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Abstract

We analyze the microfoundations of the Phillips curve and the close links between that relationship
and results concerning optimal monetary policy, stabilisation bias and monetary policy delegation.
Most recent literature has used a New Keynesian Phillips Curve based on Calvo pricing, often with
an additional lagged inflation term motivated by rule-of-thumb behaviour. We develop a framework
which encompasses this workhorse model while allowing for a richer time dependent pricing rule.
This permits a more general analysis while showing that the standard model and policy conclusions
derived from it are not robust to relatively minor changes in its microfoundations.
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Introduction

A central concern of macroeconomics is the development of well microfounded models suitable for
policy analysis. In relation to monetary policy a key component of such a model is the Phillips curve
or aggregate supply relationship linking inflation to output or unemployment which, combined with
the actions of the policy maker, determine outcomes for key macroeconomic variables and the
success or otherwise of monetary policy from a welfare perspective. The Phillips curve has been the
subject of considerable controversy and while certain forms of it are widely used there is no clear
consensus on the correct specification. McCallum (1999a) refers to aggregate supply as being the
least well understood component of current monetary policy models. This uncertainty over the true
model is clearly problematic for monetary policy in general, since optimal policy depends on the
structure of the economy, and also for the analysis of monetary policy delegation to overcome
stabilisation bias.

Given model uncertainty, considerable attention has been placed on robustness issues in policy
design with the aim of finding policy rules or regimes which work well across a range of possible
models of the underlying economy. For example the introduction and many of the contributions to
the Taylor (1999a) volume on policy rules places great emphasis on robustness as does McCallum
(1999a) and more recent prominent contributions such as Amato and Laubach (2003a), Jensen
(2002), Levin and Williams (2003), Levin, Wieland and Williams (2003), Rudebusch (2002) and
Walsh (2003a).

This paper re-examines the microfoundations underlying the Phillips curves commonly used in
monetary policy analysis, in the first instance to assess their robustness to plausible changes in the
microfoundations, while also analyzing the relationship between the more general Phillips curve
derived and optimal monetary policy and delegation. More specifically, the paper is concerned with
the microfoundations of price setting in New Keynesian staggered price or overlapping contracts
models and the implications of different time dependent pricing rules for the Phillips curve and
optimal policy. Most recent research in this area has used the comparatively simple Calvo (1983)
pricing specification in which the probability of a firm changing its price is constant and thus
independent of the time since the last price change. A parallel literature, discussed further below,
has examined richer time dependent pricing rules, characterised by an increasing probability of price
change, though without analyzing the implications for delegation and usually without explicit
derivation of the Phillips curve. This paper aims to bridge the gap between these two strands of
research by deriving an explicit Phillips curve for a simple increasing probability pricing rule that
is used for a more general analysis of optimal delegation.

The policy context of this work is the rapid progress made in the recent monetary policy literature
in analyzing the consequences for optimal policy of the presence of forward looking expectations
in the Phillips curve. When commitment is feasible, optimal policy in response to a cost push or
inflation shock adjusts future policy to improve current outcomes through the intertemporal link of



expected future inflation in the Phillips curve.! From the point of view of the following periods
taken in isolation such a policy is costly (and hence is not generally carried out under discretion,
resulting in stabilisation bias) but optimal policy under commitment balances these future costs
against current benefits. It may be noted that stabilisation bias is a form of time inconsistency
separate from the classic inflation bias problem of Kydland and Prescott (1977) and Barro and
Gordon (1983) which has been less of a concern in the recent literature.

Given the presence of stabilisation bias (and hence lower welfare) under discretion a growing
literature assesses how improved outcomes may be achieved (assuming that intertemporal
commitment is generally infeasible) by altering the loss function to be minimised under delegation
by an independent central bank. The classic early case is Rogoff's (1985) conservative central
banker, even though at that time the concern was with inflation bias rather than stabilisation bias.
Notable early examples of delegation regimes to offset stabilisation bias are Woodford's (1999)
demonstration of the potential benefits of interest rate smoothing and Clarida, Gali and Gertler's
(1999) result that with a Calvo Phillips curve optimal policy under commitment results in a stable
long run price level even though society cares about stability in inflation rather than the price level.
This is suggestive of welfare gains when commitment is not possible from a delegated loss function
specified in terms of the price level, a result shown by Vestin (2000). Other possible beneficial
features of a delegated loss function are nominal income growth targeting (Jensen, 2002, Rudebusch,
2002), average inflation targeting (Nessen and Vestin, 2000, Nessen, 2002, and Batini and Yates,
2003), targeting the change in the output gap (Soderstrom, 2001, Walsh, 2003a), and allowing for
changes in inflation expectations (Svensson and Woodford, 1999). A parallel literature examines
the results that would obtain from implementation of different forms of the Taylor rule.

With few exceptions the recent literature makes use of New Keynesian Phillips curves based on
Calvo pricing. The ‘pure’ form of the model is shown by (1) where  is the rate of inflation,  the
(real) discount factor, x the driving variable (such as the output gap or marginal cost), k a constant
and u a shock variable.

T, = BEl‘[nﬁl] * kxl‘ Uy (1)

Given the Calvo constant probability pricing rule, (1) reflects fully optimising behaviour but many
authors have argued that it is not satisfactory since it does not result in the persistence in inflation
(unless the process for u, is strongly serially correlated) which seems to be a robust feature of actual
data. Given this the Calvo Phillips curve (1) is often amended to the form (2) which includes lagged
inflation and is much better able to account for inflation persistence.

T, = B(I_B)El{nﬁl] * 67It—l * kxl‘ Uy ()

'See Clarida, Gali and Gertler (1999) and Woodford (2000) for summaries.
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While empirically much more successful, (2) has given rise to two debates. The first is the size of
8, which indexes the relative importance of lagged inflation.> The second is the rationale for the
inclusion of lagged inflation which, while empirically supported, gives rise to Lucas critique
concerns unless it can be given a plausible microfoundation. Key contributions here are Gali and
Gertler (1999) and Christiano, Eichenbaum and Evans (2001) which both use the Calvo pricing
framework but assume that firms face information constraints and/or high decision making costs
such that some price setting actions are based on rules of thumb rather than full (unconstrained/low
decision cost) optimisation.’ There is perhaps room for debate about the details of these mechanisms
and how convincing they are as optimising microfoundations but for present purposes we highlight
the feature that both the rule of thumb models use a Calvo pricing rule.

Hence, leaving aside the important empirical and microfoundations debates about (1) and (2), the
widespread reliance on these specifications for monetary policy conclusions implies equally strong
reliance on the Calvo (1983) mechanism as the underlying time dependent pricing rule.* Given the
concern for robustness in this literature an important question is the robustness of conclusions based
on (1) or (2) to variations away from Calvo pricing. This is in addition to the impact of different
values of 6 in (2) which has already been the focus of research.

Of course it might be the case that reliance on Calvo pricing is not a key concern, either because it
is supported empirically or because it is a relatively innocuous simplifying assumption such that
varying it makes little difference to policy analysis. From an empirical viewpoint, the
microeconomic evidence on price setting frequency and price duration is not supportive of the Calvo
framework, at least when applied to quarterly models which is the standard practice. Wolman (1999,
2000) reviews this literature and argues in favour of increasing rather than constant price change
probabilities. In terms of price duration the Calvo model predicts that the most frequently observed
duration will be a single quarter with frequency declining with duration thereafter. However,
Taylor's (1999b) survey of the evidence suggests that frequency is ‘hump-shaped’ with duration such
that relatively few prices remain fixed for only one or two or more than four or five quarters with 3-4

? See Erceg and Levin (2003), Estrella and Fuhrer (2002), Gali and Gertler (1999), Gali, Gertler and Lopez-Salido
(2001), Mankiw (2001), Nelson (1998), Roberts (1997,2001), Rudd and Whelan (2001), Rudebusch (2002), Rudebusch
and Svensson (1999, 2002), and Soderlind, Soderstrom and Vredin (2002).

3The two mechanisms differ in the application of rule of thumb price setting. In Gali and Gertler (1999) a proportion
of firms use a rule of thumb rather than full optimisation when they receive a ‘Calvo signal’ that they may change price
but all firms keep prices fixed between such signals. In Christiano, Eichenbaum and Evans (2001) all firms optimise
fully when a Calvo signal arrives but apply a rule of thumb, effectively full indexing, between signals. Woodford (2003)
develops the latter by allowing for partial indexing. Amato and Laubach (2003b), Calvo, Celasun and Kumhof (2001),
Sbordone (2001) and Steinsson (2000) assume rule of thumb behaviour in their analyses. The Fuhrer and Moore (1995)
model has also been used as a justification for (2) but the extent to which this model is consistent with optimising
microfoundations has been strongly questioned (see Taylor, 1999b).

*The widespread use of Calvo pricing is documented by Rudebusch (2002). Influential examples include Clarida,
Gali and Gertler (1999), McCallum and Nelson (1999, 2000) and Rotemberg and Woodford (1997, 1999).
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quarters the peak of the distribution. It may also be noted that Calvo (1983) presents the constant
probability of price change as a simplifying rather than fundamental assumption.’

Given the lack of microeconomic empirical support for Calvo pricing the question becomes whether
different price changing assumptions nevertheless imply similar forms for the Phillips curve and thus
in turn similar results for monetary policy. One alternative specification is Rotemberg's (1987)
model of convex price adjustment costs which also leads to a Phillips curve of the Calvo form (1),
though Rotemberg presents convex price adjustment costs as a simplifying rather than fundamental
assumption also. A number of authors (for example Roberts, 1995, and Walsh, 2003b) have also
pointed to similarities between the Calvo model and that of Taylor (1979, 1980) where price changes
are also staggered but are simply fixed for two (or more) periods at a time. This is analyzed in full
below (since the new framework we develop encompasses a two-period Taylor model) and confirms
that the Taylor model differs significantly from Calvo.

The contributions of Wolman (1999) and Kiley (2002) also show significant effects of moving away
from Calvo pricing though without explicit derivation of non-Calvo Phillips curves or optimal
policy. Dotsey (2002) presents an amended three period Taylor Phillips curve, highlighting its
differences from the Calvo form (1) though without cost push shocks or policy analysis since its
focus is on econometric issues. Atamore general level, Dotsey, King and Wolman's (1999) analysis
of state dependent pricing points the way to much richer models, both in terms of more general
probabilities of price change as well as their state dependence though this contribution does not
derive an explicit form for the Phillips curve or analyze the implications of the framework for
stabilisation bias or policy delegation. Inrelated work, Ascari (2000) and Ascari and Rankin (2002)
derive microfounded Taylor models though without explicit comparison with Calvo or general policy
analysis. Bakhshi et. al. (2003) show that the Calvo framework may break down under average
inflation rates comparable to the historical experience of the last three decades.

Hence from the literature it can be concluded that there is reason to question the Calvo pricing
formulation on the grounds of microeconomic realism and also reason to suppose that it is not a
trivial simplifying assumption for monetary policy analysis. Clearly also the current paper is by no
means the first to question the Calvo framework or develop alternatives but nevertheless the policy
implications of moving away from Calvo pricing have not been analyzed thoroughly and the
implications for monetary policy delegation not at all.

*Woodford (1995) for example refers to the Calvo specification as being, "a device that is of great convenience, even
if not entirely realistic" (p. 1281) and the constant probability assumption as, "an obvious oversimplification" (p. 1282).

5The reasons for the difference between this conclusion and those of Roberts (1995) and Walsh (2003b) is that these
authors either assume that there are no cost push or inflation shocks from price setting, or that part of the impact of such
shocks may be represented in an expectational error term. While formally correct it may be argued that these
presentations of the Taylor model are potentially misleading since for policy analysis such shocks are generally
considered important and expectational error terms may obscure their significance. This is shown in Appendix C where
we also highlight a similar implicit expectational error term in the standard presentation of the Fuhrer-Moore (1995)

model.



We address this gap in our knowledge by analyzing the consequences of a time dependent pricing
rule that remains fairly close to the Calvo form while reflecting in part the empirical evidence that
the probability of price change tends to rise rather than remain constant with the time since the last
price change. A special case of the new rule is Calvo pricing itself so the model encompasses the
Calvo specification (1) above. We also retain the possibility of rule of thumb behaviour so that the
model encompasses (2) as well as (1), thus nesting both the formulations in widespread use as
special cases. Our motivation for including rule of thumb behaviour is pragmatic in that it is
informative to have a model which encompasses existing specifications and as such we do not take
any particular stand on the debate about whether rule of thumb behaviour is a convincing
microfoundation for lagged inflation in (2). For this part of the model we build on the Christiano,
Eichenbaum and Evans (2001) form of rule of thumb behaviour, generalising it somewhat to allow
for only a proportion of firms rather than all of them to update their prices by rule of thumb between
optimisations.’

The key innovation in the model is the time dependent pricing rule. One may think of such a rule
as being a sequence of probabilities of price change indexed by the time since the last price change.
If these are denoted q,, q;, q,, g €tc. it is standard to set q,=0 which simply implies that all prices are
fixed for at least one period, following which different pricing rules adopt different values for the
other probabilities. In the Calvo model these probabilities are all the same whereas in a two-period
Taylor model, q,=0 and g,=1 so the price will remain fixed for sure for two periods and may then
be reset with probability one. The pricing rule which we analyze is a simple variant on these two
cases in that we allow q, to take any value (between zero and one) while assuming that q,, g, etc. are
all equal at a value denoted q. Hence the probability of price change may vary between the first
period after a new price takes effect and the value it will then take for all remaining periods. A key
parameter of the model is g-q,, the extent of the increase in the probability of price change which we
denote q*. From the above discussion, q*=0 implies the Calvo form while g*=1 implies two-period
Taylor.

From this description the strengths and weaknesses of our framework are immediately apparent. It
is clear that the sequence of probabilities assumed of (0, q; q, q, q, ...) is itself a less than fully
general case since in principle all of these probabilities may take different values. Given that the

"This generalisation is discussed by Amato and Laubach (2003b) but not reported formally. In Christiano,
Eichenbaum and Evans (2001) all firms practice rule of thumb updating between optimised price changes which fixes
din (2) to a figure close to a half. For policy analysis it is useful to have a framework in which d can vary continuously.
This is achieved by having the proportion of rule of thumb firms as an independent parameter. The change also
addresses a criticism of the model that the data strongly suggests that many prices remain fixed for several periods
whereas if all firms update their prices each period this would not be the case. A variation in the model developed below
is that we assume that all price setting is contemporaneous with full information at that time whereas Christiano et. al.
assume that firms commit to new prices one period in advance (or contemporaneously but with a one period lagged
information set). Rotemberg and Woodford (1997, 1999), and Woodford (2003) also incorporate this feature. Mankiw
and Reis (2002) assume that different groups of firms have information sets lagged a different number of periods.
Lagged information sets could be incorporated in the model of this paper but for simplicity we restrict its scope in this
dimension.



results below show that the nature of the time dependent pricing rule is highly significant for
monetary policy outcomes this possibility is almost certainly worth pursuing. Equally the sensitivity
of outcomes to the timing of price changes also increases the potential value of moving to a state
dependent pricing model where the timing of price changes is chosen by firms rather than
exogenously imposed by the modeller. That having been said there are strong arguments for
developing the current framework, albeit possibly as an interim step to more complex formulations.

First, while there are standard and strong arguments for the potential merits of state dependent
pricing, models of that type are difficult to derive and analyze and while Dotsey, King and Wolman
(1999) make significant progress in this direction, they nevertheless present only fairly basic policy
experiments. Given those difficulties it is not surprising that virtually the whole monetary policy
literature uses time dependent pricing rules and thus understanding their implications is an important
task.®

Second, the literature has relied not on time dependent pricing in general but on Calvo pricing in
particular. Hence while the analysis of more general time dependent pricing rules may yield useful
insights, the fairly simple formulation used here is sufficient to examine the robustness of many
current monetary policy results. Given that we find non-robustness with a small variation from
Calvo pricing it is highly plausible that more general variations would strengthen that conclusion
further.

Third, there is a value to understanding the properties of relatively simple models from the point of
view of tractability and building intuition even if it is recognised that more complex formulations
may also be informative. As noted above the assumed pricing rule is sufficiently general to
encompass not only the Calvo model but the two-period Taylor model and cases between the two
as well through the single parameter, q*. We also include rule of thumb behaviour so lagged
inflation may be made a prominent feature of the model or weakened or excluded altogether through
the single additional parameter of the fraction of firms which index their prices. Hence varying these
two parameters covers a wide range of possibilities for the Phillips curve in a fairly compact model.

We briefly summarise the main results of the paper and its contribution relative to the existing
literature. These may usefully be grouped into the Phillips curve material followed by its
implications for monetary policy. With respect to the former we derive a Phillips curve which
encompasses (1) and (2) through the inclusion of some rule of thumb behaviour and a pricing rule
which nests Calvo as a special case. The new feature is the increasing probability of price change
rule described above which shows what happens to the Phillips curve as we move away from Calvo
pricing while also encompassing a two period Taylor model as a further special case. Given the
microeconomic evidence discussed above we argue that the increasing probability feature is a useful

$Woodford (2003) argues that in reasonably stable macroeconomic environments a move to state dependent pricing
may not lead to major changes. This is supported by the analysis of Burstein (2003) who finds little difference between
state and time dependent pricing at moderate inflation levels. Bhaskar (2002) derives microfoundations for staggered
pricing when the timing of price changes is chosen by firms rather than imposed exogenously.
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step towards realism. In passing we also clarify the differences between Calvo and Taylor, which
have been subject to a degree of confusion as noted above, and we also clarify that the Taylor model
rests on exactly the same microfoundations as Calvo apart from the time dependent pricing rule. We
note this point since a view is sometimes expressed that Calvo has more explicit microfoundations
in terms of optimising behaviour than Taylor. We also extend the rule of thumb framework of
Christiano, Eichenbaum and Evans (2001) to allow only a fraction of firms to index their prices with
the remainder keeping their prices constant between optimisations (which was touched on by Amato
and Laubach, 2003b). It turns out that this changes the Phillips curve in a way that is observationally
equivalent to Woodford's (2003) extension of partial indexing but the result is significant
nevertheless since the Christiano, Eichenbaum and Evans (2001) model is otherwise open to
criticism on microeconomic grounds that it implies that all firms change prices every period. The
extension is also of value in that context if full rather than partial indexing is more plausible. Hence
the new Phillips curve encompasses the existing formulations in widespread use while extending
them in the twin directions of increasing probability of price change and non-universal indexing,
both of which are empirically supported.

In relation to the monetary policy results, the new model permits a more general analysis of optimal
monetary policy, stabilisation bias and monetary policy delegation. We replicate results in the
existing literature based on (2) while examining the implications of moving away from Calvo
pricing. We find that this change in the pricing rule significantly alters the optimal responses to cost
push shocks under both commitment and discretion, primarily because non-Calvo pricing implies
that both the current shock and the previous period's shock appear in the Phillips curve. The same
factor also induces positive serial correlation in inflation and the output gap even if rule of thumb
behaviour is excluded. This is of interest since the rule of thumb models were developed in response
to the lack of persistence in outcomes predicted by the pure Calvo Phillips curve (1). A further result
relates to the stationary price level finding of Clarida, Gali and Gertler (1999) with a Calvo Phillips
curve. Jensen (2002) has shown that this no longer holds for the rule of thumb Phillips curve (2) and
we find that it no longer holds once we move away from Calvo pricing even if rule of thumb
behaviour is excluded. This is significant because that result has stimulated discussion of a shift
from inflation targeting to price level targeting. This is considered at a general level by King and
Wolman (1996), Dittmar and Gavin (2000), King (1999) and Goodfriend and King (2001). The
debate is also directly relevant to the appropriate interpretation of the price stability mandate of the
European Central Bank (see Alesina et. al., 2001, and Rudebusch and Svensson, 2002) as well as
the possibility of an explicit inflation or price stability objective for the Federal Reserve (Goodfriend,
2003).

We also find that the new pricing rule increases the size of stabilisation bias in the sense that the
ratio of expected loss under discretion to expected loss under commitment increases. This raises the
potential gain from successful delegation for which we analyze five regimes prominent in the recent
literature. In the first instance we follow the standard assumption that the delegation of an amended
loss function takes place with full information about the structure of the economy. Initially we
consider the special case of the model with Calvo pricing and rule of thumb behaviour which
corresponds to the current literature. We replicate existing results but also provide a more extensive



sensitivity analysis of the gains from the delegation regimes across different parameter values.
Optimal delegation remains superior to discretion in most cases but the exercise reveals significant
non-robustness of both the gains from delegation and the welfare ranking of the regimes.
Introducing the new pricing rule, we find further sizeable sensitivity of the gains from delegation and
the ranking of the regimes to the q* parameter so the possibility of non-Calvo pricing cannot safely
be ignored in the analysis of delegation.

Finally we allow for delegation to be based on incorrect information about the structure of the
economy. This is discussed briefly by Jensen (2002) for nominal income growth targeting but has
not otherwise been a focus of research. This reduces the gains from delegation since the coefficients
in the delegated loss function are optimal given beliefs at the time of delegation but not optimal for
the actual economy to which that loss function is applied. Clearly this potential problem applies with
or without Calvo pricing but allowing for a more general time dependent pricing rule increases the
potential cost of incorrect information at the time of delegation.

Given these results our overall conclusion is simply that varying the time dependent pricing rule
away from the Calvo assumption of a constant probability of price change has significant
implications for both the Phillips curve and a wide range of monetary policy results. Given that the
microeconomic evidence on pricing behaviour questions the realism of the Calvo assumption this
is a challenging conclusion for much of the literature.

The remainder of the paper is structured as follows. Section 1 summarises the derivation of the new
generalised Phillips curve model. This is a little more complex than the derivation of existing
models and we present more detailed material in Section A (optimal prices in the absence of
staggering constraints) and Section B (the implications of staggering constraints for optimal price
setting and the Phillips curve). Appendix C compares the presentation of the Phillips curve here
with the usual form of presenting the Taylor Phillips curve as noted above. Section 2 analyses
stabilisation bias, comparing optimal policy under commitment and discretion in the new model
while Section 3 presents the delegation results. The detailed derivation of optimal policy in the
different regimes is given in Appendix D. Section 4 concludes.

1. The Calvo-Taylor-Rule-of-Thumb Phillips Curve

We summarise the derivation of the generalised Phillips curve, present its final form and assess its
characteristics before analysing its policy implications in the two sections which follow. Appendix
A presents the optimal log single period flexible price, denoted p; for period t, which is used in the
derivation and Appendix B provides further detail on the derivation itself.

We assume that there are two types of firm. One type keeps its price fixed between price
optimisations (as in the standard Calvo framework), the other indexes its price by a rule of thumb
between optimisations following Christiano, Eichenbaum and Evans (2001). For the latter group
of firms the time dependent pricing rule is interpreted as a time dependent price optimisation rule
with infrequent price optimisations but regular price changes reflecting decision costs rather than



menu costs. From the earlier discussion we assume the following time dependent pricing/price
optimisation rule. After setting a new optimal price the firm will 1) keep that price fixed for one
period, ii) have a probability q, of changing/optimising the price the following period, and iii) have
a probability of changing/optimising the price, if it has not already been changed/optimised, of q
each period thereafter. We denote q-q, by q* and for simplicity assume that the probability structure
is the same for both types of firms.

We follow the standard discrete time solution procedure for the Calvo model (as in Rotemberg, 1987
and summarised in Walsh, 2003b) amended to reflect the different probability structure and allowing
for indexing behaviour by the rule of thumb firms. Based on a second order Taylor series for profits
as a function of price this approximates the firm's optimisation by the minimisation of a per period
loss function that is quadratic in the difference between the logs of the firm's price and the ideal
single period flexible price, p*. The quadratic term for each period is discounted by the (real) per
period discount factor, , and weighted by the probability of the price set at some time t still being
in place in each subsequent period, t+j. This probability is simply (1-q,)(1-q)™" forj> 1 and unity for
j=0. The optimisation need not consider what happens after the firm has been able to reset or re-
optimise its price since the initial choice of price does not constrain that subsequent optimisation.
Hence the choice problem for both types of firms may be expressed by (3) where L{, is the total loss
function for firm i from time t onwards. The new price it sets is x;, with the level of that price in
future periods before the next optimisation being x; ;.

Aﬁn%tL£N:<Et[(xuapff + Eﬁqﬁkl—qp(l—qY’l(xuﬁ‘piﬂzl 3)

The two types of firm differ in the nature of x; ,; on the right hand side. For standard firms this is
simply x; since their price is unchanged between optimisations whereas for rule of thumb firms this
price is the original price set at t plus the effect of subsequent indexing. This difference means that
the two types will set different initial prices which we denote x* and x" for the standard and rule of
thumb firms respectively. For the latter it is assumed that x" is indexed by the previous period's
inflation rate (as in Christiano, Eichenbaum and Evans, 2001) times y to allow for partial indexing
(the addition to the Christiano et. al. model suggested by Woodford, 2003). With inflation at time
t denoted =, (m=p-p,, with p as the log price level) these assumptions give (4).

r r
Xigwj = X v Y (pt+j—1_pt-1) 4)

With the amendment to (3) for the rule of thumb firms given by (4), the first order conditions for the
two types of firm are given by (5) and (6).

X - EU) T (7qp Et[Z L B(-qYp ] ] (5)
1+Bg* (1
xf = (B0 - e SR IRTOSREORIRE ©)
1+Bg* (1-9) 7



In both (5) and (6) the optimal price set by a firm depends on the current and expected future optimal
single period prices, appropriately weighted by the discount factor and the probability of no further
optimisation having taken place. Equation (6) differs from (5) for the periods t+1 onwards to reflect
the future indexing effect on x'. Since all firms within each type set the same new prices we may
drop the i subscript from this point.

These first order conditions involve expectations of all future values of the ideal single period prices
but these may conveniently be substituted out by leading (5) and (6) one period, taking expectations
at t and substituting back into (5) and (6) to give (7) and (8). These express the new prices set at
time t as functions of the expected new prices at time t+1. Comparing the expressions, the new price
set by rule of thumb firms is lower relative to next period's expected price since these firms know
that their price next period will be indexed by vy, if it is not immediately re-optimised.

st = BO-QEfx ) + [%Kpﬁﬁq Efp.) )
+Bq
ro_ r 1-B(1-q),, + . x B(l-g)vym,
xt = BA-@E{xp.n + [————=1p, +Bq Efp,..h) - ———— (8)
1+Bg” 1+Bg”

The Phillips curve derivation next makes use of the appropriate expression for the price level in
terms of its own past level and the new prices set by firms. From Appendix B this is given by (9)
where 1 is the proportion of rule of thumb firms and hence (1-r) the proportion of standard or non-
indexing firms.

. (
q [(1 —r)xtS+rxtr+q [(1 —r)x[fl +rxtf1]] +(1-q)py +
l+g~ 1 +q

qp
LS ©)

*
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A key feature of (9), the reason why the Phillips curve below differs from the Calvo or Calvo-rule
of thumb hybrid, is that if q* is non-zero the new prices that were set at t-1 matter for the current
price level and hence inflation. In turn that implies that the previous period's cost push shock, output
gap and expectations of the future as seen from the previous period will all appear in the Phillips
curve. With Calvo probabilities, q*=0 and last period's new prices are immaterial.

The Phillips curve derivation is completed (see Appendix B) by leading (9) one period to give p,,,
as a function of the new prices set at t+1 which may then be substituted out of (7) and (8) as they
(and the same expressions lagged one period for t-1 new prices) are substituted into (9). We also
substitute for the ideal single period prices using (10) where ¢, is the time t cost push shock and «
is the sensitivity of the single period flexible price to the output gap, y,. This expression, including
the microfoundation for «, is standard but for completeness Appendix A shows its derivation.

*

D; =Pyt Kt E (10)
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Consolidating the result of those substitutions give the new generalised Phillips curve in (11) where
the constant, c, is shown by (12).

BEl‘[nt+1] “Bg *Et—l[nt] AL

T, = 1 +Bq I BVY
. 11
re(kypre, +Bg E{kyy,, +8,D) .
+tcq *(Kytfl €, +Bq *Et—l[Kyt+8t])
_ g[1-B(1-g)]
c (12)

 (I-gpr +Bg " (1-))[1+Bq "+ Bry]

The Phillips curve (11) is the key result of this section and we briefly outline its properties. Firstly
it may readily be reduced to the special cases in the existing literature if *=0 so Calvo probabilities
apply. In this case only the current period output gap and cost push shock remain from the second
and third lines. In relation to the expected/lagged inflation terms of the top line; 1) if ry is also zero
we simply have the standard Calvo form (1), ii) if ry=1 we have the Christiano, Eichenbaum and
Evans (2001) Phillips curve (allowing for contemporaneous information) with coefficients on
expected future and lagged inflation of close to a half each (given that f is close to unity), iii) if =1
but y may vary we have the Woodford (2003) partial indexing form which supports the widely used
Phillips curve (2) though with a maximum value of  just under a half.” Lastly, iv) still with q*=0,
allowing r (the proportion of rule of thumb firms) to vary below unity is a new formal feature of this
model'’ and reduces the significance of lagged inflation. This may be important in that even if rule
of thumb behaviour is present, not all firms will have low menu costs (given the empirical evidence
that many prices remain fixed for several quarters) and hence not all will index their prices between
optimisations. The proportion of indexing firms, r, appears only in the product ry in (11) so its
impact on the Phillips curve coefficients is the same as y.

Secondly, the main innovation of this model is the variation away from Calvo probabilities with
q*>0 and the ‘headline’ result from (11) is simply that this matters for the Phillips curve, with new
terms appearing and the coefficients on existing terms changing via the denominators. From the
discussion following (9) the key implication of q*>0 is that the new prices set at t-1 now matter for
p, and thus m,. This has the effect of introducing E, ,[r,] into the top line of (11) as well as the whole
of the third line from which the t-1 output gap and cost push shock matter for current inflation. In
addition, q*>0 implies the presence of E [y,.,] and E ,[y,] in the second and third lines of (11),

? The expected future/lagged inflation coefficients in (11) are also close to but not exactly equal to the simple (1-6),0
linear form in (2) unless f=1.

10Though see Amato and Laubach (2003b) for a discussion and numerical examples.
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together with the equivalent terms for the shock variable though these disappear if it is iid which is
often assumed. Lastly, if ¢*=1 we obtain the two-period Taylor model (see Appendix C).

2. Stabilisation Bias

This section compares optimal monetary policy under commitment and discretion, leaving to the
following section the analysis of delegation. We discuss the loss function used in the policy
derivations and the solution method employed before turning to the results. Appendix D documents
the derivation of the results in detail.

In common with most recent literature we assume that the policy maker targets the natural rate of
output and hence there is no steady state inflation bias in the standard sense of Barro and Gordon
(1983). We also assume that there is no interest rate smoothing objective in the social loss function
which means that, for standard reasons (see McCallum and Nelson, 2000, for example), we do not
include an IS curve in the model. In turn this means that we think of the policy maker choosing
output and inflation directly, subject to the Phillips curve constraint, without explicit modelling of
the policy instrument.

In particular we assume a social loss function of the form given in (13) where A is the relative weight
on output gap deviations and for simplicity we normalise the inflation target to zero.

Ly = EfZ; B(m +3p))] (13)

The loss function (13) is very much a standard form in monetary policy research, including much
of'the delegation literature discussed in the introduction, but nevertheless appropriate practical policy
conclusions depend on it being a good approximation to the true social loss function. Woodford
(2002) finds that (13) is appropriate for the Calvo Phillips curve (1) but equally that changes in the
Phillips curve generally imply changes in the form of the microfounded loss function. Amato and
Laubach (2003b) and Steinsson (2000) also derive microfounded loss functions when the Phillips
curve takes the Calvo-rule of thumb form (2). These differ from (13) though they find that results
based on them are close to those from using the traditional form (13). The two most prominent
contributions to the delegation literature with which we compare our results, Jensen (2002) and
Walsh (2003a), use (13). We also choose to work with (13) but it is clear that deriving the
microfounded loss function for the model above and tracing its implications would be a useful
exercise. This choice is motivated partly on the pragmatic grounds of comparability with the results
of Jensen and Walsh (which is useful for exploring robustness) and partly from the analytical
perspective that it is informative to focus on the direct implications of the Phillips curve for
delegation.

The solution method employed is the MSV approach set out in McCallum (1983, 1999b, 2003) and
used in the examples considered by McCallum and Nelson (2000). We choose a simple application
of the MSV approach rather than the methods outlined in Soderlind (1999) based on the state-space
form of the model partly for simplicity but also because it makes the choice of optimal delegation
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parameters very straightforward. The latter point is discussed in general terms in Mash (2003) and
in the context of this model in the following section but in essence the MSV approach leads to a set
of simultaneous equations involving the parameters in the Phillips curve and those in the loss
function. The solution to these with given loss function parameters is the solution for optimal policy
and this is readily solved using a standard spreadsheet. In addition, it is very easy to derive
delegation results which amount to finding the loss function parameters which minimise loss given
the constraint of the simultaneous equations which characterise the discretion solution. This feature
is convenient since it avoids the need for the grid search procedures required by the Soderlind (1999)
method reported by Jensen (2002), Soderlind, Soderstrom and Vredin (2002) and Walsh (2003a)
amongst others.

Under discretion and delegation the derivation follows McCallum and Nelson (2000) very closely,
the only difference being the addition of extra state variables. The key to the approach is recognition
that while the discretionary policy maker cannot influence expectations that have already been
formed there are endogenous state variables in (11) and hence optimal discretionary policy allows
for current choices to affect optimal subsequent outcomes which will in turn affect expectations of
the future. For example, given y,, in the Phillips curve (11), a choice of output in, say, period s, y,,
will determine "y, ," at time s+1 and thus affect optimal choices at that time. In turn that means that
the choice of y, will influence E(y,,,] and E[n,,] so there is an indirect influence of policy on
expectations even though the policy maker cannot make binding commitments. In practice (see
McCallum and Nelson, 2000) this channel is dealt with by assuming MSV reduced forms for the
variables of interest and deriving policy choices with the policy maker aware of, but not able to
directly optimise, the coefficients of the reduced form. From (11) and (13) we conclude that the state
variables are ¢, €, T, and y,, and hence we assume the reduced forms (14) and (15) where the 1 and
m coefficients are initially unknown. These are used to substitute out the expectational variables in
the Phillips curve after which a standard Lagrangean may be used with the first order conditions
treating the 1 and m coefficients as constants. Appendix D gives further detail on this procedure.

m, = g le,  +hye thm (14)

Yt = Mg rmyg,  FMyyy | TMM, (15)

Under commitment an issue arises since the Phillips curve (11) contains both the actual values of
inflation and output at time t and their expectation at time t-1 and thus implicit expectations errors
are present. This means that one cannot derive simple first order conditions for the variables of
interest, as seen from the time a commitment rule is adopted, because the expectational errors would
be set to zero when taking expectations of the first order conditions in the initial period.

This situation is analysed by Sims (2000) in relation to state-space methods but appears to have
received less attention from an MSV perspective. The problem and the method adopted below is
discussed in more detail in Mash (2003) and is based on the policy maker optimising separately over
the contemporaneous response of the variables to shocks and their expected values one period
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before. Given rational expectations and iid shocks we may express the time series processes for
inflation and output by (16) where a,, b, and the processes for E,,[n,] and E,_,[y,] have yet to be
determined. We re-express the Phillips curve and loss function using these reduced forms, so the
whole model is written in terms of the four components in (16), and derive separate first order
conditions for each of them, thus respecting the difference between actual and prior expected values
in the Phillips curve. This procedure is documented in Appendix D.

nt:a08t+Et—1[nt] yt:b08t+Et—1[yt] (16)

Turning to the results we show the implications of the generalised model for optimal policy under
commitment and discretion (and hence stabilisation bias) in Figures 1-7. Assumed parameter values
for a baseline case are p=0.99, ck=0.05"" and A=0.25 while q* and r are varied to explore their
influence on outcomes. The overall pattern of the results is robust to changing these parameter
assumptions but for brevity we do not report multiple cases. We also assume that y=1 in (11) so
results for different values of r implicitly refer to ry. Varying the size of the shock, €, has a
multiplicative effect on all the variables in all time periods so does not affect the comparisons
between them shown by the impulse response functions. For this reason we do not show a numerical
scale on the vertical axes of these charts while keeping a common underlying scale for each variable
of interest to facilitate comparisons. We also express the expected level of loss in a way that does
not require an explicit assumption about the variance of the shock process.

We first examine the properties of the model under commitment. Figures la and 1b show the
optimal response of inflation to a single cost push shock in period 1. Figure la fixes r at zero to
focus on the effects of q* in isolation. The q*=0 case simply reproduces the well known inflation
profile for the Calvo Phillips curve. The key feature is that inflation in period 2 is below zero (more
generally below target) which we refer to as the ‘crossing property’. This is optimal for the well
understood reason that while it is sub-optimal for period 2 taken on its own, this cost is more than
outweighed by the effect it has on the period 1 Phillips curve via the forward looking inflation
expectation in (1). Loss is convex in the deviations from target of inflation and output so the
comparatively small deviations in period 2 imply a relatively large benefit in period 1 when the
shock impacts on the system and deviations will tend to be large.

Once we allow for q*>0 the period 1 shock also impacts on the period 2 Phillips curve through the
g termin (11). Figure 1a shows that optimal inflation is above target in period 2 in response to this
but the crossing property is present in period 3 when the shock no longer has a direct impact. Period
3 inflation is further below target the larger is q* which reflects a larger benefit from influencing the
period 2 Phillips curve and, through that, the period 1 Phillips curve also.

"n line with Jensen (2002) and Walsh (2003a) we keep this value constant as we change other parameters. The
baseline values coincide with those in Walsh.
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FIGURE 1: INFLATION UNDER COMMITMENT
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Figure 1b shows optimal inflation for the different q* cases when r, the proportion of rule of thumb
firms, is unity. For q*=0 this reproduces optimal inflation for the Calvo-rule of thumb hybrid
Phillips curve (2) with approximately equal coefficients on lagged inflation and its forward looking
expectation. This case is well understood from the literature, corresponds to the charts in Steinsson
(2000), and also features the crossing property, albeit delayed due to the inertia in inflation. An
interpretation is that below target inflation after crossing (period 6 in this simulation) improves the
Phillips curve tradeoff for the previous period (period 5), thus facilitating lower inflation at that time
which in turn improves the tradeoff for the previous period and so on all the way back to the time
of the shock. Retaining r=1 but allowing for q*>0 increases inflation in period 2 for the same
reasons as above but it also shortens the optimal time before inflation crosses its target value. This
is consistent with a greater benefit from earlier crossing due to the higher overall impact of the shock
once g, is present in the Phillips curve.

Figures 2a and 2b show the same cases but for the price level rather than inflation. Given that the
price level reflects cumulative inflation there is no new information here but the figures are
nevertheless informative. It may be recalled that Clarida, Gali and Gertler (1999) showed that the
long run price level is stationary with a Calvo Phillips curve, thus leading to suggestions (confirmed
by Vestin, 2000) that price level targeting may be desirable even if society's concern is ultimately
with inflation and not the price level. The q*=0 case in Figure 2a shows this result with the price
level gradually returning towards its initial value. Jensen (2002) showed that this no longer holds
once lagged inflation is present in the Phillips curve. This is illustrated by the q*=0 case in Figure
2b. A new result is that Figure 2a shows that the Clarida, Gali and Gertler result no longer holds
with g*>0 even if r=0, thus providing a further counterweight to the suggestion that price level
targeting may be first best. Figure 2b shows that q*>0 reduces the long run optimal price increase
following the shock (due to the earlier crossing noted above) but not by enough to reverse the Jensen
result.

Having examined the properties of the new model under commitment we turn to the comparison
between commitment and discretion and thus stabilisation bias. Figures 3 and 4 present optimal
inflation and output respectively for the six cases generated by allowing each of the key parameters
q* and r to take the values 0, 0.5, 1 while the other is either zero or unity. Across the figures as a
whole the key difference between commitment and discretion in Figure 3 is the failure of the latter
to return inflation towards its target quickly enough (for r>0) and then achieve the crossing property
for inflation (for all parameter combinations) to any significant extent. Corresponding to this, Figure
4 shows that the output gap returns to zero too quickly under discretion when a more sustained
negative output gap is required to reduce inflation more quickly and to achieve crossing. These
patterns reflect the simple and well understood ‘bygones are bygones’ property of discretion such that
optimal discretion in the period after the direct impact of the shock has passed cannot take advantage
of the benefit under commitment of adjusting outcomes at that time to influence earlier periods.
Furthermore the scale of stabilisation bias is increasing in both r (comparing from left to right) and
q* (comparing from top to bottom).
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FIGURE 2: PRICE LEVEL UNDER COMMITMENT
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FIGURE 3: INFLATION UNDER COMMITMENT AND DISCRETION
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FIGURE 4: OUTPUT GAP UNDER COMMITMENT AND DISCRETION
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The upper pair of charts in Figures 3 and 4 reproduces well known results for the Calvo model and
the Calvo-rule of thumb hybrid shown in Steinsson (2000)."> The q*>0 cases are new to the
literature and show significant changes from generalising the Calvo constant probability of price
change assumption, with or without rule of thumb behaviour in the model. As above q*>0 increases
the scale of stabilisation bias but it also changes the optimal inflation and output dynamics following
shocks in both policy regimes. We highlight two aspects of this, both shown in more detail below.
Firstly the changed dynamics show hump-shaped responses that imply endogenous persistence in
inflation and output, even if r=0, which is not present under the Calvo Phillips curve. Secondly the
changed dynamics question whether existing delegation results based on q*=0 will be robust to q*>0.

Figures 5 and 6 show results for expected loss as a function of q* and r. Figure 5 presents absolute
loss (indexed to expected loss for the Calvo case) while Figure 6 gives results for relative loss,
comparing discretion with commitment, and thus stabilisation bias. From Figure 5 it may be seen
that absolute expected loss is increasing in q* and r. This is to be expected since q* effectively raises
the impact of shocks through the lagged shock term in (11) and r increases the output gap costs of
bringing inflation back to target. The gap between commitment and discretion also widens in
absolute terms as these parameters increase. In relative terms, Figure 6 shows that the relative loss
is increasing in q* and also broadly increasing in r unless q* is high (the upper line in Figure 6a).
McCallum and Nelson (2000) derive similar results to the q*=0 cases (albeit strictly speaking they
compare timeless perspective rather than commitment outcomes (which may differ slightly) with
discretion. Their Table 1 with 0=0.05, ®=0.25 (ck and A respectively in the notation here) gives a
relative loss close to 9% which corresponds to the g*=r=0 point on the lower line of Figure 6a. With
r approximately one (6=0.5 in their notation) the relative loss climbs to around 30% (their Table 3,
same o and o values) corresponding to the lower line in Figure 6a rising with r.

Figure 7 returns to the persistence properties of inflation and output under discretion implicit in
Figures 3 and 4. Figure 7a simply reproduces the standard result that rule of thumb behaviour (r>0)
results in endogenous persistence though showing this effect for continuous values of r is new. It
may be recalled that this was the key motivation in the literature for introducing rule of thumb
behaviour. Figure 7b confirms the conjecture from Figures 3 and 4 that there is positive serial
correlation in inflation and the output gap under discretion even when r=0. This result is notable
since it suggests that moving away from Calvo pricing can generate fairly high levels of persistence
either on its own (Figure 7b) or at lower levels of r than otherwise (Figure 7c), even if *>0 is not
required if a high level of r is considered plausible (Figure 7d).

Overall we conclude that varying the Calvo pricing assumption (q*>0) significantly affects optimal
policy under commitment and discretion, expected absolute loss, the scale of stabilisation bias, and
the dynamics and persistence properties of the model. The following section extends the analysis
to the impact on monetary policy delegation.

PThe quicker return to target of inflation under commitment in Figure 3b also arises in the model of Clark, Goodhart
and Huang (1999), also analyzed in Mash (2002), where the Phillips curve takes the form (2) but with E [r,,] replaced
by E.;[n,]. In this case there is no optimal crossing property.
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FIGURE 5: EXPECTED LOSS
(Index: Calvo model (q*=r=0) loss = 100)
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FIGURE 6: RELATIVE EXPECTED LOSS (DISCRETION/COMMITMENT)
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FIGURE 7: INFLATION AND OUTPUT PERSISTENCE UNDER DISCRETION
(First order autocorrelation coefficient)
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3. Monetary Policy Delegation

We turn to the analysis of optimal monetary policy delegation whereby a delegated policy maker is
given a loss function that differs from the social loss function. The delegated loss function is
designed such that discretionary policy given this ‘false’ loss function minimises social loss evaluated
using the true loss function. A parallel literature which we do not consider is the possibility of
delegating an optimised Taylor rule for setting interest rates to minimise social loss with that Taylor
rule differing from the Taylor rule representation of optimal discretionary policy. In both cases the
maintained assumption is that the delegated policy maker will minimise/implement the delegated loss
function/Taylor rule.
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Key questions to be addressed are the extent to which delegation can offset stabilisation bias and
which form of delegation is most successful at doing this. We explore these initially using the
common assumption that the structure and coefficients of the Phillips curve are known with certainty.
This establishes benchmark results but in practice an important issue will be the performance of
different delegation regimes when the true model is not known. It is possible that a delegated loss
function (or Taylor rule) will lead to significant welfare gains given a particular form of the model
(chiefly the Phillips curve unless interest rate smoothing is important) but much less well if the
structure of the model is different in practice. If this effect is strong, delegation may result in higher
loss than pure discretion. We pursue this by considering the robustness of the delegation regimes
to initial uncertainty about the structure of the model in the form of the q* and r parameters which
determine the significance of non-Calvo price change probabilities and rule of thumb behaviour
respectively. It may be noted that the uncertainty about the model in this type of exercise refers to
uncertainty when the delegation regime is chosen rather than uncertainty once policy choices are
being made" and private sector expectations formed. It is plausible of course that there is ongoing
uncertainty about the structure of the economy with learning behaviour by the policy maker and the
private sector. While this is an important topic, from the point of view of delegation the question
of the robustness of delegation regimes to uncertainty about the model at the time of delegation,
abstracting from subsequent uncertainty, remains important.

The literature has examined many different forms of delegation including a conservative central
banker (Rogoff, 1985), interest rate smoothing (Woodford, 1999), price level targeting (Vestin,
2000), nominal income growth targeting (Jensen, 2002, Rudebusch, 2002), average inflation
targeting (Nessen and Vestin, 2000, Nessen, 2002, and Batini and Yates, 2003), and targeting the
change in the output gap (Soderstrom, 2001, Walsh, 2003a). Our main purpose is to examine the
robustness of delegation to changes away from Calvo pricing, the new feature of the model above,
and for this exercise we choose a subset of these regimes. In particular we consider a conservative
central banker, output gap growth targeting (or speed limit targeting in Walsh, 2003a) and three
forms of nominal income growth targeting. We do not consider price level targeting explicitly but
note that from the behaviour of the price level under commitment shown in Figure 2 above this is
likely to be a less successful regime with q*>0 rather than q*=0.

The regimes may be clarified by considering (17), which is the generalised delegated loss function

that we consider, in tandem with Table 1 which documents the values of the parameters in (17)
assumed under each regime.

Ly = EZ B0+ A pye 07k, 0y ) (17)

13Assuming that delegation takes the form of amended loss function minimisation as here rather than the simple
implementation of a Taylor rule.
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Table 1: Policy Regimes and Loss Function Parameters

Parameter: A A A A Delegation

T y S n

Regime: choice

Discretion (DIS)

Conservative central banker (CCB)
Speed limit targeting (SLT)

Nominal income growth targeting 1 (N1)
Nominal income growth targeting 2 (N2)
Nominal income growth targeting 3 (N3)

> >

—_ O = = = =
> > oo
cocooFro o

Taking these in order, we include discretion (DIS) for completeness to confirm that in this case (17)
is the same as the social loss function (13). The conservative central banker (CCB) simply has a
different (lower) relative weight on output gap fluctuations. Speed limit targeting (SLT) involves
the change rather than the level of the output gap. The three forms of nominal income growth
targeting all have nominal income growth in the loss function (via A,) but differ in relation to the
inflation and output gap terms. N1 is considered by Walsh (2003a) and allows for an optimal
mixture of inflation variability and nominal income growth variability. N2 is the flexible nominal
income growth targeting of Jensen (2002) which allows an optimal mixture of output gap and
nominal income growth variability. N3 is essentially an optimal mixture of the discretion loss
function and pure nominal income growth targeting. This is presented by Soderstrom (2001). The
final column reports the parameters to be optimised at the time of delegation, these being set so
social loss is minimised by the subsequent discretionary behaviour of the policy maker minimising
the delegated loss function. As a final note it is clear that combination regimes may also be
considered but we focus on the individual ones above. These have been proposed in the literature
and our chief concern is to examine their robustness to moving away from Calvo pricing rather than
making concrete proposals for new forms of delegation.

We present the results for full information delegation in Figures 8a-8d and Tables 2a-2b. The figures
provide a visual summary of the properties of the delegation regimes as the key parameters of q* and
r are varied (with the same baseline values for the other parameters as above) while the tables give
more detailed information and a robustness analysis. For ease of comparison and to reflect the
motivation for delegation being the reduction of stabilisation bias we express the expected loss with
a simple index which is zero for the expected loss under commitment and 100 for the loss under
discretion.
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FIGURE 8: EXPECTED LOSS UNDER DELEGATION
(Index: Commitment=0, Discretion=100)
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FIGURE 8 continued
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Figure 8a fixes q* at zero while allowing r to vary and corresponds to the scope of the existing
literature. As a consequence these results are not new but it is useful to review them to establish a
benchmark for comparison once q*>0, the new feature of this paper, is introduced." Taking the
regimes in order, the conservative central banker (CCB) regime reproduces the discretion outcome
if r=0, the Calvo case, while improving on discretion if r>0. This is discussed in Clarida, Gali and
Gertler (1999) and shown in Jensen (2002, Tables 3 and 4 compared with Table 2, where CCB here
is IT in Jensen's terminology) and Soderstrom (2001, optimized discretion, Table 3 or 4). With the
baseline values used here, the loss index for CCB is 55 once r=1 so a little less than half of the
stabilisation bias under discretion is offset.

Speed limit targeting (SLT) offsets more than half the stabilisation bias in the Calvo case and
becomes more powerful as r increases with the outcome being very close to commitment when r=1.
This was shown by Walsh (2003a) whose baseline assumption for the coefficient on lagged inflation
in (2) of 0.5 corresponds to r very close to unity in the notation of this paper. Walsh's Figure 3 shows
SLT improving on CCB (IT in Walsh's terminology) as that coefficient increases from zero to around
0.5 (r increases from zero to unity) as in Figure 8a.

Walsh also considers the N1 regime (NIT1 in Walsh) finding it to be very close to CCB (IT) at his
baseline (r close to unity). Figure 8a reproduces this while also showing that the N1 regime does
much worse if r is smaller (lagged inflation is less important) with expected loss almost three and
a half times worse than discretion for the Calvo case.

The N2 and N3 regimes have similar properties and are close to discretion with low r but improve
to almost reproduce the commitment outcome when r=1. Regime N2 is considered in Jensen (2002,
regime NIGT, Tables 2-4) and Walsh (2003, regime NIT2, Table 4 and Figure 3) while N3 is
analysed by Soderstrom (2001, nominal income target, Tables 3 and 4) with similar results.

Hence from Figure 8, which uses the baseline parameter values, an interim conclusion is that CCB
is weak, SLT powerful and the superior regime until r becomes large, N1 worse than discretion over
a significant range of r and at best only a little better than CCB, and N2 and N3 are fairly powerful
but dominated by SLT until r is large. The effect of changes in the parameter values (while still
keeping g* at zero) are shown in columns (1)-(3) of Table 2a (which reports the loss index portrayed
in Figure 8) and Table 2b (which reports the ranking of the regimes). These figures reveal a fairly
high degree of sensitivity to the assumptions made about ck, which determines the sensitivity of
inflation to the output gap, and A which is the relative weight on output gap variability in the social
loss function.

Hwe compare our results mainly with Jensen (2002), Walsh (2003a) and Soderstrom (2001). When q*=0 the results
are very close to those in these contributions. There are two sources of variation. First we assume that the natural rate
of output is known with certainty and thus exclude a potential source of additional loss from the nominal income regimes
from a fluctuating natural rate; this is discussed in Jensen and Walsh. Second our baseline parameter assumptions
coincide with Walsh but differ slightly from Jensen and Soderstrom. Rudebusch (2002) gives results for nominal
income growth targeting but his model has a different lag structure to that used here and the other references above.
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»m @ 6 @G O
q* 0 0 0 05 05
r 0 05 1 0 05
Baseline (ck=0.05, A=0.25)
CCB 100 90 55 97 76
SLT 34 15 1 23 13
N1 336 102 50 43 13
N2 9 23 0 19 1
N3 98 34 2 27 3
a) ck=0.2
CCB 100 91 82 93 83
SLT 21 10 2 22 19
N1 3 2 10 4 4
N2 2 5 45 8 29
N3 3 1 12 6 16
b) cx=0.01
CCB 100 97 32 99 90
SLT 47 27 1 35 19
N1 7552 2055 119 1325 293
N2 100 91 6 93 43
N3 100 94 8 96 52
c) A=0.5
CCB 100 92 49 98 78
SLT 37 17 1 26 13
N1 1262 358 118 201 60
N2 98 56 5 57 10
N3 100 67 11 72 18
d) 2=0.05
CCB 100 8 70 94 79
SLT 26 11 2 20 15
N1 0 1 0 7 6
N2 0 11 78 15 48
N3 0 7 37 14 34
Average over all parameter values
CCB 100 92 58 96 81
SLT 33 16 1 25 16
N1 1831 504 59 316 75
N2 58 37 27 38 26
N3 60 41 14 43 25
Average over all regimes
416 138 32 104 45

TABLE 2a: Full Information Delegation
(Indexed loss; Commitment=0, Discretion=100)
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0
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22
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0.5

71
16

80
31
11
54
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15
61
10
16

71
15
13

76
23
13
89
51

76
20
20
32
21

34
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1
1

59
12
4
16
7

76
29
10
84
39

39
3
20
0
0

55

13

69
21
12
162
59

60
15
12
53
21

32

(11 (12) (13)

Averages over:
All q*=0q*=0.5 q*=1

77 & 771 74
16 17 14 17
63 162 22 3
18 38 8 7
20 45 10 4
86 91 85 81
20 11 18 31
6 5 4 11
36 17 36 55
18 5 16 32
75 77 75 72
20 25 18 16
1304 3242 556 113
45 66 46 24
49 67 50 30
76 &8 76 73
16 18 14 16
233 579 100 19
27 53 23 5
3259 31 8
81 8 8l 77
17 13 15 23
6 0 6 13
64 30 64 98
32 15 34 49
79 &3 79 76
18 17 16 20
322 798 138 32
38 41 35 38
30 38 28 24
97 195 59 38

(14) (15 (16)
=0 r=0.5 r=1
96 79 57
26 15 6
128 39 21
37 9 7
43 13 3
94 85 78
25 20 15
6 5 8
13 29 67
11 16 26
99 89 36
37 20 2
3045 803 63
85 48 2
90 54 4
97 80 52
28 15 5
498 144 57
56 22 2
64 29 4
94 81 69
24 17 11
7 7 5
19 50 123
17 31 50
96 83 58
28 17 8
737 200 31
42 32 40
45 29 17
190 72 31



TABLE 2b: Full Information Delegation
(Regime ranking: 1=lowest loss, S=highest loss)

m @ 6 @ 6 © O ¢ © a0 dn a4z 43 a4 ad1s (16

q* 0 0 0 05 05 05 1 1 1 Averages over:
r 0 05 1 0 05 1 0 05 1 All g*=0q*=0.5 q*=1 r=0 r=0.5 r=1

Baseline (ck=0.05, A=0.25)

CCB 4 4 5 5 5 5 5 5 5 48 43 50 50 47 47 50
SLT 1 1 2 2 3 3 4 4 3 26 13 27 37 23 27 27
N1 5 5 4 4 4 4 3 2 1 36 47 40 20 40 37 30
N2 2 2 1 1 1 2 1 3 4 19 17 13 27 13 20 23
N3 3 3 3 3 2 1 2 1 2 22 30 20 17 27 20 20
a) ck=0.2

CCB 5 5 5 5 5 5 5 5 4 49 50 50 47 50 50 47
SLT 4 4 1 4 3 2 4 2 2 29 30 30 27 40 30 17
N1 3 2 2 1 1 1 1 1 1 14 23 10 10 17 13 13
N2 1 3 4 3 4 4 3 4 5 34 27 37 40 23 37 43
N3 2 1 3 2 2 3 2 3 3 23 20 23 27 20 20 30
b) cx=0.01

CCB 3 4 4 4 4 4 4 5 5 41 37 40 47 37 43 43
SLT 1 1 1 1 1 2 1 2 3 14 10 13 20 10 13 20
N1 5 5 5 5 5 5 5 4 4 48 50 50 43 50 47 47
N2 2 2 2 2 2 1 2 1 1 17 20 17 13 20 17 13
N3 4 3 3 3 3 3 3 3 2 30 33 30 27 33 30 27
c) A=0.5

CCB 4 4 4 4 5 5 5 5 5 46 40 47 50 43 47 47
SLT 1 1 1 1 2 3 3 4 3 21 10 20 33 17 23 23
N1 5 5 5 5 4 4 4 3 4 43 50 43 37 47 40 43
N2 2 2 2 2 1 1 1 1 2 16 20 13 13 17 13 17
N3 3 3 3 3 3 2 2 2 1 24 30 27 1.7 27 27 20
d) 2=0.05

CCB 5 5 4 5 5 4 5 4 4 46 47 47 43 50 47 40
SLT 4 4 2 4 2 2 2 2 2 27 33 27 20 33 27 20
N1 1 1 1 1 1 1 1 1 1 10 10 10 10 10 10 1.0
N2 1 3 5 3 4 5 4 5 5 39 30 40 47 27 40 50
N3 1 2 3 2 3 3 3 3 3 26 20 27 30 20 27 3.0

Average over all parameter values

CCB 42 44 44 46 48 46 48 48 46 46 43 47 47 45 47 45
SLT 22 22 14 24 22 24 28 28 26 23 19 23 27 25 24 21
N1 38 36 34 32 30 30 28 22 22 30 36 31 24 33 29 29
N2 16 24 28 22 24 26 22 28 34 25 23 24 28 20 25 29
N3 26 24 30 26 26 24 24 24 22 25 27 25 23 25 25 25
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The most striking example is the N1 regime which was weak in the baseline case shown in Figure
8a and the top block in the Tables. If ck is low or A high this regime deteriorates considerably but
for high ck or low A its performance dramatically improves. Regimes N2 and N3 show strong
parameter sensitivity both in absolute terms, as their loss indices vary considerably with the different
parameter combinations, and also whether those indices are increasing or decreasing in r. Overall
the regimes other than N1 remain at least as good as discretion across all the q*=0 cases. In that
sense the overall potential of delegation to offset stabilisation bias is broadly unchanged but the
rankings in columns (1)-(3) of Table 2b in particular (where only CCB fails to rank first at least once)
show that the optimal choice of delegation regime is sensitive to parameter values, even while
assuming that q*=0 so the Phillips curve (2) applies.

Clearly if (2) was a consensus model it would be appropriate to consider the parameter sensitivity
of these regimes in more detail but the Phillips curve derivation in Section 1 showed that (2) is a
special case of (11) and hence we move on to considering the impact of the shift away from Calvo
pricing generated by q*>0. These cases are shown in Figures 8b-8d and columns (4)-(9) of Tables
2a-2b. Figure 8b fixes r at zero and allows q* to increase from zero to unity. As a result the points
on the vertical axis remain unchanged from Figure 8a. In this case CCB improves only marginally
on discretion as q* increases while the index for SLT remains fairly stable. N1 shows a dramatic
improvement as q* increases such that for q*=1 it offsets virtually all the stabilisation bias. N2 and
N3 show a similar pattern to Figure 8a, improving as q* increases as they did when r increased.
Hence the major changes from Figure 8a are a worsening of the performance of CCB and SLT and
an improvement in N1 at high values of q*. Figures 8c and 8d allow for both q* and r to be positive.
A broadly similar pattern emerges. CCB is favoured by high r but is largely unaffected by q*. The
performance of SLT is better when q* is low but is always good. N1 is also weak at low g* but
much less so than when r was also low. N2 and N3 do well when either q* or r are high but
deteriorate if both are high.

The main impact of these results taken together, comparing Figure 8a with Figures 8b-8d, is that the
shiftaway from Calvo pricing represented by q*>0 leads to a significant improvement in the nominal
income growth regimes relative to SLT such that the latter is much less often the regime of choice.
We know already from columns (1)-(3) of Tables 2a-2b that the general superiority of SLT in Figure
8a is contingent on parameter values even if *=0 is imposed. From Figures 8b-8d that superiority
disappears even with the baseline assumptions unless r is large (most readily seen by comparing
Figure 8a with Figure 8c). Columns (4)-(9) of Tables 2a-2b allow for changes in the baseline values
and reinforce this conclusion with SLT frequently being outranked by at least one of the nominal
income growth regimes. From the averages at the base of columns 10-16 it is clear, however, that
SLT remains potent overall.

From these results it may be concluded that appropriate delegation is potentially very powerful in
offsetting stabilisation bias, but the identity of the best regime is strongly parameter dependent.
These conclusions follow from the evidence for the q*=0 cases taken alone but are strongly
reinforced by allowing for ¢*>0. In turn it is clear that none of the regimes (apart from CCB) should
be ruled out if delegation is being considered.
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The results presented so far assume full information about the economy at the time of delegation.
Ifthis was fully realistic, optimal delegation would be a fairly simple matter of comparing minimised
loss under all possible delegation regimes given the known model. Unfortunately that is unlikely to
be the case and hence an important issue is the robustness of regime performance under imperfect
information. It should be emphasised that the results above are not sufficient in themselves to
address this, even if one had strong priors about the probability distributions of the parameter values
or took a robust control approach. This is because in each case delegation was based on optimised
values for the loss function parameters listed in the last column of Table 1, with those values
changing each time the parameter assumptions were varied.

A full investigation of imperfect information delegation is beyond the scope of this paper but we
present some preliminary evidence and highlight the impact of moving away from Calvo pricing.
In particular we examine the consequences of delegation assuming that q* and r take particular
values (implicitly believed with certainty by the delegator) whereas in practice they take different
values. For simplicity this exercise is conducted using the baseline value for ck (which is assumed
to be known with certainty) so we focus on incorrect beliefs about g* and r. We assume known
values for B and A since they appear in the social loss function.

The results for expected loss are reported in Table 3a using the same index as above. The upper
block of figures reproduces the full information baseline case from the top of Table 2a for
comparison. The figures beneath are the loss index given the assumed values for g* and r shown
while their actual values are those given at the top of the columns. Figure 3b reports the same
underlying information but in the form of the change in the loss index relative to the full information
case.

The figures in Table 3a are informative about the likelihood that delegation may lead to a worse
outcome than discretion. With full information only two cases of this arise, both with the N1 regime
and when (q*,r) is (0,0) or (0,0.5). Since imperfect information cannot improve the outcome these
cases repeat across all the imperfect information possibilities. Further regime and parameter
combinations when this occurs are: i) CCB when (q*,r) is (0,0) or (0.5,0) for all the imperfect
information cases except when the values (0,0) were believed in which case this regime effectively
disappears since the optimal delegated value of A is simply the social value; i1) N2 when r=1 (for any
q*) but the belief was that (q*,r) was (0,0); and ii1) N2 and N3 when (q*,r) is (0,0) but other values
were assumed. These cases are a small proportion of all those considered. SLT is robust in the sense
that its outcome is never worse than discretion, and under N1 the outcome is worse than discretion
only for those cases when it was already inferior under full information.

Table 3b gives a clearer picture of the robustness of the regimes. We first suppose that q*=0 and this
is known with certainty so only columns (1)-(3) of the first two blocks of figures apply. Here SLT
is clearly very robust, its loss index deteriorating by a maximum of 2, whereas the nominal income
growth regimes are much less robust with N2 and N3 recording their maximum deteriorations in the
whole table when (q*,r) is (0,1) but was believed to be (0,0).
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TABLE 3a: Imperfect Information Delegation (baseline parameter values)
(Indexed loss: Commitment=0, Discretion=100)

»m @ 6 @G O
q* 0 0 0 05 05
r 0 05 1 0 05
Full information
CCB 100 90 55 97 76
SLT 34 15 1 23 13
N1 336 102 50 43 13
N2 90 23 0 19 1
N3 98 34 2 27 3
Delegation assumes q*=0, =0
CCB 100 100 100 100 100
SLT 34 15 3 26 19
N1 336 103 72 43 15
N2 9 84 219 72 91
N3 98 87 79 81 77
Delegation assumes q*=0, r=1
CCB 123 94 55 105 77
SLT 36 15 1 24 15
N1 382 110 50 56 14
N2 131 24 0 19 1
N3 148 35 2 29 4
Delegation assumes q*=0.5, r=0.5
ccB 117 92 55 102 76
SLT 47 21 4 25 13
N1 354 103 54 48 13
N2 139 26 1 19 1
N3 171 40 5 27 3
Delegation assumes q*=1, r=1
CCB 132 98 56 110 78
SLT 86 42 16 37 17
N1 439 130 54 73 21
N2 146 29 2 19 1
N3 155 36 3 28 3
Average over incomplete information cases
CCB 118 9% 66 104 83
SLT 51 23 6 28 16
N1 378 112 57 55 16
N2 126 41 55 32 23
N3 143 49 22 43 22
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Average over incomplete information cases and all regimes
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Averages over:
All q*=0q*=0.5

77
16
63
18
20

100
23
71

117
80
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19
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23
26
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19
67
24
29

84
29
&3
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27
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23
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47
41
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17
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38
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17
170
131
88

91
17
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24
170
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48
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59
65

93
27
182
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14
22

8
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16
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8
11

79
14
26
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11

82
21
35

9
11

85
18
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35
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(13) a4 (15
q*=1 r=0 r=0.5
74 9% 79
17 26 15
3 128 39
7 37 9
4 43 13
100 100 100
31 30 22
12 128 42
105 77 89
73 88 78
75 108 81
25 28 18
5 148 42
8 sl 10
6 6l 14
75 104 80
19 31 17
6 135 40
8 53 11

5 67 15
76 113 83
18 49 25
7 175 52
7 56 11

5 63 14
82 106 86
23 35 21
8 147 44
3259 30
22 70 30
33 83 42

(16)

r=1

57

21

100
17
42

184
74

57
12
22

58

27

57
12
23

68
12
29
52
21

36



TABLE 3b: Imperfect Information Delegation (baseline parameter values)

(Increase in indexed loss due to imperfect information)

m @ 6 G 6 ©

q* 0 0 0 05 05 05
r 0 05 1 0 05 1

Delegation assumes q*=0, r=0

CCB 0 10 45 3 24 43
SLT 0 0 1 3 6 11
N1 0 1 22 0 3 19
N2 0 61 219 54 90 175
N3 0 53 77 60 74 73
Delegation assumes q*=0, r=1

CCB 23 4 0 8 0 0
SLT 2 0 0 0 2 5
N1 46 8 0 13 2 1
N2 41 1 0 0 0 0
N3 50 1 0 2 1 0
Delegation assumes q*=0.5, r=0.5

CCB 17 2 0 5 0 1
SLT 13 6 3 1 0 0
N1 18 1 4 4 0 5
N2 49 3 1 0 0 0
N3 73 6 3 0 0 1

Delegation assumes q*=1, r=1

CCB 32 8 1 13 2 0
SLT 52 27 15 14 4 2
N1 103 28 5 30 8 1
N2 56 6 2 0 0 1
N3 57 2 0 1 1 0

Average over incomplete information cases
CCB 18 6 12 7 6 11
SLT 17 9 5 5 3 5

N1 42 10 8 12 3 7
N2 37 18 55 14 23 44
N3 45 15 20 16 19 18
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Allowing for g*>0 and hence considering columns (1)-(9) for all the imperfect information cases
leads to a similar conclusion about the relative robustness of the regimes but with a narrowing of the
gap between SLT and N2/N3 since SLT is less robust to incorrect assumptions about g* than r. The
overall average deterioration (reported at the base of column 10) is 3-4 times as high for N2 and N3
as for SLT. The average deterioration for CCB and N1 is only a little higher than that for SLT but
this is perhaps of less interest since CCB and N1 have high average losses in Table 2a, and the
relative performance of the N1 regime is highly model specific even with full information. Hence
consideration of imperfect information delegation appears to strengthen the case for the SLT regime
over the nominal income growth based regimes though a full analysis of the preferred regime would
require a much more detailed assessment of possible priors or feasible intervals for the different
parameters, including ck which we have kept fixed in Tables 3a-3b, as well as translation of the loss
indices into actual loss values using the results underpinning Figure 5. That exercise is not an
objective of this paper since we are concerned with the analytic question of the consequences of
moving away from Calvo pricing. From that perspective we conclude both that the q* parameter
matters for the optimal choice of delegation regime under full information, and that uncertainty about
the true value of g* would be a potentially important component of robust regime choice under
imperfect information.

4. Conclusion

The paper was motivated by the tension between the near-universal reliance on the Calvo pricing
model for monetary policy research and the combination of microeconomic evidence challenging its
realism and a parallel literature which suggests non-robustness to changing the time dependent
pricing rule. The latter literature had not yet fully analysed the implications of varying the Calvo
constant probability of price change assumption for the Phillips curve and monetary policy.

A fairly simple variant on the constant probability Calvo pricing rule was developed with the
probability of price change permitted to increase between one and two periods after a price change,
after which it remained constant. The model also allowed for a proportion of firms to follow rules
of thumb, a standard way of introducing lagged inflation into the Phillips curve. The new pricing
rule is itself open to question for being less than fully general but nevertheless the model derived
from it is more general than virtually all existing formulations used for monetary policy analysis.
As a consequence the paper was able to systematically explore the robustness of the Phillips curve
and the monetary policy conclusions that follow from it to varying the Calvo assumption.

The results were described in some detail in the introduction so we summarise the key findings and
implications here. The consistent theme is that varying the Calvo pricing rule leads to significant
changes and thus ignoring the possibility of non-Calvo microfoundations for monetary policy models
is hazardous. We found that varying the time dependent pricing rule gives rise to a very different
form of the Phillips curve with much richer endogenous dynamics. In turn optimal policy under both
commitment and discretion is sensitive to the pricing rule microfoundation with the size and nature
of stabilisation bias also affected. The analysis of optimal delegation showed that the best choice
of delegation regime depends on the underlying pricing rule as well as other parameters and that the
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possibility of non-Calvo pricing would also be important if delegation were to take place with
imperfect information about the structure of the economy.

Taken together, these results strongly challenge the reliance on Calvo pricing in much of the
monetary policy literature. More positively we have shown that the derivation of Phillips curves
based on more general pricing rules is feasible, that rule of thumb behaviour may readily be
incorporated if desired, and that policy results are fairly easily obtainable in such a model. The
stronger endogenous dynamics from a more general pricing rule are also of interest and open up the
possibility of a model that is closer to both the microeconomic and macroeconomic evidence while
retaining fully optimising microfoundations.
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Appendix A
Microfoundations of Optimal Price and Wage Setting

We derive the price that would be set each period in a flexible price environment in order to generate
the ‘ideal’ price which forms part of the derivation of optimal price setting once staggering
constraints are imposed. The microfoundations of these choices are standard. We consider a large
number of symmetric, monopolistically competitive firms, indexed by i, each with production
function (A1), where Y, is firm output, K, the firm's capital stock which we hold constant and L, firm
level employment. Any multiplicative constant that may be present in (A1) is normalised to unity
for convenience and without loss of generality. All expressions in this appendix refer to a single
period and hence for simplicity we do not include time subscripts.
Y; = K} (A1)

1 1

Each firm also faces the demand curve (A2) where P, is the firm's price, P the general price level
(defined as the weighted geometric mean of firm prices with weights summing to unity and equal
to the proportion of all firms with each particular price), 1 the common price elasticity of demand
(defined such that n>0) and Y ; an index of aggregate demand per firm.

Y. = ii*n Y
i (P) di (A2)

We also make use of the notation W for the common nominal wage (labour is assumed mobile
between firms) which is exogenous to firms individually, ¢, for the per period cost of capital (which
plays no part in the analysis since capital is fixed), and R, for firm profits. Profits are given by
R=P,Y,;-WL;-c(K, in terms of the three variables endogenous to the firm, P, Y, and L,. For given Y
and P the choice of any of these three implies the other two through (A1) and (A2) and we substitute
from those expressions for Y; and L, to give profits in terms of P, by (A3).

) W P. n 1
’ (?)(?l) “ Yl - oK (A3)

P

Differentiating (A3) with respect to P, gives the first order condition for price, (A4), which may be
substituted into (A1) and (A2) to give optimal employment by (AS5) and output by (A6). The second
order condition for profit maximisation may readily be shown to be satisfied.

1

1-a, W o -
Yai () il a1

P; = P[ (A4)

K o(1- D))"
n
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In (A4)-(A6) the powers on the firm level quantity variables, L;, K, and Y are such that we may
multiply each of these by the number of firms which then cancels such that the P, in (A4) may be
expressed as a function of aggregate demand, Y ;, and the aggregate capital stock and (A5) and (A6)
give aggregate employment and output simply by dropping the i subscripts. From this point K; may
be normalised to unity. P, in (A4) may also be shown to be equal to nominal marginal cost divided
by (1-1/n), a standard feature. The output gap is proportional to marginal cost in this model so we
may express the Phillips curve in terms of either of them. We choose the output gap since it has a
more direct intuitive link with policy actions.

We turn to wage setting behaviour, assuming that wages are set competitively period by period by
many small groups of workers (who by symmetry set the same wage) whose preferences may be
summarised by the aggregate labour supply curve L=(W/P)? where without loss of generality a
possible multiplicative constant is normalised to unity. Equating labour supply with aggregate labour
demand from (AS5) without i subscripts gives the equilibrium real wage by (A7). While we think of
workers setting the nominal wage we express outcomes in terms of the real wage for convenience,
noting that with contemporaneous wage setting rational workers will have full information about the
real wage that will result from any given nominal wage. Using the labour supply curve and (A1)
equilibrium employment and output are given by (A8) and (A9).

1
L Leopt o121y
w_ [o(1 _l)yn] n (A7)
P n
1 _ 6
L = [o(1 ‘H)]he(ka) (A8)
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af
Y = [a(l —ﬁ)] T (A9)

Given that we have assumed complete within period price and wage flexibility and not yet introduced
shocks (A7)-(A9) may be interpreted as flexible wage-price natural rates. Denoting these with a "*"
we may re-express (A4) and (A7) in terms of deviations from natural rates by (A10) and (A11).

w1
Iy 1
. P . n[1-a(l-—)]
P; ( )1 (—— 7 )] 1 (A10)
(?)
I S
Y n[1+9[1*a(1*%)] (All)

The model assumes complete wage flexibility while prices are staggered so (A11) may simply be
substituted into (A10) which gives (A12) as the ideal single period price which would be set by each
firm in the absence of staggering constraints.

1+0(1-0)
1
p. - P( Y)n[l"e[l*(l(l*;)] (A12)

As a final step (see Walsh, 2003b) we take logs of (A12) and assume a log linear shock to price
setting (ie. a multiplicative geometric mean preserving spread to the right hand side of (A12), €, to
give (10) in the text as the single period ideal price in logs which we denote p* (without an i
subscript since it is symmetric across all firms). We also add time subscripts and denote the log of
(Y/Y*) by y, the output gap. The parameter, «, in (10) is given from (A12) by (A13).

1+6(1-a)
n[1+0[1 -a(1-1)]
n

(A13)
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Appendix B
Phillips Curve Derivation

We present some of the more detailed steps in the derivation of the Phillips curve in Section 1.
Equations (3)-(8) are largely self-contained, apart from algebraic steps, so we focus on deriving (9)
for the price level and summarising the steps between (7)-(9) and the Phillips curve (11).

Following standard assumptions (Dixit and Stiglitz, 1977) we define the price level as the weighted
geometric mean of the individual prices that exist with the proportion of each price in all prices as
weights. It is convenient to work with the log of the price level, p, (since we use the approximation
p-p.; for inflation) which is thus the weighted arithmetic mean of all the log prices with the same
weights as before. The additive structure is helpful for combining the prices set by the two types of
firms as well as combining the prices set in different time periods which still exist.

We start by deriving the price level for the ‘standard’ firms which do not index between price
optimisations. Denoting this by p* and with , the (as yet unknown) weights within the price level
for standard firms only we have (B1) for p® at time t and t-1.

S e s s e s
Pt = ZigOx,; Prl = i gOf (B1)

The weights clearly depend on the probabilities of price change and we assume that the total number
of firms is large so the probabilities translate directly to proportions of firms. This justifies the
common weights in the price level for each time period and allows us to solve for them. As a first
step, ®, is given by the sum of q,®, (since a proportion q, of the newly set prices at t-1 are set again
at t) plus qo,+qm,+qo;+... since a proportion q of all those earlier prices are newly set at t. This
gives (B2) for o, which makes use of } o=I.

q

o, = 4,0, 0, = q,0,+q(1-0) = o, = -
l+q

(B2)

Similar reasoning using (B1) means that ®,=(1-q,)®, since a proportion (1-q,) of last period's new
prices at t-1 remain unchanged and thus become one period old prices at t. For the older prices in
(B1) o,=(1-q)», ;. Combining these expressions gives 03j=(1-q1)(1-q)]"1a)0 for j>0 and thus the price
level for the non-indexing firms in (B3).

q
l+q

s s 5 -1, S
Pt = [Xt +(1 —ql)zj:1(1 —q)’ lxt—j] (B3)

*

Next we lag (B3) one period and substitute the result into (B3) to give the more convenient
expression (B4).

q

*

*q

S S S xS
Pt = (I‘Q)Pt—1+1 [x7+q "x74] (B4)
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The derivation of the equivalent price level for the rule of thumb firms, p’, is similar and involves
the same weights since the probabilities of price change/optimisation are assumed common to the
two types of firms. The difference is that all the prices in p" at t-1 that are not re-optimised at t are
indexed by ym,_, which leads to (BY).

I/ vq x/n+ Sl
l+g” (1+q°)

ptr = (1 _Q)Pt:* YT (BS)

Having derived the price levels for the two types of firms treated as separate groups the aggregate
price level (9) follows directly from p=(1-r)p*+rp".

Following (9) an interim step to (11) is to derive (B6) where the left hand side is the sum of the new
prices set at time t as they appear in (9) and the right hand side follows directly from (7) and (8).

B(L-q)[(1-P)E[x 1 +rE fx/ 1

4 [I_B(l _Q)] (pt*+Bq *Et[ptjl])_ﬁ(l_ql) (B6)
1+Bg” 1+Bg "

s T
(1 —F)xf+rxy =

Leading (9) one period and taking expectations at t gives E,[p,,,] as a function of the new prices set
at t+1 so we may use that expression to substitute for the first line of (B6) from which, also using
(10), we have (B7).

B(1-g)
pt—IE[n,,1-1ym]
t q(1+Bg ") &8

(1 —r)xts+rxtr = (B7)

. [1-B(1-9)] (Kyﬁﬁﬁﬁq *Et[Kyt+1+81*l])
(1+Bg H[1+Bg "(1-9)]

Substituting (B7) and the same expression lagged one period into (9) and rearranging gives (11).
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Appendix C
The Taylor and Fuhrer-Moore Phillips Curves With Price or Wage Setting Shocks

This appendix notes the effect on a two-period Taylor Phillips curve (and also that in the Fuhrer and
Moore (1995) model) of the use of either perfect foresight or expectational error terms. We highlight
this point since a commonly expressed view is that the Calvo form of the Phillips curve (1) also
applies to the Taylor model, at least with respect to the inflation expectations terms. For examples
see Roberts (1995, equation 8), Walsh (2003b, equation 5.36), and more recently the introduction
to Amato and Laubach (2003b) amongst many others.

Given the time dependent pricing/price optimisation rule, (11) with q"=1 (and also iid shocks for
simplicity) gives the Phillips curve for a two-period Taylor model by (C1).

__B

T, —1 +B

(Efm, 1 +Ep (m]) ve(kypre A BEARYy, 1 +Kyy  +€, +BE, 1KYl (C1)

This differs from the forms typically reported in the literature which derive the Taylor Phillips curve
under perfect foresight or make use of expectational error terms. The difference may be seen by
defining the expectational error n=E, ,[m ]-x, (in Walsh's notation). Substituting this into (C1) gives
(C2).

n=PEAm, 1 +(L+P)e(kysre, +BELRyy 1 +kye +e,_ +BE, 11y ) +PBn, (C2)

In (C2) the term E_ [n,] from (C1) is now implicit in the final term which, observationally (since
expectations errors are white noise under rational expectations), can be combined with g, to form a
composite error term."”> We emphasise that formally there is no error involved in (C2) or the
equivalent expressions in the literature, and from an empirical perspective the expectations error
would not be readily identifiable'®, but from a policy perspective (C2) may be seriously misleading.
The reason is that E ,[m ] is fixed when policy choices are made at time t but m, is not. Hence 1, is
not exogenous to policy at time t but if it is treated as an error term (or part of a composite error) an
implicit assumption is being made that it is exogenous. Hence for policy analysis it is important that
(C1) is used and not (C2) unless we are content to assume perfect foresight which is unlikely since
most interesting policy issues, including stabilisation bias, are concerned with responses to shocks.

We also briefly note the same issue in relation to the Fuhrer and Moore (1995) Phillips curve. This
model is used relatively little in the most recent literature for reasons noted earlier but it is sometimes
referred to as supportive of the Phillips curve (2) which we show not to be the case, except under

'SAs can the term E. [y].

16 Though the changed coefficients on E[x,,] and the output gap terms in (C2) relative to (C1) for the same
underlying model may be noted. This gives rise to an issue of interpreting estimates of these coefficients if (C2) is
estimated on the assumption that it is structural (with 1, assumed exogenous) whereas in fact (C1) is the true model.
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perfect foresight. The Phillips curve for this model is usually presented in a form such as (C3) which
reproduces Walsh (2003b, equation 5.45) in the same notation."” Here B=1, there are no cost push
shocks to wage setting and 1, has the same definition as above. This expression is standard in the
literature.'®

T, = %(7‘[[71+Et[7tt+1]) +2k(yl‘ert—l) +%nt (C3)

The same concern about using (C2) for policy analysis applies to (C3). If we substitute in for n, we
obtain (C4) where E,_ [n,] is now explicit and the coefficients on the other terms are reduced by two
thirds.

= %(nt—lJrEl‘—l[nt] +Et[nt+1])+%k(yt+yt—l) (C4)

Clearly the expected inflation terms in (C4) are inconsistent with (2) except under perfect foresight
when =0 and the same remarks as above apply.

"The coefficient of a half on the last term in (C3) is missing from Walsh's 5.45 which, given the derivation in his
footnote 44, appears to be a typographical error.

'8See Batini and Haldane (1999), for example, including the definition of &, in eqn. (8).
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Appendix D
Optimal policy: Commitment, Discretion and Delegation

We outline the detailed steps involved in the policy material of Sections 2 and 3, covering
commitment followed by discretion and delegation taken together. It is convenient to re-express the
Phillips curve (11) in the more compact form (D1) where the a, 6 and x summary coefficients follow
directly from (11). The § notation in this appendix is different from its use in equation (2).

m=ogEfm, v Ep ] o, S E vy 1 +8y+0 B [VA+O.V e Y HE  HIE (D1)

Commitment

We solve for the choice of time series processes for inflation and output that minimises (13) subject
to (D1) allowing the policy maker to commit to those processes and thus directly influence
expectations. The approach is largely standard though as discussed in Section 2 the presence of E,_
[m] and E_[y,] in (11) as well as , and y, means that we make use of the reduced forms (16) to
properly distinguish between inflation and output and their expected values one period before. Those
reduced forms are supplemented by (D2) in the solution below where 2¢ is the Lagrange multiplier
on the Phillips curve constraint.

¢, = 2?:00181—1' = COSt+Et—l[(pt] = 0081+C18t—1+El‘—2[(Pt] (D2)

Using (16) substituted into (D1) we may re-express (D1) by (D3).
B dm, 1+ (0 = DE, (] +0,E 5w, )

0= +8E v 1+(8+0) Ep 1yl +6,Ey 51y ] (D3)

+(Xp=ay+0by €, +(x, +a,ay+8,bp)E,

Making use of (D3) and (16) we form the Lagrangean (D4) where for notational simplicity we
assume that the policy solutions are to be chosen in period 0.

5 o Edm, 1+ (o, ~DE. (1] +o,Ey im, )
(a08t+Et—1[nt])
Ly=EX B [ w20 O ELy 1O+ Ey 1VA+,E 5y ) 11 (D4)

Mbye, +Es 1V )
+(Xp=ay+0by €, +(x, +a,ay+8,bp)E,

We next find the first order conditions for the maximisation of (D4) with respect to a,, by, E,;[w,] and
E_ [y]. For the first pair of these, the contemporaneous shock responses, (D4) may be differentiated
allowing for the responses to all the shocks that may occur but, through symmetry, we may more
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simply consider the responses to a single shock which we denote €. In a similar fashion we evaluate
the derivatives for the second pair for the expectation of inflation and output at some time s. The
relevant partial derivatives are shown in (D5)-(D8) with the notation in the first pair indicating partial
derivatives considering solely the shock, ¢,

oL
a_ao ‘ € :2E0[ BS[(aogs +ES*1[T[S])8S _(Psgs] +BS+1(ps+185a2] (DS)
0
oL
a_bo | SS:2E0[ Bs[k(boss +E'S*I[y.S‘])((%s-’—(psgsS] +BS+1(PS+18s62] (D6)
0
aLO _2E N _ s—1 s+1
————=2EBlagg +Eg (m]+o (o, D]+ o 0.+ o, 0] (D7)
OEg (m ]
oL
————=2E(B[Mbye, +E 1y ) +0,(3+5 )1 +B o, 180+ gy, 18, (D8)
OE¢ |1yl

We use (16) and (D2) together with E[¢]=0 and the assumption that the shocks are iid so E[g;g;]=0
(i#)) to simplify the expectational terms in (D5)-(D8). We also roll forward the timing of the
expectation in (D7) and (DS8) from E[.] to E_,[.] since the policy maker implements the first order
conditions that follow from (D7) and (DS8) at time s-1. Hence we have the first order conditions
(D9)-(D12) where we change the time subscripts from s back to t.

0 =a,—c,+Pa,c, (D9)

0 =Ab,+0c,+Bd,c, (D10)

0 =BE; (m]+B(a,~DE; 19 +00, | +B*0,Ey (19, (D11)
0 =BAE, 1y d+BB+8 ) Ey 10,]+8,0, , +B*,E; [9,.,] (D12)

The commitment solution thus comprises (D9)-(D12) plus the Phillips curve constraint (D3). From
these the relevant state variables are the current and once lagged shock terms together with once
lagged inflation, output and the multiplier. Hence we conjecture the MSV solutions (D13)-(D15)
where the coefficients on the contemporaneous shock are the same as (16) and (D2) but the other
coefficients differ (since the last three variables in each expression will also respond to g, for
example).
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m=age,rd g, rdyy  rdim rde, (D13)
ViEbGE reE, ey resT, e, (D14)

(Pt:COStJrflSt—l +fzyl—l +f3nt—1 +f4(Pt—1 (DIS)

To complete the solution requires two steps. First we substitute (D13)-(D14) into (D15) to derive
¢, in (D9)-(D10) as c,=f,+f,b,+f;a,+f,c, and substitute this into the latter to give (D9)' and (D10)'.

0 =a,=Co+Poyf, +hby a0t f4cy (D9)'

0 =Ab,+8c, +Pd,(f, b, 30, +fiCy) (D10

Second we substitute (D13)-(D15) into (D3) and (D11)-(D12) until those equations are expressed
in terms of the state variables identified in (D13)-(D15). This gives (D3)', (D11)' and (D12)".

g[x,tay —1+C,) +by(3+C)) +a,d, +3 e, +c,C;]
+&, 1%, +d (0, —1+C,) +e,(8+8,+C)) +f,Cy]
0= Vg0, +dy( 0 ~1+C) +e,(3+8,+C)) +£, (] (D3)
10, +dy(0y ~1+C)) +ey8+8, +C)) +£3C)

O, 0 dyoy-1+C) +e,8+8,+C)) +/,C)

g,_11d,C,;+f,Cs+e Cl
VildyCytf,Cs+e, Col
0= (DI1Y

1, ,1d,Cy 1,05 +e;Cl

@, 110y +d,Cy+f,Cs e, Cyl
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g,_11d,Cytf Cgre Cy)

VildyCotf,Co+e, O
0= (D12)
7, 1d;Cy+f,Cgves Gy

9, 118y +d,Cy £, Cs e, C))

Where

C,=0,d,*6.e, C,=0d,+,e;, Ci=a,d,+d.e,
C,=B(1+Bofy Cs=P(a,-1+Bayfy C =[32(12f2
C,=B(A+Bd,f;) Cy=P(3+8,+Bo,fp C, =B282f3

Given that the state variables may take any value, (D3)'and (D11)'-(D12)' are satisfied by each of the
13 square bracketed terms following the state variables being set to zero. Hence they become 13

simultaneous equations which, together with (D9)'-(D10)', are solved to generate the 15 coefficients
in (D13)-(D15).

It may be noted that from (D3)', (D11)'and (D12)' the simultaneous equations permit (and the MSV
solution requires) 1) if a,=8,=0 so there are no forward looking expectations in (D1), d,=e,=f,=0 so
¢, 1s no longer a state variable, ii) if x,=0, d,=e,=f,=0 and ¢, is no longer a state variable, iii) if
0,=0, d,=e,=f,=0 and y, , is no longer a state variable, and iv) if a,=0, d;=e,=f;=0 and =, is no longer
a state variable. More demandingly, the MSV solution requires the selection of roots for the MSV
coefficients that are continuous with those that obtain as the parameters in these cases rise above zero
(see McCallum, 2003). While we offer no general analysis of this multiplicity issue it appears that
the numerical solution method (discussed below) achieves this since it looks for solutions near the
initial trial values for the MSV coefficients and we build up the solutions sequentially starting from
q*=0, r=0 which removes the lagged state variables. In addition the impulse responses are checked
at each step and show no evidence of the sharp discontinuities that would be expected if the solution
method moved from one root to another.

The simultaneous equations are solved numerically (see software note below) and we simulate
(D13)-(D15) in response to a single unit shock which gives us 1) impulse responses for inflation and
output, and ii) permits numerical calculation of the coefficients of (16) and (D2) in infinite moving
average form which are simply the value of the impulse response in each period following the unit
shock. Itis then simple to calculate moments of interest such as the unconditional variances required
for evaluation of the loss function (13). With iid shocks these are simply the sum of the squares of
the infinite moving average coefficients multiplied by the variance of the shock process. The same
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procedure is adopted for discretion/delegation below so we may calculate relative expected loss
without making any assumption about the variance of the shock process.

Discretion and Delegation

From the discussion in Section 2 we assume the MSV forms (14) and (15) plus the equivalent for
the Phillips curve constraint multiplier, p, introduced shortly given by (D16).

Wy T MGETIE LYy  THRT (D16)

Again following the earlier discussion we substitute (14)-(15) and (D16) into the Phillips curve (D1)
to give (D17).

0=D\m+D,yp+Dim,  +Dyy  +Dsg +De, | (D17)

Where
D =-1 +aol3 +80m3 D, =0 +(xol2 +80m2 D,=a, +0Lll3 +61m3

(D18)
D,=8,+a,l,+8,m,  Ds=y,+ayl, +6m, D=y, +a,l,+6,m,

From which we form the Lagrangean (D19) which for simplicity is expressed from period 0. This
solves for all the delegation regimes combined even though in practice we set at least one of A, A,,
A, and A, to zero according to the delegation regime under consideration (see Table 1).

R A S NV PR NP
Ly = EZ BT ] (D19)

2p(D\m+DyDim,  +Dyy  +Dse +De, )

This gives first order conditions for inflation and output (D20)-(D21) with expectations taken at time
t when the policy decision is made.

0 :Xﬂ?’[ﬁ}‘n(nﬁyt_yt—l) +D1” t+BD3El‘[“t+1] (DZO)

A+ (LB, M) +A Ly~ (A +h )y + Do,

0 =
PBAAADEyy 1 -BAE [m, 1+BDEfp, .1

(D21)

Lastly we substitute (14)-(15) and (D16) into (D17) and (D20)-(D21) in a similar way to the
commitment case to give (D17)" and (D20)'-(D21)".
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g[Ds+D,l,+D,m

+&,,[Dg+D\ [, +D,ym]

t
0= (D17)
Y 1Dy +D L +Dymy)

+1, (1D, +Dll3 +D,m,]

t

g[BDsn,+D ny+D,l +Dgmy]
+&,,[Dyn,+D,l, +Dgm, ]
0= (D20)
Y[ =A,+Dny+D,l, +Dgm, |

7, [Dyny+ Dl +Dgms]

e[ -Bh, +A)m, ~BA [ +BD n, +D,ny+Dyly+D\ym ]
+&,_,[Dyn, +Dyl, +D,ym ]
0= (D21)
VL=, +A)+D,yny +Dyly +D g, |

70, [Dyny +Dyly +D, ym; ]

Where D,-D, are given in (D18) and D,-D,, are as follows.

D=0+, +BDsny - Dy=h, +BDyn,
Dy=\ +BDn,-B(A, +A)m,-BA [
Do =(1+B)(&, 2 )+A +BD n, =2, +AJm, =BA, I,
Following the same reasoning as under commitment, each of the twelve square bracketed expressions
in (D17)" and (D20)'-(D21)" are set to zero and the resulting simultaneous equations are solved
numerically for the twelve MSV coefficients in (14)-(15) and (D16). These may then be simulated

with a unit shock to generate impulse responses and second moments as under commitment above.
Those twelve equations characterise the discretion and delegation solutions for given parameters in
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the loss function (17). For discretion that comprises the full solution given appropriate choice of the
loss function so (17) corresponds to the social loss function (13). For the delegation regimes the
twelve equations characterise optimal choices by the delegated policy maker but there is a prior
choice of the loss function to be delegated. Hence for these cases the solution amounts to a choice
of the parameters in Table 1 for each regime to minimise loss subject to the twelve equations being
satisfied.

A Note on Software

The commitment and discretion cases requires the solution of the relevant simultaneous equations.
The delegation regimes are an optimisation exercise subject to the constraint of a set of simultaneous
equations being satisfied.

We solve for optimal policy under these regimes using the Solver command in a standard Excel
spreadsheet. The model is set up on the spreadsheet and the simultaneous equations specified using
the relevant Phillips curve and loss function parameters. The Solver command solves for a specific
cell to be maximised, minimised or set to a specified value subject to a set of constraints and with
a specified set of adjustable cells. For commitment and discretion the adjustable cells are simply the
MSYV coefficients in the relevant reduced forms. For solving the relevant set of simultaneous
equations the command is set up to set one of them to zero subject to the constraint that the others
are also zero. For optimal delegation, the command is set up so loss is minimised with the relevant
loss function parameter from Table 1 added to the list of adjustable cells and all the simultaneous
equations specified as constraints.

The MSV approach used above is less elegant than a state space method, since it requires the
material above to be derived rather than simply putting the model into solution code, though it also
avoids the work required to change the model equations into state space form. A major advantage
of the MSV method, however, is the relative ease of using a standard spreadsheet command to solve
for optimal delegation rather than more cumbersome grid search procedures.

For ease of replication and as a demonstration of this method we provide the solution spreadsheet
for this paper (in Excel) and a "Readme" file (in PDF) with the discussion paper version of this paper
available by following links from www.economics.ox.ac.uk/Research/WorkPapers.asp to the
Department of Economics Discussion Paper Series.
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