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ABSTRACT:

The study of citation tones, lexical tones produced in isolation, is one of the first steps towards understanding speech
prosody in tone languages. However, methodologies for investigating citation tones vary significantly, often leading
to limited comparability of tone inventories, both within and across languages. This paper presents a systematic
review of research methods and practices in 136 citation tone studies on 129 tonal language varieties in China,
including 99 studies published in Chinese, which are therefore not easily available to an international scientific read-
ership. The review provides an overview of possible analytical decisions along the research pipeline, and unveils
considerable variation in data collection, analysis, and reporting conventions, particularly in how f0, the primary
acoustic correlate for tone, is operationalised and reported across studies. Key methodological issues are identified,
including small sample sizes and inadequate transparency in communicating methodological decisions and proce-
dure. This paper offers a clear road map for citation tone production research and proposes a range of recommenda-
tions on speaker sampling, experimental design, acoustic processing techniques, fO analysis, and result reporting,
with the goal of facilitating future tonal research and enhancing resources for underrepresented tonal varieties.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons

Attribution (CC BY) license (https://creativecommons.orgl/licenses/by/4.0/). https://doi.org/10.1121/10.0032356
(Received 18 July 2024; revised 18 September 2024; accepted 20 September 2024; published online 15 October 2024)

[Editor: James F. Lynch]

I. INTRODUCTION

Lexical tones are relative pitch contrasts that differenti-
ate lexical meanings. For instance, in Standard Mandarin,
the syllable ma can be produced with four different lexical
tones and indicate different meanings, as illustrated in
Table 1. Tone languages are languages that feature such lexi-
cal pitch contrasts. They take up a significant proportion of
the world’s languages: Yip (2002) suggested a range of 60%
to 70% and Maddieson (2023) estimated 47%. The first step
to any speech prosody research in a tone language is to
investigate its lexical tone system—how many lexical tones
there are in the variety and what they are like in citation
form. Citation tones in a language serve as the baseline for
understanding the tonal system, without the influence of
complex linguistic contexts or tonal interactions. They are
often analysed as fundamental building blocks for surface
melodic patterns of larger linguistic units. Despite the sig-
nificance, however, there appears to be a lack of consensus
regarding the methodologies employed for conducting such
investigations.

It has been over a century since the pioneering piece by
Chao (1922) on the experimental methods for citation tone
research in Chinese languages. This article was published at
a time when instruments such as gramophone (Jones, 1909)
and Rousselot apparatus (Bradley, 1916) were employed to
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plot the pitch curves on a musical stave. Although these cre-
ative early methods of pitch measurement and visualisation
are now outdated, Chao’s insights and principles of conduct-
ing experiments continue to influence modern tonal
research. With the technological advancements over the past
100 years, it is high time that we set up a new guidance on
the analysis of citation tones. We conducted a systematic
methodological review of citation tone studies of the last
five decades on tone languages within China and explored
the issues involved in examining citation tones, as well as
proposed a comprehensive set of recommendations for
future research.

A. Citation tone

Citation tone is a lexical tone in its citation form. The
term “citation form” refers to “the spoken form a word has
when produced in isolation, such as when cited for purposes
of illustration, as distinguished from the form it would have
when produced in the normal stream of speech” (Collins
Online Dictionary, 2024). Tone can be conceptualised in
two approaches: as concrete surface contrasts (Pike, 1948)
or an underlying property of morphemes (Hyman and
Leben, 2020). The starting point of citation tone studies is
usually to determine the surface tonal contrasts, and many
studies directly take the citation form as the underlying form
in phonological derivations [e.g., Shen (1992) on Mandarin
tone sandhi].

©Author(s) 2024.
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TABLE I. Examples of the four lexical tones in Standard Mandarin.

Chinese Phonetic Possible
Lexical tone example transcription meaning
High-level tone i ma| “mother”
Rising tone i3 ma’| “hemp”
Fall-rise (dipping) tone = ma./ “horse”
Falling tone o ma\ “scold”

Lexical tones can be divided into contour tones and
level tones. Within Chinese varieties, both types of tones are
common. Mandarin varieties [e.g., Li et al. (2019) on
Tianjin Mandarin] tend to be contour-tone based; many
southern varieties, such as Cantonese [e.g., Zee (1991) on
Hongkong Cantonese] and Hakka [e.g., Lee and Zee (2009)
on Meixian Hakka] varieties, have tonal contrasts which dif-
fer in tone contours and tone levels; and in some varieties,
such as Tibeto-Burman varieties [e.g., Qu and Yang (2019)
on Benna Hani], only contrastive level tones exist.

In Chinese and Southeast Asian tone languages, pitch is
contrastive on most syllables. Some languages feature spe-
cific types of tones, such as checked tones and neutral tones.
Checked tones, commonly known as the entering tones in
Middle Chinese, are different from the other tones in that it
is not a concept purely related to tonal contour or levels;
instead, they indicate that the syllable carrying a checked
tone ends in an oral (no audible release) or glottal stop. For
instance, in Cantonese, the word [4]/hep/ “union” ends with
a final unreleased [p'] and is thus considered to have a
checked tone. Checked tones are sometimes not included in
the total number of tones when they are merged into other
tone categories. Neutral tones are also referred to as “light
tones,” translated from the Chinese term. An example would
be the question particle "/ma/ in Mandarin. It is the same
syllable as the examples in Table I, only with a neutral tone.
Neutral tones are often produced with reduced loudness and
duration as well as centralised vowels in Mandarin and,
therefore, regarded as reduced tones instead of full tones
(Xu, 2024). A neutral tone has also been considered as a
contextual tone (Yip, 2002): in Mandarin, it mostly occurs
enclitically in unstressed positions, where its pitch patterns
heavily depend on the preceding syllable [see Chen (2015)
for a review of neutral tones across Chinese varieties]. With
the perspective of neutral tones as a phenomenon neutralis-
ing contrasts among lexical tones in unstressed positions
(Chao, 1968), they are usually excluded from the tonal
inventory of a language variety.

B. Lexical tone transcription

The description of a tone system often concerns how
pitch is transcribed. The International Phonetic Association
endorsed two sets of transcriptional conventions of tones
considering its prevailing usage by linguists working with
tone languages in Africa and Asia (Maddieson, 1990). The
Africanist tradition utilises accent marks superscript to pri-
marily vowels (e.g., € for a falling tone), while the Asianist
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tradition employs Chao’s tone letters (e.g., \l for a falling
tone). Each tone letter consists of a simplified time-pitch bar
or shape attached to the left of a vertical reference line that
defines the tone stave (Chao, 1930). Its numeric equivalent
is also commonly used. In Chao’s tone letter system, the
tonal range is idealised as a five-level scale, with 1 repre-
senting the lowest pitch and 5 the highest. The juxtaposition
of numerals from left to right signals a tone contour: its
beginning and end, and any inflection point in the middle
(e.g., 51 for a falling tone).

Contrary to the highly conventionalised presentation of
phonemes, a wide range of qualitative and quantitative
methods are available to describe citation tones, ranging
from impressionistic text description (e.g., rising, falling),
tone letters and numerals (e.g., 55, 213), phonologised nota-
tions (e.g., H, L, HL), to coefficients or parameters from var-
ious functional models of fO contours [e.g., Andruski and
Costello (2004)]. The choice of a method or a combination
of these methods depends on the purposes and analytical
framework of the research, whether it is oriented to lan-
guage documentation and description, theoretical analysis
regarding the abstract phonological representation of tone,
or testing the validity of models through analysis-by-
synthesis.

C. The current study

The chief goals of this study are to (1) have a thorough
overview of the current field by reviewing the methodolo-
gies used in studying citation tones and (2) highlight and
illustrate effective methodologies and practices informed by
recent linguistic advances. The guiding question of the sys-
tematic methodological review is: How is citation tone pro-
duction research conducted? Specifically,

(1) How are speech data of citation tones collected?

(2) Which technologies and analytical tools are commonly
used in citation tone production studies?

(3) What methods are employed in analysing fO data of cita-
tion tones?

(4) How are citation tones reported and transcribed?

To answer these questions, we reviewed studies from
multiple sources. We limited our scope to language varieties
in China, most of which are tone languages of a similar
type, featuring large tone inventories, unitary contour and
level tones, and primarily lexical rather than grammatical
tones (Ratliff, 2015). Section II details the relevant search
(sampling), screening, and coding procedures, together with
the full inclusion and exclusion criteria.

Section III synthesises information from all the selected
studies and presents the findings of our review. In this
review, we focused on the analysis of the pitch/fO pattern,
since it is the primary acoustic correlate of tone in most tone
languages, though tone can be signalled by many other pho-
netic cues, such as amplitude envelope [e.g., Zhou and
Martin (2012)], phonation [e.g., Yu and Lam (2014)], and
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duration [e.g., Howie (1976)]. We also left neutral tones,
which do not occur in isolation, out of the account.

In Sec. IV, we evaluate the methodologies reported in
the literature in the spirit of reproducible and replicable
research and propose a set of recommendations aimed at
promoting principles and practices of reproducibility in the
design, implementation, and communication of citation tone
research. The recommendations that benefit the study of
tone languages in China are likewise useful for analysing
citation tones in many other tone languages in different parts
of the world, for examining tone production in both first and
second language acquisition, and for investigating other
pitch phenomena in prosody research.

Finally, in Sec. V, we conclude the review by address-
ing unresolved issues and highlighting directions for future
studies.

Il. METHODS

We consulted a range of peer-reviewed phonetics jour-
nals and international conference proceedings in English, as
well as assorted journal articles in Chinese, and established
a database of citation tone studies. A coding protocol was
then developed to synthesise the methodological informa-
tion from the literature, resulting in a comprehensive review
datasheet. The procedure of creating the database and the
review datasheet is illustrated in Fig. 1 and introduced in
detail in this section.

A. Literature search and retrieval

Given the language expertise of the two authors and the
research scope of varieties in China, we drew from academic
sources in both English and Chinese. The inclusion of Chinese
publications greatly enriched our review with first-hand data
and analyses of a broader range of under-represented language
varieties, which are not easily accessible to an international
scientific readership, and also alleviated the publication bias
by incorporating exploratory and descriptive research without
significant theoretical findings.

For papers written in English, we started with widely
cited journals including Journal of International Phonetics
Alphabet (JIPA) and Journal of Phonetics (JPhon) through
searching for the keyword “tone” and going through all
results manually. Then we resorted to proceedings of high
calibre international conferences including the International
Congress of Phonetic Sciences (ICPhS) and International
Conference on Tone and Intonation (TAI). All ICPhS pro-
ceedings ranging from the first in 1932 to the 20th in 2023
were searched, with the exception of the 8th in 1975, for
which no proceedings were published. The first TAI pro-
ceeding published in 2021 was included. Then we searched
for any remaining articles using Linguistics and Language
Behaviour Abstracts (LLBA), a commonly used database
that indexes a variety of articles in linguistics. We employed
the “advanced search” function with keywords and combi-
nations of keywords in the fields of title and abstract. For
articles written in Chinese, we searched in China National
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Knowledge Infrastructure (CNKI), the largest multidisci-
plinary electronic database of academic resources in China,
using the keyword “H.FiH” (“mono-character tone” or
“citation tone”). All searches were conducted between 28
August and 31 August 2023.

Table II lists the sources, keywords, and search fields in
our replicable search procedure, and presents the number of
results returned and the number of articles included in the
current study. Duplicate articles from multiple searches
were included only once.

The keyword “citation tone,” unexpectedly, failed to
yield any studies of potential interests in the English literature
during our search, though its Chinese counterpart *“H.71&”
resulted in a retrieval of 99 studies. For instance, no study
contained the string “citation tone” in their title since the
very first ICPhS proceedings in 1932. Therefore, keywords
with a much broader scope such as “tone” were used as
shown in Table II, which introduced challenges in manually
screening and identifying pertinent studies.

B. Inclusion and exclusion criteria

Explicit inclusion and exclusion criteria were developed
tailored to our research goals. A study was included if it met
all of the following conditions:

(1) It was a published article in an academic journal or a
peer-reviewed conference.

(2) It contained empirical data featuring the production of
citation tones in a tone language spoken in China.

(3) It focused on the production of citation tones by native
speakers of the language variety, without reported
speech impairments, and mainly reside or grow up in
the regions where the language variety was predomi-
nantly spoken, rather than by second language (L2)
learners or members of the overseas diaspora.

(4) It featured the complete set of full tones in the tonal
inventory of a language variety. A study examining a
subset of lexical tones was included only when checked
tones were omitted.

(5) It included an analysis of the fO contours of the citation
tones produced in isolation.

Studies were excluded for the following reasons:

(1) The study featured a tone language spoken outside China.

(2) The study was a dissertation or thesis.

(3) The study was a literature review or theoretical piece
without any empirical data.

(4) The study featured the perception of tones without a
speech production component.

(5) The study featured L1 or L2 acquisition, examining the
production of citation tones by young children, language
learners, members of the overseas diaspora, or individu-
als with speech and hearing disorders.

(6) The study concentrated on tone sandhi or tones in vari-
ous tonal contexts without a component of tones pro-
duced in isolation.
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FIG. 1. (Color online) The flow chart of creating the review database and datasheet. Relevant methodological descriptors are shown in six coding categories

under information logging, where the question marks indicate Boolean values.

(7) The study did not address some non-checked tones in
the tone system of a variety.

(8) The study only targeted specific features of citation
tones (e.g. duration, phonation, or laryngeal settings).

(9) The full text of the article was not available or accessible.

Studies that did not align with these requirements were
excluded in the present review, despite their valuable contri-
butions to the general field.

The searches returned over a thousand studies related to
tone, among which 136 empirical studies were selected and
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retrieved. There are 99 Chinese articles sourced from a
diverse array of journals in the CNKI database. The remain-
ing 37 English articles comprise 9 from various ICPhS pro-
ceedings, 20 from the JIPA, and a few from other journals,
mostly via the LLBA database, including the JPhon,
Phonetica, International Journal of Chinese Linguistics,
Languages Language and Linguistics Lingua and Australian
Journal of Linguistics. It is worth noting that while this col-
lection of citation-tone papers may not be exhaustive, the
coverage of over 100 studies from well-cited scholarly
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sources over the past five decades (1976-2023) offers a
reflective overview of the field and provides valuable
insights into research methodology.

The database features 129 language varieties, as shown
geographically in Fig. 2, where small islands are not shown
on the map due to the lack of language data. If a paper con-
tained age-related sub-varieties, they were counted under
the same category in the calculation of language variety.

Figure 3 displays the number of research articles in the
database by their publication year and by the language group
involved. The period from 2011 onwards has seen a boom in
citation tone studies within our database. It is worth mention-
ing that the year 2011 shows a noticeable surge in the number
of studies in the figure. A possible cause is that the 17th ICPhS
was held in Hong Kong that year, which promoted the repre-
sentation of scholars with a language background and expertise
in tone languages compared to previous years. Therefore, host-
ing conferences in diverse regions worldwide may enhance the
inclusiveness of research samples, perspectives, and practices.
Figure 3 also shows that varieties of Mandarin Chinese are
more frequently researched than varieties in other groups,
likely to be reflective of the larger population of Mandarin
speakers in China.

C. Information logging

The database is accessible through a public Zotero
library (Xu and Zhang, 2024a). For each selected study, the
description of research methods was annotated and distilled
into a row in our comprehensive review dataset, with six
key categories of information logged: (1) basic information
about the language variety, (2) speaker details, (3) design of
speech materials, (4) aspects of recording procedures, (5)
acoustic measurements and processing techniques, and (6)
reporting of findings. To facilitate information logging, a
customised “reading-note card,” a note-taking text file as
shown in Fig. 1, was created using the Zotero plugin
ZotCard (2023) for each paper. In the review datasheet, the

TABLE II. The number of journal articles according to keywords and com-
binations of keywords in the search procedure. If an article appears in more
than one search result, it is only counted once in the “No. of selected”
column.

Sources Keywords No. of results No. of selected
JIPA Chinese tone(full text) 87 20
JIPA tone(title) 51 0
JPhon tone(title, abstract, keywords) 145 1
ICPhS tone(title) 271 9
TAI tone(title) 14 0
LLAB citation tone(title) 6 0
tone system(title) 53 0
tone(title) AND production(title) 101 0
tone(title) AND acoustics(title) 72 2
tone(title) AND production(abstract) 223 2
tone (title) AND acoustics(abstract) 272 3
CNKI FLEEI (title) 146 99
Total 1441 136
2542  J. Acoust. Soc. Am. 156 (4), October 2024

methodological descriptors were encoded as string (textual),
numeric, and boolean (True or False) values. Below we
describe each key category in more detail.

Language variety: Basic information about the lan-
guage variety including the language family and where the
variety is spoken were logged. We also noted down the
basic information of the tonal system of each variety, such
as the number of tones and the description or representation
of each tone, if such information was available.

Speaker information: The number of speakers
involved and the linguistically relevant demographic infor-
mation such as age and sex were logged. Considering
Standard Mandarin’s special status being the official lan-
guage in mainland China, whether they speak Standard
Mandarin was also tracked, which largely reflects a descrip-
tion of their language background.

Speech materials: The number of monosyllabic words
for each tone category and their total count, along with the
number of repetitions, were logged. We also tracked
whether the design of speech materials controlled for sylla-
ble structure and segments, addressed any tonotactic gaps,
and considered the usage frequency of the words.

Recording procedure: This included experiment setup,
such as recording premises; equipment, such as microphones,
recorders, and recording software; as well as the way speech
materials were presented to participants, including format,
sequence, and rate. Additionally, key acoustic parameters of the
digital audio recordings including the sampling rate, bit depth,
codec, and the number of channels were tracked. We also coded
whether information on ethical approval was reported.

Acoustic processing: We recorded detailed information
about the specific software for acoustic analysis, as well as
the algorithm for fO extraction and its associated configura-
tion. The method employed for normalising fO and the pro-
cedures for addressing {0 outliers were also tracked.

Visualisation and reporting: How fO results of citation
tones were reported and visualised was logged. A final notes
column was added to provide supplementary information
pertaining to the methodology or offer additional observa-
tions on the findings.

The resulting datasheet with metadata and methodological
annotations of the selected articles in the database is publicly
available online (Xu and Zhang, 2024b), alongside a script to
reproduce the respective counts presented in this paper.'

lll. CROSS-LINGUISTIC REVIEW ON METHODOLOGY

The database encompasses a broad spectrum of tone
languages, with the reported number of citation tones rang-
ing from 2 to 14, as shown in Fig. 4. The most common tone
system in the database features a four-way tone contrast, pri-
marily due to the large inclusion of Mandarin varieties in
the database—49 Mandarin varieties have four citation
tones. The number of varieties decreases as the number of
citation tones increases from 5 to 10.

The categorisation of citation tones, though, depends on
the analytical framework used in the papers. For instance,
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while Cantonese has been considered to have nine tones
[e.g., in Gu et al. (2007)], many contemporary analyses
agree on six tones [e.g., in Fung and Lee (2019)], consider-
ing the six distinct pitch patterns. In the latter case, the
shorter duration of the checked tones alone did not lend
them to being categorised as independent tones. The two
varieties reported to have as many as 10 and 14 tones are
Jingxi Zhuang (Tai) and Madong Cantonese, both located in
Guangxi Province, China. Their categorisation was based on
historical categories, with tonal distinctions arising from
assorted tone splits that trace back to the Proto-Tai Tones
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FIG. 2. (Color online) Geographical
distribution of language varieties
included in the survey of citation tones
of Chinese languages. The geographic
coordinates of language varieties are
aggregated over prefecture-level cities
and autonomous regions. The size of
the dots indicates the number of aca-
demic papers centred on varieties of
the given region in the survey. The
dataset of administrative boundaries
shown is compiled by the United
Nations OCHA Regional Office for
Asia and the Pacific.
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(Gedney, 1972) and Middle Chinese, respectively. Among
the 14 reported tones though, the pitch patterns of the
checked (rit) tones seemed to be similar to some of the
shdng and qu tones in Madong Cantonese (Liang and Tang,
2017).

The review unveiled considerable variation in how the
pitch patterns of citation tones were elicited, measured, and
reported, with much of this variation stemming from diverse
conventions and practices by different schools of research-
ers, as well as varying expectations of different publications.
JIPA is well-known for hosting papers on phonetic
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FIG. 3. (Color online) The number of publications by year (a) and by language group (b) in the database.
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descriptions of un(der)documented linguistic varieties. The
majority of the JIPA inclusions here, for instance, were pub-
lished as lllustrations of the IPA. Of the IPA illustrations, 17
out of 19 featured only a single speaker with an extremely lim-
ited report on speech materials, recording procedure, and fO
processing details. These studies, though effectively demon-
strated the use of the IPA symbols, lack reproducibility and
generalisability, since it is difficult to determine whether the
observed linguistic phenomena are representative of the lan-
guage or idiosyncratic to the speaker. Our search revealed that
there were only a small number of publications on citation
tone research in internationally renowned journals. Many lead-
ing peer-reviewed journals in the field gravitate towards in-
depth theoretical or confirmatory research, which tends to
marginalise the lesser-studied language varieties that lack fun-
damental knowledge and insights, due to the scarcity of high-
quality descriptive and exploratory research.

The collection of monosyllable recordings in fact consti-
tute a specialised corpus for citation tone research. In addition
to speech recordings, an integral part of a corpus is metadata,
including administrative, editorial, and descriptive information
about the speakers, materials, and recordings, so as to provide
the essential context for an empirical investigation.

This section presents the findings of the methodological
review across all studies in our database, focusing on the corpus
size, corpus design, data analysis, and the reporting of citation
tones. The results are descriptive, the majority of which report
on the proportion of articles that fulfill relevant characteristics
relative to the number of articles where each characteristic is
applicable. Prior to the presentation of results, the rationale for
each characteristic or descriptor examined is also explained.

A. Corpus size

The primary objective of citation tone research is to iden-
tify the prototypical tone patterns of a particular language vari-
ety. This informs two key aspects of the experimental design:
first, the selection of a sufficiently large and diverse group of
speakers is crucial to ensure that the results reflect the broader
population of the speech community; second, the use of an

adequate number of monosyllabic word items is essential so
that the findings generalise beyond the specific recorded sam-
ple of the language materials (Clark, 1973). Additionally, repe-
titions of the same item produced by a speaker also enable a
more robust estimate of its representative pitch pattern. In other
words, the tone patterns of a variety should be generalised over
speaker, word, and utterance idiosyncrasies. Figure 5 summa-
rises how studies in the database vary in the way they report
(or not report) the number of speakers, items, items per tone
category, and repetitions.

The majority of studies (94 out of 136 studies) employed
speech data from between one to four speakers, with a single
speaker being the most common (52 studies, 17 were
Hlustrations of IPA). The number of studies that involved five
and above speakers have significantly dropped. Roughly 26%
(36 studies) of the studies involved at least six speakers, which,
according to Ladefoged (1997), is the absolute minimum num-
ber necessary for meaningful measurements. However, recent
technological developments have made it possible to acquire
high-quality recordings from more participants with accessible
devices, such as a smartphone, as in Hou et al. (2023). It is no
longer recommended to present data solely based on instru-
mental records of a single speaker, as Ladefoged (1997)
emphasised. The lack of representativeness and generalisability
can be mitigated by increasing the number of participants,
except in cases of endangered languages where only a few
speakers remain.

Studies varied widely in the total number of monosyl-
labic word items ranging from 12 to 3900 [Fig. 5(b)]. Five
studies involved recordings of over a thousand items pro-
duced mostly by a single speaker, and three of them were
published in JIPA illustrations with only a brief section on
tones. Despite that in Chen and Guo (2022) two speakers
produced 3900 monosyllabic words, the tone pattern illus-
tration is based on only ten words sampled from each tone
category produced by one speaker. When a study aims to
document and trace tone changes conditioned on segmental
properties [e.g., Li (2019)], or explores an understudied tone
system without prior studies on its tone categories, it is
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reasonable to include a large number of words for a compre-
hensive analysis, although this approach is time-consuming
and can be very demanding for participants.

Approximately 19% (26 studies) of the studies in the
database omitted details regarding the number of items in
each tone category, among which 14% (19 studies) did not
disclose the total number of items nor any other information
about the monosyllabic speech materials. Among the studies
that reported on the number of items per tone category, 22
had varying numbers of items across tone categories. The
remaining studies reported item counts per tone category
ranging from 3 to 120, with 10 being the mode (23 studies).

Only about 60% of the studies reported whether their
production experiments included any repetitions. Most of
these studies used between one and three repetitions, with
two repetitions being the most common (33 studies), as
shown in Fig. 5(d). The remaining 40% did not report on the
number of repetitions in their study, but were likely to have
defaulted to a single-repetition design that involves only one
instance of each monosyllabic word item.

B. Corpus design

Ideally, measures should be taken to safeguard the
long-term preservation of primary data, with appropriate
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FIG. 5. (Color online) Distribution of speakers [(a) bin width = 1], monosyllabic word items [(b) bin width = 10], word items per tone category [(c) bin
width = 1], and repetitions per word item [(d) bin width = 1] reported across studies in the database. The pie charts on the right [(al), (bl), (c1), (d1)] illus-
trate the percentage of studies that provided the corresponding information, with “missing” indicating a lack of reporting. The embedded bar charts (a2),
(b2), (c2) provide a zoomed-in view of the denser parts of the distributions, highlighted by the boxed areas in (a), (b), and (c), for better visibility.
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consent, so that it can be employed in new theoretical or
comparative ventures as well as in re-evaluating and validat-
ing established theories. In this context, metadata compris-
ing annotations on the demographics of the speakers, their
language backgrounds, the design of speech materials, and
strategies for digital archiving and storage are essential for
the organisation, reproducibility, integrity, and interpretabil-
ity of the data in a study. Our survey revealed that the
majority of papers in the database did not provide sufficient
metadata.

1. Speaker demographics

Basic speaker demographics relevant to the pitch analy-
sis of citation tones include sex, age, geographical location,
language background, and language use. Additional demo-
graphic information can be valuable when the study is ori-
ented towards sociolinguistic phenomena. The descriptions
of speakers reflect how representative they are of the speech
community for the language variety being studied.

Figures 6(a), 6(b), and 6(c) present the distribution of
speaker selection based on sex as reported by the studies in
the database. Only about half of the studies (68 studies)
reported involving both male and female speakers.
Surprisingly, of the eight studies that involved solely speak-
ers of a single sex, all exclusively chose male speakers with-
out justifications.

While most studies reported the sex (94%) and age
(85%) of the speakers, only about 30% of the studies
described whether they speak Standard Mandarin
(Putonghua), as shown in Fig. 6(e). The use of Standard
Mandarin is an indicator of their di-/multi-glossic or bi-/
multi-lingual status, considering the language policy and
increasingly widespread use of Standard Mandarin in China.
In other words, it is important to know whether the speak-
ers’ speech in the target variety is potentially influenced by
Standard Mandarin. Studies that did not report on Standard
Mandarin use generally failed to provide any information on
the language background of the speakers.

2. Speech materials

Many factors are shown to influence fO such as vowel
quality [e.g., Shi and Zhang (1986) and Whalen and Levitt
(1995)], consonant voicing and aspiration [e.g., House and
Fairbanks (1953)], the location of a syllable in speech [e.g.,
Selting (2007)], word frequency and ambient noise [e.g.,
Zhao and Jurafsky (2009)], and so on. These factors are
potential sources of confound when we investigate the pitch
patterns of lexical tones. Many confounding issues, how-
ever, can be addressed during the design phase of speech
materials and in the setup of a production experiment.

To tease apart lexical tones from pitch variation attributed
to other sources, the speech materials are ideally well-
controlled minimal sets of monosyllables, in which their seg-
mental compositions are the same with the tone being the only
variable. There are, often though, tonotactic gaps (i.e., unat-
tested syllable-tone combinations) in such minimal sets. In
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these cases, near-minimal sets in which the thymes or vocalic
parts remain consistent are considered. When designing speech
materials, it is, therefore, crucial to consider a number of key
aspects, including syllable structure, the selection of conso-
nants and vowels, the presence of tonotatic gaps, and the usage
frequency of the chosen monosyllabic words.

As is evident in Fig. 7, the rationale behind the choice of
speech materials is often not well-explained in the studies.
Only 40% of the studies (55 studies) described their choice of
consonants, a mere one-third (46 studies) detailed their choice
of vowels or thymes, and slightly less than one-third (45 stud-
ies) of the studies controlled for the syllable structure. While
25 studies indicated the use of common monosyllabic words,
only a handful addressed the tonotactic gaps: four studies left
these gaps empty and seven studies filled them with syllables
that had minimal differences. Without presenting the details
and explaining the materials used in production experiments,
the pitch patterns of citation tones remain difficult to be distin-
guished from other tonal effects.

3. Recording specifications

The technical specifications of digital audio recordings
are important for any speech corpus, both for preservation
and reproducibility purposes and for efficient audio process-
ing and analysis. Figure 8 shows that the majority of the
studies in the database did not specify the basic digital audio
specifications including audio format, bit depth, sampling
rate, and channel number. 32% of the studies (44 studies)
reported to have used the WAV format for audio recordings.
34% of the studies (46 studies) reported the bit depth and all
of them used 16 bits. 42% of the studies (57 studies) adopted
the sampling rate of 16 000 Hz or above.

4. Recording procedures

Out of the entire database, only one study mentioned
ethical approval. Most studies in the database did not ade-
quately detail how speech materials were presented to par-
ticipants. As Fig. 9 demonstrates, only 10% of the studies
(13 studies) reported the presentation format, which varied
from tables and prompt cards of Chinese characters, allow-
ing speakers to anticipate the next morphemic sequences, to
individual characters shown on a computer screen. The
study of Qu and Yang (2019) on Benna Hani adopted oral
prompts given participants’ illiteracy in Hani orthography.
21% of the studies (28 studies) specified the sequence for
reading out the characters: half of them had participants
read from tables organised primarily by tone categories,
while the other half arranged the characters in pseudo-
randomised order. Additionally, 21% of the studies (29 stud-
ies) described the pause length between the production of
characters, ranging from one to ten seconds, with most
pauses which being two to three seconds.

Figure 9 also illustrates the distribution of studies
according to the recording premises and the use of micro-
phone. 17% of the studies (23 studies) recorded speakers in
professional sound-attenuated rooms such as phonetics labs
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studies reporting speakers’ Standard Mandarin use.

and anechoic chambers, whereas 56% (76 studies) of the
studies did not mention the recording environment. 67% (91
studies) of the studies did not provide information regarding
the use or absence of a microphone. Amongst the 45 studies
reported to have used a microphone, the most frequently
used types were headband microphones (14 studies), free-
standing microphones (11 studies), and lavalier micro-
phones (7 studies).

Vowels or rhymes
Usage frequency

Tonotactic gaps
Syllable structure

Consonant onsets

As the Sankey diagram in Fig. 10 illustrates, laptops
and computers, allowing for augmentation by additional
hardware and software, have predominantly served as the
primary interfaces for recording speech in the studies within
the database. ADOBE AuDITION, or formerly known as cooL
EDIT PRO, emerges as the most frequently used software for
recording (50 studies), followed by praaT (12 studies).
Other recording devices include recorders (12 studies),
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FIG. 7. (Color online) Number of studies reporting aspects of speech material design in the database.
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FIG. 8. (Color online) The distribution of studies in the database in terms of audio format (a), number of channels (b), bit depth (c), and sampling rate (d).

cassette tapes (3 studies), and mobile phones (2 studies, pub-
lished in 2023). 26% of the studies (36 studies) did not intro-
duce their recording devices and another 4% (6 studies) did
not specify the recording software used when using com-
puters as an audio interface.

C. Data analysis

The widespread availability of digital recordings, advance-
ment in signal processing tools, and increased access to auto-
mated techniques have elevated acoustic analysis of the
fundamental frequency as a major approach to tone research.
128 out of 136 studies involved acoustic analyses and the
remaining 8 seemed to be purely auditory-based. The most cru-
cial steps for acoustic analysis included the extraction, outlier
treatment, and normalisation of the fO values.

1. FO extraction

Figures 11 and 12 summarised the software and methods
for f0 measurements and normalisation, as well as steps of f0
preprocessing. PRAAT has been the most common software for
0 extraction amongst the studies (72% of the acoustic studies),
although no praaT-based studies clearly specify which f0 mea-
surement method was used, considering that PRAAT allows
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autocorrelation and cross correlation methods, with an optional
prior low-pass filtering of the waveform. 9% of the acoustic
studies (11 studies) did not at all report on the analysis software
or algorithm used for f0 measurement. The mainstream
approach to fO extraction involved linear scaling of the time
domain, whereby a fixed number of f0 measures, ranging from
3 to 30 [Fig. 11(c)], distributed at equal intervals. Among the
109 studies that adopted the mainstream approach [Fig. 11(d)],
83% (91 studies) extracted 9 to 11 fO values per monosyllabic
token, with 10 extracted fO values being the mode (36 studies).

2. FO outlier treatment

About 38% of the acoustic studies (49 in total) reported
to have excluded or removed parts of the fO contour, either
before or after fO extraction. These parts were analytically
determined irrelevant to the defining characteristics of a
citation tone, or considered as potential measurement arte-
facts. The strategies for removing such leading or trailing
parts seem arbitrary and variable; for instance, Zhang
(2022) removed the first 3 points from 23 equidistant fO
points, while Wan and Wang (2023) discarded the first and
last two points from 20 equidistant fO points. The majority
of these studies provided only a vague description of the
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procedure, e.g., excluding the beginning and ending parts  of the tone patterns independent of individual speaker differ-
characterised by sharp fO changes; however, such descrip- ences. FO normalisation is mostly based on common normal-
tion does not suffice for reproducibility. In addition, 16% of  isation techniques such as semitone distance, Z-score
the acoustic studies (19 studies) reported manual correction — normalisation and Fraction of Range (Min-Max) normalisa-
of the f0 measurement and 2.5% (3 studies) smoothed the tion (Rose, 1987), or a combination thereof, as shown in
raw fO measures over time [e.g., Rose (2019) and Wang Fig. 11. Many studies also scale the normalised fO to the
et al. (2020)]. range of [0, 5] or [1, 5] [e.g., Tian and Hong (2023)], so as to
match the arbitrary 5-point scale in describing tone estab-
lished in Chao (1930). The two predominant normalisation
strategies are illustrated in Eq. (1a) or its variant (1b) with

Most studies normalise fO measurements in Hz to 67 studies, and in Eq. (2) with 27 studies, sometimes known
reduce speaker variability, thereby facilitating the analysis as the T score (Shi, 1990) and LZ score (Zhu, 2004),

3. FO normalisation
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right panel) across all studies in the
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respectively. They are essentially the Fraction of Range and
Z-score normalisation applied to the logarithmically trans-
formed fO values,

7 — log(fo) —log (fomin)
0 10g (meax) - 10g (mein)

/ _ log (fo) - 1Og (luﬁ)m,'n - Gmein)
O 10g (. F o) — 10g (41, = T)

%5, (1a)

«5.  (1b)

In Eq. (1a), an {0 is transformed into a fraction of the
difference between two range-defining logarithmic fO val-
ues, usually the speaker’s lower and upper limits of the tonal
domain. It is, however, often not clear how these range-
defining values are specifically defined. These can be, sim-
ply, the speaker’s highest and lowest fO values among all fO
data, or the average f0 values of the highest and lowest sam-
pling points across all tones (Zhu, 1999). In the variant Eq.
(1b), the range-defining values, for instance, are the average
0 of the highest sampling points plus one standard deviation
of all fO values at this time point and the average fO of the
lowest sampling points minus one standard deviation of all
fO values at this time point,

lOg (fO) — Kiog (fy)

O log (o)

fo= )

Another 10 studies combined Egs. (2) and (la), with

logarithmic and Z-score transforms followed by a Fraction
of range scaling.

D. Reporting citation tones

The majority of the studies (121 studies, 89%) reported
citation tone results using the numerical equivalent of the
Chao tone letter system, adopted by the IPA in 1989. The
derivation of pitch variations into the five-level tone numer-
als, though, varies greatly among these studies. The most
common strategy is manifested in the Fraction of Range nor-
malisation methods illustrated in Eqgs. (1a) and (1b), where
f, is rescaled to the range of [0, 5]. This indicates that there
are six reference lines from 0 to 5 (i.e., 0, 1, 2, 3, 4, 5) and
the five intervals in-between represent the five pitch height
zones, and each zone corresponds to a number in the tone
stave. There is also a slightly different rescaling scheme as
shown in Eq. (3), where f, is in the range of [1,5]. In this
case, there are five reference lines from 1 to 5 that directly
define the stave,

. log (fo) — log (fomin)
0 IOg (meax) - IOg (mein)

x4+ 1. 3)

In addition to variations in the rescaling scheme, differ-
ent strategies exist for the assignment of tone numerals
based on rescaled fO values. Figure 13 shows how the tone
numeral 2 was assigned from a rescaled fO across the 77
studies that adopted the Fraction of Range normalisation
methods. The main challenge lies in the handling of
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borderline f, values — those that fall close to a reference line
in the interval-based tone stave system or those in the mid-
dle of an interval in the reference line-based tone stave
system.

29% of these studies (22 studies) used clear-cut integer
boundaries in the interval-based tone stave system. For
instance, if an f(; falls between 1 and 2, it is assigned a Chao
numeral 2. This means that an f(; of 1.05 is assigned a 2,
despite being close to the reference line of 1, while an f(; of
0.95 is assigned a 1. To reduce the ambiguity right at the
integer boundaries, one study excluded the right edge (e.g.,
[1, 1.99]) and another excluded the left edge (e.g., [1.01, 2]).
In a study that used reference line-based tone stave system,
the boundaries were set in the middle of intervals. In this
case, tone numerals 1 and 5 corresponded to a smaller range
(e.g.,f(; € [1,1.5] for 1) than the other mid numbers (e.g.,
fo € [1.5,2.5] for 2).

Another popular strategy, used by 26% of these studies,
employs an ambiguous boundary zone of *0.1 around the
integer boundaries. For example, the Chao numeral 1 is
assigned to f(; values in the range of 0 to 1.1 and the Chao
numeral 2 to f(; values in the range of 0.9 to 2.1. In other
words, an f(; in the overlapping range of [0.9, 1.1] is allowed
two possible tone numeral assignment, either 1 or 2. Rather
than the rigid boundary, this strategy provides a more
nuanced and flexible method for assigning tone numerals.
42% of these studies (32 studies) did not include any details
regarding the correspondence between the normalised fO
measurements and the iconic tone numerals.

IV. RECOMMENDATIONS FOR BEST PRACTICES

With the methodological variation and the absence of
adequate methodological details observed in the 136 studies,
this section proposes recommendations for future research
on citation tones, from speech data collection to fO data
analysis, and directs future researchers to relevant resources.
These recommendations are designed to provide an
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FIG. 13. (Color online) Percentages of studies using different numerical
range of normalised fO for the Chao numeral *2.”
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objective depiction of citation tones while ensuring the
reproducibility of the analysis and the transparency of
reporting.

A. Research ethics

Before embarking on linguistic fieldwork and data col-
lection, it is worth carefully considering the ethical aspects.
This typically involves the comprehensible communication
of research objectives, potential impact, and instructions to
participants, the establishment of protocols for seeking per-
missions for making speech recordings, the responsible and
secure storage, dissemination, access, and use of the infor-
mation and recordings, and the assessment of risks for both
the researchers and participants. Additionally, participants
should be informed of their right of withdrawal, fairly com-
pensated, and acknowledged for their contributions. These
may all be mandatory components of a formal research
ethics application. For more guidance on ethical field
research, see Bowern (2015).

Ethical approval should be secured when relevant insti-
tutional infrastructure, such as an ethics committee, is in
place. Informed consent must be obtained from participants
prior to any speech elicitation following the ethical
approval. In explaining the research goals, you may avoid
being too specific about the linguistic features of your inves-
tigation (e.g., tone, in our case), so that participants’ atten-
tion would not be directed to these features in their speech,
consciously or subconsciously. If participants request further
information about the research, a debriefing can be arranged
at the end of the recording.

B. Data collection

Most citation tone studies involve the elicitation of
monosyllables via a speech production experiment and thus
the development of a specialised speech corpus of monosyl-
labic words produced in isolation. This section delineates
the exemplary practices in setting up speech production
experiment and establishing the monosyllabic corpus.

1. Speaker demographics

a. Demographics. The ideal participants are the
monolinguals/monodialectal of the language variety being
studied, who have stayed in the region or speech community
for a long time and use the variety as their primary medium
of communication, with no history of speech or hearing dis-
orders and no missing teeth. Such participants are, however,
often hard to find, considering the useful and sometimes
compulsory addition of a lingua franca such as English and
Standard Mandarin to their linguistic repertoire. In this case,
it is imperative to prioritise those who have substantial
exposure to and predominant use of the targeted variety
amongst other varieties.

The recommendation is to create and administer a
sociolinguistic questionnaire® to participants in order to
gather information about their language background, so as
to contextualise the findings. The questionnaire includes,
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but is not limited to, information on their first language,
knowledge of other languages, language proficiency, educa-
tional qualifications, and frequency of language use in vari-
ous social contexts, along with basic personal information
such as age and sex.

b. Number of participants. It is recommended to
include multiple speakers with a balanced sex representa-
tion, thereby enabling a robust and inclusive dataset and
controlling against individual idiosyncrasies. Ladefoged
(1997) suggested having at least half a dozen people of each
sex preferably. Ladefoged’s recommendations are, however,
not based on statistical considerations, as Roettger and
Gordon (2017) emphasised. The minimum sample size
allowing for statistically robust inferences over a speaker
population depends largely on statistical power, which is
determined by the true (or expected) effect size, the sample
size, and the degree of variability (Vasishth and Nicenboim,
2016), and may be estimated from previous studies (Kirby
and Sonderegger, 2018). The statistical power or the effect
size, however, can be hard to define in pioneering and
descriptive studies of citation tones. While there is no set
answer to the required number of participants, which is
largely dependent on the size of the speech community and
the funding availability, a larger sample size is more desir-
able and has become ever increasingly feasible in the cur-
rent era of big data, with the advent of affordable digital
storage and automatic signal processing toolkits. However,
we acknowledge that resource constraints pose significant
challenges for many varieties, which should not preclude
reporting findings from such varieties due to sample size
issues (Lakens, 2022).

2. Speech materials

Three main factors critically inform and dictate the
design of speech materials for citation tone studies: first, the
knowledge of the tone categories within the language vari-
ety, as evidenced by consistent findings in existing litera-
ture, if any; second, the presence of a writing system for the
language variety in question; and third, the literacy of the
participants.

Speech materials typically consist of orthographic rep-
resentation of multiple minimal sets where monosyllables
only differ in tone. The selection of monosyllables should
prioritise free morphemes that commonly occur in speech.
For each tone category, it is recommended to incorporate a
diverse array of items with varied segmental structures and
compositions, thereby generalising over item-specific idio-
syncrasies. Zhu (2010) advocated for the inclusion of sylla-
bles containing voiceless unaspirated stop consonants
including /p/ and /t/ and monophthongs such as /a/, /i/, and /u/,
due to the relative ease of isolating the tone-bearing part.
Some other studies [e.g., Xu (1997)] preferred fully voiced
syllables such as /ma/ with a nasal consonant onset to avoid
the potential fO perturbation brought up by voiceless conso-
nants. Another common choice is vowel-only syllables.
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These analytical choices, built on theories of the tone domain
of the language variety being studied, may facilitate subse-
quent fO analyses. The specific selection of syllables depends
on the phoneme inventory and syllable structure of the lan-
guage variety, as well as the research focus. In research with
an emphasis on tonal variation and change, it may be beneficial
to consider syllables with onset consonants varying in voicing
and aspiration, as these attributes of onset consonants poten-
tially play a significant role in inducing pitch differences. If
there are tonotactic gaps, choose close minimal sets wherein
the vowel or rhyme parts are kept consistent. An effective
report on speech material design should present a full list of
the selected monosyllabic words with IPA transcriptions and
translations, as well as justifications for the selections. The
materials are recommended to be displayed in a tabular form
to clearly communicate different conditions, such as tone cate-
gories or syllable structures.

It is also advisable to include a number of repetitions,
usually three times or more, so that spurious effects such as
speakers’ temporary lapses in concentration or occasional
speech errors do not unduly influence the results.

In setting up production experiments for citation tones,
it is important to carefully avoid tone sandhi, tonal coarticu-
lation, and list intonation [e.g., a sequence of step accents in
producing the berry list in Liberman and Pierrehumbert
(1984)]. Rose (1993) observed an audible pitch difference
between the first and last tokens on each prompt card and
indicated that the speakers might have treated morphemes
on each card as a single intonational discourse unit with its
own declination. Xu (2022) instructed speakers to repeat
each morpheme six times consecutively with pauses in
between in their own pace and found that speakers naturally
treat repetitions of the same morpheme as an organised list.
This study further modelled the declination in the course of
producing these monosyllabic lists.

When working on a minority language with scarce prior
studies on its tones, an extensive selection of monosyllabic mor-
phemes should be included for the purpose of encompassing the
full spectrum of potential tone categories. If the variety has
evolved from a historical prototype, the selection should cover
morphemes representative of all historical tone categories.

In circumstances where a spoken variety lacks a fully
fledged writing system, or when participants are mostly illiter-
ate, researchers may resort to pictorial materials. An alternative
is to employ question-answer interactions instead of a word
list, guiding participants with verbal prompts to articulate the
target monosyllables. For instance, if a participant mentions a
target word in conversations, researchers can then invite them
to repeat it in isolation. In these cases, the principles of control-
ling tonal contrasts and ensuring diverse item selection remain
the same. Additionally, the discussion should take into account
the potential influence of intonation.

3. Recording specifications

The most important recording specifications to consider
are file format, sampling rate, bit-depth, and channel
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number, all of which determine the quality of the recorded
signal and consequently the types and parameters of acous-
tic analyses. These parameters should be meticulously docu-
mented and reported in order for the study to be replicable.

a. File format. The audio recording should be in an
uncompressed and lossless format, preferably the pulse-code
modulation (PCM) waveform audio file format WAV,
instead of a lossy format with a proprietary compression
algorithm such as MP3 (Watt, 2013). There are other loss-
less file formats available, such as FLAC or AIFF, but we
strongly recommend WAV, since more analysis tools sup-
port WAV.

b. Sampling rate. According to Nyquist-Shannon
sampling theorem, to faithfully reproduce sounds, the
recording sampling rate must be at least twice the frequency
of the original sound. Many speech corpora utilise a sam-
pling rate of 16kHz [e.g., Huang ef al. (1998) and Tang
et al. (2021)], adequate for capturing speech sounds up to
8 kHz, which is sufficient for most speech analyses to date.
However, it is recommended to record at a higher sampling
rate when possible. Since human ears typically hear between
20Hz to 20kHz, recording at 44.1 kHz can cover the entire
auditory spectrum.

c. Bit depth. Bit depth determines the number of possi-
ble amplitude values that can be recorded in each sample.
Similar to sampling rate, higher bit depth creates recordings
of higher quality. It is especially relevant to the difference
between the low volume and high volume. For speech
recordings, 16-bit is sufficient and recommended (Jones and
Knight, 2013), but 24-bit can further reduce digital white
noise if it is a viable option.

d. Channel number. A mono-channel recording is suf-
ficient for capturing all useful information, especially when
only one speaker is speaking at a time. Stereo recordings are
usually not required in phonetic research unless the objec-
tive is to capture different speakers in different channels.

For citation tone studies, storage space is usually not a
problem, allowing for the acquisition of high-quality record-
ings, for instance, 16-bit or 24-bit mono-channel recordings
with a sampling rate of 44.1 kHz. Butcher (2013) suggests
recordings at a minimum of 16-bit resolution and a 44.1 kHz
sample rate, which is more than sufficient for most pho-
netic analyses but aligns with certain archival standards in
the U.S. (p. 64).

4. Recording procedures

a. Premises and equipment. An ideal premise for
speech recording meets two criteria: first, there is minimal
background noise; second, there is little reverberation
(Maddieson, 2001). An anechoic chamber or a soundproof
recording studio is undoubtedly the best option for recording
if available, with the caveat that the unfamiliar setting is less
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likely to be the context for naturalistic speech of the lan-
guage variety being studied, especially for a non-standard
variety. A suitably quiet small room with soft furnishings in
a local environment may be more practical and accessible.
If possible, avoid spacious rooms with flat walls to minimise
reverberation. Placing soft towels on hard surfaces sur-
rounding the recorder and speaker is also a good way of
reducing reverberation. Some noise sources can be elimi-
nated including turning off the fan, air conditioner, or
heater, closing the windows and curtains, switching off
mobile phones, and preventing other people or animals from
entering. These may not be the most comfortable setting and
should be explained to the participants.

With the advancement of audio technology, portable
devices for high-quality recording are ubiquitous nowadays.
Generally, DAT (digital) recorders are more than adequate
for linguistic phonetic purposes (Ladefoged, 1997). Directly
recording onto laptops and even mobile phones may be con-
sidered, though the sound card is unlikely to be of the high-
est quality. In such cases, the recording software and its
version number should be documented. The use of built-in
microphones of these devices is, however, often not recom-
mended due to their poor frequency response. For citation
tone recordings, we work with one speaker at a time. A uni-
directional microphone that primarily picks up sound from
directly in front of its head is preferred, to mitigate back-
ground noise. An excellent setting would be fastening a uni-
directional condenser microphone close to the speaker’s
mouth to a headset (Maddieson, 2001). We should avoid
putting the microphone head right in front of the speaker’s
mouth or nose (usually slightly to the side or below the
mouth), otherwise we capture excessive popping sounds or
breathing noises. For setup guidance of lapel and free-
standing microphones, see Butcher (2013), p. 65.

Remote data collection is feasible for citation tone stud-
ies, particularly when working with known tone systems
that do not involve voice quality contrasts. The remote
methods have generally found fO tracking to be reliable
[e.g., Sanker et al. (2021) and Zhang et al. (2020, 2021)],
and see Zhang et al. (2024) for a more detailed review of
the reliability of remote recording methods on different
acoustic measurements.

b. Procedure and etiquette. The word list should be
pseudo-randomised so that each word occurs in various lin-
guistic contexts to counterbalance potential priming effects.
The randomisation also precludes rhythmic patterns arising
from the regular repetition of the same word. Depending on
the number of the selected monosyllables and their repeti-
tions, which determines the total length of the experiment, it
may be worth considering dividing the experiment into
blocks, with breaks in between, where each block consists
of a randomised set of a single repetition of the
monosyllables.

In terms of the stimuli presentation, present one word at
a time on a display with pauses randomly varying from 2 to
4s so that participants cannot predict which word comes

2554  J. Acoust. Soc. Am. 156 (4), October 2024

next and do not readout these words in a connected manner.
This can be achieved in multiple ways such as POWERPOINT
and psycHopy (Peirce et al., 2019). The time-varying pauses
are conducive to preventing the list intonation often
observed when speakers are asked to enumerate a series of
items [Liberman and Pierrehumbert (1984), p. 171].
Embedding a target word in a carrier sentence is not recom-
mended in citation tone studies due to the tone sandhi
effects and tonal coarticulation. It is necessary to monitor
the recording using headphones and check the signal level,
i.e., the volume of the recorded speech signal, as speakers
vary their loudness to avoid overloading the signal and
audio clipping (Ladefoged, 1997). Guidance can usually be
found on recording device or software manuals.

Before the reading task, it is beneficial to start with a
“dry run” using non-target filler words to familiarise the
speaker with the task, and set the appropriate recording
level. In this dry run, pay attention to the presence of the 50
or 60 Hz Electric Network Frequency from the power sup-
ply, i.e., the subtle buzzing hum from an electrical device
such as an old fridge or air-conditioner. If this is an issue,
try recording without mains power. Most recorders can also
function in battery mode. Make sure that there is a plentiful
supply of batteries.

Researchers conducting the production experiments
should, if possible, communicate with participants in the tar-
get language to maintain an authentic context for using the
target language, otherwise recruiting a local assistant fluent
in the target language is advisable. The experiment instruc-
tions should be standardised and presented in written form
to ensure uniformity in information received by each partici-
pant. In cases involving illiterate participants, the same
instructions can be read aloud.

It is also worth paying attention to the data transfer,
storage, and backup methods. It is recommended that the
recordings be backed up immediately, upon completion of a
recording session. They should adhere to a consistent file
naming system that anonymises the speakers, uniquely iden-
tifies each recording, and incorporates metadata about the
recording, demographic, and technical information. The
demographics of the participants and the technical details
constitute the metadata for the specialised corpus, and they
should be stored in non-proprietary formats such as Unicode
plain text and comma-separated values (CSV). If any online
transfer tool or cloud storage service is used, it is essential
to check their privacy policy, server location, access con-
trols, encryption options, retention and recovery policies. It
should also be checked whether a copy will be stored and
whether such a service complies with the regional standards
and regulations, such as General Data Protection Regulation
(GDPR) when dealing with data from the European Union.

C. Data analysis

This section offers insights into 0 data analysis, as f0 is
the primary acoustic correlate for tone.
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1. Acoustic preprocessing

When the recordings are of high quality, not much
acoustic preprocessing is needed. In a citation tone produc-
tion experiment, it is often convenient to record a speaker
throughout a whole block or session. Forced alignment can
be helpful in identifying and isolating individual syllables
from a long recording and providing phone-level segmenta-
tion automatically. Available forced aligners for Standard
Mandarin include P2FA (Yuan and Liberman, 2008),
Montreal Forced Aligner (McAuliffe et al., 2017), Charsiu
(Zhu et al., 2022b), with the capacity of training models for
other varieties [e.g., Xu (2023)]. Training models for new
varieties sometimes require a grapheme-to-phoneme map-
ping if the writing system is well-established [e.g., Min
Chinese and Yue Chinese grapheme-to-phoneme models
can be found in Zhu et al. (2022a)]. Note that downsampling
may be required since common open-source forced aligners
such as Montreal Forced Aligner (McAuliffe et al., 2017)
require 16-bit and 16 kHz WAV files. It is advisable to con-
sider generating a downsampled set for the automatic align-
ment, while using the original high-quality recordings with
the generated time alignments (e.g., TextGrids) for acoustic
analysis.

For f0 analysis, one option is to perform an fO tracking
on the whole long recording and then query the resulting
large pitch profile utilising the timing information.
Alternatively, it may be beneficial to extract the speech
interval of each monosyllabic token and save it as a separate
audio file, to streamline the access, query, and management
of individual sound tokens. With the syllable-level segmen-
tation, each monosyllabic interval can be extracted. To pre-
vent boundary-related information loss resulting from
windowing in acoustic analysis, the boundaries for extrac-
tion should be at least the length of one analysis window
beyond the actual syllable boundaries. This can be achieved
through zero-padding, whereby a segment of silence, equiv-
alent to at least a window length, can be added to both edges
of each extracted sound interval. For instance, when the
minimum periodicity frequency is set to be 75 Hz, PRAAT
does not compute fO values in the first or last 20 ms of each
sound interval because the analysis requires a 40 ms window
for every pitch frame. The analysis window can be 80 ms,
twice the effective length, if the option Very accurate is set
to be on in PRAAT. Therefore, to obtain fO measures for a
monosyllabic token using PRAAT in this case, we can zero-
pad the edges of the token by 40 ms.

2. FO0 extraction

There are a number of fO extraction techniques includ-
ing the autocorrelation-based methods, the cepstrum
method, the linear predictive coding (LPC) method, the sim-
plified inverse filter tracking (SIFT) method, the average
magnitude difference function (AMDF) method, and so on
(Oh and Un, 1984). In speech research, the default autocor-
relation algorithm in PrRAAT, Sound: To Pitch (filtered ac)
(Boersma, 1993) in versions later than Version 6.4 or
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Sound: To Pitch in versions before 6.4, the RAPT algorithm
getf0 (Talkin, 1995) released in the ESPS (Entropic Signal
Processing  System) package (Entropic = Research
Laboratory, 2006) and in the REAPER (Robust Epoch
Pitch EstimatoR) program, the STRAIGHT algorithm
(Kawahara et al., 2001), and the YIN algorithm (de
Cheveigné and Kawahara, 2002) often emerge as the top
candidates for fO tracking. Despite their prevalence, there is
no conclusive evidence on which is superior. Reichardt
et al. (2016) showed that the ESPS (RAPT) algorithm out-
performed the AMDF and praaT algorithms overall,
although the differences among these algorithms were
slight, while Strombergsson (2016) stated that PRAAT out-
performed ESPS and YIN. The comparative evaluation of
fO tracking for singing voices by Babacan er al. (2013)
revealed that the efficacy of different algorithms depended
on the error metric and recording condition. Specifically,
PRAAT and RAPT excelled in determining voicing bound-
aries, RAPT reached the lowest incidence of gross pitch
errors, YIN achieved the best accuracy, and STRAIGHT
was the most robust to reverberation. All these algorithms
are sufficient for citation tone studies, among which
PRAAT may be particularly favoured since it is the most
widely used algorithm in citation tone research according
to our present review.

a. Which algorithm/software to use? Given the consid-
erable variation in the algorithms for f0 tracking, it is critical to
report not only the specific algorithm used but also its associ-
ated parameters or configuration, in order to increase the repli-
cability of the research. For example, in the most recent
version of PRAAT (version 6.4.01) at the time of writing, multi-
ple methods are available for fO extraction. Since 2023, the
preferred method in the PRAAT manual for measuring tone and
intonation in PRAAT has changed from Sound: To Pitch (raw
ac) to Sound: To Pitch (filtered ac), which applies low-pass fil-
tering to the signal prior to autocorrelation, with the benefits of
outputting fewer unwanted octave drops and rises. The corre-
sponding parameters for finding fO candidates involve time
step (in seconds), fO/pitch floor (in Hz), fO/pitch ceiling (in
Hz), the maximum number of candidates, and window length,
each of which can significantly impact the fO output. Tailoring
the fO/pitch floor and ceiling for male and female participants
may greatly help reduce the fO tracking artefacts, especially
when using the classic autocorrelation (raw ac) method.
Additionally, parameters for the post-processing algorithm that
seeks the optimal path through the f0 candidates include
silence threshold, voicing threshold, octave cost, octave-jump
cost, and voiced/unvoiced cost.

b. Which part to measure? While conflicting views
are expressed concerning the domain of tone, it is advisable
to obtain f0 measurements over the entire voiced part of
each syllable at the fO extraction stage, instead of precluding
the examination of some parts of an fO contour. The phone-
level time alignment allows further investigation into the
effects of different segments on fO contours.
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The relationship between the abstract representation of
citation tone and its realisation across various segmental
contexts remains unclear. There has been a debate on
whether the tone in Mandarin is carried by the whole voiced
part of a syllable (Chao, 1968), solely by the vocalic part of
a syllable excluding any initial voiced consonants and final
nasal consonants (Kratochvil, 1968), or by the syllabic
vowel and any subsequent voiced segments (Howie, 1974).
The practice of excluding certain voiced segments in cita-
tion tone analysis, as advocated in several textbooks [e.g.,
Zhu (2010) and Bei and Xiang (2016)], seems to be a hasty
conclusion drawn from the observed pitch variations associ-
ated with syllable structure, especially considering different
language varieties may present different patterns.

More empirical evidence from a wider range of lan-
guage varieties is needed to reach a definite conclusion on
this topic. However, we do recognise that researchers can
decide on which part of the syllable to analyse after care-
fully considering the analytical framework, the relevant lit-
erature specific to the language variety in discussion and the
tonal patterns in their data.

c. How many f0 points? There are two common
approaches for sampling fO and the choice between them
depends on the method of fO analysis and the specific
research questions being addressed. One is to sample a tone
contour in a fixed number of equidistant fO estimates. The fO
sampling rate is recommended to be 11 or 21 per tone, so
that fO is sampled at every 10% or 5% of its time course,
respectively, sufficient to capture the shape of a tone con-
tour. This approach leads to time-normalised fO data for
each monosyllabic token and enables comparison of f0
across different utterances at various relative time points.
The other is to sample a tone contour in a fixed time step,
usually 10ms. This approach preserves the original length
of a tone contour in the fO data and typically provides better
time resolution, useful for identifying portions of problem-
atic fO in a tone contour and for curve-fitting.

3. FO outlier treatment

a. What is an outlier? In citation tone studies, outliers
may arise from f0 measurement errors or represent phenom-
ena of lesser interest from the viewpoint of tone patterns,
such as consonantal perturbations of f0. Rarely is the identi-
fication and treatment of fO outliers documented in phonetic
journal articles and most often it is reduced to a brief men-
tion that fO measurements were manually checked and cor-
rected, without further details or insights. The core
challenge, therefore, is to navigate the trade-off between the
necessity and amount of manual correction and the detri-
mental impact outliers have on f0 analysis, especially on the
shape of fO contour. Sometimes manual correction may not
be feasible in very large datasets. In such cases, other meth-
ods can mitigate the risk, such as data point interpolation
and smoothing.
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b. Issues with arbitrary trimming. Previous studies
often trim an arbitrary portion of the f0 measurements at the
edges of the vowel or syllable nuclei, serving as a quick
automatic approach to reduce fO perturbations from neigh-
bouring consonants or in the initiation and termination of
the speech. For example, in Keating and Kuo (2010), the fO
measurements for the first and last 2% of each target interval
were discarded; in Tang et al. (2019), the initial and final
5% of the vowel were excluded; in Rose (1987), it was the
first and last 10% of the duration of each tone track; and in
Stanford (2008), as much as 25% of the beginning portion
of a tone token was trimmed. This is also evident in the vari-
able strategies employed for the exclusion of certain f0 mea-
sures by studies in our current database, as discussed in Sec.
I C2. The arbitrariness in deciding how many fO values to
omit does not ensure its effectiveness across tokens, and the
variability across studies undermines the comparability of fO
contours.

¢. How to identify outliers? 1t is crucial to first identify
potential fO outliers, so that bespoke methods can be used to
address them. Any corrections made to fO measures should
be logged for version control, allowing researchers to track
modifications and ensure replication. A two-stage screening
of f0 measures is recommended as follows: first, summary
statistics of fO for each monosyllabic token, including mean,
standard deviation, minimum, and maximum are calculated.
Tokens with a very large standard deviation, or an unusually
high maximum or low minimum can be flagged for further
check of their waveform and spectrogram. However, we do
not recommend trimming the fO values solely based on these
summary statistics. Second, fO tracks of each speaker,
grouped by tone categories, are plotted in an overlaying
manner, preferably in semi-transparent colours, for visual
inspection.

The visualisation is demonstrated via scatter plots in R
in Fig. 14, where the entire fO track of two tokens: one [u] in
Tone 2 and one [ma] in Tone 3 deviate from the typical fO
tracks in their respective tone categories. Their fO estimates
are approximately half those of other repetitions of the same
syllables, suggesting possible pitch-halving errors or diplo-
phonia. These two tokens can then be further examined and
corrected. Additionally, other potential fO outliers such as
sudden jumps over 300 Hz or drops below 150 Hz are mark-
edly shown in Fig. 14.

In particular, the interim visual inspection of the raw fO
data should focus on the following aspects:

(1) Presence of octave shifts. Octave shifts can manifest as
pitch-halving or doubling errors, or indicate a diplo-
phonic voice characterised by two concurrent periodici-
ties. Common fO tracking issues such as the octave
shifts are readily identifiable through visual inspection,
as shown in Fig. 14. The shifted fO outliers may be man-
ually corrected, for instance, in PRAAT, by selecting alter-
native fO candidates in the Pitch Object, or by adjusting
the parameters of the post-processing algorithm.
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FIG. 14. (Color online) Visual inspection of the fO tracks of monosyllables /i/, /ma/, /ti/, and /u/ produced by a speaker of Plastic Mandarin.

(2) Acoustic validation of tone elicitation. The plot also
allows us to check whether speakers of the same variety
indeed produce utterances that exhibit similar tone pat-
terns and to identify any speakers who demonstrate
noticeable deviations from the majority. This serves as a
validation of the successful elicitation of the tones in the
target language variety. For speakers with deviating
pitch patterns, further auditory and perceptual validation
of these utterances is needed to determine whether they
are equivalent pronunciations, individual idiosyncrasies,
style shift, or accent variation. Utterances with style
shift or accent variation should be excluded from the
analysis.

(3) Consistency of intraspeaker tone patterns. It is
important to assess the uniformity of intraspeaker tone
patterns within an assumed tone category, particularly
in non-standard varieties. A ubiquitous phenomenon
among Chinese varieties, especially in non-Mandarin
regions, is that a single sinogram or morpheme may
have differentiated literary and vernacular readings
(Ho, 2015). The doublets of readings result from lan-
guage contact and reflect lexical stratification under the
influence of the standard language of education and lit-
erary instruction at various historical periods (Norman,
1979). If two distinct tone patterns are elicited, it will
be necessary to represent them separately in the
analysis.

Non-modal voice, particularly creaky voice, tends to be
the leading cause of problematic or unreliable f0 measure-
ment. Often characterised by its lower frequencies, creaky
voice may not be accurately estimated when the fO values
are below the predefined pitch floor setting. In such cases,
pitch trackers might mistakenly rely on minor individual
peaks within the heavily damped long pulses typical of
creaky voice, yielding substantially high fO estimates. This
is why sometimes there is an upsurge in fO at the right edge
of a token, reflecting creaky phonation related to the termi-
nation of an utterance. The first-pass fO measures of
extremely low-pitched tokens can be corrected by adjusting
the pitch floor setting.
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d. How to deal with laryngealised tokens? Creakiness
or laryngealisation is also typically accompanied by rela-
tively high jitter and shimmer. Sometimes encountered are
tokens containing portions with irregular pulses, where f0 is
likely to be not available or unreliable. Figure 15 demon-
strates three naturally occurring instances of [i:] “ant” with a
low dipping tone by a Standard Mandarin speaker, two of
which feature partial non-modal phonation: the middle
token shows modal-creaky-modal pattern, with the creaky
portion characterised by a low rate of vocal fold vibration
and irregular fO; the bottom token includes a full closure in
the middle of the utterance. These variable acoustic realisa-
tions, while potentially having an equivalent percept in
cuing the same tone category, present challenges in fO mea-
surement and analysis.

One challenge lies in accurately computing fO estimates
when sampling the fO time course at a fixed number of equi-
distant data points. The fO estimate at a particular time is
usually computed by interpolating between the surrounding
fO measures of the pitch tracking frames. The interpolation
function, hence, affects the fO estimation. Rose (2019), for
example, proposed a dual-model approach for fO extraction
in laryngealised tokens, exemplified by the middle token in
Fig. 15. Separate models were used for the central creaky
portion and the peripheral modal portions: a /owess model
for the former and a low order polynomial model for the lat-
ter. The fO was then sampled from these smoothed curves.
This method resulted in a close fit to the fO measures.

Another challenge relates to the fact that the precise fO
of the laryngealised portion of a token may not correspond
to our perceived pitch in the same way as it does for the fO
of modal voice. Kuang and Liberman (2015) suggests that
the perceived pitch is much higher than the actual fO in cases
of creaky phonation. Figure 16 illustrates the fO data points
extracted every 10 ms for the three variants of [i:] in Fig. 15.
For each token, a loess fit, a smooth curve fitted to all fO
points using local regression, is depicted with a dotted line,
and a quadratic polynomial, fitted specifically to the modal
voiced f0 points in the dipping portion of the curve, is drawn
with a solid line. Although with only peripheral modal por-
tions in the two laryngealised tokens, the shape of their fitted
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quadratic polynomials closely mirrors that of the fully
modal token. In contrast, the loess fit, sensitive to the central
irregular fO measures, results in a noticeably different shape
in one of the laryngealised tokens. The close fit to the creaky
f0 measures, in turn, greatly influences the claims we
made about the pitch pattern of a tone. Considering that the
strikingly large dip in the fO curve modelled by the loess fit
in Fig. 16 appears not to be perceptually significant, does
the quadratic polynomial model based on modal portions
provide a more perceptually valid capture of the tone
pattern?

Tone is not only realised through changes in pitch but
also frequently by changes in voice quality. This additional
phonetic realisation has been documented across a variety of
languages such as Vietnamese, Hmong (Garellek et al.,
2013), Yucatec Maya (Frazier, 2013), and Valley Zapotec
(Esposito, 2010). Yet the traditional approach to lexical tone
analysis tends to exclude non-modal tokens due to the
absence of reliable automatic fO data. While fO data of tokens
with partial non-modal voice portions may be obtained via
modelling the fO curve and interpolating as previously
described, it is crucial to report the fO sampling approach and
the relevant smoothing methods. In addition, the variability in
acoustic realisation demonstrated in Fig. 15 reflects the
importance of auditory analysis, despite the decline of
impressionistic auditory transcription in the era of automatic
fO tracking. The auditory analysis provides a sensible heuris-
tic to the perceived tone pattern. It is recommended to

document the perceived pitch pattern as well as any non-
modal voice quality observed in citation tones.

4. FO Normalisation.

In speech, the O conveys not only the linguistically rel-
evant information, but also the physiological, emotional,
and sociolinguistic characteristics of the speaker. In citation
tone studies where the interest is to map out the general tone
patterns of all language users in a speech community, indi-
vidual anatomical differences and idiosyncrasies are treated
as noise (Genette et al., 2023). The same contour tone pro-
duced by a man and a woman, for instance, is highly likely
to have different pitch spans when plotted on a Hz scale.
Normalisation is a mathematical tool to eliminate or reduce
such noise and to allow between-speaker comparison.

There are a variety of normalisation methods for fO
from published studies, as shown in our database (Sec.
I C). Zhang (2018) and Genette et al. (2023) curated com-
prehensive lists of specific methods. These methods can be
categorised into four broad strategies:

(1) Perceptually motivated rescaling. This category involves
transforming an fO measured in Hz to a perceptually moti-
vated non-linear psychoacoustic scale such as semitone
[e.g. Chiang (1967)], mel, Bark, and ERB [e.g., Nolan
(2003)]. The semitone conversion (log to base 2) often
employs a fixed reference f0, such as 1, 50, or 100 Hz.
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FIG. 16. (Color online) The fitted quadratic polynomial of the dipping por-
tion based on the modal fO points (solid line, the five lowest purple dots
were excluded) and the fitted local polynomial regression based on all fO
points (dotted line, smoothing =0.45). The f0 measurements of the three
tokens are shown as a reference. The tokens match those in Fig. 15 by
colour.

(2) Range normalisation. This category includes Fraction
of Range transforms [e.g. Ladd et al. (1985)], represent-
ing an fO as a fraction of the difference between the
maximum and minimum fO values, and other linear scal-
ing methods such as rescaling an fO between 0 and 1
[e.g., Hoole and Honda (2011)].

(3) Centroid normalisation. This category normalises fO
relative to a central tendency of the fO distribution such
as medians [e.g., Chen et al. (2021)] and means. The
most common method is Z-scores [e.g., Menn and
Boyce (1982)], transforming an fO as a multiple of a
measure of dispersion sway from a mean fO (Rose,
1987).

(4) Log-based combined normalisation. This category
combines logarithmic transformation with other centroid
and/or range normalisation methods. For instance,
Andruski and Costello (2004) converted fO in Hz to
semitones relative to each speaker’s average fO (log-
mean normalisation). Other examples include the T
score and LZ score introduced in Sec. ITII C.

Having mentioned the reasons for normalisation, we
would also like to flag the risks of doing so. The a posteriori
rescaling of the original frequency measurements in Hz can
impact the variability in the data. Consequently, normalisa-
tion potentially affects hypothesis testing and the power of
statistical tests (Genette et al., 2023). There are different
opinions regarding the choice of normalisation methods.
Rose (1987) preferred Z-score normalisation to Fraction of
Range normalisation because Z-scores more effectively
reduced the between-speaker variance of f0O samples.
Similarly Zhu (1999) considered logarithmic Z-score the
best among six methods since it resulted in the most tightly
clustered normalised fO contours. Upon evaluating the effec-
tiveness of 16 tone normalisation methods from three per-
spectives including their ability to preserve phonemic
variation, minimise anatomical variation, and maintain
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sociolinguistic variation, Zhang (2018) concluded that the
semitone transformation relative to each speaker’s average
pitch (log-mean) is the best method. Genette et al. (2023)
suggested that f0 measures normalised by the log-mean,
centroid, and range methods with per-subject reference lev-
els achieve higher statistical power with smaller sample
sizes compared to unnormalised and perceptually rescaled
data. In particular, the log-mean method enhances the statis-
tical power the most when the sample size is small.

a. How to calculate the speaker mean f0? It is impor-
tant at this point to discuss a caveat associated with the cal-
culation of the speaker mean f0 in a tone language, which is
utilised in many fO normalisation methods presented here.
When the dataset is unbalanced, that is, the number of sylla-
bles per tone category is not the same, the composition of
different tones in the speech materials influences the grand
mean (averaging fO across all syllables). For instance, if the
speech materials contained a disproportionately high num-
ber of high tones, the estimated speaker mean based on the
grand mean would also be artificially elevated. One way of
defining the speaker mean fO was averaging the f0 mean of
each tone in a language variety using the monosyllabic data-
set [Egs. (4) and (5)],

_ 1 n
fr= ;Zfop “)
=

S G
fo=y2Ir 5)

Here, f is the average of all n number of f, values of Tone
T syllables in a given language variety by a given speaker (T
denotes an arbitrary tone category; j is the index of each fj
measurement of a tone T syllable in a given variety by a
given speaker). In this way, the speaker mean, denoted as f ,
represents an equally weighted mean across N number of
tone categories and can be interpreted as the centre of the
tonal space, encompassing every type of citation tone.

Built on the discussion of fO normalisation, selecting an
appropriate f0 normalisation method should take into
account the research objectives, the size of a dataset (statisti-
cal power), and the intent to compare findings with other rel-
evant tone studies.

b. How to normalise time? When examining f0 con-
tours, the time dimension cannot be neglected. With regard
to the normalisation of time in fO contours, the following
should be considered: (1) whether the duration of citation
tones is part of the research objective, (2) whether duration
significantly and systematically varies among the citation
tones, and (3) the analysis and visualisation method of 0
contours.

Often, we are interested in the shape of a tone contour,
especially in Chinese varieties, regardless of the duration
variation. In most cases where fO values are equidistantly
sampled with a fixed number (e.g., 11), the lengths of the O
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contours of the different tones are equalised. The time indi-
ces of fO points can then represent a linear progression in
duration expressed as percentages (e.g., 0%, 10%, , 100%,
when there are 11 sample points).

Sometimes a particular analysis method necessitates
data to be preprocessed in a particular format. For instance,
the use of Lengendre polynomials in modelling fO contours
requires shifting and scaling the time axis to range between
—1 and 1 because Legendre polynomials were defined as an
orthogonal system over the interval [—1, 1] (Grabe et al.,
2007). There are nevertheless cases where duration is a
salient feature of citation tone patterns. Duration can be
measured and integrated into fO contour analysis, such as
with generalised additive mixed models (GAMM).

5. Statistical analysis and visualisation

The fO data of each monosyllabic token are dynamic
trajectories over time, and the overall dataset is hierarchical
in nature: while individual measurements at various time
points were arranged into fO contours, the contours can be
grouped according to syllables, tones, and speakers, result-
ing in complex dependencies among individual measure-
ments. The main goal of fO analysis and visualisation is to
establish the prototypical pitch pattern of citation tones, tak-
ing into careful consideration the hierarchical data structure.

Functional data analysis has emerged as a valuable and
effective collection of tools across various fields, including
modelling fO data registered on a continuum of time.
Hadjipantelis et al. (2012), for instance, treated fO contours
of Mandarin syllables as bounded continuous curves. These
smooth curves can then be modelled as a sum of weighted
basis functions, including quadratic spline basis functions
(Hirst and Espesser, 1993), cosine functions (Watson and
Harrington, 1999), or functional principal components
(Gubian et al., 2015). Grabe et al. (2007) and Xu (2022), for
instance, employ parametric orthogonal Legendre polyno-
mials as basis functions. This approach projects fO curves in
the lower dimensional space where the Legendre polyno-
mials served as the axis system. The fO contour of a single
syllable, which is not expected to be very wiggly, can be
easily represented by a small number of interpretable and
meaningful coefficients: the first three coefficients corre-
spond to the average f0, the best-fitting slope, and central
curvature, respectively. It is desirable to keep the degree of
polynomials low so that all coefficients are straightforward
to interpret and understand, and potentially filter out
unstructured information. The coefficients, serving as proxy
data for the fO curves, can be used as the dependent varia-
bles in a series of linear mixed effects models, thereby effec-
tively modelling the shape features of various tone
prototypes.

Alternative approaches such as growth curve analysis
(GCA) (Mirman, 2014) and GAMM (Wood, 2017) integrate
mixed models with the modelling of nonlinear patterns.
While the former is polynomial-based, the latter is non-
parametric, inherently more flexible in modelling
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nonlinearity. GAMM s can also accommodate the autocorre-
lation observed among consecutive time points in time
series data, though GAMMs do not have directly interpret-
able coefficients, in contrast to GCA (Winter and Wieling,
2016). For accessible introductions to GCA, see Mirman
(2014); GAMMs, see Soskuthy (2017, 2021) and Chuang
et al. (2021). For more fO contours modelling techniques,
see review in Zhang and Chen (2024).

a. How to report findings of citation tones?
Visualising the prototypical fO contour of each tone is a
straightforward and effective way to communicate the cita-
tion tones of a language variety. Typically, the average nor-
malised fO contour of each tone is plotted against
normalised time. When mixed models such as GAMMs are
used in the analysis, model predictions of normalised f0
over normalised time for each tone can be plotted instead.
Visual methods are in fact key to interpreting GAMMs out-
put (Soéskuthy, 2021). We recommend incorporating confi-
dence intervals in the fO contour plot to capture variability
across tokens and speakers. Alongside the visualisation, we
also encourage a brief textual summary (e.g., high rising) of
the prototypical citation tones. If tone patterns are to be
summarised in Chao’s tone letter or numeral system, it is
important to explain the fO rescaling scheme and the bound-
aries used to define the tone categories.

D. Open and reproducible research

We encourage researchers to adopt open and reproduc-
ible practices such as sharing study materials, data, and anal-
ysis scripts, which enable replication and evaluation, as well
as greatly increase the comparability of citation tones cross-
linguistically or longitudinally.

V. CONCLUSION AND FUTURE ENDEAVOURS

This paper consists of two main components: (1) a sys-
tematic review in Sec. III that identifies methodological
issues in citation tone production studies and (2) a thorough
collection of recommendations in Sec. IV to guide future
research.

Our review reveals that many studies in our database
lack sufficient methodological details. Methods on deter-
mining and distilling prototypical citation tones also differ
significantly across studies, hindering reliable comparisons.
In every stage of the research pipeline—data collection,
processing, analysis, and interpretation—various analytical
decisions researchers made can affect the shape of fO con-
tours and, in turn, the conclusions regarding the citation
tones of the language variety.

Our recommendations identify the potential pitfalls of
certain practices and highlights the advantages of a variety
of approaches, instead of aiming to offer a one-size-fits-all
solution. The discussions on fO analysis, such as fO outlier
treatment and normalisation in Sec. IV, are also beneficial to
the broader field of linguistic research, where fO plays a crit-
ical role. We hope that the recommendations will encourage
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more careful experiment designs and more thorough reports
of the findings in future studies. Adhering to these recom-
mendations will likely enhance the reliability of results
within a language variety and facilitate typological compari-
son and discussion. We have also prepared a checklist in the
Appendix to guide researchers throughout the research
pipeline.

There are, nevertheless, still unresolved issues in
citation tone research that call for the attention of phone-
ticians, phonologists, and typologists in future
endeavours.

One issue concerns the effectiveness of the notation
system of citation tones, particularly the widely used tone
numerals. The comparability of citation tones across lan-
guages is greatly compromised by how tone numerals were
derived in different varieties: different studies used different
formula and cut-off points for obtaining the final tone num-
bers. Apart from this caveat, we do recognise that the tone
numeral system has been working well in capturing the con-
trastive lexical tones within a variety and is easy to concep-
tualise. However, despite its effectiveness and simplicity,
the 5-level numerical system has its weaknesses in capturing
surface variation: the distinction of one degree (e.g., 44 and
55) is sometimes not significant and the choice of five levels
is not motivated by any phonological principles, which
makes it lie in an ambiguous status between a phonetic sys-
tem or a phonemic one [see Duanmu (2007) for discussion].
An alternative approach is to present the lexical tones in var-
ious language varieties through a visual database of the pro-
totypical citation tones. This may facilitate cross-linguistic
or diachronic comparison. Each prototypical tone can be
summarised as a vector of (at least) three numeric values, its
central curvature, best-fitting slope, and mean height, using
orthogonal polynomial modelling, thereby each tone is pro-
jected as a dot in the three-dimensional space where a simi-
larity index can be created. An example can be found in Xu
(2022).

Another issue lies in the interpretation of the fO contour
of a whole syllable and the controversial domain of a tone
(also discussed in Sec. IV C 2). In the database, a segment of
varying size may have been excluded from an fO contour.
How do we prove that these excluded fO segments present in
the acoustic signal of the citation tone production are not
part of a tone? The (surface) fO contour could manifest an
interaction among tone, intrinsic segmental effects, and cita-
tion intonation? While Tone 3 in Standard Mandarin is
known for its shape of a falling-rise contour, all tokens illus-
trated in Fig. 16 also have an extra falling tail (a falling-ris-
ing-falling shape). To what extent do we hear such a tail in a
citation tone? More perception studies are needed to see
what role these controversial fO segments play in our per-
ception of a tone.
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APPENDIX: CHECKLIST FOR CITATION TONE
RESEARCH

The following checklist is designed to guide researchers
through the critical stages of conducting rigorous and repro-
ducible research on the production of lexical tones. It will
serve as a valuable roadmap for your production study, from
the initial planning phase to the analysis and interpretation
of results.

(1) Language Variety
Which language variety are you studying and why?
0] Introduce the variety you are researching and its
language family.
[J Introduce the geographical location of the variety
and the speech community.
[J Report any previous findings in the literature about
the variety.
[J Report a summary of the tonal system of the vari-
ety in conclusion.
(2) Research Ethics
Does the research comply with ethical guidelines?
0 Apply for ethical approval from your research
institute before data collection.
[] Assess the risks involved in field trips and data
collection.
00 Consider
participants.
L] Prepare recruitment materials, consent forms, and
other supporting documents.
L] Check out relevant laws and regulations concern-
ing data protection and privacy.
[0 Store all data in secure environments, using
encryption and controlled access.
(3) Speaker Selection
Are the sample population representative of the target
speech community?
L] Consider the number of speakers.
[J Consider the gender balance of the speakers.
[J Consider the age range of the speakers.
[0 Administer a sociolinguistic questionnaire to learn
about speakers’ language wuse and language
backgrounds.
(4) Speech Materials Design
Are the speech materials designed in a well-controlled
and motivated way?
] Consider the number of monosyllabic words in the
speech materials.

how to recruit and compensate
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L] Consider the number of repetitions of each word.
[0 Consider the syllable structure of the selected
monosyllabic words.
L] Consider the segmental composition of the selected
monosyllabic words.
L] Consider the usage frequency of the selected
monosyllabic words.
[0 Consider the presence of tonotactic gaps in the
chosen materials and discuss the strategies for
addressing them.
(5) Experiment Setup
Have you considered how to present your speech
materials?
[ Decide on the presentation format of the speech
materials.
[J Consider the presentation sequence of the mono-
syllabic words.
L] Add pauses between utterances.
L] Use the same language variety as the medium of
instructions.
[J Standardise the instructions to ensure that each par-
ticipant receives identical information.
(6) Recording
Where do you conduct the recording sessions and what
equipment do you use?
[J Conduct the speech recordings in a phonetics lab
or a quiet small room with soft furnishings.
U] Use a head-mounted unidirectional microphone.
] Locate the microphone head to the side of or below
the mouth.
L] Consider the choice of the recorder and recording
software.
L] Take a picture of the recording setup.
[ Configure the recording setting including the sam-
pling rate, bit depth, and channel.
L] Save the recordings in WAV format.
(7) Data Management
Have you considered how to organise your corpus of
monosyllables?
[0 Backup all data securely, preferably in multiple
locations.
[J Assign a unique ID to each participant to anonym-
ise the data.
[J Log the relevant metadata including the original file-
name of the recordings, recording date and time, and par-
ticipant ID, after each recording session in a spreadsheet.
U] Devise a file-naming system for the recordings and
the relevant processing files such as the TextGrids.
[ Keep track of the processing steps and do not over-
write the original data.
(8) Acoustic Measurement
How to do you extract f0 contours?
L] Select an acoustic analysis interface and algorithm
for fO measurement.
[J Check if any pre-processing is needed.
[0 Set appropriate parameters for the fO estimation
algorithm.
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L] Inspect the first-pass fO measurements and identify
potential outliers.
[J Examine the fO data points flagged as potential out-
liers and address them accordingly.
] Consider normalisation strategies for fO and time.
(9) Pitch Contour Analysis
How do you analyse f0 contours and present findings
of citation tones?
[J Validate the number of lexical tones (distinct con-
tour shapes).
L] Describe the tone contours qualitatively.
L] Provide some descriptive statistics of fO contours
and/or their duration by tone, such as the mean, stan-
dard deviation, maximum, minimum, and f0 range.
[J Document any voice quality variations.
[J Select an fO contour analysis method that handles
hierarchical data structure.
[J Visualise the prototypical fO contour of each tone
based on f0 data from all speakers.
[ Summarise the prototypical fO contour of each tone
in textual description.
] Report the specific rescaling strategy and decision
boundaries if summarising the fO contours in tone
numerals.
(10) Open and Reproducible Research
How to adopt open and reproducible research
practices?
[] Share the study materials, fO data, preprocessing
logs, and analysis scripts via open platforms such as
Open Science Framework (OSF) and Github.
[J Where appropriate and consented to, openly share
the monosyllabic corpus including audio recordings
and anonymised metadata.

'To achieve a reliable, informative and sustainable database, cited authors
are encouraged to submit corrections if we have inaccurately interpreted
or represented any aspects of the methods and/or results presented in their
published articles. Furthermore, we invite scholars who have published
work on citation tones not logged in the present database to share their
results with us for inclusion in the database.

See an example of a brief questionnaire on speakers’ linguistic back-
grounds in the Appendix A.5 in Xu (2022).

3A sample recording protocol for prosody research, including equipment
setup, can be found in the Supplementary Material 1 in Zhang et al.
(2024).
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