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Abstract

In this paper, we present a method that enables the designer to
investigate a spoken dialogue system’s performance by
employing diagnostic evaluation during the initial phases of
the system’s development. Results from glass box assessment
(e.g.. recognition success rate), combined with the dialogue
strategy in the proposed mathematical model, can be used to
predict the system’s performance. The model incorporates
erroneous confirmations by the user, which affect the overall
performance.

1. Introduction

The technical focus of this paper is on Spoken Interactive
Dialogue Systems which are defined generally as computer
systems with which humans interact on a turn-by-turn basis
[4] wusing spoken natural language as the means of
communication.

The notion of SUB-TASK is introduced here, which is the
part of the dialogue devoted to a single intermediate level task
(e.g. supplying the system with the departure date of a trip).
Each dialogue is an ordered collection of sub-tasks. Although
the term “turn” is usually defined as a stretch of speech
spoken by one party in a dialogue [4], its use here indicates
the set of system-user exchanges necessary for the completion
of the sub-task.

Although much work has been done on mathematical
modeling of the dialogue control [1][7][8], very few results
are available on the aspect of predicting a dialogue system’s
behavior by simply correlating a-priori knowledge such as
recognizer performance and dialogue strategy with the
system’s performance.

Several authors, are trying to decide on optimum dialogue
strategy either purely objectively [5][6] or taking into account
user perceptions [10] using some form of a cost function and
seeking for minimization of this function. The above
techniques give a means for optimum strategy selection, but
they are based on information derived from actual dialogues
obtained usually via black-box assessment. Furthermore, the
PARADISE [10] paradigm presumes the wuse of
questionnaires filled out by system users, in order to capture
qualitative and subjective system characteristics

What we propose is a method that can be used for
diagnostic evaluation and give us indications about global
system performance in advance. The method, in order to be
really useful, should meet the following properties: 1) It must
be objective. 2) It must give the designer a view of system
performance in advance using limited global performance
metrics. 3) Basic knowledge acquired in early system
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development phases, like glass box evaluation, should be
used. 4) It shouldn’t go into much detail about system
components, especially in the verbal part. 5) It should permit
the designer to investigate the impact of system parameter
changes on system performance and 6) it must permit
comparison between different system implementations.

Regarding finite state IDSs, our method is implemented
by employing a directed graph that determines the dialogue
flow, where each sub-task is represented by a node. The
transition from one node to another depends on the dialogue
history, the current user answer and the dialogue strategy.

The present study is based on the assumption that having
the designer the characteristics of each node a-priori and the
graph topology, he can predict the behavior of the system
without actually testing it. For IDSs, the global system
variables of interest are the probability of success P and the
expected number of turns p. As an example, given a simple
system with n sub-tasks S;, S,,...,S, executed in series with
sub-task parameters P; (probability of successfully finishing
the sub-task i) and p; (expected number of turns for the sub-
task i), the probability of dialogue success for the system

would be the product of P;, P=IIP; and the expected number

of turns the sum of p;, =2~y Since in most dialogues there is
an extensive use of positive and negative confirmation turns
to verify user inputs, we are going to mathematically model
subtasks that contain erroneous confirmations.

Analytically, in the second paragraph, we clarify the
notion of recognizer and recognition rate, as we use it in our
analysis. In the third and fourth paragraphs, mathematical
models are created to calculate the probability of subtask
success and the expected number of subtask turns. In the fifth
paragraph, the validity of the mathematical formulas is
experimentally proved, by comparing theoretical and
experimental results. In the sixth paragraph, we discuss the
use of the proposed modeling technique to resolve another
problem that is related to speech synthesizer intelligibility and
human hearing and comprehension abilities. Finally, in the
last paragraph, some conclusions are drawn.

2. Speech Recognizer and recognition rates

For the following paragraphs it is implied that the
recognizer’s behavior is modeled by the random variables R,
R, and R, describing the recognition rates r;, r,, and r, for the
information item, positive and negative confirmations
respectively. In general, these random variables are not
independent. To explain this point, it is sufficient to consider
that the distribution of the three variables depends mainly on
the lexicon size, the environmental conditions and the used
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recognition methodology. Assuming that the lexicon size and
the environmental connotations are remaining constant, a
change of the selected recognition methodology would more
or less equivalently influence all the three variables, which
implies a correlation among them.
We form the random vector R, where R=(R,,R,,R,)"

that describes the recognizer’s behavior for the specific sub-
task. The cumulative distribution function (cdf) for the above
random vector is 7,(R)= P(R<r) where by definition:

(R<r)=(R <7,,R,<1,,R, <1,) [1]

The probability density function (pdf) of the random
vector R is:
O'F(R)
L®) Or,0r,0r,, 2]
assuming that the 3™-mixed partial derivative of the cdf
exists.

The probability density functions (pdfs) for the random
variables R;, R; and Ry are /. (). f, (). £, () and are given
by the marginal pdfs of the random vector R.

The expected value of the vector R, is a vector p defined
as ”z(ﬂwﬂwﬂm)T where

= [nt,0)d, 3]

The other elements of the vector p are similarly defined.

To clarify the notion recognizer and recognition rate, we
use the assumption that during each sub-task the interaction
between the system and the user takes place at the intention
level [9] where “an intention represents the actual information
(concepts) that a dialogue participant wants to convey...”.
Under this assumption, a sub-task is successfully terminated,
when the information slot for the sub-task is filled with the
minimum necessary information. For example, in a Call-
Router application, the required information might be
surname and first name, or department and surname, or title
etc. So, when referring to recognition rates, we imply the
correct recognition of this minimum information. For
example, the user might say, “I want to speak with my very
good friend Mr. George Papas”. In this case the useful
information is the full name of the required person, and the
success or failure of the recognition is decided upon correct
recognition of the full name.

3. Probability of success

Referring to figure 1, we conclude that in order to finish the
subtask successfully during the first turn the dialogue should
follow the path 1-2-4. If the dialogue progresses through the
path 1-3-5 the subtask is terminated with error. Finally to
repeat the subtask, there should be either a false rejection,
represented by the path 1-2-1 or correct rejection depicted by
the path 1-3-1. More formally, lets define the following
events: CA={Correct Acceptance}, meaning that the subtask is
terminated successfully. FA={False Acceptance}, the subtask
is terminated with error — incorrect advance to the next
subtask. CR={Correct Rejection}, the falsely recognized
information is correctly rejected and the subtask is repeated
and FR={False Rejection} meaning that the subtask is
incorrectly repeated due to false recognition of the positive
confirmation issued by the user. In addition we define the
events S={Subtask Success}, F={Subtask Failure} and
R={Subtask Repetition}. It is obvious that:

R=CRUFR [4]

that is in order to repeat the subtask there must be either a
correct or false rejection. Assuming that the recognition rates
for the item, positive and negative confirmations are given,
that is the random vector R has a specific value R=r, the
following probabilities are defined:

P(CA/R=v)=rr, P(FA/R=p)=(-r)1-r,)
P(CR/R=r)=(-r)r, PUFR/R=r)=r(l-r,) [5]
P(RIR=r)=P(CRUFR)=r,(1-r, 1)+,

Since the last probability would be extensively used, we define
the quantity:

PR=P(R/R=r)=ri(1—rp—rn)+rn [6]
1. Info by the
recognizer
Correct (Ri) ‘ False (1-Ri)
y J
2. Positive 3. Negative
Confirmation Confirmation
False (1-Rp) Correct (Rp) False {1-Rn) Correct (Rn)
4. 5.
Successful Incorect

advance advance
Figure  1:  Human-System  interaction — with
confirmations.

To finish the subtask successfully during the k™ turn,
there must be k-1 repetitions of the subtask, and a correct
acceptance. Similarly, to finish the subtask with error during
the k™ turn, there must be k-1 repetitions, and a false
acceptance. So using some formalization and the superscript
® to denote the turn number during which the event S or F
occurs, we define the following:

k-1 k=1
SO =(YRNCA and F® =(\RNF4 [7]

J=1 J=l
Hence the probabilities of the event success or failure
during the k™ turn when the random vector R is given, are:

P(SYIR=r)=P"rr, and
P(FP/R=r)=P " (1=r)(1~r,) [8]

Two cases can be distinguished regarding the applied
methodology for dialogue control on the subtask. The first
one is implemented by permitting the subtask to be repeated
for an infinite number of turns, until either the event S or F is
observed. The other methodology presumes the imposition of
an upper limit to the permitted number of turns. Usually,
when the subtask is repeated the maximum allowed turns
without success, the control is transferred to an alternative
subtask, like the case where a human operator is used to
support the operation of an IDS. In both cases, the total
probability theorem is used to calculate the probabilities of
the events success and failure. When an infinite number of
turns is permitted, only the events S and F can happen, and
we have
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P(S/R=r)= P(US(”) ZP(S(”/R—r)— [9]

assuming that PR 1s dlfferent from one, and !

PUF/R=1) = P_JF) ZP(F“)/R = ’")(113 W)
7=l

As it is expected, it can be proved that

P(S/R=r)+P(F/R=r)=1 [11]

When only N turns are permitted, another event is created
which is denoted by A, and represents transition to an
alternative subtask. The probabilities for success and failure
are defined as:

PS/R=r)= P(L}S‘”) ZP(SV)/R n=rr,

JjA

>?q

-1 [12]
-1

x’w

and
P(I"/R=r1)= 1)(U1 Dy = Z/)u DIR=r)=1-r)1- r,,)

J=t j=1

[13]
The event A is observed when there are N-1 subtask
repetitions, and during the last repetition the system

recognizes correctly or incorrectly a negative confirmation. So
the event Ay can be defined as

A= ﬂR [14]
and 1ts probability {s
P(A/R=r)=P(\R) =P [15]

j=1
Also in this case, it is proved that

P(S'/R=r)+P(F'/R=r)+P(4/R=r)=1 [16]

as it was expected

In order to take into account the distribution of the
random vector R, equations [9], [10], [12], [13] and [15] are
modified as

£

P(S)= jlr_’r;) £.(Rydr [17]

P(F) = fwf(R)d [18]

P(S')—? B e [19]
P

Py = Tamnxt- L war [20]

and B

P = [P f,(Rydr [21]

-

4. Number of turns

Lets define the random variable N representing the number of
turns. The probability that the random variable N is n, equals
the probability of the event success at turn number n, or
failure at turn number n. If the value of the random vector R,
is known, the above statement can be expressed
mathematically as

P(N=n/R=r)=P({S” UF"})=P(S” /R=1)+

PF™ IR =v) = P [, + (1= r)(1=r)]= P (A= P) 221

So the random variable N, is following a geometric
distribution with pdf

foe(nir)=P(N=n/R=r)=P"'(1-P,) [23]

The expected number of turns, when the subtask is
repeated until success or failure for an infinite number of
allowed turns is given by

Hyr =ZkP1;‘*1(1_pR)=71
k=1 1-F,

When only N turns are permitted for the subtask, the pdf

of N is modified as

PN 1-P,), n<N
June(nlr) = PRN—I( W N _ pN-l _
% (A-=P)+P; =P, 7, n=N

[24]

[25]

Since during the last turn, the alternative event might also
happen with probability P’
So the expected number of turns is modified as

&, i N _ =P RN
Hyir = z kB (1= P )+ NP~ = [26]
k=1 1- PR

In order to take into account the distribution of the
random vector R, equation [24] and [26] are modified as
|
r)dr [27]
Hy = I Jig o

and

=iy = ey 28]

Special Case. When the recognition rates for positive and
negative confirmations are 100% that is r,=1 and r,=1, the
quantity Py, becomes 1-r, which is the error rate for the
recognizer of the required information.

Under this assumption and when an infinite number of
turns is allowed, equations [9], [10] and [24] give
P(S/R=r)=1, P(F/R=r)=0 and pygr=1/r, When only N turns
are allowed, equations [12], [13], [15] and [26] are modified
to:

P(S'/R=r)=1-(1-r)" P(F'/R=r)=0

1-(1-r)¥ [29]

7

i

PA/R=1)=1=r)"  pyp =

5. Experimental Results

All the experiments described below were conducted on a
Call - Router developed by KNOWLEDGE S.A., Patras,
Greece. This system was installed at the headquarters of
LogicDIS Group in Athens on January 2001 and operated for
two weeks. The system was used for internal call routing for
calls originated outside the company. In addition there was
the option to connect to a human operator (operator fallback)
when there were two unsuccessful attempts by the system.
With a lexicon of more than 600 words, the system served
more than 300 employees and recognized more than 100
departments and titles. It was able to resolve potential
conflicts and ambiguities (for example staff that belongs to a
different than the requested department or the existence of
employees with the same surname etc). The system was
operating 8 hours per day, servicing a total of 150 to 200 calls
daily.

Although around 1,500 recordings were collected, not all
of them were used for the evaluation because a percentage of
them (around 10%) contained irrelevant user responses,
mainly from users not familiar with the system. A summary of
the useful dialogues collected is displayed in table 1.
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Total Number of Dialogues 1352

Success with 1% try 1042
Success with 2" try 234
Total Success 1276
Failure with 1% try 6
Failure with 2™ try 1
Total Failure 7
Operator Fallback 69

Table 1: Collected dialogues for experimental
validation of the models.

The recognizer distribution was created with the bootstrap
method [2] [3], using 1000 bootstrap samples. The success
rates for the recognizer were 1=81%, r,=96% and 1,=98%.
Table 2, displays the experimental and the theoretical results
calculated according to the model given above. In addition the
last column displays the theoretical results if we assume 100%
recognition rates for positive and negative confirmations.

Experim. Theoretical r,=r,=1 eq.[29]
P(S/R) 0,943 0,948 eq [12] 0,964
P(F/R) 0,005 0,005 eq [13] 0,000
P(A/R) 0,052 0,048 eq [15] 0,036
LR 1,234 1,219 eq [26] 1,190

Table 2: Experimental and theoretical results.

From the results it is evident that the accuracy of the model is
very high.

6. Discussion

Two types of errors were observed when we experimentally
investigated the validity of the method, and these were linked
with the speech synthesizer capabilities. The first type had the
following characteristics: The information slot for the current
sub-task was filled correctly (correct recognition), but when
the user was asked to confirm it, he did not understand
correctly the synthesizer’s output and a negative response was
given. Consequently the turn was incorrectly repeated. The
inverse procedure created the second and more serious type of
error i.e. the recognition was incorrect, but the user thought
that the system had made a correct recognition and gave a
positive answer. This action did not terminate the dialogue,
but eventually the system failed to deliver the correct
information to the user. Figure 1 can represent this process if
we interchange tasks 2 and 3, and if we replace r, with 1-r,
and r, with r,,. So the following probabilities are defined

P(CA/R=r)=rr, PFA/R=r)=(1-r)1-r,)

P(CR/R=r)=(1-r)r, P(FR/R=r)=rr, and [30]

P(R/IR=r)=P(CRUFR)=r(r, +r1,)+r,

All the other equations developed here are modified

accordingly.

7. Conclusions

It is clear from the above analysis that the assumption of
limited recognition accuracy of confirmations influences the
prediction of the system’s performance. This influence is
more qualitative than quantitative. To explain, suppose that a
system works with the following (realistic) parameters:

1;7=80%, 1,=95% and r,=96%. Then table 3 summarizes the
calculated subtask parameters when we assume limited or not
recognition accuracy for confirmations.

Infinite number of | Limited number of
allowed turns maximum 2 turns
A. Recognizer parameters: r;/=0.8 r,=1 r,=1

P(S) 1 0.96

P(F) 0 Not defined

P(A) Not defined 0.04

Un 1.25 1.2

B. Recognizer parameters: ri=0.8 r,=0.95 r,=0.96

P(S) 0.99 0.94

P(F) 0.01 0.01

P(A) Not defined 0.05

Un 1.3 1.23

Table 3: Parameters comparison, under the
assumption of limited or not recognition accuracy

The basic qualitative difference between the cases A and
B is the appearance of a small probability for subtask failure,
attributed to the limited recognition accuracy during negative
confirmations. Quantitatively, the probability for subtask
success is slightly decreased and the expected number of
subtask turns is increased, due to recognition errors created in
confirmations.
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