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Abstract

Many phonological processes originated as phonetic reduc-
tion phenomena. An informative way to understand these pro-
cesses and the related issue of the phonology/phonetics inter-
face is to build a phonetic implementation model that simu-
lates these processes. This paper investigates production data
of Mandarin tone2 (a rising tone) in an environment that may
induce Mandarin tone2 sandhi, and shows that the sandhi rule
is a phonetic reduction phenomenon occurring in prosodically
weak positions. The data supports a model where speech vari-
ation arises as the speaker balances the trade-off relationship
between ease of articulatory effort and communication accu-
racy. A weight representing prosodic strength is introduced in
the simulation model to capture this trade-off relationship. The
shifting prosodic weight from unit to unit controls surface pho-
netic variations which match the production data.

1. Introduction
Many phonological processes originated as phonetic reduction
phenomena [1]. A good way to understand these processes
and the related issue of the phonology/phonetics interface is
to build a phonetic implementation model that simulates these
processes. This paper investigates production data of Man-
darin tone2 in an environment that may induce Mandarin tone2
sandhi, and shows that the sandhi rule is a phonetic reduction
phenomenon occurring in prosodically weak positions, which
can be modeled following the proposal of [2, 3].

Mandarin tone2 sandhi refers to a process whereby an un-
derlying tone2 (a rising tone) surfaces, or appears to surface
as a tone1 (a high level tone) when it occurs in a weak sylla-
ble following a tone that ends in a high target. For example,
it was cited in Chao [4] that words such as dong1 nan2 feng1
“east south wind, southeast wind” may optionally surface as
dong1 nan1 feng1. Figure 1 is a schematic picture of this pro-
cess, where a trisyllabic tone1-tone2-tone1 sequence depicted
in solid line changes to tone1-tone1-tone1. The arrow indicates
the direction of change and the dashed line indicates the end re-
sult. Previous accounts of this phenomenon, starting with Chao
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Figure 1: Schematic representation of Mandarin tone2 sandhi
showing a 1-2-1 tonal sequence changing to 1-1-1.

[4] and including most recently the account in Chen [5], have
uniformly treated this phenomenon as a phonological process.
Details aside, what all of these accounts have in common is that
they treat the process as a categorical replacement of the under-
lying tone2 with a tone1.

Already, there are details of this process that are problem-
atic for the phonological view. For example, the rule is appar-
ently sensitive to style and speaking rate. Previous accounts pri-
marily deal with ways of building metrical structure over words,
and have difficulty incorporating style and duration into the rule
formulation. Furthermore, while the phonological rule of Tone
3 sandhi [6, 5] is readily noticeable by native speakers, speak-
ers are unaware of Tone 2 sandhi. As a corollary of this latter
point, there is a significant amount of disagreement on what the
facts are, let alone the analysis. In general, there is a consensus
that Mandarin tone2 sandhi applies in a prosodically weak posi-
tion, and that the medial syllable of a trisyllabic word occupies a
weak position in Mandarin, which facilitates the rule [7, 8, 5, 9].
Beyond these basic points, there have been debates in the liter-
ature on both data and analyses, questioning, for example, how
the rule applies in four syllable words and phrases.

Alternatively, these characteristics of Mandarin tone2
sandhi can be explained in the context of phonetic reduction.
The concept of phonetic reduction is formally defined and im-
plemented as a mathematical model [2, 3]. It captures the in-
tuition that speech variation arises as the speaker balances the
trade-off relationship between ease of articulatory effort and
communication accuracy, an idea that has long been promoted
in the segmental domain [10]. In order to generate and to fit
natural speech data, a weight representing prosodic strength is
introduced in the simulation model to capture this trade-off rela-
tionship. The shifting prosodic weight from unit to unit controls
surface phonetic variations which match the production data.

2. Hypotheses
Treating Mandarin tone2 sandhi as a phonological process or
as a phonetic process predicts different outcomes. The differ-
ence in outcomes allows us to empirically test and potentially
reject one of the two possibilities. Specifically, if Mandarin
tone2 sandhi is an optional phonological process represented
by changing phonological categories such as tone2 → tone1,
we would expect the surface realization of tone2 to show a bi-
modal distribution in some acoustic domain.

Likewise, if the rule is conditioned by the strong/weak la-
bels on the metrical structure, we expect to see evidence of cat-
egorical strong/weak distinction reflected in the phonetic varia-
tions of tone2.

If tone2 sandhi is a phonetic reduction phenomenon, we
expect to see gradient distribution of tone2 variations with more
reduced variants correlating with shorter duration and weaker
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prosodic strength. At the same time, the f0 trajectory should be
smoother as a result of the reduced articulatory effort.

3. The Experiment
The experiment investigated tone2 variations in the environ-
ment that may facilitate Mandarin tone2 sandhi. Tone1’s in the
same environment were also collected as the control.

3.1. Materials

The keywords included Mandarin three and four syllable words
with the following tone patterns: 25 words with 1-1-1 (tone1-
tone1-tone1) pattern, 35 words with 1-2-1 pattern, and 6 each
of 1-1-1-1, 1-2-1-1 and 1-1-2-1. Their branching structures
were coded for statistical analyses. Three syllable words were
coded by left-branching (L), right-branching (R) and no branch-
ing (N). Four syllable words were coded as the second syllable
(2) or the third syllable (3) of the word.

The keywords were elicited in four speaking styles covering
a range from careful to casual speech, including three reading
tasks and conversation.

• Isolation (I): The keywords were read in isolation.

• Foreground in frame (F): The keywords were read in a
sentence frame, conveying foreground information.

• Background in frame (B): The keywords were read in a
sentence frame, conveying background information.

• Conversation (C): Free form conversation between the
experimenter and the subject. All words produced by the
subject with the targeted tone patterns were collected for
analysis.

3.2. Procedure

Four speakers (D, F, K, W) of Mandarin Chinese participated in
the experiment. D and K are female, and F and W are male.

All stimuli plus 120 filler sentences were printed on in-
dex cards, mixed together, randomized, and presented to the
speakers to read. Each stimulus was recorded once. After the
prompt-based recording, the experimenter carried out a half-
hour one-on-one interview session with each speaker to record
their speech in conversation. The conversational topics centered
around daily life in China. The experimenter would make an at-
tempt to initiate some topics that may prime the speaker to use
some of the keywords spontaneously, but would not discourage
the speakers from talking about a topic of their own choice. All
three syllable words with the tone pattern 1-1-1 and 1-2-1, and
all four syllable words with tone pattern 1-1-1-1, 1-2-1-1, and 1-
1-2-1 were collected from the conversational speech, regardless
of whether they match a keyword in the experimental design.

3.3. Measurement

We define a measurement ∆p that allows us to compare tone1
and tone2. Figure 2 illustrates this measurement method. Tone1
is basically flat, hence these two tones are most distinct where
tone2 reaches the lowest f0 value. In production, most Man-
darin tone1’s and tone 2’s exhibit a dipping shape in the center
of the syllable. Comparing the lowest point of a tone1 against
the lowest point of a tone2 as shown schematically in (a) of Fig-
ure 2 therefore gives us a representative measurement ∆p that
differentiates the two tones. In reality we do not have simulta-
neous production of tone1 and tone2. This problem is solved
experimentally by eliciting tone1 and tone2 in the high tone

∆ p
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Figure 2: Definition of ∆p: The distance of the lowest f0 values
of two successive syllables.
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Figure 3: Comparing f0 trajectories of strong tone2 conveying
foreground information (black solid line), weak tone2 conveying
background information (black dashed line), and strong tone1
conveying foreground information (grey solid line).

context and measuring the pitch drop in successive syllables as
an approximation of ∆p. We take the minimum f0 values from
the middle 50% of the syllables to avoid segmental effects. Ex-
ample (b) shows a relatively small value of ∆p from a tone1
to the next tone1. Example (c) shows a relatively large value of
∆p from a tone1 to the next tone2. In this way, we have a simple
measurement with which to describe the population characteris-
tics of tone1 and tone2, and can estimate quantitatively whether
Mandarin tone2 sandhi has occurred in recorded speech.

3.4. Strong vs. Weak

Following the metrical hypothesis of Mandarin tone2 sandhi,
tone2’s with bigger values of ∆p are considered stronger and
those with smaller values of ∆p weaker. While Mandarin does
not provide lexical stress contrast to verify the strong/weak re-
lationship in word structures, there are independent observa-
tions from pragmatics that support this interpretation. Figure 3
shows that monosyllabic tone2’s conveying foreground infor-
mation have the fullest rising shape and lowest f0 (black solid
lines). This condition is prosodically strong given the intended
pragmatic function, and the ∆p values are bigger. In contrast,
when tone2’s are in a pragmatically weak condition conveying
background information (black dashed lines), the rising shapes
are shallower, the lowest f0 values higher with smaller ∆p, and
the tonal trajectories resemble tone1 (grey solid line).
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Figure 4: The histograms of ∆p from the tone1 and tone2 pop-
ulations.

Are ∆p values different in tone1 and tone2?
Spk I F B C
D 3.0e-23 2.0e-18 1.1e-12 0.079
F 5.2e-12 2.9e-09 0.002 0.20
K 1.4e-32 2.0e-23 6.8e-08 9.7e-05
W 1.7e-19 2.7e-08 0.0002 7.1e-06

Table 1: P-values of post-hoc Welch two sample t-tests testing
whether ∆p values of tone1 and tone2 are different under the
listed conditions. Note that tone1 and tone2 are no longer dif-
ferentiated in conversation for speakers D and F.

4. Results
Figure 4 shows the histograms of ∆p by tones. We failed to
find a bimodal distribution in tone2 that would have been a
strong support for the phonological hypothesis. If Mandarin
tone2 sandhi were an optional phonological rule that changed
a tone2 to a tone1 in some environments, we ought to see two
populations in tone2, with one cluster reflecting the variation of
tone 2, where the optional rule had not apply, and another clus-
ter reflecting the variation of tone 1, where the rule had applied.
Instead, the histogram of tone2 is consistent with the interpre-
tation of tone2 sandhi being a gradient phonetic reduction phe-
nomenon where some tone2’s invade into the acoustic space of
tone1.

Analysis of variance (ANOVA) were used to estimate the
effect of various factors on ∆p. Tone (1 and 2), duration,
speaker (D, F, K, W), word structure (L, R, N, 2, 3, X), and
speaking style (I, B, F, C) were used as independent variables
while ∆p was used as the dependent variable. All main effects
were significant (p < 2.23e-16). Furthermore, the correlation
between ∆p and syllable duration was significant (p < 0.01).

Table 1 presents p-values of post-hoc Welch two sample t-
tests testing whether ∆p values of tone1 and tone2 are different
under the listed conditions. Since we start with two lexically
distinct categories, most of the cells show highly significant re-
sults showing that the two populations are distinct, as expected.
There is an interesting trend that the two tones become less dif-
ferentiated as the reading styles change from careful to casual.
While the populations are distinct statistically, the increasing
p-values suggest that tone1 and tone2 populations are getting
closer to each other. Eventually, tone1 and tone2 can no longer
be differentiated at the p < 0.05 level in conversation for speak-
ers D and F.

Figure 5 presents averaged f0 trajectories of tone2, includ-
ing data from the medial syllable of three syllable words. There
is a general trend that tone 2 loses more of its distinctive shape
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Figure 5: Tone2 on the medial syllable of a three syllable word
becomes increasingly more like a tone1. Isolation (black solid
line), foreground in a sentence frame (solid grey line), back-
ground in a sentence frame (dashed grey line), and conversation
(dashed black line).

and becomes increasingly more similar to tone1 as speaking
styles change from words read in isolation (I: solid black line)
to words read as foreground information in a sentence frame
(F: solid grey line), to words read as background information
in a sentence frame (B: dashed grey line), to conversation (C:
dashed black line). The general trend is consistent in all speak-
ers. Tone2’s produced in isolated words have a clear valley in
the pitch curve, those produced in conversation are shallow or
even flat. Tone2’s produced in frame sentences lie in between.

Contrary to most phonological analyses which claimed that
Mandarin tone2 sandhi occurs in restricted word structures and
in conversational style only, we elicited sandhi-like production
in all word structures under investigation, and in both reading
tasks and conversation.

5. Phonetic Implementation Model
Following work on the prosody modeling platform Soft Tem-
plate Markup Language [2, 3], we show that there is a prin-
cipled way to link lexical tones with their respective surface
variations. Different instances of surface variations form a con-
tinuum that reflects the amount of articulatory effort.

The phenomenon of Mandarin tone2 sandhi can be seen as
a consequence of tone shapes interacting via articulatory con-
straints. Lexical contrast may be lost when the tonal trajec-
tory of a weak tone is contradictory to the trajectory defined
by strong neighbors. In those cases the weak tone accommo-
dates the shapes of neighboring strong tones. The resulting f0

is smoother than what is required of the tones, reflecting less
articulatory effort.

Ease of articulation alone cannot explain variations in
speech production. In fact, a model of ease of articulation alone
predicts no articulatory movement, that is monotone pitch and
steady-state vowel. Communication need is another important
term in the equation: The speaker is willing to spend some ef-
fort to get the message across. A more realistic model is one
that balances articulatory effort and communication needs. Our
prediction is that speaker cut corners and opt for ease of artic-
ulation when the resulting errors are not likely to lead to mis-
communication.

These intuitive concepts lead to a simple mathematical
model where f0 production minimizes the sum of articulatory
effort (G) and communication error (R), as expressed in the
equation min(

P
(G + R)). This is similar to the minimum-

jerk articulatory models [11]. Readers who are interested in the
modeling details are referred to [2, 3].

The error term, R, behaves like a communication error rate:
It is zero if the prosody exactly matches an ideal tone tem-
plate, and it increases as the prosody deviates from the template,
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Figure 6: Model simulation of Mandarin tone2 sandhi as a pho-
netic reduction process.

where the template encodes the lexical information carried by
the tone. The communication error R is weighted. Mathemat-
ically we need a weight here in order to combine G and R, for
the two terms have different units and cannot be added with-
out converting one of them. Linguistically we are capturing the
intuition that speech units have different weight communica-
tively, some being more important and some less important. If
two speech units have similar weights, then they both will be
compromised in similar ways. If a speech unit is so unimpor-
tant that its weight is 0, then the communication term R would
be 0. Consequently, the G term takes over, minimizing artic-
ulatory effort. Placing the weight on R allows us to control
the trade-off relationship between G and R. This explains why
sometimes communication errors can be big, such as a rising
tone being produced with a level shape, and why this happens
in prosodically weak positions. This also explains the direction
of the distorted pitch trajectory—it is produced by minimizing
articulatory effort going from the previous target to the next.

Figure 6 shows a simulation of this model at work. We used
average tonal contour obtained from a database as the tonal tem-
plates, specified global parameters that represent speaker char-
acteristics such as pitch range, muscle speed, and the speed for
pitch to return to the rest position, and simulated f0 generation
on the tonal sequence tone1-tone2-tone1. The black line shows
the model-generated f0 where all syllables were assigned the
weight 1. In this case, the middle syllable had equal strength
as its neighbors, and it maintained the rising shape, conforming
to the requested tonal template. As the weight on this sylla-
ble became smaller (lighter shades of grey), the generated f0

contour lost more of its rising shape and gradually became in-
distinguishable from a tone1.

By adjusting the prosodic strength of the middle syllable,
we generated gradient surface variations of Mandarin tone2
sandhi without changing lexical tone templates.

6. Conclusions
The current paper explores the nature of Mandarin tone2 sandhi
using production experiments. The experimental results con-
firm that Mandarin tone2 sandhi is a reduction phenomenon oc-
curring on prosodically weak positions. The data is consistent
with the model predictions of [2, 3]. The reduction of tone2
articulatory movement comes with a concomitant reduction of
syllable duration. Both are acoustic correlates of weak prosodic
strength, and both are gradient phenomena.

When the prosodic strength is weak, the speaker often does
not spend enough articulatory effort to maintain lexical contrast.
The resulting articulatory trajectory is defined by the tonal envi-

ronment. Under the experimental condition, tone2 syllables are
surrounded by high tones. The f0 trajectory that requires the
least articulatory effort is a high tone. While many instances of
tone2 production under the experimental condition transverse
the acoustic space of tone1, and may be classified as tone1 by
human labelers who are looking for such instances, the tone1
interpretation is incidental. The case of tone2 in the high tone
context has been noticed and named. At the same time, similar
cases of tonal distortion occurring to other lexical tones in other
assortment of tonal contexts have largely eluded the linguistic
radar screen. As we mentioned before, it is very difficult for na-
tive speakers to hear phonetic reduction as a categorical change
of lexical labels. In our previous studies of Mandarin tones [3],
we presented many cases of tonal distortion that are similar to
Mandarin tone2 sandhi in the sense that they occur on prosodi-
cally weak positions, but unlike Mandarin tone2 sandhi in terms
of tonal composition. For example, we reported a falling tone
(tone4) surfaces as a rising tone in a generally rising tonal con-
text, and a high level tone (tone1) surfaces as rising in a rising
context. We suggest that the reported phenomenon of Mandarin
tone2 sandhi belongs to a general process of articulatory reduc-
tion in prosodically weak position which can be explained and
modeled in the same way as the rest of the tonal distortion data
found in [3].
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