E�cient Seman tic Constraint for Sp eec h Recognition

Y asuhisa Niimi

�

and Y utak a Kobay ashi y

Abstract

In this pap er we present a metho d for describing semantic constraint in SUSKIT-I I, the

sp eech understanding system we are developing. W e integrate b oth syntactic and semantic

constrain ts in a de�nite clause grammar. The syntax is expressed by a set of rewriting rules

and the semantics by arguments of nonterminal symb ols and auxiliary predicates on some

argumen ts. These arguments, called semantic parameter, detail words semantically

. An

auxiliary predicate is a relation among semantic parameters to describ e the simultaneous

o ccurrence of semantic word classes. Moreover, using the relation, we introduce a concept

hierarc hy on the domain formed by a set of v alues which each semantic parameter can take.

Since unnecessary resolution in the semantic level is avoided by means of this device, an

amoun t of memory to store the linguistic structures of intermediate hyp otheses could b e

reduced by 78.5 % in comparison with the case that the concept hierarchy was not used.

1 In tro duction

In this pap er we present a metho d for describing semantic constraint in a sp eech under-

standing system using the rule-based language mo del. By the rule-based language mo del we

mean the mo del in which linguistic constraint is describ ed by a set of deterministic rewriting

rules. In SUSKIT-I I, the sp eech understanding system we are developing, we integrate b oth

syn tactic and semantic constraints in a de�nite clause grammar. The de�nite clause gram-

mar is the grammar in which each nonterminal symbol can hav e arguments and auxiliary

predicates can b e inserted b etween any tw o consecutive symb ols in the right hand side of

a rule. In SUSKIT-I I the syntax is expressed by a set of rewriting rules and the semantics

b y arguments of nonterminal symbols and auxiliary predicates on some arguments. These

argumen ts, called semantic parameter, play a role of the semantic marker and detail words

seman tically

. An auxiliary predicate is a relation among semantic parameters to describ e

the p ossibility that semantic word classes o ccur simultaneously in a sentence.

Sp eech understanding systems generally preserve a num b er of partial sentences as inter-

mediate hyp otheses. In SUSKIT-I I the intermediate hyp otheses are preserved in the tw o

�

Y asuhisa Niimi (� �): Professor, Department of Electronics and Information Science, F acult y of

Engineering and Design, Kyoto Institute of T echnology

y

Y utak a Kobayashi (� �): Asso ciate Professor, Department of Electronics and Information Science,

F aculty of Engineering and Design, Kyoto Institute of T echnology

(a) Kink akuji no haik anry o wa gohyakuen desu k a.

(Is the entrance fee of Kink akuji temple 100 yen ?)

(b) Hakubutsuk an no k aik anjik oku wa juji yori hay ai desu k a.

(Is the op ening time of the museum earlier than 10 o’clo ck ?)

Figure 1: Example of acceptable sentences.

la yers of tree structure. The one layer stores partial sentences as word strings, and the other

stores their syntactic and semantic structures. W e call the former word tree and the latter

category tree. Thus multiple partial sentences with the same linguistic structure can share

a no de of the category tree. In this situation, the �ner the semantic description of words is

made to reduce the p erplexity

, the more decreases the num b er of the partial sentences that

a linguistic structure can dominate. In other words, the more increases the number of no des

of the category tree.

T o remedy this di�culty we introduce a concept hierarchy on the domain formed by

a set of v alues which each semantic parameter can take. Since unnecessary resolution in

the semantic level is avoided by means of this device, an amount of memory to store the

linguistic structures of intermediate hyp otheses can b e reduced without increasing the p er-

plexit y . In the exp eriment which was conducted to test the prop osed metho d, an amount of

memory for the category tree could b e reduced by 78.5 % in comparison with the case that

the concept hierarchy was not used.

Section 2 gives a brief explanation of SUSKIT-I I with emphases on the structure of

the search space, and section 3 outlines the syntax of the task in SUSKIT-I I and explains

ho w to integrate the semantic constraint into the syntactic rules. Section 4 is devoted

to the de�nition of the concept hierarch y on the semantic parameter and the pro cedure to

organizing the concept hierarch y . Section 5 gives a brief result on the quantitativ e ev aluation

of the prop osed metho d, and some discussions together with future work.

2 The Sp eec h Recognition System

W e supp ose that a user of SUSKIT-I I could issue oral questions ab out the conten ts of a

relational database which contains information on sightseeing sp ots in Kyoto like temples,

shrines, museums and hotels. Fig. 1 shows two examples of the questions. The relational

database consists of tables like the one shown in Fig. 2. The name of each table is considered

as a relation. A column contains v alues of the arguments of the relation, called attributes.

A row corresp onds to a record, an instance of the relation, which is a list of the v alues of

the attributes.

Here we will give the b elief explanation of the sp eech recognition system, SUSKIT-I I

[1],[2] with emphasis on the structure of the search space. Fig. 3 depicts the con�guration

of SUSKIT-I I, which is comp osed of four comp onents: acoustic pro cessor, lexical matcher, attribute name 1 attribute name 2 ...

attribute v alue 11 attribute v alue 21 ...

attribute v alue 12 attribute v alue 22 ...

... ... ...

Figure 2: A relational T able.

Figure 3: Con�guration of SUSKIT-I I.

linguistic pro cessor, and controller. The acoustic pro cessor calculates the LPC-cepstral co-

e�cien ts , their time deriv ativ es, and a pair of short-term energy and its time deriv ative for

eac h 10 ms of sp eech, and then vector-quantizes them separately .

Given the templates of words hyp othesized by the linguistic pro cessor, each b eing a con-

catenation of phoneme-like hidden Marokv mo dels, the lexical matcher veri�es them against

a p ortion of the acoustic data stream pro duced by the acoustic pro cessor. It returns to the

con troller the words gaining scores higher than the threshold.

The linguistic pro cessor makes top-down hyp otheses, each consisting of a set of words

capable of following a partial sentence selected by the controller. The partial sentence is a

string of already recognized words covering the b eginning p ortion of an input utterance.

The controller invok es other comp onents while extending likely partial sentence hyp othe-

ses. It preserves partial sentences and their linguistic interpretations, b oth separately stored

in the tree structure. They are referred to as ’word tree’ and ’category tree’, resp ectively .

The relation b etween the word tree and the category tree is shown in Fig. 4. A branch

of the word tree represents a word, and a path (a sequence of branches) from the ro ot no de

Figure 4: Memory ST ructure of Intermediate Hyp otheses.

to a no de represents a partial sentence. Leaf no des, each corresp onding to a partial sentence

to b e expanded, are ordered according to the matching score. The partial sentence with the

b est score will b e expanded next. The expansion of a partial sentence means hyp othesiza-

tion the linguistic pro cessor makes. This could b e done by syntactic and semantic analyses

of the partial sentence. F or e�cient hypothesization, how ever, linguistic interpretation of

eac h partial sentence should b e preserved and reused. The category tree is used for this

purp ose. Each no de of this tree can b e p ointed from tw o or more no des of the word tree.

This means that the partial sentences corresp onding to these no des have the same linguistic

in terpretation.

There is an alternative for preserving syntactic and semantic descriptions of partial sen-

tences. In this approach the linguistic information is stored directly in each no de of the

w ord tree. The latter is simple in structure, but needs more memory than the metho d we

adopted. Since memory was exp ensive when we b egan to develop SUSKIT-I I, we adopted

the metho d which uses two lay ers of the tree.

3 Syn tax and Semantics

3.1 T ask syntax and semantics

Fig. 5 illustrates syntactic rules for query sentences by a de�nite clause grammar (DCG).

The terminal symb ols of this grammar are underlined and the nonterminal ones are not. The

sym b ols in the parentheses are semantic parameters. The terms enclosed by the brack ets

expresses the predicates for the semantic constraint. The vocabulary contains ab out 250

w ords. The test set p erplexity is 8.3 for the current task.

4 s ! cp(C), fn(wa) ,pp c(C,q) j cp(C), fn(wo),v(�nd)

j tp(T), fn(wa) ,ppt(T,q) j tp(T), fn(wo),v(�nd)

tp(T) ! tcst(T) j cat(T,C),cp(C), fn(hap),tn(C,T)

j fcat(T,C)g,cp(C),fverbfr(C,F,T,V)g, fn(F),v(V,n)

cp(C) ! cst(C) j cn(C),uch ,pp c(C,rt), mono

j pp c(C,rt), cn(C)

pp c(C,q) ! fcat(T,C)g, qn(T) ,fverbf(T,F,C,V)g, fn(F) ,

v(V,q)

ppt(T,S) ! cfp(T,F), adj(T,F,S) j dp(T),aux(T,S)

sp(T,C) ! tn(T,C),fn(sub j)

cfp(T,F) ! tp(T),fcompf(T,F)g, fn(F)

dp(T) ! tp(T) j cfp(T,F), an(T,F)

Figure 5: A part of syntactic rules of the sightseeing task.

3.2 Syntactic structures and categorization of words

The nonterminal symbols describing the ab ov e grammar re ect the sp eci�c features of the

database queries. Besides the starting symbols s, we introduced seven nonterminals.

cp: noun phrases which sp ecify the search key in the relational tables.

tp: noun phrases which sp ecify the attributes in the relational tables.

pp c, ppt: predicative phrases containing a verb which terminates a sentence or mo di�es a

noun phrase. pp c mo di�es cp and ppt do es tp.

sp: noun phrases which sp ecify the main topic in a pp c phrase.

cfp: phrases which represent an ob ject of comparison.

dp: noun phrases which sp ecify case �llers in pp c or ppt phrases.

W e categorized the words in the vo cabulary into fourteen task sp eci�c categories. Es-

p ecially the nouns were sub categorized according to the concepts related to the database.

The words other than the noun were classi�ed according to the standard school gram mar.

The categorization of the noun is describ ed b elow.

cn: : names of relational tables in the database.

tn: names of attributes in a relational table.

cst: prop er nouns app earing in the column of the name attribute.

tcst: nouns app earing in the columns other than the name attribute.

qn: interrogative nouns.

5

3.3 Semantic parameters and case structures

In order to examine whether or not a pair of words can app ear in a syntactic structure, we

asso ciate parameters with the syntactic rules. These parameters, called semantic parameter,

pla y roles of the semantic marker. The tw o types of semantic constraints b etween two noun

phrases are used in the present system. Letting A, B, C and D b e noun phrases, we explain

these constrains as follows.

(1) F or the comp ound noun phrase, "A no B (B of A)," we imp ose a constraint that B

is an attribute name of a record sp eci�ed by the noun phrase A. Both sp eci�ed items

must exist in the same relational table.

(2) In the sentence, "C wa D desu k a (Is C D ?)", which is frequently used in the present

task, we imply that C and D refer to an attribute name and its v alue, resp ectively .

Both C and D must b e relev ant to the same attribute of the database, for example,

"cost" and "500 yen". An example is given by the sentence (a) in Fig. 1.

W e use semantic parameters C and T for describing these constraints. The syntactic

categories ’cn’ and ’cst’ are augmented by the parameter C whose v alue is one of the names

of relational tables. The syntactic categories ’tn’ and ’qn’ are augmented by the parameter

T whose v alue is one of higher concepts of the attribute names. The predicate cat(T,C) in

Fig. 5 expresses the constraint that the v alue of T must b e an attribute of the relational

table sp eci�ed by C.

W e describ e the semantic (or co-o ccurrence) relation b etween an adjective or a verb and

other phrases by the semantic parameter and the case grammar. In the present task the

case frame of b oth an adjective and a verb has two case slots. One of the tw o slot �llers

pla ys a role of the syntactic sub ject. The other forms the predicative phrase together with

a p ostp osition and an adjective or a verb.

The sentence (b) in Fig. 1 shows an example of how adjectives are used in the present

task. They are used only to compare two items (the op ening time and 10 o’clo ck in the

example) which are semantically describ ed by the parameter T. Thus the adjective can b e

c haracterized by the semantic parameter T. The relation b etween the adjective and the p ost-

p osition can b e tabulated. The predicate compf(T,F) in Fig. 5 expresses such a relation,

where the parameter F denotes the class of p ostp ositions.

The two slot �llers of a verb are describ ed by semantic parameters T and C. The pred-

icates verbf(T,F,C,V) and verbfr(C,F,T,V) in Fig. 5 express a relation among these two

seman tic parameters T and C, the class of verbs (denoted by V), and the p ostp osition which

can b e attached to the slot �ller other than the sub ject.

6

4 The Concept Hierarc h y

4.1 Memory Reduction b y the Concept Hierarch y

In order to reduce the p erplexity of a task, it is necessary to use as muc h linguistic knowl-

edge as p ossible. W e hav e made an attempt at reducing the p erplexity by detailing semantic

description of words, b ecause the �ne classi�cation of words decreases the average num b er

of words capable of following partial sentences syntactically and semantically

, by which the

p erplexity is measured.

In the metho d we used to preserve partial sentences, the more the semantic description

of words is detailed, the more decreases the number of the no des of the word tree that share

a no de of the category tree. Thus the number of no des of the category tree increases. There

are two reasons for this. The �rst is that if two words b elonging to the same semantic class

in the coarse semantic description are separated into tw o di�erent classes in the detailed

description, two no des of the category tree are necessary for these two words. The second

is related to the p ossibility for two words to simultaneously o ccur in a sentence. Consider

the case in which co-o ccurrence of tw o words is describ ed by a semantic parameter. F or

example, in a noun phrase comp osed of an adjective and a noun , a semantic parameter x

can describ e the p ossibility for the tw o to consecutively o ccur as noun phrase(x) ! adjec-

tiv e(x),noun(x). If the adjective can mo dify tw o kinds of nouns, describ ed as noun(a) and

noun(b) (a and b denote two di�erent v alues of the semantic parameter x), it must hav e

t wo di�erent descriptions adjective(a) and adjective(b). F or example, the adjective ’ona ji

(’same’ in English) can mo dify the nouns meaning p erson, time, place, and cost. This means

t wo no des of the category tree are necessary for this adjective.

In this pap er we prop ose a metho d for detailing semantic description of words without

increasing the num b er of no des of the category tree. F or this purp ose we structure a concept

hierarc hy on the domain formed by a set of all v alues a semantic parameter can take. The

basic idea is shown in Fig. 6 and Fig. 7. Assume that tw o words W1 and W2 in a syntactic

category SC b elong to two di�erent semantic classes SC(a) and SC(b) resp ectively

. Then

w e need tw o no des SC(a) and SC(b) of the category tree as shown in Fig. 6-(a). If we de�ne

an upp er concept ’c’ of ’a’ and ’b’ capable of co-o ccurring with ’a’ and ’b’, tw o no des can

share a no de SC(c) as shown in Fig. 6-(b). Fig. 7 shows another example, in which a word

W with tw o semantic descriptions SC(a) and SC(b) requires tw o corresp onding no des of the

category tree. The intro duction of the upp er concept ’c’ with the prop erty as stated ab ov e

can make a no de SC(c) represent tw o di�erent semantic descriptions.

4.2 Automatic Organization of the Concept Hierarch y

W e de�ne upp er concepts on a domain, based on the four semantic constraints, cat(T,C),

compf(T,F), verbf(T,F,C,V), and verbfr(C,F,T,V). The pro cedure can b e stated as follows,

in which the explanation is given for the domain of the semantic parameter T as an example.

(1) Partition of the domain

7

(a) W1 and W2 have their

own no de in the category

tree.

(b) W1 and W2 share a no de

in the category tree.

Figure 6: The case a syntactic category SC contains two words ’W1’and ’W2’ which b elong

to di�erent semantic classes

Figure 7: The case a word ’w’ b elongs to tw o semantic classes.

8

Let D(T) denote the domain of T and D(C) denote the domain of C. F or any t D(T)

and c D(C), the truth v alue of the predicate cat(t,c) is given. The ’true’ means t and

c can o ccur simultaneously in a phrase, and the ’false’ means they cannot.

(1-1) The domains D(T) and D(C) are divided into disjoint subsets fT

i g and fC

k g

resp ectively satisfying the following conditions.

(i) D (T ) =

[

i

T

i

T

i

\ T

j

= �(i 6= j ),

D (C ) =

[

k

C

k

C

k

\ C

l

= �(k 6= l ),

where � is the empty set.

(ii) Either cat(t,c)=true for all (t,c)’s such that t 2 T

i and c 2 C

j

, or cat(t,c)=false

for such (t,c)’s.

W e call the collection of subsets fT

i g thus obtained a partition of D(T). It follows

from the ab ov e conditions (i) and (ii) that each subset in the partition of D(T)

can b e treated as a unit which there is no necessity for further dividing under the

semantic constraint cat(T,C).

(1-2) The domain D(T) is divided in the same wa y based on other semantic constraints

relating to the semantic parameter T. Thus we hav e several partitions of the

domain D(T), denoted by P

(i)

(T ). F or example, we hav e four partitions of D(T),

each b eing based on one of the four semantic constraints.

(2) Integration of partitions

Those partitions are integrated one by one to build the �nest partition. During the

integration pro cess, upp er concepts are introduced based on the inclusion relation

b etween subsets of tw o partitions to b e integrated.

(2-1) Let A = fAig b e P

(1)

(T ).

(2-2) The following steps (a) to (d) are rep eated with changing I from 2 to N.

(a) Let B = fB

j jj = 1::bg b e P

(I )

(T ) and X b e f�g.

(b) The following pro cedure is rep eated with changing j from 1 to b.

Let A

j k

(k = 1::m

j

) b e all subsets of A that have common elements with

B

j

, that is, X

j k

= A

j k

\ B

j

6= �(k = 1::m) and B

j

=

[

k

X

j k

. These

intersections X

j k

’s are app ended to X as its memb ers, and B

j is de�ned as

an upp er concept of X

j k

’s if m

j is greater than one.

(c) The step (b), in which A and B are exchanged in their role, is rep eated. In

this step no members are added to X, but some A

i

’s are de�ned as upp er

concepts.

(d) Let A b e initialized with X and go to the step (a) with adding one to I.

(2-3) The �nal X with upp er concepts is the integrated partition.

9

Figure 8: Integration of partitions and Upp er concepts.

Some explanation should b e made for the step (b) in the ab ov e pro cedure. Assume that

P

(1)

(T ) and P

(2)

(T ) b e derived from the semantic constraints C

1 and C

2 resp ectively

. The

step states that a subset B

j of P

(2)

(T ) must b e divided into X

j k

’s under the semantic con-

strain t C

1 if m

j is greater than one. The subset B

j is, howev er, de�ned as an upp er concept

o ver X

j k

’s, b ecause it is the �nest subset of v alues of T under the semantic constraint C

2

.

Fig.8 explains the steps for the integration of partitions. Two partitions A = fA

1

; A

2

; A

3 g

and B = fB

1

; B

2

; B

3 g of a domain are illustrated in Fig. 8-(a). F or these partitions the inte-

grated one is X = fX

1

; X

2

; X

3

; X

4 g where X

1

= A

1

= B

1

, X

2

= B

2

= A

2

\ B

2

; X

3

= A

2

\ B

3

, and X

4

= A

3

= A

3

\ B

3

. Two upp er concepts A

2 and B

3 are de�ned as in Fig. 8-(b).

5 Ev aluation and Discussions

F or the quantitative ev aluation of the prop osed metho d for the semantic representation of

in termediate hypotheses, we organized two knowledge sources; the one ( called KS-1 ) which

uses the concept hierarchy on the semantic parameter, and the other ( called KS-2 ) which

do es not use it. Both KS’s hav e the same linguistic p ower, that is, their p erplexities are the

same. W e made SUSKIT-I I recognize 53 oral questions using those KS’s, and counted the

n umber of the no des of the category tree which had b een expanded during the recognition

in b oth cases. The numb er do es not mean the amount of memory used for the category tree,

b ecause there are left the no des of the category tree which have not b een expanded. How-

ev er, the ration of the num b er of the expanded no des to the number of the unexpanded ones

migh t b e considered almost the same for b oth KS’s. Moreover, the number of the expanded

no des is given a precise measure of the time sp ent for the linguistic pro cessing. F or these

reasons we counted the number of the expanded no des of the category tree. These num b ers

w ere 3922 for KS-1 and 18262 for KS-2. This means that the intro duction of the concept hi-

erarc hy reduces an amount of memory and time sp ent for the linguistic pro cessing by 78.5 %.

10

In this pap er we hav e prop osed a metho d for the semantic pro cessing in a sp eech recog-

nition system. The metho d premises that the semantic constraint is given as a relation

among semantic parameters. The relation is used to divide into disjoint subsets the domain

formed by a set of all v alues a semantic parameter can take. Using the concept hierarch y

on the domain which is organized based on the partition of the domain, we can reduce

remark ably memory space and pro cessing time sp ent for intermediate hyp otheses pro duced

in the pro cess of sp eech recognition. While the quantitativ e ev aluation of it was made for

the small task (the vocabulary size is ab out 250), we exp ect similar e�ect for larger tasks.

Although the semantic constraint tested was strongly dep endent on the task, the metho d

can b e applied to any semantic constraint as long as it is expressed as a relation among

seman tic parameters.

Howev er, it would b ecome more di�cult to manually de�ne the semantic constraint for

a larger task. In computational linguistic research several attempts have b een made at

classifying words semantically and constructing a thesaurus on basis of a large amount of

text corpus or the dictionary [3]-[7]. It is future work to adapt these studies to the generation

of linguistic knowledge which can b e used in sp eech recognition, that is, which reduces the

p erplexity .

References

[1] Y.Kobay ashi, M.Omote, H.Endo, and Y.Niimi, "SUSKIT-I I | A sp eech understanding

system based on robust phone sp otting," IEICE T rans. V ol.E-74, No.7, pp.1863-1869

(1991).

[2] Y.Niimi, and Y.Kobay ashi, "An information retriev al system with a sp eech interface,"

Pro c. of ICSLP-92, pp.1407-1410 (1992).

[3] P

.F.Bro wn, V.J.D.Pietra, P

.V.deSouza, J.C.Lai, and R.L.Mercer,"Class-based n-gram

mo deling of natural language," Computational Linguistics, V ol.18, No.4, pp.467-479

(1992).

[4] D.Hindle,"Noun classi�cation from predicate argument structure," Pro c. of the 28th

Annual Meeting of ACL, pp.268-275 (1990).

[5] F.Pereira, N.Tishby

, and L.Lee, "Distributional clustering of English words," Pro c of

the 30th Annual Meeting of ACL (1992).

[6] F.R.F ramis, "An exp eriment on learning appropriate selectional restriction from a

parsed corpus," Pro c of COLING-94, pp.769-774 (1994).

[7] H.Tsurumaru, H.Maeda, K.Y amamoto, T.Hitak a, and S.Y oshida, "A study on the-

saurus construction by using Japanese language dictionary

," T ec h. Rep ort of IEICE,

NCL93-58 (1993) (in Japanese).

11