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Evaluation of the SSS algorithm has usually been performed on the aspects of recognition 

performance and number of the free parameters to be estimated, which is related to robustness 

of the model. In this work, I have investigated how the variation of phonetic environments of 

training data affects on the HMnet generated by SSS algorithm. Dy analyzing the results, I think 

we could understand more better the SSS algorithm's behavior and limitation. 
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1 I I it 1―I >clllcll(>Jl 

1 Introduction 

In lL'vEl'J-basecl acoustic mocleliug, it. has been well known that. it. is very irnportant. Lo :1ppropriately 

CO叫 )romizethe degree o「precisiona.nd robustness of each model for a given l.r,1i11i11g dat.a. ¥,V!Jc11 we llloclc] 

a phone (or triphone), if each phone is independently modeled, then Che precisio!l of'(,he m叫 cI wou lcl be 

high, but Lhe robustness of the model lぅecomeweak. This problem is basically depe11de11t. on t.he a.mount 

of training data used i11 the modeling procedure. Another more basic.a.I problem is 1.ltat. any trni11ing data 

cannot cover all phonetic environments which are able to be pronounced in the la11guage. These problems 

can be solved by using definitely infinite training clat.a, butt.his is also impossible in realist.ic se11se. However. 

we can easily guess that the acoustic cha.ractel'istics of all t,riphones would not. be fully independent Lo 

each other, tliat is, would have certain dependency in some phonetic environrnents. In order lo apply the 

knowledge (in a sense, assumption) to triphone modeling, we must observe acoustic relations between all 

phonetic combinations, but this is also a difficult job. As an alternative approach, we can use statistical 

met.hoclology in obtaining the relationship and cornpromizing the precision and robustness. Several novel 

m叫 10dsto obtain precise and robust phone models have been proposed such as in HM net [1], Se none [2], 

and Genone [:3], a.ncl they showecl good performance. HMnet is similar with Senone in that they have state 

sharing architecture. Main difference beしweenthem is that Senone is ma.de through a. merging procedure 

which is controlled by only acoustic characteristics, but HMnet is generated through a splitting procedure 

which is controlled by both acoustic and phonetic characteristics. On the other liand, Gen one has the 

para.meter sharing architecture only in Gaussian mixtures, not in mixture weights, and is concepLually same 

as Senone in the merging procedure. So, Genone is more adequate than HMnet. or Senone for more training 

data. because its architecture consequently increases the degree of freedom in observation parameter sharing 

constraints. 

Among these properties, I especially looked at the phonetic constraints in the split.Ling proceclme in 

1-IMnet, called as SSS (successive state splitting) algorithm. The H:Mnet generation procedure considers the 

phonetic environments of the previous, present, and the following phones, not. same a.s Senone or Genone. 

Therefore, I think it is necessary to observe which relations the generation procedure bas with respect to 

variations of phonetic environments of training data. Until now, evaluation of the SSS algorithm has usually 

been performed on the aspects of recognition performance and number of free pa.ramet.ers to be estimated, 

which is related to robustness of the model [4]. So, in this work, I observed I-IMnet's characteristics on 

phonetic context environment variation in training data、. By analyzing the results, I think we could more 

better understand the SSS algorithm's behavior and limitation. 

In chapter 2, I will briefly review the SSS algorithm, in chapter :3, I will describe preliminary experimental 

results for Korean speech DB, and in chapter 4, I will evaluate the HMnet on clifforent phonetic environments 

of training data. Lastly, in chapter 5, I will summarize the experimental observations. 



.: 2 Brief Review of SSS Aliorithrn ancl 11 i¥foet 

2 B1・ief Review of SSS Algorithm and Hf¥1net 

We can see Hivlnet as a network configuration of allophonic: JL¥L¥Js 11"hich havf、pl1onecontex.L clepenclency 

c,ncl st.at,、sharingarchitecture. r「hisHMnet is aut.oma.tically gener21t<コclhy an unified algorithm, tliaL is, SSS 

algorithm, which can simulta11eously determine and estimate an opcimal set of allophones, an optimal sta.t.e 

sharing architecture, and optimal para.meters on maxinrnm likelihood criterion. The prncessing seq11ence is 

b1・ieily as follows. More details are in (1] and (4]. 

l. Training of an initial model: 

As an initial model, an HMM consisting of one state is trained wit.Ii all training cl at.a containing every 

phone context. 

2. Determination of split st.ate: 

For each state, the distribution size of o叫）ut probability dellsit.y is calculated, then the state having 

the largest distribution size will be split in the next step. 

:3. Split of the state: 

The determined state is split into two states. At this t.ime, the algorithm examines two split domains, 

that is, contextual domain and temporal domain. Then, the domain which accomplishes a higher 

likelihood for all the training samples is selected by comparing t.be maximum likelihood obtained by 

split on each domain. 

4. I証 estimationof the model parameters: 

The model parameters of all states which were a打<c.ctedby the st.ate split are re-estimated. Tlie steps 

from 2 to 4 are repeated until a prescribed number of total states is reached. 

5. Change and final estimation of output probability density distributions. 

The HMnet generated by the SSS has been evaluated in terms of modeling efficiency and recognition 

performance. Modeling efficiency is ratio of total number of states needed to represent all the allophone 

models without any state sharing to total number of states in the obtained HMnet itself Therefore, the 

modeling efficiency measures the degree of state sharing, or statistical robustness, of the HMnet for the given 

training data and the state number of HMnet. 



3.3 Contexl.-clependent. phone moclding by SSS .J 

3 Preliminary Experiment for the SSS Algorithm with Korean Speech Data 

3.1 Speech DB  and experiment conditions 

The speech data which I used for preliminary experiment. were Korean word database ¥¥'bicb was collect.eel 

in hotel reservation task domain. The vocabulary consists of244 words wbich include some connect.eel digil.s, 

26 English alphabet. pronunciations. month, week, date names, and so on. Total'10 male speakers spoke the 

24LJ words one time. The 244 words include a.11 Korean distinct phones except only one phone, so consequenl.ly 

:3 9 distinct. phones including one silence unit.. _ 

In original, the speech data were digitized at 16 bit, 16 kHz sampling rate in ETRI, Korea. But., in order 

to consist. with conventional acoustic analysis met.hod in ATR, I clownsamplecl the data to 12 kHz 011 digital 

domain. Then, the 12 kHz data were processed as follows. 

• 20 msec Hamming window 

• 5 msec window shift rate 

• ;34 dimension feature vector by LPC-based analysis: 

log power, 16 dimension cepstrum, delta log power, 16 dimension delta cepstrum 

3.2 Automatic segmentation into phone unit by Viterbi alignment 

In order to effectively use the SSS algorithm, phone unit samples are needed, but original word data clo 

not have any phone boundary information. So I segmented the data by Viterbi alignment with :39 context-

independent phone models which were trained by concatenative training method for all the 40 speaker data. 

The speaker-independent context-independent phone models were trained under the conditions as follows. 

• Model topology: 4 state simple left-to-right HMM. 

• Output probability distribution at each state: 5 nuxture Gaussian, diagonal covariance mat.ri:. 

After Lraining, all the data used in the training were segmented into the corresponding phone units by¥「it.erbi 

a.lignmenL. I used SSS-ToolKit(Ver 3.0) [5] in all the procedures. 

3.3 Context-dependent phone modeling by SSS 

At first, I observed the running characteristics of the SSS algorithm with Korean speech DB to confirm 

the ability of the algorithm. In training mode, I used 10 speakers'data among the automatically segmented 

data. The training word data include total 21,268 phones. Also, I used another 2 speakers'data as test data 

set, including total 4,256 phones. For the SSS algorithm's parameter setting, basically I used default values 

of the algorithm, for example, consideration of only single left and right phone context, maximum 4 state 

splitting in temporal domain, one mixture Gaussian output distribution with diagonal covariance matrix at 

each state in determination of HMnet topology, and so on. And, I set maximum number of states split.ted 

to 500, and in final re-estimation of model parameters each model wa.s trained for the mixture number 1, 3, 

and 5 respestively. 

Firstly, I investigated various phonetic characteristics of current training data in order to treat as refer-

ences of observations followed. Table 1 shovvs sample number of ea.ch phone in training data used, and Table 

2 shows phone perplexity, number of distinct triphones, and triphone entropy. Next, in training procedure 

using SSS, I observed various characteristics on variation of state number of Hrvinet as follows. 

• Number of allophones (see Figure 1) 

• Allophone entropy (see Figure 2) 



.f 3 Prelin1i1mry Cxpcrirnen1. 「orthe SSS Algorithm with Eorea.n Speech Data. 

• .¥locleling efficiency (se, 「igure:3) 

• ~lul.ual information bや「,,・eenallophone models and training cla.t.a (see Figure 4) 

• Phoue recognition accuracy for training data (see Figure 5) 

¥Vhere allophone ent.ropy was computed with number of training samples used in parameter estimation of 

しhecorresponding allopl1011e model, and mutual information was obtained using the following equal.ion so 

as to estimate cliscriminaLive power of each model (6]. 

I(m, リ） = logP(y Im、)- log >: P(y I m')P(m'), (1) 
m' 

where rn is an allophone model iu the HMnet corresponding to the phone speech data., y. Therefore, this 

value is closely related to recognition rate. 

Int.he Figures 1 and 2, we can see that, even though the number of allophones are abruptly varied, the 

allophone entropy monotonously increases. This means the SSS algorithm runs so as to distribute samples 

uniformly to each allophone model. In the modeling efficiency curve of the Figure :3, the increased area 

means that states are split ma.inly in contextual domain, on the other hand, the decreased area means that 

states are split ma.inly in temporal domain. From this result, we can guess it is appropriate to decide the 

number of states a.t between :300 and 350 a.s a proper compromization ofprecision and robustness on t.his task 

domain. In the mut.ual inforrnat.ion curve of the Figure 4, we can see that, as t.he mixture number of output 

probability distribution at each state increases or the number of states increases, the mutual information 

also increases. That means that the number of free parameters a.re related to precision of model and this 

consists also with the result. of phone recognition shown in the Figure 5. 

3.4 Result and discussion of speaker-independent phone recognition 

[n order to evaluate Lhe performance of the allophone models in the HMneL generated by SSS, I used 

another 2 speakers'data vvith the same vocabulary as training data. The speaker-independent test results 

are shown in the Figures 6 and 7. From these figures, we can see that it is appropriate to decide the number 

of st.ate to 250 at mixture number 5, 430 at mixture number 3, and 500 at mixture number l. But, in the 

previous section, I described that it was appropriate to decide the number of state between :300 and 3-50 

from the modeling efficiency cmve. This does not consist with the results from the recognition test. This 

means that it is very difficult. to decide appropriately the number of state by refering to only the modeling 

efficiency curve. Therefore, T think that it is necessary to device a proper measure which can decide the 

number of state to be able t.o balance the precision and robustness of the HMnet in a given condition. 



3.4 Result. and cliscussio11 oC speaker-i11clepende11t phone recognition .] 

表 1:Number of each phone in training data (10 speakers). 

Category Index Phone Samples Category Index Phone Samples 

1 a. 1299 21 b 90 

2 V :300 22 bv 430 

:3 

゜
1499 23 bs 569 

Vowel 4 ll 6:30 24 p 

゜5 E 80 25 p 360 

6 e 230 26 s 1448 

7 u :360 27 s 440 

8 1 2818 28 J 50 

Semi- ， y 580 Consonant 29 JV 90 

vowel 10 ¥¥ 210 30 C 30 

11 g 200 :31 C 269 

12 gv 90 32 h 819 

13 bo・'c, ・ 150 33 11 340 

14 K 140 3L1 ns 170 

Consonant. 15 k 130 35 r 300 

16 cl 80 36 1 1249 

n cJ V 190 37 m 110 

18 <ls 10 38 111S 470 

19 T 10 39 ng 40 

20 t. 110 Silence 40 4878 

表 2:Phonetic characteristics in training data (10 speakers). 

Num'. 巳五〗：::~ ロロ:honesI~7: 
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図 5:Phone recognition accmacy for training data.. 
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4 Evaluation for Phonetic Environment Variation of Training Data 

4.1 Evaluation sets 

In order to investigate the charact.eristics o「IDineton the variation of pl1oneLic environrne11t. of training 

data, it is necessary to extract from the given data scぅvera.levaluation sets which have different phonetic 

contexts. So, I first cleviclecl Lota.I 2,128 phones in 244 words into two data sets, one「ortra.ining data and 

the ot.ber for test. clat.a, so that each set rnigbt. sat.is[y tile following conditions. 

• Training dat.a set must. include all the clist:inct phones, or :39 phones listed in the Table 1. 

• Distribution of phone sample in training clata set keeps to be similar with that in original 2LJ.j words. 

• Ratio of the amount of data between trailling set and test set. is set to about 4:1. 

Therefore, the contexts or training data and test data deter mi uecl by the conditions are basica.lly independent 

on each other. Using these constraints, I extracted 40 groups randomly that ea.ch group consist.eel of training 

data set with 1,697 phones and test data set with 431 phones. Then, I computed phone perplexity of training 

data set for all groups. Fina.lly, I selected :3 groups as evaluation sets by refering to the phone perplexity. 

The training data sets oft.he selected :3 groups are listed in Table :3. As we can see in tlie table, the phonetic 

variety in the training data set, A is smallest among the :3 sets, on the other hand, the variety in the test 

data set, A is largest. 

4.2 Speaker-dependent experiment for manually segmented data 

In order to see more accurately the characしeristics of the SSS algorithm for the evaluation sets, first I 

performed evaluation L1sing manually segmented data in speaker-dependent mode. Tbe manually segmenting 

data were obtained by correcting the phone boundary information of the Viterbi segmenting data for one 

speaker. Considering the amount of data and speaker clepenclency, the mixture nmnber in HJ¥IInet was set 

to 1, and the maximum state number was set to :300. The experiment results for each evaluation set are 

illustrated in Figures 8 to 14. 

From these result.s, we can know the facts as follows: 

• In the Figure 8, the larger t.he perplexity becomes for same amount of training data, the more the 

states a.re split in contextual domain rather than in temporal domain. So, it results in more allophones 

for complex set. 

• In the Figure 9, as number of state increases, allophone entropy is continuously increased for all the 3 

sets. It means that SSS splits state of the allophone model having more training data rather than oHe 

having less. This tenclancy is same as in preliminary experiment. 

• In modeling efficiency curve of the Figure 10, the modeling efficiency usually becomes better as per-

plexity becomes larger. This means that SSS runs so that sharing of training data may become larger 

in more complex context. Also, the figure shows that increasing and decreasing portion in modeling 

efficiency rise concentratively. This means SSS splits states concentra.tively in contextual or temporal 

domain. 

• In the Figures 11 and 12, we can see that the mutual information and the accuracy increase continuously 

for all the sets. This means that state splitting causes the discriminative power of HMnet for the 

training data to be improved consistently . 

• But, for the test data in the Figures 13 and 14, the diversity in training data greatly affects on the 

discriminative power for test data .. From this, we can know that, when the contexts of training data 

and test data are independent on each other, diversity of training data becomes an important factor 

which affects on the performance of model. 



4.2 Spc,aker-clependenl. expet・i111e11I, for 1n,1.11u,1ll・＼ヽ egrncう11LeclchL,1 Jj 

表 :3:Trai11ing data sr、1心

Set, Plione Number of Tt1pl1011e 

perplexity distinct triphones ent.ropy 

A 4.0 ;392 7.Li 

B 4.3 428 7 6 

C LjO{ 450 7.8 
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図 8:Number of allophones for each training set with manually segmented data (1 speaker). 
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図 9:Allophone entropy for ea.ch training set with manually segmented data (1 speaker). 
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図 12:Phone recognition accuracy for training data with manually segmented data (1 speaker・）
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図 14:Phone recognition accuracy for test data with manually segmented data (1 speaker). 

＄
 



4.3 Spc'、1.kcr-rl,・p<'Jlclentexperiment fol'aut.ornaLically segmented clatil I,:; 

4.3 Speaker-dependent experiment for automatically segmented data 

To cornpc1re the result~for mc111uc1lly segmented data with those for autornatica.lly seg1111,11t1,cl clata, I 

performed speaker-dependent. experirnenL on the same conditions c1s in the previous section, using the a11-

tomal.icaJly segment.eel data of the same speaker. The results a.re illustrated in Figmes 1-S to 21. From t.lre 

figures, we can see the facl.s as follows: 

• From the comparison oft.he nrntua.l information curves for the manual and automatic segments, we can 

confirm tlrnt the J-fafoet genel'atecl by using manual segments is more robust than tha.L by a.ut.oma1.ic 

segments a.s we expect.eel. 

• Therefore, to obtc1in more reliable I-J M net with automatic segments, it is better to increase the per-

plexity, or the diversity of training dat.a and decrease the number of st.ate in the Hi¥Inet. 

• The performance of HMnet. is entirely better for manual segments, but the foncla、mentaltrend of 

evaluation results by the two segmentation methods is similar. 

With these observations, next I performed speaker-independent evaluation using the automatic segments. 
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図 15:Number of allophones for each training set with automatically segmented data (1 speaker). 
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図 16:Allophone entropy for each training set with automatically segmented data. (l speaker). 
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図 17:Modeling efficiency for each training set with automatically segmented data (1 speaker). 
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図 19:Phone recognition accuracy for training data with automatically segmented data (1 speaker). 
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図 20:Mutual information bet.ween allophone models and test data with automatically segmented data (1 

speaker). 
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図 21:Phone recognition accuracy for test data. with a.utoma.tica.lly segmented data. (1 speaker). 



4.4 Spcah'r-i11depe11clent experiment「orautomatically segrnc11t.cd dal.i1 19 

4.4 Speaker-independent experiment for automatically segmented data 

Fillally, 1 inwst igate<I the Jl!llnet cbara.cteristics in speaker-independent case fort.he pho11etic e11vironrncう11t

van;ition of trai11ing (lc1t,1. In the trnini11g for each evaluation cla.ta set, l、hea ut.ornati ca lly segmen t.ecl phone 

data o「9speakers lff1・e used. Each training data set consists of total 15,273 phones. The mixture number 

in Hl'vlnet was sel to :3 to reflect、しhesp<→ a.ker-inclepenclency, a.ncl the maximum state n11mber was set to :300. 

li'igu res 22 to 25 sholl'Ill! mber of allophone, allophone entropy, modeling efficiency, and mu t.ua.l information, 

respectively for each !"raining data set. 

Tn phone recognition test, J performed experiments for 5 cases wbich were listed in Table 4. In Lhe table, 

multi-speaker case means the case that the speakers included in the test data. set are same as ones in the 

training data set.. 2 speakers used in spea.ker-inclepenclent case are another speakers that are not included in 

the training data. Also, context-closed case means the case that. the phonetic environment in the test data 

is same as that. in the training data, and the test data in context-open case are the remained data excluding 

each l.rnining set from the entire phones in 244 words. Context-mixed case is the case tbat the test data 

include the entire phones in 244 words. 

From the results of recognition test illustrated in Figures 26 to 30, ,ve can see the facts as follows: 

• In the context-open case, the perplexity of training data greatly affects on recognition performance 

of test data. This is clue to the following two reasons. One is that、,as the correlation bet ween the 

phonetic contexts in the training data and the test data becomes weak, the diversity of training data 

becomes important. The other is that current speech data are too small and biased, so the perplexity 

o「context-opendata, or test data, depends on the training data. 

• In the context-closed case, the performance variation by training cla.t.a set is little, but the recognition 

performance is greatly improved by increasing the number of state, or the number of allophone. On 

t.he other hand, increasing the number of state in the context-open case affects lit.t.le on performance. 

Tbis means that in context-open case the robustness of model is more important than the precision of 

model. 

• In the speaker-independent case, the performance of context-closed case was worse than that of context-

open case. J think this also is clue to the characteristics of current cl a.ta.. 



}0 4
 

Evaluat.ion for Phond、icE1tviro11111c11t. Variatio11 u「Tra.iningData 

表 4:'fostdata sets for speaker-independent experiment. 

Test set Condition Amo叫 ofcla.ta 

MS-CC Multi-speaker, conl.ext-closecl (or training data itself) 1-5, 27:3 phones (9 speakers) 

MS-CO Multi-speaker, context-open 3,879 phones (9 speakers) 

SI-CC S peaker-inclepenclen t., cont.ext-closed :3,394 phones (2 speakers) 

SI-CM Speaker-independent, context-mixed (SI-CC+ ST-CO) 4,256 phones (2 speakers) 

SI-CO Speaker-independent, context-open) 862 phones (2 speakers) 
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図 22:Number of allophones for each training set with multiple speaker data (9 speakers). 
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固 2:3:Allophone entropy for each training set with multiple speaker data (9 speakers). 
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図 24:Modeling efficiency for each training set with multiple speaker data (9 speakers). 
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図 28:Phone recognition accuracy for speaker-independent, context-closed data. (2 speakers). 
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図 29:Phone recognition accuracy for speaker-independent, context-mixed data. (2 speakers). 
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図 ：30: Phone recognition accuracy for speaker-independent, context-open data (2 speakers). 
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5 Conclusions 

111 this work, J have inヽestigateclhow the variation of phonetic environments of training data afl<cctさ on

the HM 11et. generated by SSS algoriLhm. From the experiment result.s, I could confirm the facts as follows: 

• In cont.ext.-ope11, or vocabulary-independent, recognition task, phonetic diversit.y of training cla(a and 
impro¥・ement. of robustness by a proper sharing in model parameters are very important. 

• Iu training procedure of HMnet, it is necessary to device a proper measure wbich can determine the 

number ol'state t.o be able to compromize the robustness and the precision of HM net. more better than 

the conventional modeling efficiency. 

• It is necessary to develop a method to be able to use directly speaker-independent data in determination 

of HM net. topology. Of cause, some methods called as 3-clomain SSS (3D-SSS) and speaker parallel SSS 

(SP-SSS) [7] have been proposed, but the performance is not so good because those methods basically 

have so mucb freedom in state splitting on temporal, contextual, and speaker domains. 
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