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Abstract 
Post-L F0 bouncing (post-L bouncing for short) is a prosodic 
phenomenon whereby F0 is temporarily raised following a 
very low pitch. The phenomenon is quite robust, but is not 
widely known, and it has never been computationally mod-
eled. This paper presents the results of our simulation of the 
phenomenon by modeling articulatory dynamics. Using the 
quantitative Target Approximation (qTA) model, we were able 
to simulate the F0 rise after the Mandarin L tone by adding an 
acceleration adjustment to the initial state of the first post-L 
Neutral tone. Furthermore, a linear relationship was found be-
tween the added acceleration and the amount of F0 lowering in 
the L tone. We interpreted the results as evidence that post-L 
bouncing is directly related to the articulatory mechanism of 
producing a very low pitch. 
Index Terms: speech prosody, post-L F0 bouncing, articulato-
ry dynamics, qTA model 

1. Introduction 
The variations in F0 contours in speech have two very different 
sources [1]. The first consists of various communicative func-
tions such as tone, stress and intonation that carry real infor-
mation. The second is composed of various perturbations due 
to the F0 production mechanisms such as consonantal pertur-
bation [2-4], anticipatory dissimilation [5-8] and vowel intrin-
sic F0 [9]. A much lesser known perturbation pattern is post-L 
F0 raising or post-L bouncing, which involves the raising of F0 
contours following the Low (L) tone, especially when the fol-
lowing syllables are unstressed or having the Neutral (N) tone 
[10, 11]. An example in Mandarin is shown in Figure 1, where 
the third syllable carries four alternating tones as indicated by 
line color and pattern. In the case of the L tone, F0 within the 
third syllable drops sharply within the L-tone syllable, but it 
starts to rise from the beginning of the following N tone, and 
continues to rise in the next N tone. By the second N tone, the 
F0 height has surpassed that of all the other tone sequences.  
 

 
Figure 1: Time-normalized mean F0 contours, by 8 na-
tive Mandarin speakers, of the sentences “ta1 mai3 
[ma1ma0/ye2ye0/nai3nai0/mei4mei0] men0 de0 le0 
ma0”, where 1, 2, 3, 4 and 0 represent the H, R, L, F 
and N tones, respectively. 

The behavior of the F0 contour in the L-N tone sequence in 
Figure 1 is almost like that of a bouncing ball after hitting the 
ground, hence the name, post-L bouncing. Such pitch bounc-
ing is different from the known carryover effects which are 
always assimilatory [5, 7]. The assimilatory effects have been 
successfully modeled by the quantitative Target Approxima-
tion (qTA) based on simple mechanical dynamics [12, 13]. But 
qTA in its current form cannot simulate post-L bouncing, as 
will become clear in the Result section. qTA is based on the 
understanding that normal F0 variation is achieved by manipu-
lating two antagonistic forces, generated by the intrinsic laryn-
geal muscles, that jointly control vocal fold tension. These 
forces are produced by the contraction of the cricothyroids to 
lengthen the vocal folds, and that of the thyroarytenoids and a 
number of other muscles to shorten the vocal folds [14, 15].  

The production of very low F0, however, is known to in-
volve the extrinsic laryngeal muscles such as the sternohyoids, 
sternothyroids, and omohyoids [16-18]. The main function of 
these muscles is to control the vertical position of the larynx, 
and it has been suggested that the lowering of the larynx drags 
the cricoid cartilages across a curvature of the cervical spine, 
which tilts the top of the cricoids forward and shortens the vo-
cal folds by an extra amount [19]. Given these findings, it is 
possible that after producing a very low F0, the extrinsic laryn-
geal muscles simply stop contracting, which temporarily tips 
the balance between the two antagonistic forces maintained by 
the intrinsic laryngeal muscles, resulting in a sudden increase 
of the vocal fold tension. If this is the case, post-L bouncing 
could be modeled by adding an extra F0 raising force after F0 
is lowered beyond a certain threshold. The present study is an 
attempt to explore this possibility by modeling simulation us-
ing the qTA model [12, 13]. 

2. Method 

2.1. Corpus 

The corpus consists of utterances by 8 native Mandarin speak-
ers recorded for a study of question intonation involving long 
sequences of consecutive neutral tones [20]. Each utterance 
consists of 8 syllables, and the tone of the third syllable varies 
across High (H, T1), Rising (R, T2), Low (L, T3) and Falling 
(F, T4) tones, as shown in Figure 1. The first syllable is always 
H and the second syllable always L. The fourth to sixth sylla-
bles are always the Neutral tone (N, T0), and the final two syl-
lables are either both H or both N. Each utterance was also 
said as either a statement or a question, and with prosodic fo-
cus either on the second or third syllable. The utterance was 
repeated five times by each speaker. Table 1 shows the struc-
ture of the sentences in this corpus. 

For this study, only those utterances with L tone on the 
third syllable were used. There are 320 utterances in total that 
fit this criterion. However, the results in 3.1 were based on the 
whole corpus. 
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Table 1. Structure of the sentence. 

ta1 mai3 
(他 ) 
H L 
 

ma1 ma0 ( ) H N 

men0 de0 
( 的) 
N N 

le0 ma0 
(了嘛) 
N N ye2 ye0 ( ) R N 

nai3 nai0 (奶奶) L N mao1 mi1 
( 咪) 
H H mei4 mei (妹妹) F N 

2.2. Baseline simulation 

The quantitative Target Approximation (qTA) was used to 
simulate the baseline F0 contour. The qTA model simulates the 
production of tone and intonation as a process of syllable-
synchronized sequential target approximation [12, 13]. It rep-
resents F0 as the surface response of the target approximation 
process driven by underlying pitch targets. In qTA, an F0 con-
tour is composed of two parts: forced response and natural re-
sponse. The forced response is the output of the process when 
it reaches the desired target and the natural response is the ad-
ditive transient in transition from the current articulatory state 
to the desired target. F0 realization in qTA model is computed 
by the following equation, 

 f0 t( )= mt + b( )+ c1 + c2t + c3t 2( )e! "t  (1) 

The first term in parenthesis is the forced response which is 
the pitch target and the second term, the polynomial and the 
exponential, is the natural response. The model has three pa-
rameters, m and b which specify the pitch target slope and 
height, respectively, and ! which represents the rate or 
strength of target approximation. The coefficients c1, c2 and c3 
are jointly determined by the initial dynamic F0 state of the 
syllable and its pitch target. The initial state consists of F0 lev-
el, f0(0), velocity f0!(0), and acceleration, f0!!(0). This state is 
transferred directly from the preceding syllable. The three 
transient coefficients are computed with the following formu-
lae. 

 c1 = f0 ! b  (2) 

 c2 = !f0 0( )+ c1" #m  (3) 

 c3 = !!f0 0( ) + 2c2" # c1"
2( ) 2  (4) 

For each syllable in an utterance except those carrying the N 
tone, the qTA parameters m, b and ! are simultaneously esti-
mated by searching for the parameter combination with the 
lowest sum of square error. For the N tone, because their pitch 
target takes several consecutive N-tone syllables to reach, for 
each utterance, all the N tones were grouped together as one 
segment during parameter estimation. The results of this simu-
lation formed the baseline in the study. 

2.3. Post-L F0 bouncing simulation 

To implement the extra force as hypothesized for post-L 
bouncing, we added an adjustment of either the acceleration or 
velocity value to the initial state of the first N tone after the L 
tone. Such an adjustment would not cause a sudden change in 
F0, but would influence the F0 trajectories of the tone follow-
ing the L tone. To determine the amount of adjustment needed, 
we modified the qTA parameter estimation algorithm imple-
mented in PENTAtrainer [21] to iteratively search for the op-
timal extra values of either velocity or acceleration that result-
ed in the lowest sum of square errors. This was done only at 
the beginning of the fourth syllable which was immediately 
after the L tone.  

2.4. Developing a generalized post-L bouncing rule  

The initial-state adjustments in 2.3 were trained on individual 
utterances and reapplied to the same utterances. To develop a 
generalized rule, we analyzed the relation between the esti-
mated extra force and the amount of F0 lowering in the preced-
ing L tone in terms of the difference between the final F0 and 
the initial F0 of the utterance. A 5-point median filter was ap-
plied to eliminate outliers in the resulting pairs of adjustment 
and the F0 lowering values. The post-L bouncing rule was then 
established in the form of a linear relation between the amount 
of F0 lowering in the L tone and the estimated adjustment of 
the initial state of the first post-L N tone.  

We then tested the generalizability of the post-L bouncing 
rule by applying it in the qTA resynthesis of the F0 contours. 
The synthesized F0 contour was then compared to the original 
F0 contours of each utterance in terms of root-mean-square 
error (RMSE) and Pearson’s correlation coefficient. RMSE 
indicates point-by-point discrepancies between the synthesized 
and original F0 contours, while correlation represents the de-
gree of linear relationship between the two.  

3. Results 

3.1. L tone baseline compared to other tones 

The necessity for modeling post-L bouncing is illustrated in 
Table 2, which shows synthesis accuracies of utterances hav-
ing each of the four Mandarin full tones in the third syllable 
without applying any adjustments for post-L bouncing. The 
utterances with the L tone show both higher error and lower 
correlation compared to other tones.  

Table 2. Means and standard errors of utterances hav-
ing each full tone in the third syllable. 

Tone RMSE Correlation 
H 1.23 ± 0.12 0.964 ± 0.003 
R 1.39 ± 0.11 0.950 ± 0.006 
L 1.85 ± 0.25 0.906 ± 0.013 
F 1.05 ± 0.10 0.972 ± 0.003 

3.2. Effectiveness of adjusting initial acceleration 

Table 3 shows accuracies of F0 synthesis when the learned 
post-L bouncing rule in terms of either velocity or acceleration 
was applied. These results are based on only those utterances 
in the corpus that have the L tone on the third syllable. As can 
be seen, implementing the acceleration adjustments yielded 
greater improvements than implementing the velocity adjust-
ments, which is intuitively reasonable since acceleration is 
directly proportional to force according to Newton’s second 
law of motion. Implementing both acceleration and velocity 
adjustments yielded only marginal additional improvements 
over implementing either alone. This is presumably because 
velocity variations are the direct result of acceleration varia-
tions and so the two are not independent of each other. In the 
following discussion, we will therefore only report the results 
of implementing the post-L bouncing adjustments in terms of 
acceleration. Figure 2 shows examples of qTA-synthesized F0 
contours with and without implementing the acceleration ad-
justment. Without the additional acceleration added to the ini-
tial state of the first post-L N tone, F0 simply continues the low 
final F0 of the L tone, resulting in a contour that is very differ-
ent from the original one. With the acceleration adjustment, 
the F0 contours seem to resemble the original one much better.  
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Table 3. Means and standard errors of different post-L 
F0 raising simulation strategies. 

Strategy RMSE (st) Correlation  
Baseline 1.85 ± 0.25 0.906 ± 0.013 
Baseline + V 1.12 ± 0.11 0.967 ± 0.004 
Baseline + A 1.01 ± 0.10 0.974 ± 0.003 
Baseline + V + A 0.97 ± 0.10 0.975 ± 0.003 

 
Comparing Table 3 to Table 2, we can also see that, with the 
implementation of the acceleration adjustments, the overall 
errors and correlations of the utterances with the L tone on the 
third syllable are now comparable to those of other full tones.  
 

 
Figure 2: Examples of F0 contours synthesized with 
(solid blue) and without (dotted red) post-L bouncing 
simulation, together with the original F0 contour 
(dashed gray). 

3.3. Relation of acceleration adjustment and amount 
of F0 lowering 

Figure 2 shows the scatter plot the simulated acceleration ad-
justment as a function of the amount of F0 lowering measured 
in terms of the difference between the final F0 value of the L 
tone of the third syllable and the utterance-initial F0. A strong 
linear relation can be seen, with a coefficient of determination 
(R2) of 0.80. The linear trend in the scatter plot can be ex-
pressed by the follow equation: 

 Acceleration = 414.6 ! F0Lowering -1787.4  (5) 

This linear equation indicates that the reduction of F0 level 
of the L tone by 1 st would increase the initial acceleration of 
the following N tone by 414.6 st/s2. Since the negative value 
of acceleration would mean a lowering rather than raising of 
F0, equation (5) is valid only when the size of F0 lowering is 
greater than 4.32 st, i.e., at the intercept of the regression line 
with the x-axis in Figure 2. For the F0 displacement lower than 
4.32 st, the acceleration adjustment should be set to 0. 

3.4. Effectiveness of a generalized post-L bouncing 
rule 

The linearity of the scatter plot in Figure 3 means that equation 
(5) can be used as a generalized rule that can be applied to any 
N tone that immediately follows the L tone. When we applied 
this rule, as it turned out, the synthesis accuracy did not de-
crease from those shown in Table 3 (RMSE: 1.02 ± 0.09, Cor-
relation: 0.973 ± 0.002). This is a clear indication of the effec-
tiveness of the generalized post-L bouncing rule as expressed 
by equation (5). 

 
Figure 3: Relationship between simulated acceleration 
adjustment and amount of F0 lowering in the L tone. 
Red circles are cases where the L tone is focused, 
while blue triangles are cases where the L tone is 
post-focus. 

To further test how the post-L bouncing rule would interact 
with the communicative functions included in the current cor-
pus, we conducted function-specific modeling in the same way 
as done in [12], i.e., averaging qTA parameters in the same 
functional category and using them as the representation of 
that function. The post-L bouncing rule was applied only after 
the third syllable. Figure 4 shows the synthesis accuracy of 
each imposed functional combination with and without the 
post-L bouncing rule. As is apparent, for each and every func-
tional combination, the qTA-generated F0 contours show bet-
ter precision in terms of both RMSE and correlation when the 
post-L bouncing rule was applied. Moreover, the improve-
ments with increased number of functions included in the 
modeling can be seen only when the post-L bouncing rule was 
implemented. Without the implementation, there was no im-
provement in RMSE at all. This is likely because the raising of 
F0 after the focused L tone can be simulated only when the 
post-L rule is applied, and the corpus used in this study con-
tains many sequences of consecutive N tones after focus which 
are highly susceptible to post-L bouncing.  

 

 
Figure 4: Means and standard errors of RMSE and 
correlation of each imposed functional combination 
compared between the baseline (dark gray) and base-
line plus post-L simulation (light gray). 
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4. Discussion 
Post-L F0 bouncing is a prosodic phenomenon that is specifi-
cally recognized only recently [10]. But its effect on the N 
tone in Mandarin seems to be strong enough that we cannot 
afford to ignore it in either computational modeling or theoret-
ical understanding of tone and intonation. Theoretically, the 
behavior of the N tone after the L tone has long been a puzzle 
in both phonetics and phonology research ever since its early 
description by Chao [22]. The bouncing effect may also be 
responsible for the constant valley-to-peak interval reported 
for English [11], which has been viewed as evidence for the 
existence of underlying phonological tonal units in the lan-
guage. The importance and benefit of simulating post-L 
bouncing in computational modeling of tone and intonation 
have been clearly shown by the examples and results in this 
paper. 

To achieve a better understanding of post-L F0 bouncing, 
we tested a hypothesis based on previous reports and proposals 
in regard to the articulatory mechanisms of producing very 
low F0 in speech [16, 17, 19]. That is, post-L bouncing is due 
to an added articulatory force introduced by the sudden cessa-
tion of the contraction of the external laryngeal muscles after 
producing a very low F0, which temporarily tips the balance in 
the antagonistic control of the vocal fold tension by the intrin-
sic laryngeal muscles. We tested the hypothesis by training the 
qTA model with an additional force in term of either velocity 
or acceleration added to the initial state of the first post-L N 
tone. The results showed clear supports for the hypothesis in 
several ways. The first is the highly linear relationship be-
tween the amount of F0 lowering in the L tone and the simu-
lated acceleration adjustment as shown in Figure 3. This linear 
relation can be conceptualized if we link Hooke’s law of elas-
ticity with Newton’s second law of motion. In such a relation, 
the acceleration as part of the restoring force is linearly pro-
portional to displacement of one end of a spring from its equi-
librium. Further support was seen in the fact that the applica-
tion of the generalized post-L bouncing rule based on equation 
(5) lead to virtually identical performance as that of applying 
utterance-specific acceleration adjustments shown in Table 3. 
Finally, the post-L bouncing rule was shown to be able to be 
implemented in tandem with the functional modeling strategy 
developed in our previous research [12] and to significantly 
improve the performance of the modeling simulation. 

5. Conclusions 
In this study we tested the hypothesis that post-L F0 bouncing 
is directly related to the articulatory mechanism of producing 
very low pitch. We simulated the bouncing effect by adding an 
extra force in the form of acceleration adjustment to the initial 
state of the first post-L N tone using the qTA model. The re-
sults of simulating a Mandarin corpus containing many cases 
of consecutive N tones following the L tone, where the effect 
is the strongest, indicate a clear success of the strategy, with 
dramatic performance improvement in terms of both RMSE 
and correlation relative to the baseline. A highly linear relation 
was also found between the amount of F0 lowering in the L 
tone and the degree of acceleration adjustment, which provides 
further support for the extra-force hypothesis. The greater gen-
erality of the hypothesis can be tested in future studies on 
tones other than the Neutral tone and in languages other than 
Mandarin. 
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