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Abstract 

The Converter/ Distributor (C/D) model (Fujimura 2000) provides a comprehensive 

and explicit framework to model how the phonological, prosodic organization is 

mapped onto actual speech production. The goal of this paper is (i) to walk readers 

through how to construct the prosodic representations of the C/D model from actual 

articulation data, and (ii) discuss some crucial concepts of the C/D model. Some basic 

hypotheses of the C/D model are (1) phonological syllable magnitude increases with 

increased sentence stress, (2) amount of jaw displacement is the articulatory correlate of 

syllable magnitude, and (3) phonological syllable timing is calculated from speed 

patterns of the crucial articulators of onset and coda consonants, and (4) once syllable 

magnitude and syllable timing are determined, we can automatically calculate 

phonological phrasing patterns, with phrase boundaries which each come with predicted 

durational value. All of these computational aspects of the C/D model can and should be 

tested empirically. In this paper, we attempt to explain and discuss these aspects of the 

C/D model in detail, especially for those readers who are not familiar with the model.  

 

1. Introduction 

The Converter/Distributer model (C/D) model (Fujimura, 2000) converts and distributes 

the phonological information to articulatory information. That is, it relates the abstract 

phonological, prosodic representation to the actual articulatory movements. Figure 1, 

adapted from Fujimura (1994), shows the overall organization of the C/D model. This 

figure is reproduced here to show that the C/D model is a comprehensive model of the 

phonology-phonetics mapping. This paper, however, focuses on a small but 

fundamental part of the model (shown in box): how to determine syllable prominence, 

timing and boundaries, or in short, "prosodic component" of the C/D model. ii Aspects 

of the C/D model that we set aside include how the C/D model's phonological 

representations look like, how consonantal and vocalic gestures are distributed to actual 

articulators (Distributor), and how they are actuated in actual articulation (Actuator). 

Instead, we focus on illustrating how syllable triangle representations (shown with a box 

in Figure 1) can be computed from actual articulation data.   



 

Figure 1. The C/D model: Overall organization (from Fujimura, 1994) 

 

 Since the C/D model is a theory to map one representation (phonological) to 

another (articulatory), it allows us to both (i) predict articulatory patterns given some 

prosodic structures (from phonology to phonetics), and (ii) calculate prosodic 

structures given a set of actual articulatory data (from phonetics to phonology). The 

first component of the theory—the mapping from phonology to phonetics—has been 

tested in some of our previous research (Erickson et al. 2000; Erickson et al. 2014); 

this paper illustrates the second feature of the model: calculating syllable triangle 

representations from actual articulatory data. Although this aspect of the C/D model is 

yet to be further explored, some preliminary results are reported in Fujimura (2000) 

and Erickson et al. (2015).  



 

2. Constructing syllable triangle representations 

2.1. Syllable magnitude 

In the C/D model, phonological representations consist of a sequence of syllables, 

which are themselves made out of a nucleus (vowel) and onset and coda elements. An 

utterance is made up of, among other things, a train of syllable pulses that vary in 

height (=the syllables’ magnitudes), as schematically illustrated in Figure 2.  

 

 

 

Figure 2. A sample syllable triangle representation. Adapted from Fujimura and 

Erickson, 2004 

 

The phonetic realization of the syllable magnitude is the degree of jaw 

displacement, which can be measured as a distance from the biteplane and the lower 

incisoriii. Erickson et al. (2012) shows that there is indeed a close correlation between 

the phonological prominence of a particular syllable and the degree of jaw 

displacement iv . Kawahara et al. (this issue) shows that even in Japanese, some 

syllables within a phrase are prominent, and that they show large jaw displacement 

patterns.  

 

2.2. Locating syllable triangles  

In the C/D model, the magnitude of the syllable is determined by maximum jaw 

displacement. Locating the timing of the syllable pulse is slightly more complicated. 

The syllable is centered relative to the speed (maximum and minimum velocity) of the 

crucial articulators of the consonants. Crucial articulator (CA) refers to that articulator 

(tongue tip, tongue blade, tongue dorsum, lip) that articulates the onset and coda of the 

syllable. For example, the CA for [n] is tongue tip, for [p] is lower lip, and for [k] is 

tongue dorsum. Based on observation of an “iceberg” point (point with smallest mean 



invariance) in the overlaid demisyllabicv velocity time function, the center of the 

syllable is defined as the midpoint between the syllable onset iceberg to the syllable 

coda iceberg (Fujimura, 1986, 200, Bonaventura and Fujimura 2007).  

 There are currently two proposed methods to identify iceberg points, each of which 

has its own virtues, and investigation is underway to compare these two methods (Kim, 

Menezes, and Erickson, in progress). To briefly describe each method, in the first type 

of method—which is actually what is first envisioned by Fujimura—the velocity 

measurements for these crucial articulators were made at the point where the velocity 

shows the least amount of change, i.e., is most stable. Fujimura (1986) observed that 

when one overlays the demisyllabic velocity time function, there is a point of smallest 

mean invariance, which he referred to as the iceberg region. The iceberg point is 

algorithmically determined at the minimum variance point of a number of trajectories 

of the same demisyllable (Fujimura, 1986, 2000, Bonaventura and Fujimura 2007). We 

then find the point of the minimum root-mean-squared-error in the horizontal direction 

after optimal time shifting of the trajectories to the reference trajectory (Fujimura 1986, 

Bonaventura and Fujimura 2007). Alternatively, one could choose the point of the 

minimum “iceberg metric” among multiple vertical movement bands of the crucial 

articulator (Menezes 2003). The iceberg metric is proportional to the variance of 

articulatory speed and inversely proportional to the mean of articulatory speed in the 

band. The method illustrated in this paragraph involves overlaying a large number of 

repetitions of the same sentence, including sentences with different emphasis and 

phrasing patterns (e.g., Menezes, 2003) in order to secure the reliability across 

different utterances; the goal of this method is to assess speaker characteristics across a 

large number of styles of speaking (Menzes, p.c., 2015).  

 The second method to determine the point of least variance is to use the maximum 

speed point of the crucial articulators for the onset or coda of each demisyllable, a 

method deployed by Erickson (2010) and Erickson et al. (2015). Although the method 

proposed by Fujimura is more accurate than taking the average of each curve's point of 

maximum speed (which is susceptible to large effects of small noise in the measurement 

of the actual data), it may be that both methods give similar determinations of 

articulatory syllable centers. Remember that one of the practical goals of locating 

iceberg (minimal variance) regions is to use these points as “anchor points” for 

determining the articulatory syllable center.  From these points, then, syllable pulses 

(syllable triangle heights) are located, and this is what gives us the syllable timing for a 

string of syllables.  As stated above, how comparable these two methods are is under 

investigation. 



 

2.3. Construction of syllable triangles 

To summarize the steps so far, the height of the syllable pulse is the amount of jaw 

displacement for each syllable, as measured from the biteplane. Placement of the 

syllable pulse is such that it occurs in the articulatory center of the syllable, determined 

as being halfway between the “iceberg” points of the syllable onset and offset crucial 

articulators. The next step is to construct actual syllable triangles.  

 

 

Figure 3. Illustration of how to create a syllable triangle (courtesy of Jeff Moore) 

 

Figure 3 illustrates the calculation of syllable triangles, which follows the following 

steps: (1) the apex of each triangle is the syllable magnitude, i.e., amount of jaw 

displacement; (2) the placement of the syllable pulse is the midpoint between the times 

of two iceberg points or, alternatively, of maximum crucial articulator velocity; (3) 

one constant angle, called “shadow” angle, is calculated for all triangles in an 

utterance in such a way that there is at least one pair of adjacent triangles whose edges 

meet and there is no overlap between any adjacent triangles. The length of the base of 

a triangle is the (abstract) syllable duration. The syllable onset point is the left point of 

the base. The gap between two edges of adjacent triangles is the duration of prosodic 

boundary between the two. To implement these processes, one can use the automated 

algorithm in the UBEDIT software developed by Bryan Pardo (Menezes, 2003, see 

also Erickson et al. 2015). 



 

2.4. An example 

Let us now apply the computational steps described above to actual articulatory 

data. For the sake of simplicity, we deploy the simpler method to locate syllable 

triangles. Figure 4 shows articulatory data for the utterance Pam said BAT that fat cat 

at that mat (where BAT is contrastively emphasized) along with the constructed 

syllable triangles. 

 

                            Pam    said       BAT  that  fat   cat at that mat  



 

Figure 4. Syllable triangles constructed for the utterance Pam said BAT that fat cat at 

that mat, where contrastive emphasis is on BAT (Speaker A00, ut. 11), The top panel is 

the speech wave form, then the syllable triangles, then the tongue tip, then tongue 

dorsum, then lower lip, and bottom is jaw. In the panels showing the crucial 

articulators for the demisyllabic syllable onset and coda articulation, the red dash-dot 

line denotes the iceberg time point for the onset; the green dashed line denotes the 

iceberg time for the coda: the solid blue line in each of the bottom four panels denotes 

the articulatorily-based syllable center point. 



 

In this figure, there are 9 blue vertical lines; each line represents the articulatory 

center of each of the 9 syllables in the utterance. The red dashed lines indicate where 

the maximum speed occurs for the onset crucial articulator; the blue dashed line, that 

of the coda crucial articulator. The first blue vertical line is for the word Pam: the 

crucial articulators for Pam are the lower lip. The blue line is placed half-way between 

the red and green lines of the LLy (=lower lip). Notice that the blue line does NOT 

occur at the point of maximum jaw displacement (nor do any of the other blue lines 

which indicate the center of the syllable). The second blue vertical line is for the word 

said: the crucial articulators for said are the tongue tip, and the blue line is placed half-

way between the red and green dashed lines of the TTy (=tongue tip). The third blue 

vertical line is for the word bat: the crucial articulators for bat are the lower lip for the 

onset, and the tongue tip for the coda, and the blue line is placed half-way between the 

red dashed of the LLy and the green dashed lines of the TTy. The ensuing vertical blue 

lines are calculated in the same manner. 

From these calculations, a syllable pulse train is constructed to represent the spoken 

utterance, as shown in the second panel of Figure 4. The gap between two edges of 

adjacent triangles (second panel, Figure 4) is the duration of the prosodic boundary 

between the two. In other words, the spaces between syllables show (a) where a 

boundary occurs and (b) how large the boundaries are.  

This aspect of the C/D model—being able to calculate phrasal boundary durations 

from jaw movement data alone—makes the C/D model empirically testable theory. 

The model makes specific predictions about how long phrasal boundaries should be 

given concrete articulatory data. Our preliminary experiment shows that this prediction 

is on the right track (Erickson et al. 2015), but further studies should be conducted. 
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