procsah] 5/5 (b) H(l) SI\/JI[Procsa]t] Hg and (C) Clearly X SM[Procsalt] X.

Hence we conclude IT} <1 I} <g T} < T'}. Further, if II{ <M[Procsu] 19 or 't < chans I'2,
then IT} < T} <Gu I, <1 I} is immediate. Otherwise, ¥ <procs,, 0 and thus 7/ <proes,, &’
follows immediately. Hence we can conclude I} < I} <g,, 115 <1 I} as desired.

- II; 9Ty =g, I} < T using (R'-6).
Thus we can conclude (i) v = My X1, (i) I} =~ || OY || TI(My), (ii)) v/ = X771 and
(iv) I} = T'y @ I'(My). Further since IT; <1 T’y <g,, IIo < I'y we infer (v) 6 = M2X0;
with My <summary M2 and X1 <pyocs,, X61.
Let &' := X0 then clearly 7' <pyos,, 0’ and we have

Iy <1 T2 =g, & || 113 || I(M2) < Ta @ (Ma).

Writing IT), := &' || II3 || II(M2) and T := Dy & T'(M2) we will now show [T} <1 T} <g.,
I, < I%,.

Now (a)7/ <M{Procsu] &', (b) T1Y <MProcsal] I1J by assumption, (c) since M1 <summary Ma
and since I1(—) is clearly monotonic II(M1) <pgiprocs,,] IL(M2) and (d) lastly since I'(—)
is monotonic we can conclude I'(M7) <cpgns I'(Mo).
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Hence we conclude I} <1 I} <g  TI5 < T'}. Further, if II{ <M[Procsa] 9 or Ty <chans T2,
then I} < I} <g,, I, < T, is immediate. Otherwise, 7 <procs,, 0 and thus there are two
possible cases: either M1 <summary M2 or X¥1 <procs,, X 01. The latter case immediately
implies I} < I} <g,, II}, < I'y. While the former, implies one of II(M) <M{[Procsu]
II(Ma) or T'(M1) <chans I'(M2) which immediately implies I} < I} <g,, II, < '} as
desired.

I <« Iy Gt H/l < Fll using (R/-7).

Thus we can conclude (i) v = M; X~ with My € PartialSummary, (i) ITj =+ || H(l)
| IL(My), (i) v = M{ X~ with M{ € DegenSummary and M| = M; | (N UL), (iv)
I} =T'1 ® T(My). Further since I} <1 Ty <g, I < I'y we infer (v) § = M2Xd; with
My SSummary M> and X'Yl SProcsalt X01.

Let M} := My | (N'UL) and &' := M} X5, then we have

Iy < Tg —g, & || 9 || TI(Ma) < Ty @ T'(Ma).

Writing 1T, := &' || II9 || IL(M3) and I, := T'o ®T'(Ma) we will now show I} < T <g
115 < T,

Now since - [ - is monotonic in the first argument and M1 <summary M2 we conclude
M <summary M3 and thus (@) 7' <pgiproesy] &> (0) T <pgiprocs, 119 by assumption,
(c) and since II(—) is monotonic II(M1) <pgiprecs,] 1I(M2) and (d) lastly since I'(—) is
monotonic we can conclude I'(M7) <cpans I'(M2).

Hence we conclude IT] <1 I} <g, II5 < T Further, if 1Y <M{[Procsu] 9 or 'y <chans L2,
then I} < I} <g,, II5 < T is immediate. Otherwise, 7 <procs,, 0 and thus there are two
possible cases: either M1 <summary M2 or X¥1 <procs,, X 01. The latter case immediately
implies I} < I} <g,, 15 < T%. While the former, implies one of M| <summary M3,
T(M1) <wmaiprocsy] TH(M2), T(M1) <chans T'(Mz) which immediately implies TI <1 T}
<g,, I < I' as desired.

O]
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Appendix for Chapter 5

C.1 Proofs for Section 5.1

Lemma 4. (M“ < wior) and (Config, <cop,) are WQO.

Proof. Let for all P C P! define M (P) to be set of complex tokens that exactly contain coloured
tokens only of colours not in P, i.e.

M(P) = {m € M™™ :\p € Pm(p) = 0,Yp' ¢ p'.m(p) # 0} .

It should be clear that for each m € M there is a unique P C P! such that m € M (P).
Hence we can see that M““" is isomorphic to the finite disjoint union Y pcpw M(P). Let
P C P°we can see that M (P) is isomorphic to II,e p {0} xII,,¢ pM{e} and so clearly < (p:=
Hpep=x1Il,¢p Cuife) is a WQO (eliding the isomorphism) for M (P). Hence Y pcpa <p7(p)
is a WQO for Y~ ppw M (P) and thus for Meelur (eliding the isomorphism).

Suppose m, m’ € M such that m <, wer m’. Let P = {p : m(p) = 0} since m <, cour
m/ it is easy to see that P = {p : m’(p) = 0}. Hence m, m’ € M (P) and we also know that for
allp ¢ Pwehave0 < |m(p)| < |m(p')],ie. m(p) CM{e}] m/(p), hence m <M(P) m' and thus
M S5 M(P) m/. In the opposite direction suppose m, m’ are such m S peped M(P) m’
then both m, m/ € M(P) for some P C P and m <r(py M’ which means that for all p € P
it is the case that 0 = |m(p)| = |m/(p)| = |0] and for all p ¢ P we have both m(p),m/(p) # 0
and m(p) Cpgigey m'(p), ie. 0 < [m(p)| < [m'(p)| and hence m < e m'. (M@, < jcoor)
is then isomorphic to a WQO and hence is a WQO.

For (Config, <cuy). It is clear that (M[o], QMM> is a WQO; since P° is finite, Dickson’s

lemma tells us that (M*™", < yfme) is a WQO where < g is the extension from Cyyp) to
Cps—sme]- Further since multi sets over a WQO are again a WQO, (MM ], Cyy p o] ) is @
WQO and so, we can infer that (Config, <c..) is a WQO which concludes the proof. O

Lemma 26. © is monotone in both arguments with respect to <5, and <, tour.

Proof. Suppose we have m, m’, mg, m{, € M suchthatm <, mgandm’ <, m(. Let
p € PIf|(m@m’)(p)| = 0 we can conclude that |m(p)| = |m’(p)| = 0 then <« guarantees
that [m(p)| = mo(p)| = 0 and |m/(p)| = |mg(p)| = 0 and hence |(mo & mg)(p)| = 0.

225
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Otherwise either |m(p)| or |m/(p)| > 0. W.lo.g. assume |m(p)| > 0 then we know that
|m(p)| <pger |mo(p)] and |mg(p)| > 0. Further we can easily see that |m/(p)| < |mg(p)|.
Hence we can see that 0 < [(m @& m/)(p)| < [(mo ® m{)(p)|- Hence we can deduce that

m@dm' < e Mo D m6 which is what we want to prove.
Suppose we have s, s', s, 30 € Config and s <, So and s’ < config SO Let p € P° then
clearly

(s & s")(p)] = Is(p)| +15'(p)| < |so(p)| + 55 (p)] = I(s0 ® 50) (P)-

Further let p’ € P€ then

(s®s)p)=[m1,...,mp,m,...,m;,]| and
(so® sp)(p') = [My,...,Mn,Mj, ..., My/]

where we may assume:

s(p) = [m1,...,mu], sS@)=[mh,...,ml],
so(p') = [My, ..., My] and so(p') = [M1,...,My.].

Further since s <¢,, So and s’ <config 50 we know that n < N and n’ < N’ and for all i € (n)
we have m; <, oo M; and mj < jgeotowr M) j for all j € (n'). This gives us an injection that
pairs up m; with M; and m with M for i € (n) and j € (n/). We can thus conclude that
(s @ ") (1) <napasen] (s0 ® 50)(p") which of course implies 5 @ 5" <coupg 50 S 5. O

Lemma 27. Suppose we have s, s, s' € Config, s <cop, S0 and s'(p)(m) = 0 if both p € P and
m # 0thens© s’ <5905

Proof. Let p € P? then clearly
((s& ) () =Is(p)] = 5" (p)] < [s0(p)| = I5'(p)] = [(s50 & &) (P)]-

Further let p’ € P€ then

(s & s)(p")(0) = s(p")(0) = s'(p")(0) < s0(p")(0) — 5'(p)(0) = (s0 & 5")(p')(0)
(s©8)@) {0} =s(p) [ {0} <s0(p)) 1 {0} = (so©5)(p) | {0}

Hence s @ s’ < config 50 D 30 ]
Lemma 28. Let p € PCand s, s’ € Config. Suppose m, m’ € M such that

m’ =min {mg € s'(p) : M <y Mo } .
If s & [p—= m| <cope 50D [pr—= m'] =5 then s <cope S0-

Proof. Let p € P* then clearly

[s(p)l = (s & [p = m])(p)| < |(s0 @ [p = m])(p)] = [s0(p)].
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Further let p’ € P€ such that p # p then

s(p') = (s @ [p = m) () Spappgom (50 ® [p > m]) () = s0(p').

Focussing on p we see:
s(p) = [m1,...,my], so(p) = [mh,...,m},],
where we know that
(s®[p—m])(p) =[m1,...,mp,m] and (so @ [p— m'])(p) = [m], ..., mp,m']

where n < n’ and there is an bijection h from M :=[my, ..., my, m|to M":=[m}, ..., my, m’].
such that m® <, h(m)? for all m® € M. Suppose h pairs up m with m’ then clearly A is an
injection justifying s(p) <pgrqeew] S0(p). Otherwise say h(m;) = m' then since m < e h(m)
we know that m’ <, e h(m) since m’ is a minimum. Thus h [m; — h(m)] is an injection
justifying s(p) <pgppgern) So(p). We can thus conclude s <cy S0. O

Lemma 29. | is monotone in the first argument with respect to <, .

Proof. Let m,m’ € M such that m <, m’ and P C P, Suppose p € P and 0 < m(p)
then 0 < [m(p)| = |(m | P)(p)| = [m(p)] < [m'(5)] = (' | P)(p)|. p € P and [m(p)] = 0
then 0 = |m(p)| = |(m | P)(p)| = [m(p)| = |m'(p)| = |(m" | P)(p)|. Otherwise p' ¢ P then
|(m | P)(p')|=0=|(m'| P)(p')|. Hence clearly m | P <, wwwr m’ | P. O

Proposition 5. Given an NNCT N, (Config, = a7y <conp) 18 a strict WSTS.

Proof. Let N' = (P5, P, P, R,() and suppose s,s’ € Config such that s <, s'. Further
suppose we can make the transition s —s s ¢ using rule r € R. Let us perform a case analysis
onr

- Case: 7= (I,0) € SimpleRules.
Since 7 is enabled at s we know that s © 1 € Config. Lemma 27 then yields that s© 1 <.,
s'©1 and hence clearly r is enabled at s’. Thus s — ' ©I®O =: t'. Sincet = s IHO
Lemma 26 gives us t <,y t'. Since s # ' it is clear that ¢ # ¢’ and hence we obtain
T <config t" which is what we want to prove.

- Case: v = ((p,I),(p,c,0)) € ComplexRules.
Since r is enabled at s we know that for some m € s(p), s © I [p — m] € Config and

t=sollp—mleaO0®[p »md.

First Lemma 27 then yields that s © I <4, ' © 1. Since s <,y §' there exists m’ € s'(p)
such that m <, e m’; wlo.g. we can assume that m’ = min{mg € s'(p) : m <, oo
mo}. Since I € Config, itis also the case that m’ = min {mg € s'(p) © I : m <, wwr mo}.
Lemma 28 then yields that s © I © [p — m] <cuyp 8 © I © [p — m’] hence it is easy to
see that r is enabled at s’. Further

/

S/L{/\/‘S/@I[p'—)m/]@O@[p/'—)ml@c] =:t.
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Since m <, m' Lemma 26 yields m & ¢ <, m’ @& c. Hence it is easy to see
[/ = m® ] <cope [p— m' & c]. Lemma 26 then gives us that ¢ <, t'. Since s # '
either s’ © I [p— m'] # s © I [p— m| or m # m’. Noting this we can see that ¢ # t'
and hence ¢ <,y t' which is what we want to prove.

Case: v = ((p,I),(p', P,0)) € TransferRules.
Since r is enabled at s we know that for some m € s(p) s © I [p — m| € Config and

t=sollp—>ml@®0a[p —mp|&(mpol )

where mp = m | Pand mp = m | (P*'\ P). First Lemma 27 then yields that s© 1 <(,.,

s © 1. Since s <coy § there exists m’ € s'(p) such that m <, e m'; wlo.g. we

can assume that m’ = min{mg € s'(p) : m <, mo}. Since I € Config, it is also

the case that m’ = min{mg € s'(p) © T : m <, 0w mp}. Lemma 28 then yields that

sOI[p > m] <cup 8 ©1[p— m] hence it is easy to see that 7 is enabled at s’. Further
s Do sollp—m]aooa [p'»—wn%] O (mpo¢ ) =1,

where mp = m | P and mp = m | (P*'\ P). Since m < um m’ Lemma 29 yields

both mp <, ctowr m};, and mp < e m’ﬁ Hence it is easy to see [p/ — mﬁ] < confi

{p > m’ﬁ} Further clearly |(mp o ¢™1)(p)| < [(mp o ¢™1)(p)]| for all p € PS and thus
(mpoC 1) <eope (Mpo™1). Lemma 26 then gives us that ¢ <, t'. Since s # s’ either
s'"eIp—m'] #seI[p— m]orm # m' The later implies that either mp # m/, or
mp # m’F. Noting this we can see that ¢ # ¢ and hence ¢ <(,,5, t’ which is what we want
to prove.

O
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C.2

Proofs for Section 5.2

Theorem 10. Simple coverability for K -shaped APCPS in the alternative semantics EXPTIME-time
reduces to simple coverability for NNCT.

Proof. Fix a K-shaped APCPS G = (X, I, N,R,S) from IIy <t 'y where K > 1 and a simple
coverability query (G,IIg < T'g, AYY || --- || A5Y <1 V). We first define a simulating NNCT
N = (PS5, PC, P, R,().

For each msg € Msg and ¢ € Chan, we introduce a simple place p; msg-

e For each X € NV, we introduce a simple place p? .

Foreach0 < k < K, Xj--- X1 € (N7)* L1 b4 € ({AY 1 i€ ()} U
{+,-})*and $ € XU {e} UN, we introduce a complex place ],)gl’ék“ X, 6o X, £, We also
(4) N b s1 Xn o X1 41 foreach$’ € XU {e} and N € N.

We introduce an auxiliary simple place pi%jg ., and for each X € N, we introduce a simple
place p™; foreach 0 < k < K, Xj--- X1 € (N TOM)* lpy1 by -4 € (P{AY 1 i e
(n)HU{+ })*and $ € ¥ U {e} UN, we introduce a complex place PS by oy X by X 17
which will be used by N to implement a CCFG widget.

For each non-terminal A$* in the coverability query where ¢ € (n) A has a simple place

P
The NNCT N will further have four special simple places: p*™, p, p°+ and po.

introduce a complex place pg,

e Foreachl < k < K + 1 and e € Y™, we introduce a colour pé o

We define a map ¢ : P — P° by pi’dmsg = pi,m and PIk,Z,X =Pl

Let us further define three special simple markings sg,, = [p™" > [o]], sccpg = [P = [o]],

Sccrot = [P > [o]] and sg,,,, = [pU7 > [o]].
An APCPS configuration II <t I' € State,y is represented as an NNCT configuration as fol-

lows:

For each ¢ € Chanand msg € Msg place pg ,,,,, contains precisely one e-token for each oc-
currence of msg in ¢ — we can formalise this as a function 7*(I') = [p 5, [ol' () (msg)] |
¢ € Chan, msg € Msg].

Let 0 < k < K + 1. The representation of the state of a process m = $ My, v € II with
v = X My - - - X1 M is defined by a case analysis in three cases — a general case and two
edge cases:

o Ifeither 0 < k < K or k = 0 and it is not the case that both $ € A and M7 = () then
we represent 7 as follows: (i) for each e € M; there is one p; _-coloured token in m
where 1 < i < k+1ande € X°™ — or equivalently m = f’(Ml, ..o, My 1) where
we define the function ' (My,..., Myy1) = [pi . — [oMi(e)] |1<i<k+1lec€
Yeom)s (i) for each 1 < i < k + 1, if the cache7Mi € CompleteSummary then let
i = +; otherwise let ¢; € {—} U{A}™ | j € (n), M;(A") > 0}. We refer
to a possible value of ¢; as a character of M;. The sequence of $, the non-commut-
ative non-terminals X - -- X7 and a possible choice of characters 5 1,---,¢1 of
My 1,--- My is represented as the complex place in which m located, i.e. m is
placed in pg Cot X lp X1 01" We formalise the representation of one process as the

set of markings
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Fr($ Myy1 X My X1 M1) = (€ xons = F/ (Mo M) |
¢; character of M;,i € (k + 1)}, where the possible characters of My, 1,--- M; can
be thought of non-deterministically chosen.

oIfk =0,$%$ € N,and M; = () then we may represent 7 in addition to the repres-
entation above also as a e token in p;¢ hence the representation of 7 is defined as
Fr(m) = {[pjg = [o]]} UF"($0) where F7($0) is as defined in the general case
above.

olfk=K+1landrw = $MK+2"}/ € Mwithy = Xg41 Mgy X My --- X1 My
then since G is a K-shaped APCPS it will be the case that Mo = Dand X1 € N
and $ € ¥ Ue. We notice that any character for My, o must be + and so $ My 9y is
represented by a complex token m = F'(My,...,Mg9) := F'(My,...,Mgy1)
and with the set of markings F™($ Mg 27) = {[p§7(+) Xrein licos XoboXo £
[F'(Mu,...,Mg12)]] | ¢ character of M;,7 € (k+ 1)}. For uniformity we will
not treat this special case explicitly in the following but we will note that this special
representation applies when k = K + 1.

Representing all processes in IT = 7y || - - - || 7, can then be formalised as

= {@81 ’ S; € FW(WZ)} .
=1

The representation of IT < T is a set of configurations where I is represented in A’s simple
places by F*(T") and II is represented in A/’s complex and simple places by a configuration from
FU(II) together with a e-token in py;,, or formally as:

FAI <) ={s& (F () & sgp) | s € FI(ID} .
We can define the relation R C State,; x &[Config] by
R={(II < T, FII < T)) |II <« T € Statey};

we will prove in the following that R is a weak bisimulation between a labelled version of
(Statealt, —>gah) and a labelled version of a “co-universal powerset lifting” of (Config, — v/).

Let us turn to the implementation of the alternative semantics as defined in the right column
of Table B.1 in A’s rules. In the following we write 2 = X} £, - - - X1 £; to save space.

The alternative semantics defines transitions of the formy | II < T' =g ~' || II' < IT". We
will describe A’s rules by a case analysis on the rule that justifies the transition and relate the
forms of v, 7/, I, Il', T and I to guide the reader’s intuition.

e Rule R-1): II =1I''T' =1"and A — Bisa g rule.
We perform case analysis on 3:
- 8 = B (C and C non-commutative.

For each sequence of non-commutative non-terminals and cache characters A /1 X}, (),
-+ X1 £1 where k < K we introduce a complex rule

((pA L1 20 stm) (pB () Cler E @, Sstm))
that moves a complex token from a place encodmg A/l 2 to a place representing

B (+) Cliy1 E
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- B =awherea € XU {e}
For each sequence of non-commutative non-terminals and cache characters A ¢y 1 X}, {;,
-- X1 41 where k < K we introduce a complex rule ((p$ = Ssim)»> (DS Led = =0, Sim))
that moves a complex token from a place encoding A /1 = to a place representing

agk_‘_l =,

e Rule (R’-2): A — BC'is a G-rule and C' commutative.

Note thata reduction C' —,, w € (NMUX©™)* is that of a commutative context-free grammar
(CCFQG) for which a Petri-net encoding exists [GM12] by Ganty and Majumdar which builds on
an earlier encoding [Esp97] by Esparza. Ganty and Majumdar leverage a recent result [Esp+11]:
every word of a CCFG has a bounded-index derivation. The CCFG widget can thus be augmented
with a budget counter that ensures that the Petri-net encoding respects boundedness of index.
Termination of such a CCFG computation is signaled by a transition which is only enabled when

the budget counter reaches the set budget.

We make use of a trivially modified CCFG widget a la Ganty and Majumdar to implement
transitions justified by Rule (R’-2). We will first define the rules of the CCFG widget and how it
is activated.

Let us define a few abbreviations. Let sbudget = [plcncjicjget [#%]] and for each N € N°°™ et
sy = [Py = [o]]-

For each sequence of non-commutative non-terminals and cache characters Xy, ¢y, - - - X1 {1
where k < K we introduce the following complex rules:

* ((Pi )E )7(P(§FE’+ ~7®7SCCFG+@O))9

* ((Pi )E M:(P?E’ ~7®7SCCFG@O))’

* ((P,(ZL )E m)7(p%:F€ ~7®7SCCFG@O))and

5 (0502 Sim)> (P5752, 0, Sccpe @ O)) for each £ € {AS : i € (n)}

where O = s‘bj(;lfget @ s Each of rules activates the simulation of the CCFG widget. The topmost

cache character is set according to whether the cache is a CompleteSummary (+), a potential
PartialSummary (-) or exposing non-terminal Aj®" in a PartialSummary. Further the sqqpg, -
“mode” will enforce that the CCFG widget computes a CompleteSummary while the s z; -“mode”
allows a PartialSummary and the exposal of a non-terminal. Further a token is placed in place
p&E™ and the budget place is initialised with [N| e-tokens. The CCFG widget maintains the
invariant that the number of tokens in the set of places |y PN plus the contents of p™
equals |[N]+ 1.

To exit the simulation of the CCFG widget we add the rules:

% (+H) = (bv ssim))5
* ((pCBgf(G_) = I)7 (p%’(+) = (bv ssim)) and

* (PB7= 1) (PG ez 0, Sm)) for each £ € {AF™ i € (n)}
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where I = s o6 @ SWﬁtl. Since we require that p"# contains |[N'| + 1 e-tokens the invariant

tells us that the set of places |y PN must be empty when one of the above rules is enabled.

We turn to how the CCFG widget implements G’s commutative rules. For each G-rule r
which involves only commutative non-terminals we do a case analysis on r:

) r=X —>Y Zand X, Y, Z commutative
We add the complex rules

CCFG

- (( %C,Fa) =) Sccro+ P I), (pB,(Jr)E, 0, Sccro+ @ 0)),

- (P52 Sccrs @ 1) (PBT ) =5 0, scerg ® O)), and

- ((PBY = Sccre © 1); (PB = 0, sccrg @ O)) for each £ € {AS® : i € (n)} where I =
Sy @ sgudget and O = sy s, © sliudget. Further if W € {Y,Z} and W = A$° then we
add the complex rule ((p%" (6_) = Sccr 1) (p%cf =0, Secrg ® O)). We notice that a non-
terminal can only be non-deterministically exposed in sq-z;- mode” and not changed after
it has been set.

@M r=X —eecXmU{e}
We add the complex rules

(@) ((pfgcf&_) = Sccret © 1), (pgff_l_)E’ ¢, Sccrg+ @ O)),

(ii) ((PCBCT_ = Sccrc D I), (PCBCT_ = & Sccrg D 0)) and

(i) ((pE7=: Scars®I), (PE =, ¢ Sccrg®O)) foreach £ € {AF™ 1 i € (n)} where I = sy,
0= s}l)udget and ¢ = [p} ;> [o]].

(Ill) For each X € \/com
We add the simple rule: (sqpg @ 1, Socpg @ O) and where I = sy and O = sl{udget'

The CCFG widget defined above is essentially the same as Ganty and Majumdar’s in [GM12]
with one difference: our CCFG widget injects for each terminal symbol e € ™ a token of
colour p;. , into the unique complex token located in some p%"; = instead of placing a token into

a designated place pe.

Further our CCFG widget can be thought of as implementing two CCFGs derived from G’s
rules. One, indicated by the “mode” s--ps, , implements the CCFG induced by G’s commutative
rules; the other, indicated by the “mode” s.y;, allows: (a) G to produce partial words using
rules introduced by (III), which can be thought of allowing a non-terminal X to rewrite to a
terminal X that is ignored; and (b) a non-terminal AZ°Y may change the location of the unique
complex token m from some place p%cf E;_) = to p%cff;‘gov = which reflects the representation of the
topmost cache’s character for the process represented by m. This concludes the description of

the implementation of Rule (R’-2).

e Rule (R'-3): [T =1I', T = ([msg] ® ¢)°,T" and v = (¢ ? msg) .
Let $ = ¢ ? msg. For each sequence of non-terminals and cache characters $ {51 Xy 05 --- X1 01
where k& < K + 1 we introduce a complex rule ((pgngE,I), (pfgkﬂz,@, O)) where I =

[pfy msg 7 [0]} ® sy, and O = s, that moves a complex token from a place encoding $ /11 =
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to a place representing € £} = while removing a e-token from the simple place representing
messages msg in channel c.

e Rule (R'-4): I =1I', T, ([msg] ® ¢)° =I" and v = (¢! msg) 7.

Let $ = ¢! msg. For each sequence of non-terminals and cache characters $ {51 Xy (5, - - - X1 41
where & < K + 1 we introduce a complex rule ((pgygk+1 =1),(p =,0,0)) where I = s,
and O = {p
place representing € ¢, 1 = while adding a e-token from the simple place representing messages
msg in channel c.

c
€0kt

o msg [o]] @ sy, that moves a complex token from a place encoding $ /., 1 = to a

e Rule R-5). 11| X =1II', T =T"andy = vX v

Let $ = v X. For each sequence of non-terminals and cache characters $ (3 1 X 0 - - - X1 01
where k < K + 1 we introduce a complex rule ((pggmr1 = 1), (0¢y,,, = 0,0)) where I = s,

and O = [pi x [0]] @ s, that moves a complex token from a place encoding $ /1 = to a
place representing € /1,1 Z while adding a e-token to the simple “spawning” place p; . Addi-

tionally, for every N € N we introduce a simple rule ry = ([p5 > [®]] @ S5ipms [p]CV Lo [(Z)]] &

Ssim) that removes a e-token from p? ; and adds the empty complex token () to a complex place

representing /N 4. For reference we will call the rule r a weak spawn rule for the non-terminal
N.

e Rule (R-6): II' =TI (M), I' =T ®T(M),y = M~'"and M € CompleteSummary.
For each sequence of non-terminals and cache characters e (+) Xy 0 - - - X1 1 where k < K+1
we introduce a transfer rule

((pS+X Y’ ...Xlzl’ssim)7(p§( Y/ -~~X1€1’P’ Ssim))
) kLK kXK

where P = {pé 1ele€ Zcom} if k < K and P = () otherwise. This rule moves a complex

token from a place encoding €, +, = to a place representing = while it simulates the immediate
despatch of the commutative concurrency actions, send ¢ ! msg and spawn v X, that are present
in the top-level cache M which is in CompleteSummary since its character is +.

e Rule R-7): I' = M (M), T =T oT(M),y = My, v = M'~, M = M |
(Nem U {ASY i € (n)}) and M € PartialSummary

For each sequence of non-terminals and cache characters € £/, | X {f, - - - X1 {1 where k < K +
1 lgrr € {=}U{AY 1 i € (n)} where k < K we introduce a transfer rule ((pecv&ﬂ1 =5 Ssim)»

(pGC’@k+1 =, P, $g,) where P = {pé_i_l’e | e € Ecom}. This rule moves a takes a complex token

from a place encoding €, +, = and places it back while it simulates the immediate despatch of the
commutative concurrency actions, send ¢ ! msg and spawn v X, that are present in the top-level
cache M which is in PartialSummary since its character is {51 € {—} U {4 : i € (n)}.

The coverability query (G,IIg < T'g, A9V || - - - || ASYY <1 I'°°Y) is implemented by a family of
widgets Wy, - - -, W,, where for each ¢, W is a disjunction of the non-emptiness test of complex
places of the shapes pC 4w = and p§eov ; =/, as £ ranges over L := {AY 1 i € (n)} U {4+, -},



234 APPENDIX C. APPENDIX FOR CHAPTER 5

and Z and Z’ range over (A "™ . £)* of the appropriate lengths. A widget signals that the
non-emptiness test is satisfied by placing a e-token into the simple place p%’. The intention is
that we can use a coverability query for A/ asking for at least one token in each of I/ VERRRRY
to implement the coverability query (G, Iy <0 I'g, A || - -« || A5V < T'°),

Formally, there is a simple rule (s, SQuery) that non-deterministically terminates the sim-
ulation of G and activates the processing of the coverability query. Then for each A" where
i € (n), we implement the widget W; by the following complex rules: for all non-commutative
non-terminals and cache characters Xy, (- -- X1 ¢1 where k < K,and $ € X U {e} UN we
introduce complex rules ((pfeo g, . =5 Souery)> (P (—) 2> s Sguery ® O)) and
((pgA§°VE7 sQuery)v (pg(_) = ®7 SQuery @ O)) where O = [Pfffl = [.H

Let us briefly inspect the size of N and let us assume that alln, K, |R/|, [N, || > 0. Itis clear
that there exists a constants ¢, ¢’ and ¢’ such that A" has no more than ¢ - n - |R| - |P€|? complex
rules, N has no more than ¢’ - |R| - |N| simple rules and A has no more than ¢ - |P€|? transfer
rules. Hence there exists a constant ¢’ such that A" has no more than ¢’ -n-|R| - |A/|-|P€|? rules.
Further there exists constants d, d’, d”, d" such that N has no more than d - n - || - || simple
places, N has no more than d’ - K - |3| colours, and A" has no more than d” - |N|¢" K . |p[d" K
complex places. It is thus easy to see that A/ can be computed from G in EXPTIME.

We will now prove that it checking whether (G,IIg <1 T'g, A{ || --- || AV < TV) is a
yes-instance of simple coverability reduces to a coverability check on .

In order to clarify which model induces a transition we will write —g for —¢  in the fol-
lowing. We label the transition system (State,;, —¢) in the following way: if [I<1T, II' <T” €
State,; such that I <1 —¢ II' <T” then the labelled version has the transition IT < T’ Mg
II' <T’. Next, let us define the transition system (2?[Config], — o[n]) Which is a weak co-
universal power lifting of the transition system (Config, —xr). Suppose S, S’ C Config then
S = pn S justif for all s € ' there exists an s € S such that there are number of weak

spawn rules (see @) rq,..., 7, where m > 0 such that s T—1>N s1 T—2>N %N Sm and
sm — N S'. We label (Z2|Config], —>gz[j\[]) in the following way: suppose S, S’ C Config such
that S — pa S if there exists IT < T' € Statey such that S" = F(II <1 T') then we label the
transition by § 115 [N] 9'; otherwise we label the transition by S < sy .

We will now prove that Ris a weak bisimulation between the labelled versions of (State,;, —¢g

) and (@[Conﬁg], %CO}[/\[]).

Let us first prove R is a weak simulation. Suppose (y || I < T, F(y || I < T)) € Rand
v I<T MZ 7 || II" < T’ then clearly vy || IT <« T' Mg YT < T

We want to show that (v || II < I) M*W[N] FH' I <«T7). Solet s’ € F(v ||
II' < I') then by definition s’ = s{; & (F'(I") & s,) for some s € F'(y" || II'). We can
further decompose s(, and obtain s, = s @ s, where s € F(7/) and s/, € F"(II').

/ H/ psl I“/
Let us perform a case analysis on the rule that justifies the transition || II < T’ L@

Y < I

-Rule R-1): I =1I', T =1,y =AM X;, M},--- X1 My,and v = 6 M X}, M}, --- X1 M
for some G rule A — 4.



C.2. PROOFS FOR SECTION 5.2 235

We can see that s} = gz _ — [F'(My,..., Mgyq)]] where ¢; is a character of M; for
k412

eachi € (k+ 1), and édepends on the form of : 6 = B(+)C ifd = BC, k < K and C
non-commutative; and 0 = a if 6 = a and a € ¥ U {e}. Note that it is now obvious that it is
impossible that 4/ is represented in a simple place.

Let s = (s1 @ s5) & (F'(T') @ sg,) We write 51 := Phe 2 = [FI(M,. . M)
Clearly s1 € FT(AM XMy --- X1M1) = F(y) and thuss € F(y || Il < T).

We know that A/ has a complex rule ((p$ b1 =0 Ssim)> (P§ = 0, sm)) Thus we know we

Psoy,
can make the transition s = (s] @ s2) @ (F'(T') & s,) and clearly = @s)(FD)a

Ssim)‘

Since s € F (7' || II" < T") was arbitrary we can conclude that in fact 7 (v [| T < T') = [
F(' || " < T”) and thus clearly

!

" <« T
Fylmar) A=l Ay T aT)
which is what we wanted to prove.

-Rule R-2: I =1I', T =1, y=AMX,, My, --- X1 M1,y = d M' X}, My, - - - X1 M7 for
some G rule A — B C, C' commutative, C —* w, and M’ = M & M(w).

In this case we can assume that 5] = [p%, oz [FI(My, . My, M")]] where ¢’ is a character
for M' = M & M(w).

Let us define cache characters £, ¢ and by a case analysis on ¢/ and M(w):

(C1) Case: ' = +: Define ¢ =0 =0 = +.

(C2) Case: ¢' = —and M € PartialSummary: Define { = { = 7=

(C3) Case: {' = —and M € CompleteSummary: Define £ = + and /

(C4) Case: ' € {A i€ (n)}, M € PartialSummary and M(w) (¢
and 0 = /0.

(C5) Case: (' € {ASY 1 i€ (n)}, M € CompleteSummary and M(w)(¢') > 0: Define £ = +
and? = —and ¢ = /.

(C6) Case: ¢/ € {AS :i € (n)} and M(w)(¢') = 0: Define £ = { = 7=r.

Let us show that the above choices ensure that ¢ is a character for M. If M € CompleteSummary
then either M’ = M & M(w) € CompleteSummary and so ¢’ = + and hence ¢ = + and thus / is
a character for M. Otherwise ¢/ € {—} U {AS* : i € (n)} and so since M € CompleteSummary
by definition we have ¢ = + and hence ¢ is a character for M. If M € PartialSummary then
clearly M @ M(w) € PartialSummary and so either ¢ = —or ¢/ € {ASV : i € (n)}. Soif ¢/ = —
or M(w)(¢') > 0 then £ = — which is a character M. Otherwise, ¢ € {A®" : i € (n)} and
M(w)(¢") = 0 then ¢ = ¢’ and since ¢’ is not a character for M(w) but for M’ it must be that
case that £ = (' is character for M. Hence we can conclude that in all cases / is a character for

M.
Define s* by s* = s{ @ sh @ (F'(I') @sy;,,) where s§ = [pG = — [F' (M, ..., My, M)]].
It is clear that s§ € F7(7) and hence s* € F(v || Il < I).

:Z:
") > 0: Define { = { = —
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Our definitions of ¢ and ¢ ensure that there is a complex rule of the form r(1) = ((pG =,

CCFG

Ssim)» (pB = 0, sccpger © O)) which is enabled at 5% (1) to active a CCFG widget computation

where CCFG+? = CCFG+ if { = +; and CCFG+? = CCFG otherwise; and O = s"’/t;’f”@ [pe

[]]-

Hence we can make a transition s% (1) — T(l) 5% (2) where 8% (2) = (515(2) @ sb) @
budge
(F () & secpgrr @ 3|/\/fg ‘o [pg™ = [o]]) and &’ (2) [p CBCEFE = [FH(My, .. Myy)])-

We appeal to [GM12] that the CCFG widget allows us to simulate the computation C' —* w
in L steps, where L only depends on the derivation C' —* w and not on s’* (2), so that we get

s¥(1+1) L>N sS(1+2)-- M s% (1 + L) where for all 2 < i < L + 1 the rule
r(i) is introduced by cases (I)-(IlI) above; and for each terminal e € ¥°™ occurring in w we
inject a py,; -coloured token into F'(Mj, ..., My41), ie if Mo <y M(w) then injecting a
P41 o-coloured token F'(My, ..., Myy1 ® Mo) yields F'(My, ..., Myy1 ® (Mo © [e])), and
for each 2 < ¢ < L+ 1 the configuration 55 (7) has SccrgL7 asa submarking. Further, we can see
that in the computation of C' —* w it is possible to expose a non-terminal ¢y if M(w)(¢g) > 0
and / = —. We can thus see that if cases (C1)-(C5) applied for the definition of ¢ and 7 then
we can assume that the above computation ignores all non-terminal; if case (C6) applied then

M(w)(¢") > 0 and £ = —, so we can expose /' = 7 along the above computation.
Hence we can conclude that 5% (1 + L) = (s1% (1 + L) @ s9) ® (F'(I) @ Secrot? @ SW\gfl)
where 8/*(1+ L) = [p% _ s [F/(Mi,..., Myy1 & (M(w) | £0m)]],

We note that ¢ = ¢ in all cases of (C1)-(Ce).

It is then the case that a complex rule of the form ((p5 =, Sccpg L7 P sWﬁtl), PG =0,

Sqm)) is enabled and we can make the transition 5% (L + 1) — s 8* (L +2) where s% (L +2) =
(817 (L +2) ® s2) @ (F1(I') @ sp,) and

§SY(L+2) = pGpz = [F (M., My @ (M(w) | 5°™))]].

Now F'(Mi, ..., My1 ® (M(w) | £°™)) = F/(My, ..., M @& M(w)). Thus ' (L +2) =
and hence s (L + 2) = &/

We now need to lift these paths to Z?[N]. The recipe above gives us for each s’ € F(v' ||
I < T') a path s°(1)---s* (L 4 2). We note that L is in fact independent of s’ since it is
only dependent on the derivation C' —* w. Further s* (1) € F(y || Il < T), 8% (L 4+ 2) = &/
and each for all 2 < 7 < L + 1 the configuration SS/(i) contains either submarking sqcps, or

Sccrc and hence A1y <1 Tg such that s* (1) € F(IIp < I'p). Let us define the following subsets
of Config: for1 < i < L+ 21let S(i) = {ssl(i) | e F(v/' | T < F’)}. By definition we
have for all s (i + 1) € S(i 4+ 1) that s% (i) = s¥(i +1) € SGi+1)if1 <i < L+2
and hence S(1) =\ S(2) =2 - =] S(L+1) =op F(Y || T < T7) since
clearly S(L + 2) = F(v' || I" < T”). Looking at the labelled version of &|N] our reasoning
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above implies that For all 1 < i < L + 2 Pl < ['g such that S(i) = F(IIy <1 I'y) and hence
! H/ F/

FyIIal)2S(1) VH—Q—%*;][N} F(v || I" < T”) which is what we wanted to prove.

- Rule (R’-3),(R’-4): v =$+"and $ € X.

We will prove the case where the transition is justified by rule (R’-3); the case using rule (R’-4)

is analogous.

In this case I = II', T' = ([msg] ® q)°, T0, I = ¢*,Tp and $ = ¢ ? msg.

If v = Myyq Xg My --- X1 M is easy to see that s} = ECZHI == [F'(My,...,Mg41)]]
where ¢; is a character of M; for eachi € (k + 1);and F'(T') = F'(I") @ [p¢ 5y — [o]]. Hence
let s = (s1®8) + (F'(I') @ 8,3,) Where we write 51 := [pg,,,e, 4, = F [F/ (M1, .o, Miya)]]-

The complex rule ((pg?msg7zk+1 = |:p§7msg = [’]} D Ssim

) (psng =+ 0, Sgip,)) is then enabled at
(F/) ©® Ssim) =5
Since v = (c ? msg) 7' we know that s; € F™((c ? msg) +') from which we can conclude that
s1® sh € F'(y || II') = F"(v || II) and hence (s1 @ s5) & (F'(T) & sgp,) € F(v || IL < T).
Since s’ € F(7' || I' < T") was arbitrary we can conclude that in fact F(y || TT 9 T') — gy
F(¥ || I" < T") and thus clearly

s and we can make the transition s — s (s] @ s5) + (F"

YT
-

Fly| <) g FOUI T <)

which concludes this case.

- Rule R’-5): I' =11 || X, T =T1",and y = v X *'.

If v = M1 Xp M-+ X1 M is easy to see that s} = [pecékHE = [F(Mi, ..., Mgi1)]]
where /; is a character of M; for each i € (k + 1). Further since s}, € F*(II') = F(II || X)

we know that s5 = s§ @ s’ where s§ € F'(II) and sy, € F~(X). Thus we can define
s=(s1 D sy)+ (F'(T) & sg,,) where we write s := Py x 0, = [FH(M, - Mygyq)]]-

Hence the complex rule
((pSX,£k+1 = ssim)7 (pec,ék+1 = (2)7 [pls;X = [.H ©® ssim))

is enabled at s and we can make the transition s — s (s} @ s§ ® sx) ® (F'(I") ® sg,) where
we write sy = [pSy > [o]].

Since s’y € F7(X) either sy, = sx or s, = [p%’(+) > [@]} In the latter case we can use
a weak spawn rule to make the transition

(sh B shBsx)d (FI) D sym) = s

Since v = (vX)~' we know that s; € F™(v) from which we can conclude that s; @® s €

F"(~y || II). Therefore (s1 @ s5) ® (F'(T) ® sg) € F(y || 1L < T).

Since s’ € F(v' || I" < I) was arbitrary we can conclude that F(v || II < T") — PN
F(¥' || I" < T") and thus clearly

I <1,
Flymar) Mty P aT)
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which is what we wanted to prove.

- Rule (R-6)-R'-7): ' =+ | IT || (M), T' =T & T(M),y = ¢ M vy and v = ¢ M’ .
We will prove the case where the transition is justified by rule (R’-6); the case using rule (R’-7)
is proved similarly.

In this case, in fact M’ = () and thus 4/ = o which implies v = e M /. If ¥/ = X}, M}, - - -
X1 My is easy to see that s = [p% , x, g, = [F'(M1,..., My)]] where /; is a character of
M, for each i € (k). Further since 3172 e F(I') = F"(II || II(M)) we decompose s, into
sh=sho Si—[(M) where s € F"(II) and Sh(M) e FY(IL(M)).

We also know that M € CompleteSummary, so let { = +, s = (s1 ® s§) & (F' () &
Sim) and s1 = [p¢ | = — [F'(M1,..., Mg, M)]]. Thus s; € F~ 7') = F~(~) and hence
se F(y || I« F) The transfer rule 7 = ((pf ;. =, Sqim) (PE )) is then enabled at s

where P = {p;C_H .lee€ Ecom} if k < K and P = () otherwise (in which case M = (). Let

m = F'(My,...,Mg, M), mp =m [ Pand mp=m | (P<'\ P). Then we know that using
r we can make the transition

(
P, s,

) Osim

s =N (5 © 85) ® (FT(D) ® syip) © (mpo () =: sy
where s = [ g [mﬁ]]
It is not hard to see that mp = F'(My, ..., My, 0) = F' (M, ..., M) and hence sp = /.

Let G&' = {pf,msg | ¢ € Chan, msg € Msg} and G = {pJy | X € N}. We notice that for
all c € Chan, msg € Msg

F'(T(M | {c! msg})) ({mng C""Sg)] > = [pf’msg > [oM(C!’"Sg)H
= [pf,msg — mp(c! msg)] =(mpo¢ )| {pf,msg}

from which we conclude that

(mpo¢™) 16" = D F' (UM | {c! msg})) = F' (L(M))
megeig

and F1(I'") = F'(I) @ (mpo (1) [ GT.

Further for each X € N let sx = [pSy + [o]]; then it is the case that EBM(V X)) SX c

FUII(M | {vX})) and thus @y DIV sx € F1I1(M)). Now @M sy =
(mp o C‘l) I {piX} and thus @ y ¢ @ij\i(ly(x)) sy = (mpo¢~1) | G¥. Since (mpo(—l) =
(mpo¢™ 1) 1GV @ (mpo¢™1) | G¥ we have

s0=(s1 @s2® (mpo¢ 1 1G")) @ (FI(I') @ sgp)-

Let us inspect S/H(M). Since Sh(M) € FU(II(M)) either S/H(M) =mpo( 1 | G¥ or using

a number of weak spawn rules we can transition in s{, from mp o ¢ 11 G to sh( M) This
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implies (using a number of weak spawn rules after the first step) we can make the transition
5 =N Sy NS

Since s’ € F(y/||II' < ") was arbitrary we can conclude that in fact F (v ||II <1 T") — PN
F (' [ITI" <« T") and thus clearly

/| /<] F/
Fylmar) 2D AT < T)

which is what we wanted to prove.

We can thus deduce that R is a weak simulation.
Let us first prove a lemma that will be the basis of our proof that R~! is a weak simulation.

Lemma. Suppose s(1), - - - s(m) is a sequence of configurations such that (A) for eachie (m—1)
s(i) = s e N SY C) N MN’ Sini—l MJ\[ ani s(i + 1) where only
one rule, 7°(j%) say, is not a weak spawn rule; (B) s(1) € F(IT <1 I') and s(m) € F(II' <1 T');
and (C) for all 2 < i < m there does not exist IIp <1 I'g such that s(i) € F(IIp < I'g). Then

Ol =gl <.

Proof. 1t is easy to see that if a configuration s € F(IIg <1 I'g) for some IIy <0 I'g and s Sn s
where 7 is a weak spawn rule then s’ € F(IIp < I'g). Hence if we look at the transitions

1 1 1(,;1
s(1) e N S1 r @) EEE i)—>N 8]1-1 we can conclude that for all 0 < [ < j! we have s] €

F(II < I'). Thus we can decompose 5;1_1 as 331.1_1 = st @ F'(T) @ s,;,, where s'l € F1(IT).
Let us do a case analysis on which rule of the alternative semantics justifies the introduction
of r1(j1) into As rules.

- Rule (R'-2).
There are many candidate rules ' (j') at first sight. However, we know that 8}171 does not

-1

have sqcpg OF Spcpgy as @ submarking. Hence we must have r!(j1) = (P4, = Ssim)s (PSS9

Pri=

BLE
0, Sccrgrr @ O)) for some G rule A — B C where C is commutative and £ € {+,—} and
CCFG+? € {CCFG+,CCFG} if by 1 = +; £ = l}41, and CCFG+? = CCFG otherwise; and

O = st @ [pE™ v [o]].

Thus with 3}1 a computation of the CCFG starts and until for some 7, j the rule 7%(j) exists
. . bud =

the CCFG computation, i.e. 7'(j) = ((p;cfg,a, Sccror? @ S|K[‘g_f_t1), (p%’z/g, 0, Sgim)) where £ €

{—IU{AL | i € (n) M(w)(ALY) > 0} if ¢ = — and ¢ = T otherwise. Along this path between

the configurations s}, and s’ the submarking s ; cannot appear and hence no weak spawning
J J

sim
rule can apply. Thus we know that m' = j', j = 1 and for 1 < i’ < i it is the case that
m? = 1. We know that s'' € F"(II) and hence IT = A M, X}, My, --- X1 My || g and

% o Z [m]] € F*(AMpy1 Xy My, --- X1 M1) where m = F'(My, ..., Myy1). Further
it is clear that m € pg st B in 3}171. Hence the CCFG widget guarantees [GM12] that s;'- =
(SH S [pi,£k+1 = [m]] @ [p% 7= = [m/]]) 2 ]:F(F) D Ssim where m’ = ]:I(Ml’ SRR Mk+1 &
M(w)) for some w such that C' —* w.



240 APPENDIX C. APPENDIX FOR CHAPTER 5

Further the CCFG widget guarantees that if 7 = +then M k+1PM(w) € CompleteSummary
and My @ M(w) € PartialSummary otherwise. Hence [p% 7= [m]] € F*(B, (M1 &

M(w)) Xy My, - - - X1 My) and we can deduce that s'' & [pG to 2 M@ [pf3 7=
FYB (M4 © M(w)) Xp, My, --- X1 M || Tp). It is thus the case that s{ € F"(B (M1 @
M(w)) X My, --- X1 My || IIp < I') which implies (a) m* = 1, (b) m = i and thus (c)
' < T = B (M, &M(w)) Xz My X1 M; || To <1 T.

We can easily check that [T < ' —g II' << I and hence II < T’ %g 1" < TV which is
what we wanted to prove.

— [m]] €

- Rule (R’-1).
We can assume that 71 (j1) = ((pG Cpir S Ssim) (pM =+ 0, 8im)) for some non-terminals and
) Kt

cache characters Alj 1 Xyl --- X1 (1 and G rule A — 6 where k < K +1 and § depends on
dandk: 0 =B, (+)Cif6 =BC, k< K;andd = aif § = a witha € ¥ U {¢}.

Hence we can deduce there exists a complex token m located at place pi’ Goir B in 5}171 and
sip= ("o P,z lops, o= ) o F (D)@ sy,
We know s'1 € F'(TI) and hence IT = A My, X, My, --- X1 My || Tp and [pi,ek+1 =
[m]] € F"(A My.1 Xy My, --- X1 Myp). Then clearly [p§7£k+1 = [m]] € F™(§ M1 Xy My,
- X1 My) and we can deduce that s S[pG = = [m]]®[pS poyz " Ml € FHE Myyy X
My, --- X7 My || ).
It is thus easy to see that 5]1.1 € FYd Myyq X My, --- X1 My || TIp < T'). From our as-
sumptions above this implies (a) m! = j!, (b) m = 1 and thus (c) Il < I = 6 My41 X3, My,
- X1 My || o < I'. Ttis also easy to see that II <« I' —¢g II' << I and hence IT <« I’ H,—<l£/—>g
IT" <« T” which is what we wanted to prove.

- Rules (R'-3),(R’-4).
We will prove the case that the introduction of 7% (j 1) is justified by rule (R’-4). The case of (R’-3)
are proved similarly.

We can thus assume that 71 (j1) = ((pc'msg lorn 5 Sgim)» (DS o E =0, [PZ msg = [0]] © Sgim))
for some non-terminals and cache characters Ek+1 Xplp--- X1 €1 where £ < K + 1. Hence
there exists a complex token m located at place p< and s! = = (s o [p

clmsg 41 2 c'msg lpt1 2
(] @ [pg g, = = [m]]) © (F (1) @ [ mgg = [0]]) © Ssim-
Since s € F"(II) we can deduce that IT = c! msg My, 4 X, My, --- X1 M7 || Tl and
[Plimsg, 01z = [ml] € Fr(c ! msg My iy Xpp My - - - Xy M1) Then clearly [pl,, = [m]] €

Fr(e Myq1 Xp, My, - - - X1 M) and we can deduce that s & [p© Pomsgtpsr = MIOPE,, =
[m]] € F"(e Myq1 Xy, My, --- X1 My || Tlp). Further it easy to see that F'(I') @ [p7 0 =
[o]] = F'(I' @ [msg]®). We can then conclude that sjl.l € F'MeMpyy1 X My --- X1 My ||
o < T @ [msg]°). From our assumptions above this implies (a) m' = 5!, (b) m = 1 and
thus () II' < TV = e M1 X My --- X1 My || Iy < T @ [msg]®. 1t is also easy to see that

Il =gIl' < TMandhence Il < T l) IT" <« T” which is what we wanted to prove.
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- Rule (R’-5).

Since by definition 71 (j!) is not a weak spawn rule, we can assume that 71 (j1) = (p =T
Ssim)» (DS =T 0, sx ®sip)) for X € N and some non-terminals and cache characters {51 Xy, {)
-+ X101 where k < K 4+ 1and sy = [p;fX — [o]] Hence there exists a complex token m
located at place pjy 4, . = and s;l = (sTo Py x 0,z M@ P = [m]]) @ (F'(I')®
[plS;X = [‘H) D Ssim-

Since s'1 € F"(IT) we can deduce that IT = vX My, 1 X}, My, --- X1 M || g and
Py x 0, = 7 Ml € Fr(c! msg My q Xy My - - X1 My).

Then clearly [pzek+1 =+ [m]] € Fr(e My Xy M, --- X1 My) and we can deduce that 5" :=
sl o [pSX,ZkHE — [m]] @ [pec’gkﬂg = [m]] € F'(e Mgy Xk My --- X1 My || Ilp). Clearly
sx € F7(X) and thus we can deduce that s’ & sx € F"(e Myy1 Xp My --- X1 M || Ip || X)

We can then conclude that 3;1 € F'eMpy1 X My, --- X1 M || Ip || X < T'). From our

assumptions above this implies (a) m! = j!, (b)m = land thus (c) I <t T = € My 1 X3, My,

<+ X7 My || o || X <T. Itisalso easy tosee that I <" —¢g II' <I” and hence I <1 T E)g

IT" <« T” which is what we wanted to prove.

c
€6lkt1 2

- Rule (R’-6)-(R’-7).
We will give a proof of the case that the introduction of r!(j!) is justified by rule (R’-7). The
proof in the case that 7' (j1) introduced to implement rule (R’-6) is analogous.

We can thus assume that 7! (1) = ((pg&v+1 = Ssim)» (pfygk+1 =, P, s, for some non-terminals

and cache characters {1 Xy 5 --- X1 41 where k < K, P = {p,;+17e e e Zcom} and {41 €
{=FU{AYie (m)}.

Hence there exists a complex token m located at place p¢ 0., = and 3;1 = (s"'e[pe =
[m]] ® [pgzk+1 == [mp]]) @ (FT() @ (mpo(~t) @ sy, wheremp =m | Pandmp =m |
(Pcol \ P)

Since s'! € F(TT) we can deduce that T = € M}, X}, My, - -- X3 M7 || g and [pecékHE —
[m]] € F(c!msg Mpy1 Xy My, --- X1 My). We further know that m = F'(Mjy,..., Mg,
My, 41) and My, € PartialSummary. It is easy to see that mp = F'(My, ..., My, M') where

we write M’ = Mjq | (N U{ASY 10 € (n)}).
Then clearly [pecgk+1 = — [mp|] € Fr(e, M' X}, My, --- X1 M) and we can deduce that
SH o [p2€k+15 — [’ITLH D [p — [mfﬂ S }—H(GM/ Xk Mk .. -X1 M1 || HO).

C
67£k‘+1 =

Inspecting case Rules (R’-6),(R’-7) in the proof of R is a simulation we can see that
(mpo(¢™t) | G = F'(I'(Mgy1)) and (mpo (™) | GV € FU(I(Mjyyq)) where G1' =
{Pemsg | ¢ € Chan,msg € Msg} and G¥ = {pSy | X € N}. Further (mpo¢~t) | G' &
(mpo¢™1) 1GY = (mpo(t).

Hence we obtain F*(T') & (mpo (1) | G' = F'(I' ® T'(Mj41)). We can then con-
clude that s}l € F' (e Mpyq X My --- X1 My || g || II(Mg41) < T @& I'(Mpgy1)). From our
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assumptions above this implies (a) m! = j!, (b)m = landthus (c)II' < TV = € My Xy My,
- Xy My || o || I(Mgy1) <T@ T(Mgyq). Itis also easy to see that II < T —¢g II' < IV

and hence IT < T’ er II' < T’ which is what we wanted to prove.

O
Let us now turn to R~%. Suppose (Il < T, F(Il < T')) € Rand F(II < T') H,—<£,—>?<@[M S.

Ir«r / / € " PR .
Hence F(II < I) 4?;?[/\/] FII' <« 1) _>:k”f[/\/] S. By definition this implies that there

exists non-empty subsets of Config, S(1),...,S(m) say, such that m > 1,

FIIAT)=5(1) S o0 S(2) S sy - ooy S(m — 1) - g S(m) = F(IU 1)

Thus for i € (m) we may pick configuration s(i) € S(i) such that for each ¢ € (m —1)

ool .ori(2 i(mi—1 . e ]
s(i) = sp "()stl T()N---M)N Sy q mﬁv st i = 8(i + 1) where only

one rule, %(j%) say, is not a weak spawn rule. We further know that for all 2 < i < m there
does not exist Il <1 T'g such that s(i) € F(IIp < I'p). Since clearly s(1) € F(II < T') and
s(m) € F(II' < I') the Lemma above applies to give us Il <t T l)g II' < T'. We can
thus conclude that R~! is a weak simulation and hence R is a weak bisimulation.

Further suppose that we have s € F(II < T') for some Il << T and s’ € F(II' < T”) and
s —js s then we can decompose this path into a sequence of configurations s(1) = s —
s(2) —-n -+ —n s(l) = . Letiy,..., iy be the indices, in order, such that s(i;) €
F(II; <« T;) for some IIy < I'y,..., Iy < T'p. Clearly for all 1 < j < I’ we can apply the

Lemma above to the path s(i;) —}; s(ij+1) to obtain Iy < T'y w)g Il < Ty m@

Hl’ <1Fl/
—

g Iy < T’y which means that since R is a weak bisimulation that F(IT<T") —%, V]
F(II" <T”). Hence we can conclude that if s € F(II < T') for some II < T'and s’ € F(II' < I)
and s =}, s’ then F(IT < T') —>>=;][M FI <T).

We know that ITg = AY || -+ || A% so let s¢py = Souery ® (P4, > [o] ..., p% o [o]] @
D5 ey [« (©)(M)] | ¢ € Chan, msg € Msg] and sg = s, & [p;jA? — (o] | i € ()] ®

(P2 msg [e10(©)(M)] | ¢ € Chan, msg € Msg]. We note that sy € F(IIy <1 ).

We will now show that (A, sg, S¢v) is a yes-instance of the coverability problem if and only
if (G, g < To, APV || -+ - || ARV <1 ') is a yes-instance of simple coverability.

Suppose (N, 80, Scov) is a yes-instance of the coverability problem. Then there exists a s’ €
Config such that so —7}, 5" and scoy <cop 5" That means that there exists a configuration s”
such that so —}, 8", 8" = s(1) =n - —=a 8(1), s(I) = &', 8" € F(II <T) for some
IT < T, and for each 1 < i < [ there does not exists a Il <1 I such that s(i) € F(II < T).
We can thus appeal to our reasoning above to obtain that F(IIy <1 I'g) —>22,[ N FII < T).

We can decompose this path to get F(IIy < I'p) mj"gﬂw] F(II; <« Ty) w;]m

Iy < 'y
v ?ﬂ[./\/’] F(IIy «T'y) = F(II <« T'). Since R is a weak bisimulation we thus know

I, « T
that Tlp < Ty =052 T @ Ty 2202 .. L2 Ve 11, 9Ty = I < T and thus

H0<1F0—>5H<1F.
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Let us turn to an inspection of s”. We know that s” € F(IT <1 T'), forall 1 < i < [ there does
not exist I <1 I such that s(i) € .7:(1'[ A1), and scoy <cope 8 = 8(1). Since SQuery Sconfig Scovs
we can conclude that SQuery <config s’. This implies that for some 0 < i < [ we have the transition

s(j) Sar s(j + 1) via the rule 7 = (s, SQuery) Which switches from simulation mode to query
mode and where we write s(0) = s”. Inspecting the rules of N we note that this mode switch
cannot be reversed. We can deduce that j = 0 since using any other rule of N for the transition
s" 5 nr (1) would either place s(1) € F(IT <1 T') for some IT <I T immediately, or start a CCFG
computation disabling 7 until completion which would produce another s(j) 6 F(IIy < Typ)

for some Iy <1 I'g before r could be enabled. Hence we can conclude that s’ (p“‘”v) = () for

all1 < i < msince s’ € F(Il <T') and for all 1 < j < [ such that s(j) ﬂ>,/\/’ s(j+1)
the rule 7(j) is a rule of the form ((pjmv e SQuery)s (pec(f)E, 0, Squery © [P%, > [o]])) or

((pe A + SQuery) (p =0, Souery ® [pjff [8]])). Since Scoy <cansg S’ this means that at least
there are indices 71, .. zn (not necessarily in order) where for each 1 < j < n rule r(i;)
places a e-token into place p%,- Since the rules r(1),...,7(l) only remove complex tokens

from places of the form pG LB OT p¢ c.Az We can conclude that there exists complex tokens
mi, ..., my located in places p1, ..., p, in configuration s” such that for all 1 < j < n the place

pj = pA Lpa = OT p6 A E . Since s” € F(II <1 I) this implies there exists processes 71, . .., T
such that IT = |l - H T || o and each m; = A - v; or e Mj - ~; with M;(A$Y) > 0
for 1 < j < n. Further it is also easy to see that ['°Y is covered by I'. Hence we can deduce
that (G,1Ig < T'p, APV || --- || ASY < I'°Y) is a yes-instances of simple coverability for the
alternative semantics.

For the other direction of the reduction suppose (G,IIg < T'g, A{Y || - || ASY < T'°) is

a yes-instances of simple coverability in the alternative semantics. This means that

My aTo 2o oy 22l 9l o g, =TT 4T
where Il =y || - || m, || o and each 7j = AJ™ - v; or € Mj - v; with M;(AS™) > 0 for
1<j<n

Since R is a weak bisimulation we obtain

I <y 4 JEVESTES) NI Il
F(Mlo<aTo) == - ————p Fo1 <STio1) == FOI<T).

Thus we may pick s(1), ..., s(l) such thatforall1 < j < lwehave s(j) € F(II; < I'j) and
for j < I we have s(j) = s(] +1). Hence s(1) —) s(l). Further since F(Ilp < I'g) _>9?’[N]
F(II; @ T1)and sg =} s forall s € F(S < 0)) we can conclude that sg —}3, s(1) =: .

Let us now inspect . Since s’ € F(II <1 T') we can deduce that there exists complex tokens

mi, ..., my located in places pi, ..., p, in configuration s’ such that for all 1 < j < n the
C C . . * ) T
place p; = p A 0141 2 OF Pe aco = Hence we may extend the derivation s9 —3, s° —ar
= AR E
1 2)
6 ), N Sh L N ), N Sp, Where 1 = (Sy, Souery) SWitches from simulation mode
to query mode and the rule r(j) = ((pAmV Lps1 = SOuery)> (pg(_) 0 Souery @ [P+ (o)) or

((pZAjovE7 Souery) (PE ()= 0, Souery @ [pjff [#]])). and thus we can deduce that s/, has one
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e-token located in each place [/ VERRRRY ' and SQuery S @ submarking, i.e. Scoy <config s' . Hence
we can deduce that (N sg, Scov) is a yes-instance of the coverability problem.

Hence we can conclude that the simple coverability problem for K-shaped APCPS in the
alternative semantics EXpTIME reduces to the coverability problem of NNCT. O

Theorem 11. Simple coverability, boundedness and termination for a total-transfer NNCT EXPTIME
reduces to simple coverability, boundedness and termination respectively for a 4-shaped APCPS in
the alternative semantics.

Proof. Fix a total-transfer NNCT A = (P°, P, P R, () and a coverability query (N, s0, Scov)
with a simple query, i.e. s9(p) = Scov(p) = 0 for all p € PC. Let us also fix an enumera-

col

tion of P* = {p(l), . ,p(ns)}, PC = {p’(l), . ,p’(nc)} and P! = {pE"ll), . ,p(nwl)}. Since
N is a total-transfer NNCT we know that for all » € TransferRules it is the case that r =
((p, 1), (', P, 0)).

Let us define an APCPS G = (X,I,N,R,S) that will simulate A/. The APCPS G has
a channel ¢, for each simple or complex place p plus a special channel c; and let the set of
channels be Chan = {c¢, | p € P’UP } U {;}. For G’s messages let us first inspect N’s
complex rules: let = be the set of complex tokens representing “injected” coloured tokens in
N’s complex rules plus the set of complex tokens that are created by simple rules, i.e. = =
{c| ((p,I),(p',¢,0)) € ComplexRules} U{c | p € P, (I,0) € SimpleRules, O(p)(c) > 1} then
G will have a message m,, 4 for each p € P and d € = and two special messages My s M, |
for each p € PC. Further G will have a message e; and hence we can let the set of messages be
Msg = {msg, 4 | p € PE.de ZU{D,4}} U{e}.

The APCPS G will have non-terminals N,,, N/ for each rule r € R, non-terminals N>, N5©
for each r € SimpleRules, and non-terminals N, Nf for each r € ComplexRulesU TransferRules.

Additionally G will have non-terminals N*7, N*, Ny for every p € P, a non-terminal N° for
each ¢ € = and two special non-terminals N** and N*". Hence G’s set of non-terminals are

N ={N" N NG | pe PCLULNT| c € EU N, N7}
U{N,,N} |r € RYU{N;°, N> | r € SimpleRules}
U{N?, Ny | r € ComplexRules U TransferRules}

Let us also define a designated non-terminal A, to label the coverability query. We can then
set G’s alphabet ¥ = {c! msg, ¢ ? msg,vX | ¢ € Chan, msg € Msg, X € N'}. Further let us use
the standard independence relation for APCPS I over ¥ U N. A configuration s € Config will
be represented by an APCPS configuration in the following way:

- for each simple place p € P?, the channel ¢, will contain |s(p)| e-messages — we can form-

alise this by a function F!' that we define as F' (s) = [ols(p@))q Fo e [.IS(p(ng)l} ) ;

- for each complex place p € PC, suppose s(p) = [mi,...,my] then for each m; # 0
there will be one process with a process-state N? - I:(mZ o (™1 - N** where T is a func-
tion that takes a mapping mg : P° — N and transforms it into a multiset M[cps ! o]
by f(mo)(cp le) = |mo(p)|- If m; = 0 there will be one process with a process-state

Ny -0 - N7" = Nj-T(mjo( —1) . N*’. We can formalise this with two functions
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Fll(s,p) = || le Nz, -T(m;o¢™Y) - N and Fll(s) = I oe, ]-"H(s,p’(i)) where
Np, = N?ifm; # () and Né’ otherwise;
- in addition we have one administrative process, that implements the execution of N”’s rules
and is in the process-state /N when representing the configuration s.
Formally, we define a representation function F by F(s) = N*" || F1(s) < F''(s) and define
the relation R C Config x Statey; by R = {(s,F(s)) | s € Config}. We will prove that R is a
weak bisimulation for (Config, —r) and (State,, —g) where we write —¢ for —¢  here and
in the following.

We will now define and explain how the administrative process is implementing Ns rules.
For each rule r € R the APCPS G has the rule N*" — N, N“" which guesses one of A/’s rules to
execute next. Depending on whether r is a simple, complex or transfer rule the implementation
is different:

- r=(1,0) € SimpleRules

If r is a simple rule, then NV, rewrites to three non-terminals: N} which removes e-
messages as described by I, N?° which sends e-messages as described by the effect of
O on N’s simple places and N2 which spawns new processes which will represent the
newly created complex tokens as described by O on N’s complex places. Let us enumerate

the set = = {C(l), cee C(nE)} then we can formally implement the above by the following

rules:

I $,0 c,0
N, =N} . N3° . N¢

1(p))l H(Pns)l
I
N, — (cp(1> ? o) (cpw) ? o)

[O(pq))l 1O(P(ns))]
0
N} — <cp(1> ! o) (Cp<n5> ! o)

O(p(1))(e1))
¢,0 vP1 ! ? )
N9 — (yN @ (C? ! msgp21)75<1)> (cp?0)

vp O(pll )(£ j )
(uN Pi) (c? ! msgpb,cm) (c2? .)) @)@

<VNVP2nc) ((,‘? ! msgp/( ),z:( )> (C? ? .)

and the rules for complex token representing processes we have the following rule for each
¢ € Zsuch that ¢ # ) and p € P

NP — <C? ? msgp7c) (c;! @) NP - N°- N**

) OPlne)) (E(ng))

NP — <C7? msgp’@> (c7!o)N5oN”-N”7

and foreach c € = :

< ) le(p{))l < > le(p(in, )l
N —=lc/  \'e e e
(o) ¢(vhn)

-r=((p,I), (¢ 0)) € ComplexRules
If r is a complex rule, then N, rewrites to three non-terminals: NV} which removes e-
messages as described by I, N which sends e-messages as described by O and NS which
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forces one process representing one complex token m in complex place p to change state
so that the process afterwards represents m @ ¢ in complex place p’. Formally we can
implement this with the following rules:

N, =N!.N9. NS

(p1))] [ (P(ng))]
I S
N, — (cpm ? o) cee (Cp(ns) ? o)

|O(p1))] )IO(P(ns))I

NP — (cpm ! o) (Cp(ns) le
Ny —(cp ! msgy )« (cp?e)
and for each ¢ € E\ {0} and p € P we have the following rule for complex token
representing processes:

N? —(cp?msgy, ) (cple)- NY N
Ny —(cp ? msg, ) - (cple) - NN
Ny —(cp ? msgyy g) - (cp @) - Ny N°

-r=((p,I),(p',P,0)) € TransferRules
If r is a transfer rule, then NN, rewrites to three non-terminals: NN which removes e-
messages as described by I, N2 which sends e-messages as described by O and N which
forces one process representing one complex token m in complex place p to change state
and make its summary effective, which transfers (m o (~1) to the channels, so that the
process afterwards represents the empty complex token () in complex place p’. Formally
we can implement this with the following rules:

N, =N!. N9 . N¢

)Il(p<1))| )If(p(ns))l

I
N, — (cp(1> ?e (cpm) ?e

.>|O(p<1))| )IO(Pws))I

o
N — (cp(1> ! (Cp<n5> le

Ny —(cp!msg, ) (cp?e)-(cr!msgyp): (c2?0)
and for each p € P we have the following rule for complex token representing processes:
N —=(cp?msg, ) (cple)
N —(cr 2 msg,g) - (cr ! @) - Ny - N

Further we add two more rules:

Iso(p(1))l Iso(Png))l
S (Cp(l) '.) B o (Cp(ns) '.) e A

|5cov(p(1))| o |8€0V(p(n3))|
) (g 79)

N™ — (CP(1> ?e Aoy

The first rule simply sets up the simulation from sg. The second rule has the purpose to encode
N’s coverability query with the intention that a configuration Ay || IT <1 T is only reachable
if and only if s.oy is coverable.
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First, let us note that clearly G can be constructed from N\ in ExpTiME. Also all non-terminals
except for the N2, N2¥ and N* are non-commutative. It is easy to see that G has shaped stacks
since the only non-terminal loop increasing the “call-stack” is in the rule

N” = (cp? msgy ) (cple)- N7 N

and N* is a commutative non-terminal. It is easy to see that picking K = 4 is adequate.
Before we go on to prove R is a weak bisimulation let us first analyse F'I and FT.
It is easy to see that for all s, s’ € Config we have

Flhs) | F(s') = Fl(s @ "), Fls)yaF'(s)=F(sas),
if for all p € P° we have s'(p) = () then
Flis)=Fl(sas)=F(ses)
and if for all p € PC we have s'(p) = () then
Flis) = Fll(sas') = Fli(s e &)

Let us label APCPS and NNCT transitions in the following way: for s, s’ € Config such that
s — s s’ let us label — 5r such that we write s i>N s'sfor I < T, II' <t TV € State,;; such that
II 9T —¢gII' < I and 359 € Config such that F(sg) = II' < I let us label —¢ such that we
write [T << T 2% TI' <1 T; if however fsg € Config such that F(sg) = s’ then let us label —¢
such that we write IT < T' Sg TI' < T".

Let us clarify some notation: if I' € (Chan — M[Msg]) such that for I",T" € (Chan —
M[Msg]) we can decompose I such that ' =TV & T then IV =T & T”.

Let us now prove that R above is a weak simulation. So suppose we have (s, F(s)) € Rand
s 2%, s then from the labelling we clearly have s 5,/ s'. Hence there exists a 7 € R such

that s =, s’. Note that we focus on the general case where a complex token is non-empty.
Inspecting the rules of G we can see that the arguments below can easily be adapted to cover the
edge case where it is empty. We will perform a case analysis on .

- Case: r € SimpleRules.

Thenr = (I,0) and s’ = (s &6 1) ® O and also s & I € Config. We know that F(s) = N°*" ||
Fl(s) < FF(s) and since s © I € Config we have that |s(pg)| > |I(po)| for all pg € P5. Hence
by definition

]:F(s) =T |:.‘I(p(1))|:| p(1) S [.U(p(ns))q D (ng)

for some I" € (Chan — M[Msg]). Hence we can see that we can perform the following trans-
itions:

F(s) Sg NN || Fl(s) < FF(s) Sg NINOSNOON™ || Fl(s) < F'(s)

NPENSON™ || Fll(s) < FH(s)

\Lm

)II(Pu))\ )\I(mns))\

e ?
(Cpms) e

) I (p))|-1

g (CP(I) ? L]

NZENZEN | F1(s) o T (s)5[o] 70

\l/m

) 11 (p(ng))l

g (Cpm ve (Cpms) ve

€
—g -
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(pe2))l [ (P(ng))] . ¢
56 (o 2) (e 20) T NEENSONT | F () 0 FL(s) 0 [elT )]
€
_>g . e
i)g NTO,SNTO,CNsim H ]:H(S) 4 ]:F(S)@ |:.|I(p(1))|} (1) o |:.|I(p<2))|] p(2) S0 |:.|I(p(ns))|] P (ns)
— NOSNZON | Fl(s) « Fr(s & 1)
We can expand N,”* and perform the send actions similarly to the way we expanded N/ and its
receive actions.

)\0(:0(1))\ )\O(p(ns))l

F(s) 55 (cp(l) le .. (cp(m) le NoCeN || Fll(s) < FL(s & I)
SENSONT || Fll(s) « Fli(se D) & [.\O(pu))q RIS [.\O(p(ns>>|]%(ns>
= NPON™ | Fll(s) « F'(s© I (0 | PY))
We continue with expanding N2 ¢. Similarly to above we can then perform all the spawns and
synchronisations.

vp( O(P/1))(¢(1y)
F(s) i% (VN ) <C? ! msgp,(l)vc(l)) (cp ? .)) m)lew)

(I/NVP,(nc) <C7 ! msgp/(ncw(ni)) (cr ?0)
N || Fl(s) « Fl(se Ta (0 | PY))

) O(Plne)) (¢(nz))

€
! ?
—g <C? ! msgp/(l>7c(1)) (cr?0)
/
YP(1) ! ?
<VN (c? ! msgp/<1)7c(l)> (c0?)

(I/Nl/Pznc) <C7 ! msgy, " )> (cr ?0)

sim H N”Plu) || ]—"H(s) 5 ]:F(S@I@ (0 f7’5))

>0<pgl)><c(1>>—1 N

) O(Plne)) (¢(nz))

/ /
Using the rule N""(1) — <07 ? msg ) (c7 ! @) N°() - NO) - N*" we can derive
: Dyc(1) :

lecy (P »
N —* (cC( ml) !.> (CC( y ) !.)cu)(p(nwl)) —w
P Plney)

and the equality M(w) = f(c(l) o (1) holds. Thus

! O(p/(1))(5(1))_1
F(s) i)é (07 ! msgpz(l)’ﬁ(l) (crp?0) (VN (1) (07 ! msgpl(l)’ﬁ(l)> (c? ? o))

. O(p/(z))(':(j))
(VN P (C? ! msgp/(i)’t(ﬂ) (cr ? o)> e

(VNVP,(nc) (c? ! MGy )> (c0?e)

N (e 2 msg,,, ) (er 1 &) N7 Ty o) N | FT(s) 0 FT (s0 10 (O P)

) OPlne)) (¢(nz))
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)o<pgl)><u(1>>—1

33 <VNVP,(1) (07 ! msgpzl)’c(1)> (cr?e)
/ O(p{;y)(e5))
VPG ® ’ e
(I/N () (07 ! msgpzi)’ﬁ(]_) (cr ? o))
<I/NVP/(nc) (c? ! msgpznc)’c(ng)) (cr?7)
N || N0 ey o ¢ - N7 || Fls) a F(s o T (0 1 PY))
we can continue like this:

€ vp
F(s) =5 (VN P (c? ! msgph)ﬂ(?)) (c7?0)

) Ol (e(nz))

)0(1021))(%2)) o

vp) O(pll )(t j )
(I/N Pl (c? ! msgpz_),c(j)) (cr ? o)) ORI

(VNsznc) (C? ! msgp/( )76( )> (C? ? .)

Obyewy)
=1

) O(Pn)) (¢(nz))

o O(Pay)(cr))
F(s) i)"_c} (VN P(2) (c? ! msgpzz)’c(l)) (cr ? o)) @7

vp! O(pll )(£ j )
(I/N 4o (c? ! msgpz_),c(j)) (cr? o)) ORI

<VNup2nc) (C? ! Myt e )) (cr ?0)

Obyewy)
N ] NPTy o ¢ N
=1

) OPlne)) (¢(ng))

O(p/(l)c(ns)) , -
| | N0 -T(gpeyo¢h) - N
1

| Fi(s) « Fi(saIa (0] PY)

’ 1) p, .
= (I/NVP(Z) (C? ! msgp’(2>,c<1)> (C? ? .)) (P(2)) (c1)) .

vp O(pll )(£ j )
(VN Pa) (cr; ! msgp,(v),c(j) (c2? .)) @)

’ O(pénc))(ﬁ(ng))
(VNVP(HC) (C? ! msgp/( ),c( H)) (C? ? .))

N || FHO,pyy) | FH(s) a FT(s o 1@ (0 1 PY)
g N | Fs) | ( I f“(O,p’@ﬂ) QF (sele(0]P)
1=1

=N | Fls) | FHO 1P 9 FlsoT@ (0 1 PY)
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It just remains to analyse the last configuration:

FUs) | FLHO 1 PO = Fl(s) | FLO) = Fl(s 2 0) = Fll(se T® 0) = FI(4)
and

FlseIa (0| P))=Fl(sele0)=F'()

from which we can deduce F(s) i% F(s'), (s',F(s')) € Rand clearly o = s’ which is what
we wanted to prove.

- Case: r € ComplexRules.

Thenr = ((p,I),(p/,®,0)) and s’ = (s© IS [p—[m]]) ® 0 & [p/ — [m @ || for some
m € s(p). Again F(s) = N*m || FU(s) < F''(s) and similarly to the case above

F(s) i@ NEN || Fil(s) <« FN(s o T © O)
g (ep!msgy ) (g2 )N || Fll(s) <« Fl(se & 0)
Sg (e ? )N || Fll(s) <« Fr(s 0 10 0) @ [msgyy |
= (qp?)N*" || Fl([p = [m])) | F (s&[p = [m])) < F' (seTa0)® [msgp/7c] ”
= (@2O)N" | N'T (mo¢ 1) N7 || Fll(s8(p s [m]]) < FF(s8190)@ |msg, |”

It is immediate that we can derive

. |e(p{7)] le(p(, )]
N — ) e le = w
< “(rt)) ) ( ¢(ri.) >

and that the equality M(w) = I'(c o (1) holds. Thus
F(s) 55 (cp 2 @)N"" || (cp 2 msgyy.) - (cp! @) - NVT (mo (™ 1) F(COC N
| Flis o lprs ) < F(s 010 0) @ [msg, |
= (cp? @) N*" || (cp? msgyy ) - (! @) - NPT (mee)o (') N
| F i (sope [m]) <« FrsoI®0)e [msgp ]
L N N ((me )0 ¢l oT) N || Fll(s & [p — [m])
aF(soTa0)
=N | Flsepmmep »maed) < F (sela0)
Lastly, we clearly have
Flsep-mllep = maod)=Flscp—m]ole[p —[mad]a0)
=F(s')
Frselaeo)=F'(sop=mlelae[p —»mad e0)=F ()

from which we can deduce F(s) i% F(s"), (s',F(s')) € Rand clearly a = s’ which is what
we wanted to prove.
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- r € TransferRules.
Thenr = ((p,I), (p/, P, 0)) since ris totaland ' = (s IS [p— [m]])) ® O [p’ — [0]] ®
(m o (1) for some m € s(p). Analogously to the cases above:
NEN* || Fll(s) « FY(so I & 0)
(cp!msg, ) (cp?e)-(cr!msgy ) (cr?e)N™ | Fllis)y a Fl(se 1@ 0)
(cp!msg, ) (cp?e)-(co!msgyg)-(c? )N || N°T (mo (1) N”
| Fllsep— [m]) <« Fl(seI®0)
0 (cplmsgy,)-(cp7e)-(ermsgy o) (cr20) N | (cp?msgy | )-(cplo) (moC 1) N
IF (selp = [m])) 9 F' (s0190)
55 (e ! msg,, g)-(c2 ? @) N™™ || r (mo¢™ 1) N | Flsolp— [m])) <« FF(seI®O)
o (e msg, g) - (e 2 )N || N*" || FY(5 6 [p s ]
arfsela0)ar (f(m o <—1)>

F(s)

\l/m

We can see that

fr(s@I@O)@F<f(moC_l)) =Flsel®Oamo¢™)

F(s) i% (! msgp’,@) (cr 2 )N || (¢ ? msgp,(?)) “(co o) .Né’/ . NV? I ]—'H(s O [pr [m]])
aFsela0a (moc))
S N NY N | Flsepe m]) « Fr(seTl@0@(mo(™h))
=N | Flsep—ml]e [ = [0)]) o F(seTeOe (mo( ™)

Analysing the last configuration:

from which we can deduce F(s) i)é F(s), (s, F(s')) € Rand clearly a = s’ which is what
we wanted to prove.
Hence we can conclude that R is a weak simulation. /

Let us now investigate R~!. Suppose we have (s, F(s)) € Rand F(s) i—% t then from the

labelling we know we have F(s) S—,% F(s) i>"g‘ t. Inspecting the rules of G we can see that

the only paths (modulo different interleavings) to make the transitions F(s) S—I% F(s") are the
three described in the proof that Ris a simulation and depends on which rule r of A is simulated.
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Inspecting the transition paths we can see that if 7 € SimpleRules then s’ = s © I © O and
since N} can be fully executed we can deduce that |s(p)| > |I(p)| for all p € P? and hence

/

56 I € Config. Thus we can conclude that s <> s’ and hence s = s 5.

If r € ComplexRules then we can see that (s© I & [p — [m]]) @O ® [p’ — [m @ ]] for some
m € s(p) and as above since N, can be fully executed we can deduce that s © I € Config which
implies s s s’ and hence s S-,U\/ s

For the third case if r € ComplexRules inspecting the transition path above we can see that
s'=soprmleIe)p — [0]®0® (mol!) for some m € s(p) as above since N/ can

be fully executed we can deduce that s © I € Config. Hence s — s s’ and hence s S—,U\/ s

Thus we can conclude that R™! is a weak simulation and thus R is a weak bisimulation.

In order to finish the proof we will now prove that a check of coverability of s.oy for A is
equivalent to a program-point coverability check of I,y for G.

First suppose (N, sp, Scov) is a yes-instance of NNCT coverability with a simple query. Hence
there exists a path s) =7 51 = A -+ = A Sp and Scoy Zcompg Sn- Attaching the labels to the
transition system as we have described above this path turns into sg 2N ST A A S
Since R is a weak bisimulation we know that we can find a path S S—O% F(so) 8—1% F(s1) 8—2%

. 8—"% F(spn). We know that for all p € P it is the case that |scov(p)| < |sn(p)| hence
Sn © (Scov r PS) S Statealt. Thus

F(sn) = N || Fl(sn) < FL(sp)

)\Scov(p(1))|

|Scov(p(ns))\
) leov ” ]:H(Sn) < ]:F(Sn)

i)g <cp(1) 70 . (cp(ns) 70
S leow || Fl(sn) < FL(sn) © [-'Scw(wn)lrp(” &5 [.|Scov(P<ns>>|rp<"5>
= Acoy || F™(5n) < FV (50 © (Scov | P%))

Hence (G,S <1 0, Acov <0 ) is a yes-instance of alternative simple coverability and thus the
query (G, S < ), Acoy < 0) is a yes-instance of standard simple coverability.

Suppose (G, S < 0, Aoy < 0) is a yes-instance of standard simple coverability. Hence we
know that (G, S < 0, Acoy <0 0) is a yes-instance of alternative simple coverability. Hence S =G
Acover || II < T for some «, IT and I'. Let us view this path in the labelled transition system we
can then obtain: S S—O% F(so) 8—1% F(s1) 8—2% S—")E F(sn) i)é Acova || IT < T where it
is clear that the first simulation state set up by S can only by sg.

We know that F(s,) = N°*" || F(s,,) <« F''(sp). Since on the sequential level it must
be the case that N*" —* (A, but inspecting the rules of G we can see that only N*" —*

o |Scov(p(1))| o |SCOV(p(n5))‘
() 2) <+ (e 29)

these transition no administrative messages to channels c7, ¢, for p € PC are sent and thus any
process in F11(s,,) is blocked on its initial receive action and thus cannot receive or send any
messages to a ¢, where p € P°. Hence it must be the case that

Acov we can conclude that &« = €. Further, along

L= F'(s5) & [aln Gl |70 o g ol | 709 = (s, 6 sy)
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since Seov(p) = 0 for all p € PC. We can thus conclude that Scoy <cone Sn- Since R is a weak

bisimulation we know that there is a path sg 8—1>}"\/ 51 22 N 8—”>}"v spn and hence so —/ sp,
and Scov <consie Sn thus (N, S0, Scov) is a yes-instance of coverability with a simple query.

For boundedness, suppose the set {II < I" : § <1 ) = II < T'} is finite. This implies that
the set {F(s) : F(so) —§ F(s)} is finite and since R is a weak bisimulation this means that
{s:80 < < =} s} is finite. Conversely, suppose {s : s9 < < —}, s} is finite then clearly
{F(s) : F(s0) = F(s)}is finite. Since in G there are only finitely many more steps along weak
bisimulation steps we can also conclude that {Il < T': S < () —¢ II < T'} is finite. Hence G is
bounded from from S < () if, and only if, N is bounded from s.

For termination, suppose there is an infinite path from S <1 () in G, then since there are only
finitely many e steps along weak bisimulation steps and Ris a weak bisimulation we can conclude
that A/ has an infinite path from sg. Conversely, if V" has an infinite path from s then there is
an infinite path from S < () in G since R is a weak bisimulation and every step . N\ is bounded
from sg. Hence G is terminating from from S < () if, and only if, NV is terminating from sg. []
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C.3 Proofs for Section 5.3

Lemma 7. Suppose s is a covering path for scoy in Nit1 and [s(1)(pi41))| = R’ - ppy (Scov)-
Then there exists s’ a covering path for scoy in V41 such that s'(1) = s(1) and |s'| < p. (Scov)-

Proof. Let moo = [® — 0], let s = s(1) and define

Seo(i) = 8(7) [p(i_H) — moo} forall 1 < j < |s|. Since s is covering path for scoy in N1,
we can easily see that s is a covering path for s, in NV;. Hence there must exists a covering
path s, for scoy in N such that [s| < py. (Scov). We can “replay” the path s, from s instead
of s [P(i+1) — moo} to obtain a configuration sequence sq from s so that sq(j)(k) = sL.(7)(k)

forall1 < j < |s.|and k # i + 1. An easy induction shows that for all 1 < j < |s/_| we have
150(4) (i +1)| > R' x pyr (cov) — j x R from which we can conclude

s0(7)(i + 1) > R' = R+ (R’ = R) x (pp;, (Seov) = 1) = B = R > scov(P(i11))-

since p. (Secov) > 1 for all i. Hence we can conclude that sq is a path in N1, further sg is
a path from s covering scoy in N1 and by construction [sg| < p v (Scov). which is what we
wanted to prove. d

Lemma 8. For all covering paths s for sy in NV 1 one of two cases applies:
(C1) HSH,T\/Z-_,_l <R PN; (Scov)§ or
(C2) s = s1-sp - sg such that HSIW\/Z-H <R pM(SCOV) and HSPHMH >R pM_(sCOV).

Proof. Let s be a covering path s for sqy. Let us do a case analysis:

(i) Case I: |||\, , < R+ pp(Scov)-
Case (Cq) holds.

(i) Case2:[|s|j:,, £ R pp(Scov)-
Hence we can split s in two paths s = s15¢ such that sg is the longest prefix of s such
that [[s1]j;,, < R pp;(Seov) and [[s0(D)[[nr,, & B - pp(Scov)s L [[s0(D)lns,, =
R P, (Scov)- Letting sp = so(1) and s2 = s0(2) - - - s0(|s0|) means (C2) applies.

O]

Lemma 9. Suppose s is a covering path for s,y in N;11. If L € N such that |s| < L and
|s(1) HM+1 < L - R’ then there exists a covering path s” for scoy in V41 such that 8" (1) <cu,

s(1), Is"(Dlln, .0 < L- R, and|s"| < L.

Proof. We will construct a path removing all superfluous complex tokens first. Suppose we label
every complex token in s(1) as “not-moved” and along s if a complex token is moved we change
the label to “moved”. Since |s| < L and each transition can move at most one complex token, and
remove R complex empty token it must be the case that for each p € P€ the size of the multiset
Miemove = | [m “not-moved” | m € s(|s|)(p)]| > |[m “not-moved” | m € s(1)(p)]| — R x L.
Hence the complex tokens in Myemove play no réle in s, appear in s(j)(p) forall 1 < j < |s]
and could thus safely be remove without affecting the validity of the path. However, in s(|s|)(p)
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there are complex tokens, at most || scov || N,py;C Tany, that are required to justify Scoy <conie S(|5])
and hence we cannot remove these tokens Wlthout losing the cover of s¢oy. We can be on the safe
side an assume the former tokens are all “not-moved” tokens and hence we may only remove
|s(1)(p)|— (Rx L+ ||scov||N .c) tokens. We can do this for all p € P€ and hence we get a new
()] < BxL+seorlly,
for all p’ € PC and since s{j(1) is obtained from s(1) by removing tokens we can see that
80(1) <coe 8(1) and hence also [|sg(1)]|y;,, < (L+1)- K.

Let us now show that we can also reduce the number of coloured tokens. We will label col-
oured tokens in s{j(1) with three statuses untouched, ejected and consumed. Initially this record
of s{j(1)’s coloured tokens marks all of them as untouched. Along each transition of s{] we update
this record as follows. If the transition s (j) =7, S3(j + 1) is a transfer transition then we
look at all the coloured tokens that are ejected in this transition to simple places and label the
coloured tokens whose origin lies in s{(1) as ejected. If in the transition s¢(j) —a;,, so(7+1)
a simple token is removed and its origin is as a coloured token in s{j(1) then we mark that col-
oured token in s{j(1) as consumed. Since |s| < L and each transition can remove at most R
simple tokens it must be the case that at most R x L coloured tokens were marked as consumed
by the above process.

However, for each p’ € P and p* € P there are coloured tokens in s{(|sg|)(»’)(p*"),
at most || Scov|| N.,;C Tany, that are required to justify scov <coe S((|S(|) and hence we cannot
remove these tokens without losing the cover of s¢oy. As above it is safe to label these coloured
tokens consumed in s(j(1). Hence for each p’ € P and p* € P there are at most R x L +
||3cov||_/\/' . that are labelled consumed in s{j(1).

path s{j which is a covering path for scov iIn N4 1,

col

It should be clear that we can remove all coloured tokens labelled untouched along s{j without
affecting the validity of the path. We can also remove coloured tokens that are labelled ejected
along 56’ since the transfer transition may still fire, however, fewer tokens will be transferred.
Since these coloured tokens are not labelled as consumed it is clear that their absence as simple
tokens cannot disable a rule that is fired along s(). For a rule r that removes an empty complex
token m we can see that if m is empty along s{] then removing coloured tokens from sj(1) could
only possibly lead to less tokens inside m, hence it is impossible to disable . Thus we can obtain a
new covering path s” for s¢oy in NVt 1, such that |s”| < Land |s”(1)(p’)] < Rx L+ Iscovlln, ;o
forallp’ € P€and |s”(1)(p/)(p*")| < Rx L+ [[scovll v, ;- for all p € PC, for all p € P! since
s”(1) is obtained from s(1) by removing tokens we can see that s”(1) <, s(1) and hence
also Hsg(l)”-/\ﬁurl <L-R.

Since
Rx L+ [|scovll, ;0 < B+ R x (L=1)+ [[scovllpr, ;o +1
=Rx(L-1)+R
<R x(L-1)+R
=R xL
we can see that the above implies that Hsg(l)HNiH_C < L - R’ which is what we wanted to
prove. O

Corollary 5. For all covering paths s for scoy in N4 either
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(Cll) HSHj(\/'pﬂ <R PN, (Scov)§ or

(C'Q) there exist paths s1 and s,/ - s2 such that s is a covering path for s,/, s1(1) = s(1) and
H31||7\/1.+1 < R . pM(Scov)§ Sy - 82 is a covering path for scoy and |sh| < P, (Scov); and
Hsp/

Proof. Let s be a covering path s for s¢oy in N;11. According to Lemma 8 we can consider the
following two cases:

Nit1;C <R PN; (Scov)-

(1) HSHT\/'pﬂ <R PN, (Scov)-
Clearly case (C))) applies.

(i) s =s1-sp- sy suchthat||sif[y;,, <R - pp(scov) and [Isplln;,, = R+ ppr(Scov)-
Since [[splly;,, = R+ ppy,(Scov) We can assume w.lo.g. that [sp(p(i11))] = R+ ppy,(scov)
(we can always change the enumeration P*’s elements). Lemma 7 applies to s, - s2 and
gives us a covering path s5 for scoy from sy, in Aj 11 such that [s5| < py- (scov)-

Let so = s1(|s1]). Clearly sq- s, is a covering path for s¢oy in V41, with length [sq - 85| <
P, (Scov) + Loand [|solln;,, < R+ ppr (Scov) since [[s1]lj;,, < R~ ppr(Scov)-

We are thus able to apply Lemma 9 to sq - s, which yields a new covering path s,y - s for

Scov In Njy1 such that s,y <cope S0, }MH;C <R (P, (Scov) + 1), and [syy - sh| <

P, (Scov) + 1.

We can then conclude that s; is a covering path in Ny for sy, s1(1) = s(1), and

H31||j<\/—i+1 < R’ pp(Scov). Further sy - 85 is a covering path for scoy in Njt1, |sh] <

P, (Scov), and Hsp/

Sp/

Niy1;C < R PN, (SCOV)'
O
Proposition 6. (i) py; (Scov) < dpy, (S(O,R')) and (i) py, , (Scov) < dniyy (S(Hl,Bi))""p/\/i (Scov)-

Proof. In order to prove (i) let s be a covering path for s¢o, in A. Since all simple places are
ignored it is trivial to see that [|s||\; < 1 < R'. Further |[scov| p;.c < [[seovllnr, 50 < R'. Hence
we have s(1), scov € S(g, gy Which implies we can find a path s’ from s(1) covering scov in Np

with |s'| < dp, (S(Oﬁl)). Hence disty; (s(1), Scov) < dn, (S(O,R'))- Since s was arbitrary we

can conclude that p o (Scov) < dp, (5(0, R |-

For claim (ii) let s be an element of Config™ such that ||| ,, < co. We want to show that
distyy,, (S, Scov) < d;y, (S(H—l,Bi)) + P (Scov)-

Let us do a case analysis:

(i) Case 1: There is no covering path for ¢, from s in Nj41.
Then disty, , (S, Scov) = 0 by definition and the inequality holds trivially.

(i) Case 2: There is a covering path s for S.oy from s in Njy1.
Corollary 5 allows us to consider two cases:
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*
Case (A): |||, < Bi-
. . . /
In this case it is easy to see that ||Scov||p;41.0 < ||SCOVHNnS§C < R’ < B;. Hence we can
see s, Scov € S(;41,B,) Which implies we can find a path s’ from s covering scoy in Nj i1

with |s'| < dj;, | (S(i—H,Bi))- Hence dist);, , (S, Scov) < dy;, (S(i‘l‘l;Bi))'

Case *(B): There exist paths s1 and s,y -8 such that s is a/coveringpathforsp/, 51(1) = sand
HslHM+1 < By; sy - 82 is a covering path for sco, and |s5| < pM_(sCOV);and Hsp/ Niir:C <
B;.

We can see s, s,y € S(;11,p,;) which implies we can find a path s’ from s covering s, in

Nig1 with |8'| < dy,,, (S(i+17Bi)>' Since N1 is a WSTS and s,y <coup 8'(|8”]), we can

replay s, - s from s'(|s'|) yielding a path s'(|s'[) - s” in NVj41 such that |s”| = |s2] and s”

covers Scoy. Thus s”s” is a covering path in N 1 | for scoy with |s's”| < dj, | (S(i—kl,Bi)) +

P, (Scov)- Hence we can conclude that

diStM+1 (S, SCOV) < t{-/\/’i+1 (S(i+1,B¢)) + pM (SCOV).

Since the inequality holds in all cases and s was arbitrary we can conclude that

PNij1 (Scov) < ‘[M+1 (S(i—O—l,Bi)) + PN; (Scov)'
]

Lemma 10. Let i < ng, B € N. Suppose s,s" € Config™ such that both [|s| . , [|s'[| 5, < oo,
then o g (s ® s') = o p(s) + oy p(s') andif s© ' € Config™ then a; g (s © ') = a; (s) —
a;,B(s").

Proof. Itis clear that forall1 < j <4
;g (s®s) () =1(s®5) (p)l = (s@5) (p))(®) = s(pjy) (@) + 5" () ()
= |s(p)| + 15" (p(j))] = @i,B(5)(F) + a;,B(s") ()
and since s © s € Config™ we know [s(p(;y)| — [s'(p(j))| > 0 and hence
a;p(s©s) () =1(s05) ()l = (s©5) (p))(®) = s(pj))(®) — &' (p(;)) ()

= |s(p)| = 15" (p())] = @i,B(5)(5) — a;,B(s") ()

Further let 1 < j,, < ncand (jo, ..., jn,—1) € N B, Then

Q; B (8 S3) s') (z + ij (B + 1)k> = Z (s &) 5') (p’( ))(mcol)
mcnle,yBl

el
k=0 5(J0seesTng—1)
= 3 (sf;,_))m) +5(;, ))m™)

m“’le’ﬁg(jm-- '7jnmlf 1)

- S sy, )™ | + > S o)

meEYE (JoyesTngy—1) meEYE (JoyesTngy—1)
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Teol Tbeol
=a; B (s) (z’—i— ij (B + 1)k> +a; g () <i+ ij (B + 1)k‘>
k=0 k=0
and since s © s’ € Config™ we know s(p'(j ))(m“’l) —$s'(p),. )(m®) > 0and hence

(Jncoz)
aip(sos) <z + ij (B + 1)]“) = Z (sof) (p'(jnml))(m”"l)
meley

k=0 cél(j07"‘7jnwlfl)

Mol

= 3 (sf;, )m™ =@, ))m™)

mcoleygl(jo jeee 7].715”1*1)

= Z S(p'(jn l))(mwl) - Z S'(p'(jn l))(m”l)
MEN S (Joyerrrngy—1) : MEN S (oeeerngy—1) :
Mol U
= ;B (s) (l +> e (B+ 1)k> —a; 5 (s) (l + > jk-(B+ 1)k)
k=0 k=0

Hence we know that for all 1 < j < (3;73 a;ip(s®s)(J) = a;p(s)(J) + a; p(s')(j) and
thus o; p (s ®s’) = a; g(s) + a; g(s), and if s © s’ € Config™ then for 1 < j < d; p
;g (s©5')(j) = ai,B(s)(j) — a;,(s")(j) and thus

;g (s©5) =a;g(s) — a;p(s).
]

Lemma 30. Let 1 <7 < ng B € N. Suppose p = p'(j ) € P and jo,...,jn,—1 € N=5 such

Mol

that m, m’ € v (jo, - - -+ Jnu—1) € M and m” € M« then
g ([p= [mem’]]) = aip ([p— [m &m"]])

Proof. Let jg, ..., j;, _ suchthatm @& m” € v5(jy, ..., J,, 1) and write j;, = jn,,. Let us
consider mg @ ¢. Let 1 < k < ngy and note that since m,m’ € v (jo, - .., jn.,—1) we have

col

min(m(p(k)), B) = jg_1 = min(m(pi%)), B); and thus
Jre—1 = min((m & m")(p(y, ), B) = min(m(p(y) + m" (p(yy), B)
— min(min(m(sl)), B) + m" (553, B) = min(min( (531, B) + " (5), B)

col col

= min(m/(p(k)) + m//(p(k))a B)

from which we can conclude that m’ @ m” € v§(jj, - - -, j,, _1)- Further

> ([p= [mem"]]) () (m™)

1 ol (i1 -
meEYp (]()7"'7]ncal—1)

osn (o o) (14 31

k=0
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= ([pr [mem”]]) p)(mem”) =

1
= > ([p= [ @m"]]) (p)(m=)

mEYE (Joe 1T y—1)

For any p( ) € P€ and j(,... ,jn -1 € N=5B such that i + Zk ojk (B + 1)k %+ i+
’ﬂ ol
R dn - (B + DY it is clear that m & m”, m’ & m” ¢ Y5405 - Jp. 1) and so we have

s ([p= fmom] (HZh B+1) 3 ([ [mam))) G ) o™

M€Y G (o syl 1)
= E 0=0
mEYE (J6 51T y—1)

_ > ([p = [ @ m"]]) (5, y)m)

mEYF (sl 1)
:ai73([p'_>[m/®m (z—l—Z] (B+1) )

and also forall 1 < j < ng

ain ([p [mom)) ) =1([p~ [mom"]) (b)) 1=0=| ([p= [ ©m"]]) (py)) |
=i ([p - [ @m"]]) ()

Hence we can conclude that

aip ([pr [mem"]]) = aip ([p [m' ®m"]])
U

N<B

Lemma 31. Let 1 < ¢ < ng, B € N. Suppose p = p( ) € P and jo,. .., jn,—1 € such

that m, m’ € v (jo, - - -, jnu—1) € M and P C 73“’1 then

aig ([p= [m 1 P]]) = aip ([p— [ P]])
where we write P = P\ P,

col

Proof. Let jg,...,j,, _y suchthatm | P € v§(jg,.-.,J;, 1) and write j;, = jn,,. Letus

col

consider m’ | P. Let 1 < k < n., and note that since m,m’ € Y5 (Jos - -+ 5 Jn—1) We have

col col

min(m(p?%)),B) = jp_1 = min(m (p(k)) B); and thus ifp(k) ¢ P

Joor =min(m | P(py)). B)=min(m(pf})), B)=min(m'(p3})). B) =min(m’ | P(p(},). B)
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col

and for Py € P

ji-1 = min(m | P(p)), B) = min(0, B) = 0 = min(m' | P(py), B)

from which we can conclude that m | P,m’ | P € v (jy, .., J;, _1)- Lemma 30 then gives

005 ([pr [m 1 P]]) = i3 (o> [m' 1 7))
O]

Lemma 11. Suppose s € Config™, i < ns, B € N such that |s(p(;))| = oo forall i < j < n.

(i) If s —p,n;) §' then we have a; p(s) =y, 5 i B(s').

(ii) If o B(s) —v,, a4 p(s) 4 r then there exists an s’ € Config™ such that o; p(s') =
a;p(s)+rands —p; s

Proof. We will first prove (i). Suppose s —p BN s’ for some r € R and let us write (a)
r = (I,0) if r € SimpleRules; (b) r = ((p,I),(p/,¢,0)) if r € ComplexRules; and (c)
r=((p,I),(p, P,0))if r € TransferRules.

Since s, s’ we know for all pj) € P° we have [s(p(;))| > [I(p(;))| and for all p’ € P€
s(p') 2 I(p'). Hence s © I € Config™ and a; g(s)(i) = [s(p¢j))| > [ (p;y)| = a; B(I)(5)

- Case: s Dsp, 8,7 = (I,0) € SimpleRules.
In this case we can see that for all p'(j) e pc

05 (5) (i 3 (B 4+ 1)) = s(v/3))(0) > T(0};))(0) = s p(I) (i 45 (B + 1)),

We see that o; p(r) is enabled at ; p(s) and hence there is a transition a; g(s) —),
a; B(s) + 7. We know that s’ = (s © 1) @ O so since s © I € Config™ Lemma 10 gives
us o; 5(s) = (@i, 5(s) — a; p(I)) + a; p(O) and clearly 7 = (—a; p(I)) + @; 5(O) so
@i B(s'") = o p(s) + 7 and thus o; p(s) Vi g ; p(s") which is what we wanted to
prove.

- Case: s D 8,17 = ((p, 1), (p', ¢,0)) € ComplexRules.
In this case we know that for some m € s(p) we have s © [p — [m]] & I € Config™ and

s=(sop—mlehep »mad a0
Suppose p = p'(jnc

we know that

as5(s) (Hfjjk(ml)’“): S s > s(p)m) > 1.
mcole,y

k=0

) and jo, - . ., jn,—1 € NS such that m € v%(jo, - - - , jn—1) then

ol

col

B(jo""ajnmz)

We can thus see that for some mg € v%(jo, - - - , jn.,—1) such that |mg||; < B the rule 7,

is enabled at o (s) and thus o; p(s) rﬂmﬁ ;. B(8) +7Tm,. Since s [p — [m]]o 1 €
Config™ Lemma 10 gives us

o g(s) =a;p(s) —a;p(p—[ml]) —a;p(I) +a;p ([P = [mad]) + a; 5(0)
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col

Since m, mo € 7% (Jo, - - - » jn.—1) Lemma 30 applies to give both

a; B ([p = [m]]) = a5 B ([p = [mo]])
aip ([p' = [med]) =a;p ([p' = [mo @ c]])

and hence

a; B(s") = a; B(s) — a; B ([p = [mol]) — aiB (I) + a; g ([P = [mo @ c]]) + @i, 5(0)
= ai,B(*S) + ?mo

rm . .
and thus o; g(s) —>y, , @; p(s’) which is what we wanted to prove.

- Case: s Ssp 8,7 = ((p,I),(p', P,O)) € TransferRules.
In this case we know that for some m € s(p) we have s © [p — [m]] & I € Config™ and

s=Gsep=mlehep — [mp]]e0a (mpo(!)
where mp = m | P and mp =m | {P\ P}. Since ||s'[ . < B we can conclude that

for all p € ((P) we can bound | (mp o (™1) (p)| < B which implies that

max(|m(p)[) < B.

Suppose p = p’(jn ) and jo, ..., jn,—1 € NP such that m € v (jo, . .., jn.—1) then

we know that

i 5(5) (i+ijk<3+1>‘“)= S s 2 s(p)m) = 1
meley

k=0

col

505 sTn )

Further for all k such that pE%) € P it is the case that j; < B. Hence for some mg €

col

v (Jos - -+ Jnu—1) such that ||mgl|, < B and maxpep(]mo(pﬂ) < B the rule 7y, is
enabled at o; g(s) and so «; p(s) Tm—OWZ.’B @; B(S) + Tmg- Since s © [p— m]] © 1 €
Config®™ Lemma 10 yields
a;,5(s") = aip(s) — i (Ip = [m]]) — ai p(I) + a5 ([0 = [mp]])

+a; B(0) + aig((mpo ().

col

Since m, mg € 7% (Jo, - - - » Jn.—1) We can apply Lemma 30 and Lemma 31 to get

;g ([p = [m]]) = a; 5 ([p = [mo]])
o g ([P~ [mp]]) = ais ([P — [mop]])

where mop = mo | (P'\ P). Since max,¢c p(|m(p)|) < B and max,cp(|mo(p)|) < B
we can see that

m(p(ry) = min(m(py)), B) = jr—1 = min(mo(pw)), B) = mo(py))
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for all 1 < k < P such that pz‘}é) € P. Hence we can see that

mpo( !t =mopo(¢t

where mgp = mg [ P which implies

a; 3(s") = a;B(s) — ;g ([p = [mol]) — as g(I) + s 5 ([p" = [mop]])
+a; 5(0) + (mopo¢t)
= ai,B<3) + ?mo

Tm . .
and hence a; p(s) —>, , a; p(s’) which is what we wanted to prove.

Hence in all cases o g(s) =, , @ B(s') thus (i) holds.

For (ii) suppose a; () Vi p a; B(s) 4 r for some r € F@B. We know that either (a)
for some ro = (I,0) € SimpleRules we have r = 7; or (b) for some m € M®°* such that
|ml|,, < B, r = 7o, for some 1o = ((p,I),(p/,¢,0)) € ComplexRules; or (c) for some
m € M such that ||m||, < B and for all max,cp(|m(p)|) < B, r = 7o, for some
ro = ((p, 1), (p/, P,O)) € TransferRules.

Before we do a case analysis on 7 let us have a look at the simple places. Firstofall1 < 5 <7,
p(j) € P°® we know that o; g(s)(j) + 7(j) > 0, ie. [s(p;;))| = [I(p;))| and we know that
|s(p(j))] = oo fori < j < ns. Hence clearly s © (I [ P*) € Config™.

We proceed the proof by a case analysis on 7.

- Case: r =1 for rog € SimpleRules.
In this case we can see that for all p’(j) e P¢

$(93))(0) = i (s) (i + 5 (B +1)™) > s p(1) (i +j (B +1)™) = I(,;))(0).
Hence s © I € Config™. Further we know that
a;B(s) +r=a;p(s) — o,p(I) + ;,B(0)
and since by above s © I € Config™ we get
a;p(s)+r=0;p(s01®0)
if we define s’ = s © I ® O then clearly s — s, s’ which is what we wanted to prove.

- Case: r = T,y for rg € ComplexRules.
Suppose p = p'(j ) and jo, ..., jn,—1 € NSB such that m € v (o, . . ., jn,,—1) then by
Mol

definition 70y, (i + Y.< k(B + 1)¥) = —1, since o; p(s) =V, @,B(s) +r we must
have that

a;,B(s) (0) + 7om (0) = 0
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where 6 = i + 37 i (B + 1)*. Hence we can deduce that

> [s(p(;, Pm™) =1

mEYE (Joye - Iney—1)

col

Hence there exists a mg € Y5 (jo, - - - , jn.,—1) such that |s(p'( , ))(mo)] > 1.
1

nL‘U

It is easy to see that s © I © [p — [myg]] € Config™

/

s—=N, (sOIS[pr [mo]]) 80 ® [p' = [mo® d]] = s
We can then use Lemma 10 to see that

o; (") = p(s) — a; p(I) — o g ([p = [mo]]) + ;B (O) + ;g ([p = [mo @ c]])

col

Since m, mo € 7% (Jo, - - - » jn.,—1) and Lemma 30 yields

o g ([p— [mol]) = a; B ([p— [m]])
g ([p = [mo®d]) =g ([p —ma])

Hence we can see that

a; g(s") =a;B(s) — a; (1) — a; g ([p = [m]]) + i, (0) + s 5 ([p" = [m @ {]])
=aw;B(s)+r

which is what we wanted to prove.

- Case: T = Tq,, for ro € TransferRules.
Suppose p = p’(j ) and jo, ..., jn,—1 € NSB such that m € v (jo, . .., jn,,—1) then by

Mol
definition 70, (i 4+ Y jk(B + 1)*) = —1, since a; p(s) =V, ,B(s) + 7 we must
have that

01.5(5) (6) + o (6) > 0.

where 6 =i + > ) i (B + 1)*. Hence we can deduce that

col Z ‘8(p/('jncal) ) (mCOI> ‘ Z 1

m“”GWB (jOa"'vjnmlfl)

col

Hence there exists a mg € 5 (jo, - - - , jn.,—1) such that \s(p’(. ))(mo)] > 1.

Mol

Hence it is easy to see that s © I © [p — [mg]] € Config™ and
s = 8
where

/

s'=s0pr [mol] 0 1@ [p' = [mop]] ®O0 @ (mopo¢™)
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where mop = mqg [ P and mop | (P \ P). Since s © [p — [mg]] © I € Config™

Lemma 10 yields

a; p(s") = i p(s) — i p ([p = [mol]) — @i (1) + i ([p' = [mo[po = 0] po € Pl]])
+a; p(0) +aip(((mo | P)o¢™! +0)).

col

Since m,mg € Y55 (j0, - - - » jn—1) We can apply Lemma 30 and Lemma 31 to get
a; g ([p = [m]]) = ;g ([p = [mol])
ai,p ([P = [mp]]) = @i ([p = [mop]])
where mp = m | (P*'\ P). Further we notice by assumption max p € P|m(p)| < B and
thus for all 1 < k < P such that pE%) € P we have
m(p()) = min(m(p(y)), B) = jr—1 = min(mo(p)), B) = mo(p(x))
and hence we can see that
(mpo¢™t) = (mopo¢ ' +0)

where mp = m [ P which implies

0; 5(5') = 05 5(5) — s (Ip = [ml]) — cap(I) + i ([0 [mp]])

+a; B(0) + ajg(mpo ()
=a;p(s)+r

which is what we wanted to prove.

Thus in all cases also (ii) holds and hence we can conclude the proof. O

Proposition 7. The relation {(s,c; p(s)) | s € Bg[Config™], s(p(j))| = o0yi < j}isa
bisimulation between the labelled transition systems Bz [N;] and Bg[V; p].

Proof. Let B = {(s,a; p(s)) | s € Bg[Config™], |s(p(;))| = 00,i < j} and suppose (s,5) € B.
By definition we know that s = «; g(s). Suppose s 8—/>B sV s’ is a transition then Lemma 11
yields that o; p(s) ilﬂ;i’B a; p(s'). Clearly (s, p(s')) € B since s’ € Bg[Config™] which
also implies that for all 1 < j < i we have |o; p(s")(4)| = |s'(p(;))| < B and thus
HO‘LB(S,)HV . < B. Hence o; g(s) S—>]BB[V1. 5] Vi pe p(s') is transition and so we can con-

clude that B is a simulation relation.
Let us now consider B~1. Suppose (s,3) € B, again we know that § = «; g(s). Suppose

a; B(s) gBB Vig] OB (s)+risatransition for some r € R; p. Lemma 11 then yields that there
exists s’ € Config™ such that o; p(s’) = a; g(s) + r and s 25 n;, s'. Hence we can conclude
u = s'. Further since H%‘,B(S) + T’HV. , < B we know that HO‘%B(SI)HV , < B which implies
that that for all 1 <4 < j we have [s'(p(;))| = a; B(s')(i) < B and thus [|V;| s" < B. Hence

(s,a; p(s")) € Band so we know that B~ is a simulation.
We can thus conclude that B is a bisimulation. O
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Proposition 8. The relation { (c; p(s), a; 5(s)) | s € Config™} is a simulation relation for V;
and Vz‘SB' The relation {(a; (5),s") | § <cupe &',5,5" € Config™, [s(p(j))| = 00,i < j}isa

weak simulation for V’LSB and \V;.

Proof. That {(c; (s),; p(s)) | s € Config™} is a simulation relation for V; p and ViSB is

/
< U.
VziB

For the other direction let W = {(c; 5(s),5") | 5 <cope 55,8 € Config™, s(pj))| =
00,i < j}. Suppose (o p(s),q; p(s’)) € W then we know that s <c,. s'. Suppose that

obvious, since if v —y, ,, v’ then v —

o g(s) =*_ v then we may split this transition up a; g(s) <.« V] — < - = <
) ViTB ’ Vi,B Vi,B Vi,B
~ € €
Un—1 —7y,< Up —>,< " —7y,< .
" V{B n VZB VEB

Let us prove a Lemma:

Lemma. If o; B(s0) LWZ;B a; g(so) +r with r € FEB then there exists s1 € Config™ such
that o; g(s1) = o, B(s0) + 7 and 51 <coupe S0

: A<
Proof. Since r € F; we know 1 = a;, g(Mp ) — o p(Mp,m) for some m, m' € M such

thatboth ||m]|_,,||m'|| , < Bandm > s ww m’. Suppose p = p'(j ) and jo, . .., jn.,_1 € NSB
Mol

col ? col —

col

such that m € 7% (jo, - - . , jn.,—1) then by definition

Neol
r (i+2jk(3+1)k> =1,

k=0

since a; p(s0) =< @; B(s0) + r. we must have that
i.B

;5 (50) (6) +7(6) > 0

where 6 = i 437 jr (B + 1)*. Hence we can deduce that

col Z |SO (p/<'jncol) ) (mCOZ) | 2 1

mEYE (JosesTing—1)

col

Thus there exists a complex token mg € v5 (jo, - - - , jn.,—1) such that |sg (p’( . ))(mo)] > 1.

Mol

Since ||m|,, < B we know that

col ! col col

m(py) = min(m(p(},), B) = ji—1 = min(mo(p(%)), B) < mo(p(}))

forall 1 < k < n, and hence m’ < s qeiowr M < pfeotonr M.
Clearly 5o © sp.m, € Config™ and hence Lemma 10 gives

@i, B(50 ® Spm/ © Spme) = @ B(50) + i, B(Spm/) — @ B(5p,my)
since m, mo € ¥ (jo, - - - , Jnw—1) Lemma 30 gives
a; B(50 D Spm’ © Spymg) = i B(50) + @ B(Sp.m’) — i, B(Sp,m) = i B(s0) + 7

Itis easy to see that s1 := 50@ Sy 1 OSp,mg Zconsie S Which concludes the proof of the Lemma. [l
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The Lemma allows us to conclude that there are s; € Config™ such that v; = a; p(s;) forall j €
(n—1), sj(p(j/))| = oo foralli < j" and s <cope Sj—1 <comse s for 1 < j < n. Inspecting the

transition ;B (Sn— 1 ) =

y<_ Un then due to the labelling we know that a;, B(8n—1) =y, 5 Un.
=, ,

Lemma 11 then yields that there is a s € Config™ such that s,,_1 —; s” and v, = a; g(s”).
Since s <oy 8" and A is a WSTS we obtain 35" € Config™ such that s ~,; s” and
§" <coe 8. Applying the above lemma further we can see that v = «; p(s""’) for some
8" < conpig 8" which implies """ <, s and hence that (a; p(s”'), s”") € W which is what we
wanted to prove.

Thus W is a weak simulation. O

Corollary 12. Let 1 < ¢ < ns, B € N. Suppose s,s’ € Config™ such that there exists a
covering path from s for s’ in B [V;] then there exists a covering path from «; g(s) for o (s’)

in B[V

Proof. Let s be a covering path for s’ from s in Bg[N;]. Then Proposition 7 yields a bisimulation
for Bg[N;] and Bg[V; g]. Hence o; g(s) = oy g(s(1)) -y g(s(|s])) is a path in Bg[V; g|
from a; p(s) to o B(s(|s])).

It is immediate that o; g(s) is also a path in Bp [VEB].

Since s is a covering path for s’ in Bg[N]| we have s’ <(,.;, s(|s|) and hence forall1 < j <
we have [s(|s|)(p(;))| > |5'(p(j))], further for all 1 < j < nc we have s(s)(p'(j)) <M Meston]
sl(p’(j)). Hence we know that forall 1 < j < nc

1ot . j j / o 13 13
s'(p(;)) = [ml,...,mkj] and s(s)(p(;)) = MYy My
such thatforall1 < j <mcand1 < j < k; we have mg, < peotor T ;:, (where we wlog assume

the injection h(j’) = j).
We will now extend «; p(s) to a new path o; p(s)s’ so that s'(|s'|) covers o p(s') in V; .
This will be achieved by using rules in F z‘SB that will allow us to swap the counter abstraction

J
A< Jl‘
Let us write tg = s(s) using the rules in F;

representation of the complex tokens m’ ;-, for m

(aivB (Mp(l) 7m,;,) — QB (Mp“),m/;, ))’ QB (Mp(l),m’;, )))

for 1 < j < k1 we can see using Lemma 10 that

0, () e, aspltolppy = (s(py) © '] & [mi]))
_>va T _>VEB ai,B(tO[p(l) = (5(p(1)) © [m/%v cee, M k:1] D [mjl"v cee 7m]1:1])])
Clearly
to [Pm = (8(p<1>) © [m’i---vm'il} @ [mylm}mm

1 1 /1 /1
:to |:p(1) — [ml,...,mkl,m kl_,_l,...,mki” =1
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and we note that s’ <g . (v t1. We can simply carry on in this fashion and obtain
a;p (1) =3< @i p(t2) =)< - =< aip(tn)
i.B i.B i,B

and for all 1 < j < nc we have
— J J 1J 1J
tj =11 {p(j) — [ml""’mkj’mk]-—i—l""’mk;.H

By construction we know that o; g(s(|s])) — < @; B (tn.) and so there is a path s’ from

a; p(s(|s])) to a; g (tn.) and we further have for allp € P, m e M« | (p)(m)| <
[tn.(p)(m)], for all p € P, |s'(p)| < [tnc(p)].
Thus it is routine to check that o; p(s’) <Ng . @i B (tn.) and thus a; p(s)s’ is a covering

path for o; p(s’) from o; p(s) and we note that clearly H% B(s)s HV 5 < B.

. . /
Hence we can conclude that dist; V] (s,8) >0 = dlStJBB[VfB}(a”B(S)’ a; g(s')) >
0. O

Corollary 6. Leti < ngs, B € N. Forall (s, s') € S; p we have

distys (s, s") < dist, < (i B(s), i g(s)).
Proof. Since (s, s") € S; p we know that there exists a covering path s in \; from s for s’ with
norm ||s|[;, < B, ie. s is a path in Bg[\].
Corollary 12 then yields that there exists a covering path so from «; g(s) for a; p(s’) in

Bp[V;p)
In particular sp isa pathin VZSB from o; p(s) that covers a; p(s’). Hence we can find a path

s1in V 5 from o () that covers a; g(s’) such that [s1| = dist, < (a;,B(s), a; B(5)).
i,B

Proposition 8 then gives us that WV is a weak simulation for ViSB and \;, and since clearly
(a;,B(s),s) € W an easy induction on the length of s1 gives us a path s’ in Vj such that |s/| <
jsal = disc (a1,5(5).a5,5(s)) and (aq,p("),/(15])) € W where su(lsh) = aip(s")

which by deﬁn1t10n means s” <Cunfg s(|s])
Since «; (s”) > i ; (s") we know that for all 1 < j < ns, [s"(p(;))| > |s'(p(;))]- In
order to compare the complex places let us fix p € P and enumerate all elements of (N <B )n”“l

by j1,...,dn where N = | (NSB)"™ |,

Since o; g(s”) > 4 . «; p(s’) we know that for all

N%,B
1<k<N
Y. Sp)mi) < Y S (p)(mlh)
mikeE mikEeE
where we abbreviate Z = 5'(4(1), ..., jx(nc)). Hence we can conclude that
§(p) = [mgl, i mAN ngxl

" _ 131 131 in Jin
s(p)—[ml,...,mn,1 ., my ,...,mnd
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where forall 1 <k < Nand1 <k < mny, mk,,m'i‘,’f €5 (Ir(1), .., Jk(nw)) and

=Y & (p)(ml), np=» & (p)(m)

mikex mik e

and hence ny, < nj. Let us pair up m?{’f and m’i’f for all 1 < k< Nand1l < k' < ny. Since

”S/HN,.C < B we know that ‘mj’f 1< B and hence since mk, , /fj eVE R, .., Tk ()
co
we can deduce that mk’f g aaaaa m’ i’f. Hence we can deduce that s'(p) <pgpqeen] 8" (p) for all

p € PCand thus s’ <(, 8" Slnce 8" <consie 8'(|8'|) we can conclude that s" <(,,q, 8'(|5]).
Hence s’ is a path in N; from s that covers s’ and |s| < dist, < (ci,B(5), i (")) from
i,B

which we can conclude that disty (s, s') < dlst Ve, (ozZ B(s), ain(s’)‘). O

Corollary 7. Leti < ng, B € N. Then

L{M (S(Z,B)> < sup {pvf (O%B HS HM,C < B}

Proof. Let (s,5') € S(;,) then Corollary 6 gives that

disty; (s,5") < diStVEB(ai,B(S)aO‘i,B<31)> <Py, (ai,B(5))
because o; g(s) € N5, Taking max over S(; py:
NG (S(i,B)> :max{distM(s,sl) | (s,8) € S(z‘,B)} <max {pvg (ai,B(s/) | (5,8) € Si,B)}
i.B

cocs]

which concludes the proof. O

< max{pvg (azB Hs ‘

Corollary 8. For i < nsand B € N we have
dn;, (S(in)) (6 max {R, B,1} max {R', B}) ( ’B+1>

Proof: Let s be such that [|s||y. < B, then Lemma 12 [BFP12, Lemma 12] applies to give us
Py (iB(s) < (6Ry< R o )(dz 1)

i,B

Further it is easy to see that R, < < max{R, B,1} and R’ < max {R’, B} and hence we

7.B

obtain Py (0 B(s)) < (6 max {R, B, 1} max {R/, B})(dl’3+1) . Invoking Corollary 7 yields:

’LB

dn;, <S(i,B)) < max {PV; (@i,B(s) | HSIHN oS B}

<  max ((6max{R,B,1}max{R’ B}) 2BJrl))
[ PVACRS

< (6max {R, B,1} max { R/, B})(@,B+1)!
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where the last inequality is justified since the argument of max does not depend on s’ only on

B. O

Theorem 12. For allv < ng the following three inequalties hold:

PG (Seov) < 211 2 slog(48ncnsn i R') (i)
(max{p 7, (scov),2}) 1Enemsne R .

pM+1 (Scov> < 22 and (11)

Pa(Seov) < 2711 2n5 + 2 slog(48(ns + DnemsncR). (iii)

Proof. For claim (i) applying Proposition 6 yields that

PN (Seov) < disy (5(0,1%’))

Applying Corollary 8 then gives us:

PN, (Scov) < (6max {R, R, 1} RHim+) P (Scov)
Clearly R’ = max {R, R/, 1}. Hence
Pz (Seov) < (6Rl2)(&\0*R,+1)! < olog, (6R'*)(dy p/+1)!
Further

10g2(6RI2)(80’RI + 1)' +1< (4 + 210g2(R/))(C/l\07R/ =+ 1)‘ < (C/Z\O,R’ + 6+ R,)'
since 4 + 2log, (R') < c/l\O’R/ + 6 + R/, and hence

d, pr+6+R

logz(GR/Q)(C?O,R' + 1) +1< D
— (R4 ((ne+ 1) (R+1)" ™ =1)4+6+R')? _ o(((ne+1)(R/+1)")+5)2

log, (k) < o(do,p+6+R')?

And

2log, (((nc + (R + 1)) +5) < 2(logy(nc + 1) + Nl 1og2(R’ +1) +log,(5))
< 2ne + 2n R + 6 < 48ncngn R

Putting it all together gives

PG (Scov) < 211 (2 slog(48ncnsnR'))
For the second claim we know from Proposition 6 that
PN (SCOV) < ‘{./\/z'+1 (S(i—ﬁ—l,Bi)) + PN (scov)a

where B; = R' x p N (Scov)- Corollary 8 then tells us that

pA/z’+1 (SCOV) S (6 max {Ra Ba 1} max {R/a B})(&;’B—’_l)! + pM(Scov)
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Then since we know B; + 1 > max { R, R, 1} the above implies

pM+1 (Scov) S(ﬁ(Bz + 1)2)(di+1’3i+1)! + PN; (scov) < 210g2(6(Bi+1)2)(di+1’Bi+1)! +210g2 (pNi (SCOV))

< 2108, (6(Bit+1)*)(dig1,5,+1)1+1

where the last line is justified since the inequality log, (6(B; + 1)2) > log, (p W, (scov)) holds.
Further

log, (6(B; + 1)*)(di41,5,+1)!+1 < (4 + 2logy(Bi + 1))(dit1,5,+1)! < (dit1,5,+6+B;)!
since 4 + 2log, (B; + 1) < c/i\i+173i + 6 + B;, and hence

di+1,B;, t6+5;

log, (6(B; +1)%)(diz1,5, + 1)! + 1 < 22k=1 log, (k) < 9(di1,m,+6+B:)?

Expanding C?Hl, B, then gives

~

dig1,p, + 6+ Bi =i+ (Bi+1) ((nc+ 1) (Bi+ )™ = 1) 46+ B + 1
=i+ (ne+1) (B + 1)™ 4 6 < 21°6:(1) 4 glogy (net) (g, 4 9yner 4 93
< 93+logy (n1s)Hlog, (nc+1) (B; +2)"™ < (B; + 2)n001+3+10g2(ns)+10g2(nc+1)
Expanding B;
B;+2<R x PN (Scov) +2 < (R’ + 1) max {pM(sCOV), 2} < 2log; (F'+1) max {pM(SCOV), 2}
< (max { oy (5car): 2})1og2(R’+1)+1

Putting it all together

logy (R +1)41) Mol 3+1082 () +logy (nc+1) 2
(maX{PNi(Scov)’2}>

pM+1 (Scov) < 22

And we can see

2 (logQ(R’ +1)+1) (nea+ 3+ log, (ns) +log, (nc + 1)) <2(R +1) (3+ ne + ns + ne)
S 48ncalnSnCR/

since M., ns, e, R > 1 and hence we can conclude
48nc01n5ncR/
(max{ﬂj\/’i <5cov)12}>

We can prove claim (iii) by a simple induction. The base case is given by (i). The inductive

pM+1 (Scov) < 22

step is:

48n, R’
(maX{PB’[Nip()} el C ) < 22(2TT(2~z’+2slog(48(i+1)nmln5ncR,)))48nmlnsncR,

p./\/'%-_'_1 (Scov) < 22
<21 (2- (i + 1) + 25slog(48(i + 2)nmsncR’))

which concludes the proof. O
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Corollary 9. Coverability for NNCTs is decidable and in TOWER.

Proof. Let N be an NNCT with ng places, ne complex places, n., colours and rules R and a
coverability query Q giving rise to a bound R’ and

B(ns,ney Mooty ) = 211 (205 + 2 slog(48(ns + 1)nemsncR)).

Then the theorem above tells us that along a covering path a simple place cannot contain more
than R- B(ns, ne, N, R') tokens, a complex tokens cannot have more that R- B(ns, ne, e, R')
tokens of a particular colour and there are at most R - B(ns, n¢, N, R') complex tokens. Hence
along a covering path simple place can be represented using log, (R - B(ns, nc, nei, R')) bits, the
state of complex token can be represented using 7., logz(R - B(ns, ne, neor, R')) bits and hence
a complex place may be represented by ncn. R - B(ng, ne, ne, R) Iog2(R - B(ng,ne, Mo, R))
bits. Hence a non-deterministic Turing machine requiring at most O(B(ns, n¢, ne, R')) space
can decide the coverability problem. Using Savitch’s theorem we know there is a deterministic
Turing machine deciding coverability in O(B(ns, ne, n, R')?) space and using an exponential
to obtain a time bounded Turing machine we find that the coverability problem can be decided
in time O (28 (msmenw,R)?) and is thus clearly in TOWER.

O]
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C.4 Proofs for Section 5.4

Theorem 13. Simple coverability, boundedness, and termination for total-transfer NNCT is TOWER-
hard.

Proof. We can deduce TowER-hardness by showing that given a deterministic bounded two-
counter machine M of size n with counters that are 2 11" n-bounded, we can construct an NNCT
N in polynomial-time that weakly bisimulates M. The machine M can use the following
operations: x++, x- -, reset(x), iszero(x), and ismax(z) for each counter x.

The NNCT Np. Each simulation state of Ny represents a valuation v of 6n + 2 active and
inactive counters, and n arrays. In addition to the counters z, y of M, the NNCT AN, simulates
the auxiliary counters s;, p;, p;, Cis c; and an auxiliary array a; for each ¢ < n. To simplify
notation, let us write C; for the set of counters {Si, Dis pfi, Ci, c;} when i < n, and C, for the set
of counters { sy, pn, Phs Cn, Chy, T,y }. Each active counter d € C; is 211 i-bounded, each inactive
counter has an undefined value. For each i the array a; has length exactly 211 ¢ + 1 and carries
values a;(j) € {0, 1,2} for j < 271 i. The NNCT N has two simple places p[d] and p[d] for
each counter d € Cj, three complex places p|a;], pa;], and p[aux;], and two colours p[j;] and pj;]
for each array a;. Further, Ny, has a complex ‘sink’ place p[dis]. The colour mapping ¢ of Ny
maps p ] to p[p;] and P[j:] to D[p]. Lastly, Mo has a number (polynomial in n) of simple places
encoding the control of M and the internal control of Ny¢. Further, N\ (’s transfer rules will all
be total, hence N4 will be a total-transfer NNCT.

Representing a Valuation. A valuation v is represented by a configuration s as follows:

- For each i and d € Cj, if d is active then there are exactly v(d) e-tokens in pld] and
2114 — v(d) e-tokens in p[d].

- For each i and d € C}, if d is inactive then both places p[d], p[d] are empty.

- For each i the array a; is represented as follows. For each k < 2114, let m; 1) be a complex
token such that m; ;) contains exclusively tokens of colours p[j;] and p[ji]: k tokens of
colour p[j;] and 2114 — k tokens of colour p[j;]. Then, to represent a;, there are exactly
v(a;(k)) complex tokens m; 1y in p[a;] and 2 — v(a;(k)) complex tokens m; 1.y in P[ai].

- For each i the place plaux;| is empty.

Reducing from M ’s Halting Problem. The question whether M halts, i.e. whether M reaches a
halting control state from its initial state, can then be answered by performing a simple coverabil-
ity query on AN \4’s simple places encoding M’s finite control. Assuming that only M’s halting
control states have no successors, M’s halting problem also reduces to the termination prob-
lem for N y(. Augmenting N with an additional simple place that is incremented with every
transition shows that the halting problem for M reduces to deciding boundedness of N 4.
Letd € Uie<n) C; we will implement operation d++ as follows

Add a e-token to p|d]
Remove a e-token from p[d]

Suppose d is 211 ¢-bounded. Clearly if configuration s represents valuation v, d is active and
v(d) < 2114 then there are v(d) e-tokens in p[d] and 271i — v(d) e-tokens in p[d|. Hence
there is at least one e-token in p[d|. Performing the operation d++ yields a new configuration
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Move a complex-token from Pla;] to p[aux;];
deactivate(p},);
Eject the contents of a complex-token m in plaux;| and its remains into p[disc|;
isequal(p;, p;); reset(p;);
Create an empty complex-token in p[aux;|;
while (p; # p}) do
Inject a plj;]-coloured token into a complex token in p[aux;];
Iy
pi++7
while (—(ismax(p}))) do
Inject a plj:]-coloured token into a complex token in p[aux;];
Iy
pz‘++7
Move a complex-token from plaux;] to pla:];
reset(p});

Figure C.1: The implementation of a;(p;)++. Swapping p[a.] for p[a.] in Line 1 and p[a,] for p[a,] in Line
12 yields an implementation of a;(p;) - -.

s’ where there are v(d) + 1 e-tokens in p[d] and 2117 — (v(d) + 1) e-tokens in p[d] and all
other (non-control) places are unchanged. The configuration s’ then represents the valuation
v [d — v(d) + 1]. Further if v(d) = 211 ¢ we note p[d] is empty and thus the simulation of d++
blocks at the attempt to remove a token from p[d].

We note that we can implement d- - by

Remove a e-token from p|d]
Add a e-token toD|d]

Similarly to the reasoning on d++ we can see that if configuration s represents valuation v,
d is active and v(d) > 0 we can successfully simulate d- - and obtain a configuration s’ that
represents the valuation v [d — v(d) — 1]. However if v(d) = 0 simulating d- - will get stuck.

Auxilliary Operations. In addition to M’s operations, we implement further instructions to
simplify and improve readability. The NNCT N will simulate activate(d), deactivate(d) for
de Uie<n) C;, and operations reset(d), iszero(d), and ismax(d) for d € Uie(n) Ci \ {si}

Further for each i € (n), we implement ismax&reset(s;) and the counter-specialised opera-
tions:

isequal(ps, p;). ai(pi)++, ai(pi) - -, reset(a;(p;)), iszero(as(p;)). ismax(ai(p:)). activate(a;).
All above operations are only guaranteed to succeed if the counter in question is active at the
start of the operation.

An Inductive Construction. The counters in (7 are 2-bounded so implementing operations on
them is trivial. For ¢ < n, operations on a; are simulated using s;, p;, pg, Cis cg and operations on
8i41, Pi+1> Piy1» Cit1, € are simulated using operations on p;, pj, ¢;, ¢; and a;. A cornerstone
of our encoding scheme is the capability to represent arrays and operate on arrays. They are a
key ingredient of our implementation of the operation ismax&reset(s;+1) which is central in the
Lipton-style construction. Thus, we start with the array operations.
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for p; :=0to 2117 do
for z :=0to1do
Create an empty complex-token in p[aux;|;
reset(pl,);
while (p; # p}) do
Inject a plj:]-coloured token into a complex token in p[aux];
Iy
pi++7
while (—(ismax(p}))) do
Inject a D[j;]-coloured token into a complex token in p[aux;;
Iy
pi++7
Move a complex-token from p|aux;| to P|ail;

Figure C.2: The implementation of activate(a; ).

(i) InFigure C.1 we show how to implement a;(p;)++. The operation a;(p;)++ can only succeed
if p;, p; are active.

Suppose a;(p;)++ is executed in a configuration s that represents valuation v and p;, pg are
active. If v(a;(v(p;))) < 2 then we know there exists a complex token m; ,(p,)) in Pla:] and
all complex tokens in pla;] are of the form m; iy for some k < 211 4. The move of one m; 1)
complex token from pla;] to p[aux;] results in p[aux;] containing just m; 1), since by assumption
plaux;) was empty before. After deactivating p} we know that both p[p;] and p[p;] are empty
Ejecting the contents of m; 1) removes m; 1.y from plauxi], inserts k e-tokens into p[p;], 27 —

e-tokens into j[p;], and places the remaining (now empty) complex token into p|[disc]. We can see
that, disregarding a;, the configuration we have reached represents a partial valuation v’ that
sets v/(p}) = k and v'(p;) = v(p;). After executing isequal(p;, p;) the simulation only succeeds
if kK = v(p;). Hence pla;] now contains 2 — (v(a;(v(p;))) + 1) complex tokens m; y(p,)) and
the same number of other complex tokens m; 1). The two following while loops carefully inject
plji]-coloured tokens and p[j;]-coloured tokens into the newly created token at p[aux;| to yield a
NeW 1 4,(p,)) located in pauxi] which we move to p[a;]. Thus p[a;] now contains v(a; (v(p;)))+1
complex tokens M (; 4 (p;)) and the same number of other complex tokens m; 1) as before. The
configuration s’ we have reached thus represents a valuation v” such that v"/(a;(j)) = v(a;(j))
forall0 < j < 21tiand j # v(p;), and v”(a;(v(p;))) = v(a;(v(p;))) + 1. Considering the
case that v(a;(v(p;))) = 2 initially, we see that the simulation either blocks while attempting
to move a complex token m; 1y from pla;] to plaux] or on the execution of isequal(p;, p}) since
it is impossible to obtain k = v(p;). By swapping p[a;] and pla;] in Figure 5.6 we obtain an
implementation of a;(p;) - -.
(i) In Figure C.2 we show how to implement the operation activate(a;) which can only succeed
if both counters p; and p/, are active.

The interior for-loop simply repeats its body twice and can be considered syntactic sugar.
Suppose activate(a;) is invoked in a configuration s such that in s the places p|a;] and p[a;] are
empty. We can then follow our analysis in the second part of a;(p;)++’s implementation to see
that the interior for-loop places two complex tokens m; j, into p[a;] for all & < 214. Hence
when the outer for-loop terminates we have reached a configuration representing a valuation v
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such that v(a;(k)) = 0 for all &.
(iii) The following shows how to implement iszero(a;(p;)).

a;(pi)++; ai(pi)++;

a;i(pi)--; ai(pi)--;
Suppose iszero(a;(p;)) is executed in a configuration s that represents valuation v and p;, p}
are active. If v(a;(v(p;))) = 0 we can clearly execute a;(p;)++ twice and undo the former
by executing a;(p;)-- twice. We thus end up at a configuration representing v. If however
v(a;(v(p;))) > 0 then either v(a;(v(p;))) = 2 initially or after the first invocation of a;(p;)++
and our analysis above assures us that the subsequent invocation of a;(p;)++ blocks. Hence
iszero(a;(p;)) only succeeds if v(a;(v(p;))) = 0. We obtain an implementation of ismax(a;(p;))
by swapping a;(p;)++ for a;(p;)-- and vice versa. Analogous reasoning to above then yields
that iszero(a;(p;)) only succeeds if v(a;(v(p;))) = 2.
(iv) The following shows how to implement reset(a;(p;)).

while (a;(p;) # 0) do
i (pi)-

It is trivial to see that the while loop only terminates once a configuration is reached representing
a valuation v that sets v(a;(v(p;))) = 0. In every iteration v(a;(v(p;))) is decremented by 1, so
termination is ensured.
(v) The following shows how to implement ismax&reset(s;1).

for p; :== 0 to 2114 do (reset(a;(p;));)
while (iszero(a;(2114))) do
Si+1- -3 reset(p;); a;(pi)++;
while ismax(a;(p;)) do
a;(pi)==; pit+; ai(pi)++;

We know that after the for-loop a; is the array such that a;(z) = 0 for all x < 211 4. The array a;
is meant to be binary representation of a number between 0 and 211 (i + 1). This number is ini-
tially 0 and we can see that the outer while loop performs a long addition of 1 for each iteration. If
v(a;(v(p;))) = 2 thenv(p;) is an index representing a carry bit in the long addition computation.
For each number represented by a; we perform s; 11 - -. Hence, if initially v(s;4+1) = 271 (¢ + 1)
then, after performing ismax&reset(s;41), we reach a configuration that represents a valuation
v’ such that v/(s;4+1) = 0. However, if v(s;41) < 211 (i + 1) holds initially, then after v(s;41)
iterations the resulting valuation v" would set v(s;11) = 0 and a; would represent the num-
ber v(s;41). Since v(s;+1) < 211 (i + 1) this implies that a;(2114) = 0 and hence the body
of the outer while loop is executed again leading to an invocation of s;41 - - which will block.
Hence ismax&reset(s;11) will block when executed in a configuration representing v such that
v(sit1) <2 (0 +1).

We modify the implementation of ismax&reset(s;41) by replacing s;41-- by Add a e-token
to p[d] we obtain an implementation of activate(d). If d is inactive then p|d] and p[d] are empty.
By an analogous argument to above we can see that invoking activate(d) will add 211 (i + 1)
e-token to p[d] yielding a configuration where d is active and is valued 0. We can similarly
obtain an implementation for deactivate(d). First modify ismax&reset(s;+1) by replacing s;11--
by Remove a e-token from p[d] which gives us an implementation of an intermediate operation
deactivaté (d). If d is active and valued 0 then deactivate (d) clearly succeeds and removes all
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tokens from p[d]. Hence we can implement deactivate(d) by reset(d); deactivate (d); which
succeeds if d is active.

(vi) The following shows how to implement iszero(d) for d € Cj41 \ {s;+1} and in the case that
i+ 1 =n: d = x or y. The precondition for iszero(d) is that s;41 is 0.
)
)

while (%) do (d++; sj+1++; ); ismax&reset(s;+1
while (x) do (d--; sj1++;); ismax&reset(s;+1

?

Note that the only operations that modify s;41 are iszero(d) and ismax&reset(s;4+1). Further,
ismax&reset(s;+1) is only invoked by iszero(d). Thus, except when executing iszero(d) we main-
tain that the counter s;1 is 0.

Suppose iszero(d) is started in a configuration sq that represents valuation vy such that
vo(s;) = 0. After the first while-loop non-deterministically terminates, just before invoking
ismax&reset(s;+1) we reach a configuration that represents a valuation v such that v(s;4+1) = k
and v(d) = wvo(d) + k. Since neither d++ nor s;1++ blocked we know that 0 < k <
21 (i +1) —vo(d). Infactforall 0 < k < 291 (i+ 1) — vg(d) it is possible to reach such
a configuration where v(s;41) = k and v(d) = vo(d) + k. Invoking ismax&reset(s;+1) only suc-
ceedsif K = 211 (¢ + 1). Thus all other configurations where k < 211 (i + 1) ismax&reset(s;11)
blocks. Hence if vg(d) > 0 it will be the case that & < 211 (i + 1) and thus ismax&reset(s;+1)
blocks. If vg(d) = 0O then there is one configuration that we can reach which represents a valu-
ation v1 such that v1(s;41) = 211 (i + 1), v1(d) = vo(d) + 211 (i +1) = 291 (i + 1) and we
can successfully invoke ismax&reset(s;4-1) to yield a new configuration representing a valuation
v v2(8i4+1) = 0, va(d) = 211 (¢ + 1). The second while loop then again non-deterministically
decrements d and increments s;41 in the same fashion as above. Again similar reasoning to
above yields that there is only one configuration that we can reach that represents a valuation
v3 which values v3(s;11) = 211 (i + 1) and consequently v3(d) = 0 and which guarantees
ismax&reset(s;y1) succeeds to yield a configuration that represents a valuation vy such that
v4(Si+1) = va(d) = 0. Hence iszero(d) succeeds only if started in a configuration that values d
as 0.

We can modify the above to obtain an implementation ismax(d). We simply swap the first for
the second while loop and analogous reasoning to iszero(d) then yields that ismax(d) succeeds
only when d is valued at 21 (¢ + 1) and s;41 at 0.

(vii) The following shows how to implement isequal(p;, p}) for d € Cjy1 \ {si41} if both p; and
p; are active and ¢; is zero.
while (p; # 0 orp) #0) do
Pi==; Pi=-3 cit
while (¢; # 0) do
Pit+; Pi+ cim=;
If we invoke isequal(p;, p}) in a configuration that represents a valuation v such that v(p;) = k,
v(p}) = k" and v(¢;) = 0 then for each iteration of the first while loop we obtain a configuration
representing a valuation v’ such that v'(p;) = k — v'(¢;), v'(p}) = k' — v/(¢;). The inequality
v'(¢;) < min(k, k") must hold at the end of each iteration as otherwise either p; - - or p/; - - would
have blocked. Since the loop-guard is false only if both v/(p;) = 0 and v/ (p}) = 0 we can see that
the while loop only terminates successfully once v'(¢;) = k = £’ i.e. if initially v(p;) = v(p}).
Otherwise the loop guard would never be false and thus at some point the invocation of p; - -
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or p, - - blocks. Thus after the successful breaking out of the while loop v/(¢;) = v(p;) = v(p})
and it is easy to see that the second while loop simply copies the contents of ¢; back to p; and p).
Hence invoking isequal(p;, p}) only succeeds if started in a configuration where v(p;) = v(p})
and v(¢;) = 0.
(viii) The following shows how to implement reset(d) for d € Cj1 \ {si+1}-

while (d # 0) do

d--;

As in the implementation of reset(a;(p;)) the while-loop simply decrements d until d has value
0. Hence reset(d) works as expected.
Lastly, in order to set up Nz to simulate the initial configuration of M from its initial state, we
set M\ to execute activate(—) for all counters and arrays in turn, in order of the bound size and
length:

activate(s1); activate(p1); activate(p));

activate(c1); activate(c)); activate(ay);

activate(sy—1); activate(pp—1); activate(p),_;);
activate(c,,—1); activate(c,,_,); activate(a,_1);
activate(sy,); activate(py,); activate(pl,); activate(cy,);

activate(c))); activate(x); activate(y);

After executing these operations we reach a configuration s in which all counters are active
and which represents a valuation v such that v(d) = 0 for all counters d and v(a;(k)) = 0 for all
0 < k < 271 . From this point on, Ay, weakly bisimulates M. Thus, we can reduce the halting
problem for M to simple coverability, termination, or boundedness of N 4.

O]
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