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ABSTRACT

In this paper we describe a quantitative relation be-
tween the e�ciency of dialogue control strategies, we
measure by the average number of exchanges taken
during a dialogue, and the performance of a speech
recognition system used in a spoken dialogue system.
We consider four dialogue control strategies: (1) di-
rect con�rmation, (2) indirect con�rmation, (3) mul-
tiple item answer followed by direct con�rmations,
and (4) multiple item answer followed by multiple
item con�rmations. If n information items are neces-
sary to execute a task, a status of a dialogue is rep-
resented by a triplet (u; k; c) (u + k + c = n), where
u, k and c are the numbers of unknown, known not
yet con�rmed, and con�rmed items respectively. The
mathematical analyses of the strategies are based on
the fact that the state transition of a dialogue can be
represented by a Markov process in which a space of
states are a set of triplets (u; k; c), and state transi-
tion probabilities are decided by a speech recognition
rate and user's behaviors.

1. INTRODUCTION

A number of studies on spoken dialogue systems have
been carried out using HMM-based speech recogni-
tion systems. It is, however, still di�cult to correctly
recognize casual utterances often observed in human
conversations. To remedy this di�culty, several in-
teractive methods have been reported for recovering
from speech recognition errors, but most of these ap-
proaches were empirical and did not involve mathe-
matical analyses [1,2]. We have studied quantitative
relations between dialogue control strategies and the
performance of a speech recognizer under the assump-
tion that the reliability in recognizing utterances or
keywords can be evaluated [3,4]. However, it is often
di�cult to uniformly evaluate such reliability inde-
pendently of the content of utterances or keywords.

In this paper we will quantify the performance
of four dialogue control strategies to relieve speech
recognition errors, which are not based on the re-
liability, but on the con�rmation only. We con-
sider it possible to evaluate the performance of the
dialogue control strategy by the average of numbers
of those exchanges which are taken between the di-
alogue system and the user to collect and con�rm
necessary items. Using this de�nition, we will derive

a mathematical relation between the performance of
a dialogue control strategy and the performance of a
speech recognizer.

The remainder of the paper is constructed as fol-
lows. Section 2 introduces a model describe dialogue
control strategies and gives a brief descriptions of the
four dialogue control strategies we will consider. Sec-
tion 3 derives a mathematical expression for the per-
formance of each strategy. Finally section 4 compares
the performances of those strategies numerically.

2. OUTLINES OF DIALOGUE

CONTROL STRATEGIES

This section outlines the dialogue control strategies to
be considered in this paper. First a model to describe
the dialogue control strategies, which was proposed in
[1], is introduced. Suppose n information items, for
example, values of attributes necessary for a database
query, are needed to attain some task or subtask. At
the current state of the art in speech recognition, each
item must be con�rmed explicitly or implicitly. Thus
each item takes one of three states, unknown to the
dialogue system, known but not yet con�rmed, and
con�rmed. So the state of a dialogue will be repre-
sented by a triplet (u; k; c) of three parameters, where
u, k and c are the numbers of unknown, known but
not yet con�rmed and con�rmed items respectively.
However, the number of independent parameters is
two because there is a constraint, u + k + c = n,
among u, k and c. Thus a triplet (u; k; c) can be
mapped on a grid point in the 2-dimensional space
(k; c) as shown in Fig. 1(a).

In this representation the purpose of a dialogue is
to transfer the state of a dialogue from state (n; 0; 0)
to state (0; 0; n). Thus dialogue control strategies can
be described by specifying how to achieve this state
transition, and their e�ciency can be evaluated by
the average number of exchanges of turns which the
dialogue system and its user take to achieve this state
transition. State transitions are induced by actions
of the system and the user. An example of such
actions is user's response to system's con�rmation
on a known item. This changes the state of a dia-
logue by (0;�1;+1) if user's response is 'yes', and by
(+1;�1; 0) if it is 'no', while nothing changes if it is
a corrective answer. Thus a dialogue control strat-
egy and user's actions constitute a Markov process in
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which the state space is a set of triplets (u; k; c) and
state transition probabilities are decided the proba-
bility that an item be correctly recognized.
Based on this fact we will derive quantitative re-

lations between the performance of dialogue control
strategies and the performance of a speech recognizer.
In this paper we will consider following dialogue con-
trol strategies.
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Figure 1: (k,c)-plane and the state transitions of the
four strategies.

(1) Strategy 1 | Direct con�rmation. This strat-
egy tries to change the state of an item from unknown
to known and then from known to con�rmed, in other
words, tries to transfer the state of a dialogue along
the path (1) shown in Fig. 1(b).
(2) Strategy 2 | Indirect con�rmation. A known

item is embedded in the question of the next unknown
item. This strategy tries to transfer the state of a
dialogue along the path (2) shown in Fig. 1(b).
(3) Strategy 3 | This strategy �rst requires a user

to input all the necessary items, and then makes a
direct con�rmation on each of these known items. It
strategy tries to transfer the state of a dialogue along
the path (3) in Fig. 1(b).
(4) Strategy 4 | This strategy �rst collects all the

necessary items in an exchange, and then tries to con-
�rm all of the known items in an exchange. In this
strategy the transition of the state of a dialogue is
intended to occur along the path (4) in Fig. 1(b).

3. ANALYSIS OF THE DIALOGUE

CONTROL STRATEGIES

3.1 Actions of the system and the user

In a spoken dialogue system considered in this paper,
we suppose dialogues are composed of the following
actions taken by the system and its user.
Actions taken by the system are :

� a question on n information items, denoted by
Q(?item1; ?item2; :::; ?itemn),

� a direct con�rmation on n items, denoted by
DC(item1; item2; :::; itemn), and

� an indirect con�rmation, that is, a question
on an unknown item newitem including a con-
�rmation on a known item item, denoted by
IDC(item; ?newitem).

Actions taken by the user are :

� an answer of n items, denoted by
A(item

1
; item

2
; :::item

n
),

� a response 'yes', denoted by Y es, which is returned
to DC(item1; item2; :::; itemn) when all the items
to be con�rmed are correct.
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(*,1(q),*)
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p

Figure 2: The state transition diagram for DC-
subdialogue.

3.2 Subdialogues

Here we will de�ne two subdialogues using the actions
introduced in the previous section.
(1) Direct con�rmation subdialogue (abbreviated

as DC subdialogue below). This can be described in
terms of the following C-like program.

DC subdialogue(item)
fDC(item); if ( item is correct ) Y es;
elsefA(item0);DC subdialogue(item0); gg

Here we assume that an item in user's response
A(item) to Q(?item) and an item in user's correc-
tive response A(item0) to DC(item) be recognized
correctly with the probabilities p and q respectively.
In general p is greater than or equal to q. Under
these assumptions a state transition diagram for the
DC subdialogue can be illustrated as in Fig. 2. Here
rectangles indicate the state of a dialogue, arcs cor-
respond to an exchange of turns, a symbol � means a
positive integer and a string 1(p) represents a known
item in that state is correctly recognized with the
probability p.
(2) Indirect con�rmation subdialogue (abbreviated

as IDC subdialogue below). This can be described
by the following C-like program.

IDC subdialogue(item; ?newitem)
fIDC(item; ?newitem);
if ( item is correct ) A(newitem);
elsefA(item0; newitem);DC subdialogue(item0); gg

Here we assume for simplicity that an item in-
cluded in A(item) and each of two items included
in A(item0; newitem) be correctly recognized with
the probabilities p and q respectively. When enter-
ing this subdialogue under these assumptions, the
probability that a known item to be con�rmed be
correct is p. Hence the action A(newitem) will
be taken with the probability p after the action
IDC(item; ?newitem). In this situation the state
of a dialogue changes from state (�; 1(p); �) to state



(� � 1; 1(p); � + 1), in other words, a known item is
implicitly con�rmed and an unknown item newitem

becomes known by A(newitem), thus the probabil-
ity for newitem to be correct being p. On the other
hand, A(item0; newitem) will occur with the proba-
bility 1� p after IDC(item; ?newitem). In this situ-
ation a known item is corrected as item0 and an un-
known item becomes known, the probability for each
item to be correct being q by the assumption. Thus
the state of a dialogue changes from state (�;1(p); �)
to state (� � 1; 2(qq); �). Since A(item0; newitem) is
followed by DC subdialogue(item'), the state of a di-
alogue �nally reaches state (��1; 1(q); �+1). Thus a
state transition diagram for this subdialogue can be
illustrated as in Fig. 3.
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Figure 3: The satate transition diagram for IDC-
subdialogue.

3.3 Analysis of the Strategy 1

Using the notations de�ned in the previous sections,
we can describe how a dialogue proceeds based on the
strategy 1, as follows.

for(k = n; k > 0; k � �)
fQ(?item

k
);A(item

k
);DC subdialogue(item

k
); g

Now we will derive a mathematical expression for
the performance of the strategy 1. Let N(u; k) be
the average of numbers of exchanges taken to move
from any state s = (u; k; c) to the state (0;0; n) which
means the end of a dialogue. Referring to the state
transition diagram shown in Fig. 2, we have the fol-
lowing recursive equation.

N(k; 0) = N(k � 1; 0) + 2 + (1� p)=q

We will denote N(n; 0) by N (n), Noting that
N(0; 0) = 0, we have

N (n) = (2 + (1� p)=q)n (1)

The second term in the righthand side of this equa-
tion represents an increase of exchanges due to speech
recognition errors.

3.4 Analysis of the Strategy 2

We can describe how a dialogue proceeds based on
the strategy 2 as follows.

Q(?itemn);A(itemn);
for(k = n; k > 1; k ��)
IDC subdialogue(itemk; ?itemk�1);
DC subdialogue(item1);

We have already shown in Fig. 3 the state transi-
tion diagram for IDC subdialogue. Noting that state
transitions from state (�; 1(q); �) are quite same as
those from state (�; 1(p); �), and denoting N (k; 1(p))
and N(k;1(q)) by ak and bk respectively, we have the
following equations.

ak = 1 + pak�1 + (1� p)N (k � 1; 2(qq)) (2)

b
k
= 1 + qa

k�1
+ (1� q)N(k � 1; 2(qq)) (3)

Using the same computation as explained in the
previous section, we can compute N(k � 1; 2(qq)) as
bk�1+1+(1� q)=p. Moreover, we have a0 = 1=p and
b0 = 1 + (1� q)=p as the initial conditions.
From these considerations we can derive an explicit

expression on ak as follows.

ak =
k + 1

p
+

2(1� p)�p

p(1� �p)

h
k �

�p(1� �pk)

1� �p

i
(4)

where �p = p � q, Using eq. (4) we can reach the
�nal result.

N (n) = an�1 + 1:

In particular, since if p = q the second term of the
righthand side of eq. (4) vanishes, we have

N (n) = 1 + n=p:

3.5 Analysis of the Strategy 3

We can describe how a dialogue proceeds based on
the strategy 3 as follows.

Q(?item1; ?item2; :::; ?itemn);
A(item

1
; item

2
; :::; itemn);

for(k = n; k > 0; k ��)DC subdialogue(itemk);

Here we assume that only replacements of items oc-
cur in recognition of A(item1; item2; :::; itemn) while
insertions and omissions do not occur, and denote
by q the probability that each item be correctly rec-
ognized. Note that this probability depends on the
number of items. Since each of known items is con-
�rmed one by one using a DC subdialogue, the tran-
sition from state (0; k; n�k) to state (0; k�1; n�k+1)
can be described by the diagram shown in Fig. 2.
Noting that p and q respectively correspond to q and
p in Fig. 2, we have

N (n) = 1 +N (0; n(qn)) = 1 + n(1 + (1� q)=p):

3.6 Analysis of the Strategy 4

A dialogue based on the dialogue control strategy 4
can be described as follows.

Q(?item
1
; ?item

2
; :::; ?itemn);

A(item1; item2; :::; itemn);
DC(item1; item2; :::; itemn);
A(item11; item12; :::);
::::::::



DC(itemk1; itemk2; :::);
Y es;

Here we will put on the same assumptions on
speech recognition errors as those made in the pre-
vious section, and denote by qm the probability that
each item be correctly recognized in recognition of
A(item1; :::; itemm). Suppose the state of a dialogue
be on state (0;m; n�m). According to the de�nition,
the probability that k out of m items be incorrect is

mCkq
m�k

m
(1�qm)

k (0 � k � m). In this situation the
user will make a response A(item0

1
; item0

2
; :::; item0

k
),

which changes the state of a dialogue from state
(0;m; n�m) to state (0; k; n� k). Denoting N(0;m)
by am, thus we have the following equation on am.

am = 1 +

mX
k=0

mCkq
m�k

m
(1� qm)

k

ak (1 � m � n)

Since a
0
= 0, we have

am =

1 +

m�1X

k=1

mCkq
m�k

m
(1� qm)

k

ak

1� (1� qm)m
(1 � m � n)

which is followed by

N(n) = N(0; n) + 1 = an + 1:
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Figure 4: N(5)'s of the four dialogue control strate-
gies.

4. NUMERICAL COMPARISONS

OF THE FOUR STRATEGIES

In this section we will make comparisons among the
four dialogue control strategies. Since these strate-
gies include multiple parameters, we �rst assume that
q be equal to p in the strategies 1, 2 and 3, and q

i
's

be all equal to p in the strategy 4. N (n)'s, calculated
on this condition, mean the lower bound of N(n)'s,
in other words, the best performance of each strat-
egy given the value of p. N (5) of each strategy is
graphically illustrated in Fig. 4.

From the previous considerations we can see that
N(n)'s of the strategies 1, 2 and 3 are linearly de-
pendent on n and their coe�cients are greater than
one. Computing numerically N(n) of the strategy
4 for p = 0:9, we have N (1) = 2:11, N (2) = 2:21,
N(3) = 2:30, N(4) = 2:39 and N (5) = 2:46, which
show its dependency on n is small. For the strate-
gies 1,2 and 3 their dependencies on p are 1=p, while
the dependency of the strategy 4 on p looks like ex-
ponential as seen from the curve(st4) shown in Fig.
4.
Finally we will investigate numerically the e�ects

of the second parameter q on N(n) in the strategies
2 and 3. Fig. 4 also shows the relations of N (5) to q

in the cases that p = 0:95 and p = 0:8. These curves
indicate that the dependency of N (5) on q is small
and the strategy 2 is slightly better than the strategy
3 in the range of practical values of p and q.

5. CONCLUSION

In this paper we have addressed the quantitative rela-
tion between the e�ciency of dialogue control strate-
gies, we measure by the average number of exchanges
taken during a dialogue, and the performance of a
speech recognizer. The dialogue control strategies we
have considered allow the user to produce multiple
items in an utterance and the system to con�rm them
directly or indirectly.
This study is of much importance in establishing

the theoretical foundation for the optimal choice of
dialogue control strategies given the performance of
a speech recognizer and for the dynamic adaptation
of the strategy in real �elds in which the performance
of a speech recognizer changes dynamically.
In this paper we have assumed only the replace-

ment error of items occur in speech recognition for
simplicity, but this is not the case. So it is left as
future work to entend the analysis of dialogue control
strategies so as to include these recognition errors.
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