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Computer-Aided Analysis and Design for Spoken
Dialogue Systems Based on Quantitative Simulations

Bor-shen Lin and Lin-shan Leé&ellow, IEEE

Abstract—Corpus-based analysis and design of spoken dialogue system is on line, and very little about the dialogue performance
systems have been widely used. However, in such approaches thean be known before many people get involved in the online
dialogue performance cannot be predicted before the system is onyegt Some further difficulties also occur even if the prototype

line, and the dialogue corpora need to be recollected if the system t b l = | h f th t
is modified or different conditions are assumed. Also, the effects SYSIEM Can be on line. For example, when any of the system

of different factors, from the system’s dialogue strategies, speech dialogue strategies are modified, not only the whole analysis
recognition and understanding conditions and accuracy, to the based on the previous strategy is no longer valid, but the

user’s response pattern, etc., on the dialogue system performancedialogue corpus collected previously becomes useless for the
cannot be quantitatively identified and analyzed, because they gnalysis of new strategies because the new analysis needs to be

cannot be precisely controlled in different corpora. . : .
In this paper, a complete development of computer-aided anal- based on new interactions. As a result, both the data collection

ysis and design approaches for spoken dialogue systems based o@Nd corpus analysis need to be repeated from the scratch after
quantitative simulations is presented. With this approach the var- each modification, as long as the overall dialogue performance

ious performance metrics of a dialogue system can be flexibly de- js to be analyzed. This makes the cycle for testing and modi-
fined and numerically evaluated, such that the behavior and per- fying spoken dialogue systems relatively long. In addition, it

formance of the dialogue system can be well predicted and effi- . t i liabl ht the dial
ciently analyzed before the implementation of the real spoken dia- IS Not rigorous nor refiable enough o compare the dialogue

logue system is completed. How the different dialogue performance Performance for different system strategies simply using the
measures vary with respect to each of the many very complicated different corpora collected under different conditions, because

factors, regardless of whether it is caused by an individual compo- many other factors existing in the processes of producing the
nent, by the overall system design, or by users’ response patterns, corpora, such as the user's response pattern, the slot accuracy

can be separately identified, because all such factors can be pre- d ¢ tb isel trolled to b "
cisely controlled in the simulation. Several analysis examples are orword errorrate, cannot be precisely controlied to be exactly

presented to show how the approach can be used, including selecidentical. All these difficulties are intrinsic in such design
tion and tuning of speech understanding front end, system strategy and analysis approaches based on analyzing human-machine
design considering query factors and confirmation factors, and ob-  dialogues for prototype systems.

jective estimates of user's degree of satisfaction. This approachis  anqther well-known approach, i.e., the “Wizard of Oz” test,

therefore very useful for the analysis and design of spoken dialogue . . .
systems, although the online test, corpus-based analysis and use as been developed to assist the design and test of spoken dia-

survey can always follow after the system is online. logue systems [9], [10]. This approach includes a human being
in the process, and is helpful to obtain some insight into the

user’s dialogue behavior or initial dialogue system performance
before the prototype system is accomplished. A large corpus of
spontaneous speech for the desired task can be collected in the
. INTRODUCTION process as well for training and evaluating the speech recogni-

Sbu||d|ng a series of prototype Systems' where the improvgtoaCh is relatiVEly hlgh, because not Only a human being isin-
how it performed [1]-[8]. The performance can be assesseddirectly observing or analyzing a corpus of human-human di-
terms of relatively simple metrics such as number of dialog@cgues withoutbuilding any prototype system. How human be-
turns or transaction success rate, or more sophisticated analif3§ really behave in the real world is definitely a good guide for
such as confusion matrices for keywords [1]. Because tHESIGning spoken dialogue systems. However, human-human
primary assessments are based on analyzing a large corpudi@dPgue corpus is not always available, specially for dialogue
real human-machine dialogues, there exist some difficulties f@KS intended for new services. Also, in natural human-human
SUCh design approaches_ One major d|ff|cu|ty is that the pé*l.a!ogues- many faCtOI’S cannot -be Controlled at a”,.and the |nt-er'
formance of a dialogue system cannot be estimated before #&0ns within human-human dialogues are certainly quite dif-
ferent from those in human-machine dialogues.
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dissatisfaction may be due to many different reasons at differesatisfaction for spoken dialogue systems can also be flexibly
degrees. These analyses are helpful to some extent, but dodefined and efficiently estimated by simulation. Selection and
necessarily indicate precisely the right directions for improvédning of the speech understanding front end, tradeoff among
ments. Some very useful design principles obtained empiricaigrformance goals such as accuracy and efficiency, and design
were also proposed [12], [13]. However, human experiences afesystem strategies in dialogue flow are all practically feasible
typically not precise enough, and it is thus not easy to estimated can be numerically determined. All these are illustrated by
objectively and quantitatively the price paid and the gain olexamples in this paper. This approach is therefore very useful
tained for each principle. for the design and analysis of spoken dialogue systems. The
On the other hand, some dialogue analysis approaches camiline test, corpus-based analysis, and user survey can always
pletely based on analytical or mathematical models without usifglow and be very helpful after the system is completed.
any online corpus have been reported [14], [15]. Such studies ar©f course, it should be pointed out here that there are natural
always highly desired. In some cases, such metrics as dialodjoeétations for any simulation-based approach. The simulation
turns for different dialogue strategies can even be expresseddnults can never be better than what can be said by the model
closed forms. However, in order to achieve analytical solutiorthat the simulation is based on. For example, in the approach pre-
usually some simplifying assumptions have to be made. Itis themsnted in this paper, the speech recognition and understanding er-
noteasyto extend such analytical solutionsto alldesired casesfos are modeled by long-term statistics of slot errors, which is
many complicated design options for dialogue systems. definitely notgood enoughindescribing some specific speechun-
In these discussions, it is clear that computer-aided analyderstanding conditions inthe real world. Over-simplified models
and design for spoken dialogue systems based on detail@eduser behavior are also used here, which is for sure inadequate
quantitative simulations are very attractive, because muichmodeling the real users. As will be shown in Section VII, finer
of the analysis can be performed without the corpus befamgodelswithmore parameters are always possible, butthe success
the system is completed, and many of the factors such as tisuch models still rely on whether they can really describe the
user’s response pattern and word error rate can be precigelgl situations. In other words, the key pointis in fact whether the
controlled. The choice of different system strategies can alswdel used is good enough for the practical purposes, which is
be made numerically. Some of such simulation methods hawet really answered in this paper.
been previously proposed [16]-[20], and the benefits of usingThe rest of the paper is organized as follows. Section Il
simulation have been discussed in great details [17], [18]. diescribes the complete quantitative simulation approach,
some cases, a simulated user based on a bigram model imakiding statistical analysis of different parameters and
used to interact with a dialogue system on the intention leyaérformance metrics. A series of analysis examples are then
using some assumed data, but the effect of recognition given in Sections IlI-VI. Section Il presents the selection and
understanding errors was not well considered [16], [17]. tuning of speech understanding front end for some performance
some other cases, dialogue was simulated on the text level wigthal. In Section IV and Section V, the design of different
some deletion errors considered [18], but such simulation wesstems’ strategies considering query factors, confirmation
performed only for a specific task of shortest route search in tfectors and users’ response patterns are discussed in great
literature. There was another work of simulation of dialoguetetail. Section VI shows how objective estimates of the user’s
on the text level even with sophisticated user patterns, higgree of satisfaction can be obtained based on the proposed
the approach seems to be specific to the particular task [18hproach. In Section VII, some possible approaches to extend
There was also other approach with users’ behavior basedtormuch more complicated dialogue scenario than the simpli-
a predefined user’s goal, but the discussions on the systeiiigsl schemes used in the examples are discussed. Section VIII
strategies were dismissed [20]. In other words, all the prifinally summarizes the contributions of this paper.
simulation frameworks were somewhat incomplete, and more
or less constrained to the specific dialogue task being studied, Il. QUANTITATIVE SIMULATION APPROACH
at least not easily extensible to other tasks. Also, in most cases, .
complete in-depth and systemized analysis seems to be misé%gState Representation
yet. In this paper, one such simulation-based approach within the proposed approach, a dialogue is modeled as the pro-
complete analyses and discussions is presented. The basises that a set of semantic slots is transmitted from the user
methodologies and principles of the proposed approach #wethe system. The finite state machine for each semantic slot,
very simple, general, and generic, and therefore quite flexibig is first represented in a two-tuple expression, as shown in
and extensible to many different conditions. With this schemkig. 1. The first argument denotes the state of the semantic slot
the various performance measures of a spoken dialogue systésminknowr(x), known but not yet verifiedk), or verified(v),
can be flexibly defined and numerically evaluated, such that thuhile the second argument denotes the correctness of the slot
behavior and performance of the system can be estimated wglue as correcfc) or error(¢), and when a slot is unknown,
propriately and analyzed efficiently before the implementatighe correctness of its value is meaningléss Assuming that
of prototype system is completed. How the various performantteere are a total of semantic slots necessary for a transaction,
measures vary with respect to each factor, from recognititihe overall dialogue stat& can therefore be representedras
accuracy to dialogue strategies, can be individually identifidhite state machines, that is
in advance, because all such factors can be precisely controlled
in the simulation. The quality of service or the user’s degree of S =1(51,82,..-,5n)- Q)
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With this definition, the initial states; of the overall system is
then

Si:(sl :(u,x),SQZ(u,aﬁ),...,sn:(u,a?)) (2)
while the final state5; is
Sf:(sl:(va)732:(va)v"'vsn:(vvy)) (3)

where the symbaoy can be either correct or error. The purpose
of the dialogue is therefore to make each of the finite state ma-
chines to transit from the state, x) to the statév, y) as shown

in Fig. 1, such that the overall statemay transit from the ini-

tial stateS; to the final stateS;. A successful transaction then
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unknown known verified
—~(o)
Fig. 1. Finite state machine for each semantic slot.

Jor(N,=0;!Goal();N, ++) {
SystemPrompt(); // system’s prompt strategy
UserResponse(); // user’s response pattern
SpeechUnderstanding(),//understanding performance
SystemUpdate(); // state transition

occurs when all the semantic slots in the final state are correctly

}
verified, i.e., if(AliSlotCorrect()) T, = 1;  // successful transaction
elseT, =0 // error transaction

E,=n/m’; //slot transmission efficiency

(4)

How these states actually transit is determined by the simulation
scheme given below.

Sy =(s1=,¢),s2 = (v,0),...,s, = (v,0)).

Fig. 2. Pseudo codes for simulation of a dialogue.

for inserted, deleted, and substituted slak,,., Rqc;, and
R..., respectively. The inserted slots are those causing mis-

The simulation scheme can be represented with the Sun_olerstanding and therefore regarded as “misunderstanding
P PS&fbts here, while the deleted slots are those lost in the slot

docodes as shown in Fig. 2. The cycle of a dialogue turn can Pensmission channel and regarded as “lost slots” here. In this

simulated by four sggments. system’s prompt, user's responzs , each substituted slot can be considered as an inserted slot
speech understanding, and system’s update, as shown with| . .

A plus a deleted slot, or a misunderstanding slot plus a lost slot.
the for-loop in Fig. 2. In the

“system’s prompt” segmen .
how the system decides which slots should be queried %ﬁiﬁiggiﬁgaggg?nzg;Can therefore be represented by the

which slots should be confirmed is simulated. In the “user’s
response” segment, how the user decides to respond to the (6)
system’s prompt is simulated. The schemes simulated in these
two segments are referred to as “system’s prompt strategyhereR,, is the slot misunderstanding rate afiglis the slot
and “user's response pattern,” respectively. In the “speelsist rate, both including the case of substituted slots. As a result,
understanding” segment, the slots can be considered as bdingach slot transmitted by the user, two error events may occur.
transmitted from the user to the system through an unrelialfke is that the transmitted slot may be lost with probab#ity
channel, and the effect of speech recognition and understandangl the other is that some other undesired slot may be received
errors is simulated as transmission errors that influence twéh probability R,,,. The “channel effect” segment can there-
actually received slots. The model used in this segmentfige be simulated using random tests defined by these two pa-
therefore referred to as “channel effect” in this paper. In tirametersk; andR,,,, as shown in Fig. 3. WheR,,, = R; = 0,
“system update” segment, how the system controls the stthe channel is error-free and the simulation results account for
transition is simulated. The scheme simulated in this segméhe text-mode dialogue.
is referred to as “system’s update strategy” in this paper. Forlt should be pointed out that the real channel effect for a
example, the system may decide that all slots being confirmggoken dialogue system is a much more sophisticated random
are verified (from(k, %) to (v,4)) based on the condition that aprocess than the simplified model as given here, depending
“yes” is detected or the condition that these slots are consistent the sentence generation and pronunciation processes of
with the previously received slots. With the simulation schentbe user and the recognition and understanding processes
previously described, the dialogue performance is a functio the system. The characteristics of the channel effect may
of four sets of parameters, the system’s prompt stratggy therefore have to do with the recognition or understanding front
the user’s response patteth, the channel effecC’ and the ends, the speakers, the speaking mode and speed, the kinds of
system’s update stratedi slots, the background environments and so on. Also, the true
understanding accuracy may be different for different slots.
(5) As aresult, an ideal simulation for the channel effect can be
_ _ very difficult, and depend on many conditions. The channel
wherePp can be any set of metrics for dialogue performanceatfect model proposed here in Fig. 3 is a simplified, “unbiased”
model, independent of the many conditions. Of course, when
any of these conditions are to be considered, more complicated
Conventionally, the speech understanding errors are oftedels with more parameters can always be constructed in a
measured by slot error rate [21], which includes the ratssmilar way to take into account those conditions. Furthermore,

B. Simulation Scheme

an = Rins + Rsubv Rl = Rdel + Rsub

Pp = F(SP7 U,C, SU)

C. Speech Understanding or Channel Effect

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 20, 2009 at 02:10 from IEEE Xplore. Restrictions apply.



LIN AND LEE: COMPUTER-AIDED ANALYSIS AND DESIGN 537

g lost dlot i way. Similarly for the user’s response pattéim a simplified
sloti | Random - model may be
User Tests slotj System
R.R, |—»| Random |(erron) U= (AR/NQNT,YC). 8)
7 Select j

The first part means all queried slots are replied to the system
[all replied (AR)], but those unknown slots not queried are not
Fig. 3. Channel effect for speech understanding. transmitted [not queried not transmitteN@NT)]. For those
slots to be confirmed, on the other hand, the second part of (8)

the random tests for the lost slot and misunderstanding slotTans that a “yes” is transmitted if all correct, otherwise incor-
Fig. 3 can be correlated with additional correlation coefficieiCt Slots are retransmitted with “no” [yes if corre®tQ)]. For
that may be dependent of the many conditions mentioned ab&Jg System's update stratey;, a simplified model may be
sophisticatedly. For simplicity, in this paper the “uncorrelated”
channel effect model proposed in Fig. 3 is used for simulation. Su = (KR/SL,VSC). ©)
However, if some specific correlation effect is to be invest
gated, it can be easily taken into account in Fig. 3.

no misunderstanding

LI_'his means all queried slots in the unknown state will enter the
known state if they are received [known state if receid€R){,
while those slots in the known state being confirmed will enter

the verified state if they are all received consistently [verified

user's response patterns in the other three segments in Figg\Ztem-initiative ).

which may significantly influence the dialogue performance just
as the channel effect. Because the goal of dialogue here is=toFyndamental Statistical Analysis
have the finite state machines for all required semantic slots
transit from the unknown state, through the known state, into
the verified state, the factors in these three segments can th&é%

fore be classified according to their major effects on the steft h teristi t f the dial then b
transition. Those factors primarily influencing the state trangPUs charactenstic parameters ot the dialogue can then be ex-

tion from the unknown state to the known state are referredth‘Cted' In the following are some examples. First, the transac-
as “query factors” here, while those primarily influencing thgoq su.ccess.flagfs, which equals one if a successful Frans—
state transition from the known state to the verified state gé;tlon_ is achieved and zero if not, can t_hen be determlned.by
“confirmation factors.” For example, the former includes hov eckmg the second argument of the finite state machines, i.e.,
the system queries among those slots in the unknown stifeS€e ISy = (51 = (v.¢),50 = (v,0),..., 80 = (v,0)).
how the user responds given the queried slots, and how cond, the_number of dialogue turdé, can be obt_aln_ed n
system updates the states according to the received slots, w %for—loop in Fig. 2._Furthermore, the slot transmission effi-
the latter includes how the system prompts among those slot§'iﬁncy’E5’ can be defined as
the known state for confirmation, how the user responds given n
those slots to be confirmed, and how the confirmation is accom- E, =
plished based on the received slots, and so on. Although most ) ]
of such factors are difficult to parameterize, it is possible to u¥geren’ is the total number of transmitted slots, and can be ob-
simplified models to specify these factors. Some examples f&"Ved in the “user’s response” segment. This slot transmission
such simplified models are presented below for illustration pugfficiency E; indicates whether the user can transmit the slots
poses, and it will be shown later on that more complicated sitgfficiently, whose value ranges from zero to one. For example,
ations can always be extended from these simplified modelsif £ is 50%, this means’ = 2n, or each slot has to be trans-
For the parameter sets in (5) for the other three segments, fiifed twice in average in order to complete the dialogue, which
system’s prompt strateg, the user’s response pattdimand May be very boring for the user.
the system’s update stratedy;, each set can be divided into The above example characteristic paramet&rsV; and £,
two subsets, one for query factors and the other for confirm@€ all random variables, whose samples can be extracted after

tion factors. For example, the simplest model for the systenf@ch dialogue is completed. After the simulation is performed

D. Systems’ Strategies and Users’ Response Patterns

For the simulation of each dialogue, after the four segments
iterated for enough number of times, the final state can be
ieved and the dialogue terminated, as shown in Fig. 2. Var-

(10)

n/

prompt strategyS may be for a large number of dialogues, the mean values of these
random variables’’,, N; and F,, can be estimated. They are,
Sp = (AQ, AC) (7) respectively, the transaction success rate, the average dialogue

turns, and the average slot transmission efficiency, all very
which means all slots in the unknown state are queried [al$eful in analyzing the dialogue performance. In fact, not only
queried AQ)], while all slots in the known state are promptedhe mean values of these random variables are obtainable, but
for confirmation [all confirmed AC)]. The former specifies the complete distributions of ther®(T, ), P(N,), andP(E,),
the query factors, while the latter the confirmation factors. Gire available after the simulation. Many other parameters such
course this is an over-simplified model, but more sophisticated the variance for each random variable can also be readily
strategies can always be modeled and simulated in the sags@mated.

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 20, 2009 at 02:10 from IEEE Xplore. Restrictions apply.



538 IEEE TRANSACTIONS ON SPEECH AND AUDIO PROCESSING, VOL. 9, NO. 5, JULY 2001

of the dialogue, the state transition diagram in Fig. 6(a) can be
reduced for simplicity to Fig. 6(b) with new parametefsand

3/

/ P
p=——, (11)
p+gq
, s
= 12
S = (12)

if only the accuracy is concerned. Now a very important proba-
bility can be defined

PJ[(v,e)] = prolany slot in(u, z) finally enters(v, ¢)]. (13)

Apparently, the higher this probabilify[(v, ¢)] is, the lower the
accuracy or transaction success rate of the dialogue will be. This

Fig. 4. - Transaction success rate as a functiodef and R, (dotted area: ., pility can be obtained by the following two probabilities:

T, > 0.9).
P, =probany slotin(k, ¢) finally enters(v, e¢)]  (14)

As.an gxample for illustration, fo.r a d_lalogue system with P, =prolany slot in(k, ¢) finally enters(v, ¢)].  (15)

the simplified modelsSp, U, Sy defined in (7)—(9) how the

transaction success raf¢ decreases with the degradation oOne can have the following relations from Fig. 6(b):

the speech understanding performance is shown in Fig. 4, where

the number of semantic slots, is taken to be five, and for each P =p'Ps, (16)

(R, R;) pair, 100000 dialogues were simulated. This simpli- Py =(1-5)YP +5. a7)

fied dialogue system will be referred to as the “baseline system.”

It can be found in Fig. 4 that, though the slot misunderstandifrgiuations (16) and (17) lead to the following solution:

rate R,,, and slot lost rate?; both degrade the dialogue per- ro

formance, their effects are actually differe®,, is the source P :% (18)
of incorrect slots, whilg?; is the source of slot retransmissions p (/ s')
and incorrect verifications due to lost correcting slots. The more Py R (19)
detailed variation of the transaction success rate with respect 1-p(1—+)

to indivi'dual R; and R, is further shovyn iq Fig. 5(a) and (b), 3nd the probability[(v, ¢)] is simply
respectively. It can also be observed in Fig. 5(a) that wRen
increases, the transaction success rate degrades persistently b (epf +1—c¢)s
cause the rate of correctly received sldts— R;), decreases. (1-p(1-5))
However, in Fig. 5(b), the degradation of the transaction suc- . . .

cess rate eventually saturates with increaBggin this simpli- " (20), P[(v; ¢)] actually increases with the increase of bpth

fied model. This is because the system’s update strat&y ands’ as plotted in Fig. 7, which is also intuitively reasonable.
in Sy in (9), is more robust and less sensitive for higher mids will be sh_own later on in the exampleg below, the increase
understanding rates, since for larfg, the further incorrectly OT Pl(v, e)] directly deg_rades the trg_n_sactlt_)n success rate, f"md
received slots will be identified and will not cause further perfof-'9- 8, (20) and the various probabilities will be very useful in
mance degradation. Here the different effect&pandR,, on analyzing dialogue systems. In fact, when all the finite state ma-

the transaction success rate show that the proposed quantitdify/8€s for the semantic slots of a dialogue system are indepen-

simulation approach can provide more insights about the dgj{e_ntwith the same state transition probabilities, the closed form

logue systems. Similar simulations and analyses for other pg?[ the trgnsaction success rdfecan be easily obtained from
formance metrics can be performed in the same way. Pl(v,e)] in (20)

CP[(v,e)] = cPi + (1 — )Py = (20)

Ts=(01- o)D" 21
F. Analysis with State Transition Probabilities (1= pl(v,e)]) (21)

In addition to the fundamental statistical analysis mention&¢gheren is the total number of slots. However, in the “baseline
above, here we will show that the state transition probabiliti€¥stem” mentioned in Section II-E, the condition of indepen-
for the finite state machine shown in Fig. 1 easily obtained in tif€ncy among the finite state machines for all slots does not hold
simulated diak)gues can also pro\/ide very useful Characteriswause the state transitions for all slots to be confirmed in the
for the dialogue. First, the state transition probabilities can s&ategyvSCare simultaneously decided together, and thus (21)
defined as in Fig. 6(a) by five parametersp, ¢, r, ands, where cannot be applied.
¢ is the transition probability fronfuw, «) to (k, ¢), p andq are
those from(k, ¢) to (k, ¢) and(v, ¢), respectively, and ands
from(k, e) to (k, ¢) and(v, e), respectively. Since the transitions  Just as in many other areas, the “quality of service” (QOS)
from (%, ¢) to itself (with probabilityl — p — g) and from(k, )  for the spoken dialogue systems can be defined as the proba-
to itself (with probabilityl —r— s) do not influence the accuracybility that a user may acquire the service above some minimum

G. Quality of Service and Operating Region
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Fig. 6. (a) State transition diagram for semantic slot and (b) effective state transition diagram if only accuracy is concerned.

03 (R, R;) plane within which the desired goél can be satis-
fied, referred to as the operating region here, can be directly
obtained by numerical evaluation. For example, in Fid, 4s
a function of(R,,,, R;) is shown, and the dotted area is the re-
gion for the goalG = {7, > 0.9}, whose projection on the
(R, R;) plane, as shown more clearly in Fig. 8, is the op-
erating region for the specific performance goal. In this way,

;i it is possible to determine not only whether a speech recogni-
tion/understanding front end is capable of achieving some per-
formance goal, but also to what extent or in which direction this
front end should be tuned or improved so as to meet the per-
formance goal. Furthermore, the performance goal for a spoken
dialogue system can be defined flexibly as arbitrary combina-

acceptable criteria. For example, with the characteristic parafiyns of several conditions for different performance metrics,

eters defined above, two possible metrics of QOS for spokgfich as = {P, > Pf,P, > Pi,...,Py < P%} where

0 0l a2 a3 04 03

Fig. 7. P[(v,e)] as a function op’ ands” atc = 0.7.

dialogue systems can be defined as follows: P, P, ..., Py are the chosen performance metrics, and the
corresponding operating region can be derived accordingly.
Poy =Pr (Ny < NY) (22) |t should be pointed out that the concept of operating region
P.,=Pr(E; > EI). (23) can be applied not only to the speech understanding or channel

effect segment, but in fact equally applicable to other segments
The first metric F,.;, or probability of acceptable number ofin Fig. 2 including the system’s prompt strategy, the user’s re-
turns, is the probability that a user may complete the transaponse pattern, and the system’s update strategy as well, as long
tion within a predefined maximum acceptable number of dias the simulation models for those segments can be numeri-
logue turns, ;. The second metri¢>.;, or probability of ac- cally characterized by parameters likg, andR; in the case of
ceptable slot transmission efficiency, is the probability that éhannel effect mentioned above. When the simulation model is
user may complete the transaction with slot transmission effipecified by more than two parameters, the operating region can
ciency above a predefined minimum acceptable valife Be- be obtained similarly, except on a multidimensional space. Fur-
cause all performance metrics (includiidg, N,, E,, P,., and thermore, many other performance metrics based on dialogue
FP.,) are functions of the channel effect, specified by the twleehaviors can also be used in the above analysis. For example,
parameterdz,,, and Z;; it is therefore easy to obtain these metthe users may be bored by speaking the same slots repeatedly
rics as functions defined on @,.,, ;) plane. If some per- or conversing for too many turns, and thus give up the dialogue
formance goal is set, sa¥ = {P > P*} whereP is any and hang up the phone. Such events can be similarly modeled as
performance metric an#* is the desired value, the region orperformance metrics and analyzed by operating regions as well.
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Fig. 9. Operating regions for different performance goals and the operating
I1l. ANALYSIS EXAMPLE 1: SELECTION AND TUNING OF curve of an example speech understanding front end.

SPEECHUNDERSTANDING FRONT END ) o )
dialogue performance is influenced by each of these factors if

Here, an example of dialogue analysis for selection angl, e complicated models are used is considered in this section
tuning of speech understanding front end is presented. A, an example, in which all other factors are the same as the
sume the *baseline system” mentioned in Section II-E ig550ine system” mentioned in Section I1-E with the simplified
considered. So total number of semantic slots is five, the,qels defined in Section II-D if not specially mentioned. The

simplified models forSp, U, and Sy as defined in (7)=(9) ¢onsiderations for the confirmation factors will be discussed in
are used, and the channel effect is specified (B,, ;). the next section.

Assume the maximum acceptable number of turNg, in
(22), is five and the minimum acceptable slot transmissigh. System’s Prompt Strategy
efficiency, £% in (23), is 0.5. Assume two sets of perfor-

mance goalsty, = {1, > 0.9, Py > 0.9, I, > 0.9} and may ask for all unknown slots, just &Q in the simplified

Gy = {I; > 099, Py > 099, F; > 0.99}, where Py, model. But the system may also ask for only a part of the

and P., are the probabilities for acceptable number of turrl?nknown slots [part queried®Q)], or only one unknown slot

and for acceptable slot transmission efficiency as defined 3 time [one queriedL()]. In Fig. 10(a)—(c), the average

(Zc)?lsacr;d é(li"é)é-rhee?éjir]ztr']ngbﬁgrﬁg fr?rr:;er'égl(lj p:nrgorsrﬁgn%ﬁalogue turns, the transaction success rates and the average slot
9 ! 2 W ' umericatly W%ransmission efficiency are plotted fét; = 0.1 as functions

:ﬁ ;iiﬁglfo:;imga;e:pzfeaeurr?jgi,ctg\r,]ziﬁzr}/riit”:e:(;gilngl\./lasrzr}zm for the example system for these three system’s prompt
) T X L ) f i , PQ, 1Q. Inth PQ, th i |
darin Chinese with a task of train ticket reservation based ategiesAQ, PQ, and1Q. In the case oPQ, the queried slots

key-phrase spotting and a hierarchical tag-graph search schc? % randomly selected. The user's response pattern assumed
; : ) § Oy ho strictly foll tem’s gui It
[22], the operating curve of this front end can be deriv R or users who strictly follow system’s guidance. It can

by tuning the threshold val i the k h " e found from Fig. 10(a)—(c) that under such user’s response
y tuning [he threéshold values in ine key-phrase spotter tern, prompting more unknown slots (e.§Q) leads to

updatt)tmfg thz tsrfcf[ttmg rates{ V\;TLCh IS als_o pl_ct):]tfa dtrlmn Fig. gt'.ltgwer average dialogue turns and higher transaction success
can be found that Some part of the curve 1S within the opera 'Pgtes, but lower average slot transmission efficiency. The results
reglon OfG.l » but some part of it IS not. It is therefore pOSS'Ibl%f Fig. 10(a) can be easily understood. To achieve the user’'s
to tu_r;e tt::'s dspgec(:jh unfderstandlng flrolr_1|t end su_<t:h thatl It C&g'al with fewer dialogue turns, the finite state machines for

provide the desired performance g6al. However, it can also the semantic slots should transit from the unknown state to the

be gbserved that it is actually i_mpossible for th_is front e.nd tl?nown state as soon as possible, and the system therefore had
achieve the performance goab in any case by simply tuning etter prompt the user with as many unknown slots as possible.

the threshold values and spotting rates. Such analysis there & results of Fig. 10(b), on the other hand, are primarily due to
gives a very good direction for selection and tuning of speeﬁj? ’ :

" L . e system’s prompt strategy for confirmatidkC, as defined
recognition front ends for designing spoken dialogue systems, (7)>,land thepsystgm’s upggte strategy for confirmatiéBC

as defined in (9). When all unknown slots are prompt&@)(
they tend to enter the known state earlier, and the probability
of confirming more slots at a time will be higher. WithSG

As described in Section 1I-D, the simplified models for théigher transaction success rate can be achieved if more slots
query factors include the system’s prompt stratégyas de- are confirmed at a time, which will be discussed in detail in
fined in (7), the user’s response pattern [all replied/not queri&kction V-A. This is why the transaction success rat&Qf
not transmitted AR/NQN7] as in (8), and the system’s updatas higher in Fig. 10(b). However, there is no free lunch. As
strategy [known state if received/system initiatiWeR(S)] as will be seen in Section V-A, foMWSCthe higher transaction
in (9), which primarily affect the state transition from the unsuccess rate is in fact obtained at the cost of more rejections
known state to the known state. Of course a spoken dialogiigring confirmations, which inevitably degrade the average slot
system does not have to use such simplified models. How tinansmission efficiency as shown in Fig. 10(c). Of course, it

When the system prompts the user with unknown slots, it

IV. ANALYSIS EXAMPLE 2: CONSIDERATIONS FOR
QUERY FACTORS
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& 0d
3 | or not. Figs. 10(a) and 11 show that either the system or the user
& op i i i s may become the bottleneck of the dialogue performance. While

I L i [ 0 14 comparing Fig. 10(a) with Fig. 11, itis interesting to find that the

i} curve forlQ) (givenAR) in Fig. 10(a) approximately coincides
1 — with the curve forl R (givenAQ) in Fig. 11. In other words, the
average dialogue turns for an inefficient system straiggy)
with obedient usergAR) is effectively equivalent to those for
efficient system’s strategfAQ) on inactive user§lR) statis-
tically. This also indicates that it is not necessarily very reli-
able for corpus-based analysis approaches to compare different
system strategies using different corpora collected under dif-
ferent system strategies, because the user’s response is critical,
but usually not precisely controlled in those approaches. On the
other hand, given the results in Fig. 11, it may make better sense
Fig. 10. (a) Average dialogue turns, (b) transaction success rates, andt )Obtain some dialogue system behavior for users with a given

average slot transmission efficiency fBy = 0.1 plotted as functions oR., istribution, say certain percentage responding\Bscertain
for three different system’s prompt strategia®, PQ, and1@). 1R, and so on.

EAMEITIES K

iy

srige Shor 1

&Y

should be pointed out that prompting too many slots within
utterance might confuse the user (e.g., prompting four or more
unknown slots at a time), and in such case the user may simplyl_
reply only a part of them. Such conditions are not consider%ﬁi0
here, though can definitely be simulated.

System'’s Update Strategy

he system’s update strategy certainly also influences the di-
gue performance. In general, those slots in the unknown state
will transit into the known state if receive®&R). If such tran-
sitions are constrained to those slots queried by the system, the
B. User's Response Pattern update strategy iS|, otherwise user-initiativéJl). Apparently,
if the system queries all slof&\Q), it makes no difference for

In Fig. 10(a), it was found that a system’s prompt stratéQy the system to adopt system-initiative strategy or user-initiative
achieves better average dialogue turns given the user’s resp@tsstegy. However, if the system does not query all unknown
patternAR However, this is not always true for different kindsslots (((Q or PQ, as previously mentioned) and the user is so
of users. Fig. 11 shows the average dialogue turns for differemperienced that he might reply some slots not queried by the
users’ response patterns given the system’s prompt strat@gysystem, the user-initiative strategy may become more efficient.
andR; = 0.1, where one repliedl(®) denotes the user’s patternFig. 12 shows the average dialogue turns for system-initiative
that only one of the queried slots is replied, part replRB)(de- strategy and user-initiative strategy, assuming one slotis queried
notes that only part of the queried slots are replied,ARdall by the system at a timel@)) and some other slots randomly
replied) is the original user’s pattern. As can be found in Fig. 1&hosen in addition to this slot may be replied by the user. We can
different behavior of the user may lead to quite different perfosee from Fig. 12 that, for inefficient system’s prompt strategy
mance, approximately ranging from the curveAdtto that for such asl@, smaller average dialogue turns can be achieved if
1R. In other words, a good system’s prompt straté§®) does the user is allowed to reply the slots out of the scope. Conven-
not always lead to the desired good dialogue performance famally, the design of dialogue flows based on different system
all users. The dialogue is the interaction between two partiesiategies is an art. The analysis approach proposed here is able
the system and the user. The system may guide the user verng@fprovide numerical solutions to such design, including selec-
ficiently and reliably, but the user probably simply responds itton among various system strategies. Although very simple ex-
his own way. The system cannot promise fewer dialogue turasples are used here, much more complicated situations can in
one-sidedly without considering whether the user is cooperatifeet be considered in the same way.
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Fig. 12. Average dialogue turns for different system’s update strategies
(1Q,R; = 0.1). Fig. 13. Transaction success ratesW@CandVISC(R, = 0.2).

V. ANALYSIS EXAMPLE 3: CONSIDERATIONS FOR Fig. 14(a) thaq that in Fig. 14(b) ((_).2004_) and is _the key for
CONEIRMATION STRATEGIES better transaction success rate. This obviously arises from the

extra rejections due to the strict confirmation conditiortvViaC

In the previous section, each query factor was tuned and &feviously mentioned. Of course, the transition probability
alyzed individually for the given example. In this section, diffgm (k,c) state to(v,c) state is also significantly lower,
ferent system’s prompt strategies and update strategies for crg19 as compared to 0.9924, also due to such rejections,
firmation will be considered and analyzed. In the simplifiegyhich is apparently not desired. But this is not too bad if
model mentioned in Section II-D, the prompt strategy used ély the accuracy is concerned, because the majority of those
prompting all slots in the known state simultaneously for coRgrrect slots being rejected keep( Atc) state (with probability
firmation (AC, all confirmed) as in (7), while the update strategy 4621 as in Fig. 14(a)). All these give a relatively larger value
used is checking the slot consistency for those slots to be ce#yr the parametep’ in (11) (0.1041 in Fig. 14(a) compared to
firmed all together ¥SQ as in (9). For the prompt strategy itg.0076 in Fig. 14(b)). Because WSCwith ACin Fig. 14(a) the
is possible not to prompt all the slots in the known state. Fgpsitive effect due te’ is higher than the negative effect due to
example, it is possible to constrain the maximum number of §jﬁ (the effect due ta: is comparable), all these effects finally
multaneously confirmed slots ta (mC,m confirmed,m = gjve a smaller value aP[(v, ¢)] (0.0342), and contribute to the
1,2....). For the update strategy, there are also various waysifinsaction success rates in Fig. 13.
controlling the state transition of the known slots. Because theyt is also of interest to see how the strataggCwith AC be-
purpose of confirmation is to provide more reliable transactiopgyes for other performance metrics. Fig. 15(a) shows that the
in dialogue, here in this section more attention will be paid QrategyvSCwith AC achieves significantly lower average dia-
improving the transaction success rate by way of selecting agque turns thaivSCwith 1C, which is intuitively reasonable.

propriate strategies. On the other hand, Fig. 15(b) shows that the better average dia-
-~ _ logue turns and transaction success rate¥ &€with ACare in
A. Verified by Slot Consistency fact obtained at the price of lower slot transmission efficiency,

In the strategy(VSC)as in the simplified model in Sec- because some slots will be transmitted repeatedly due to rejec-
tion 11-D, all the slots to be confirmed are regarded as a wholi@ns. Such trade-off among the performance metrics is similar
and enter the verified state simultaneously if no inconsistentsy that in Section IV-A. Fig. 16 shows the tradeoff between
is found. So any inconsistency in the slots to be confirmdtRnsaction success rates and average slot efficiencies including
will reject the whole confirmation completely even if sométher three prompt strategiex_, 3C' and4C', wherem(C is for
slots are consistent, thus the probability for any slot to ente@nfirming at most» known slots at a time, fof; = 0.2 and
the verified state will be lower compared to the case that eaél. = 0.3. It can be seen in Fig. 16 that, whéh and i, are
slot is checked individually. It is interesting to see what w#xed, alternative prompt strategies can be chosen for different
can gain with this strategy. The transaction success rate €§sign goals considering the tradeoff.
this strategy when only one slot is confirmed at a timé€’) -~ o )
two slots are confirmed at most at a tin), or all slots in B Verified by Individual Slot Consistency
the known state are confirmed togeth&cCj, are compared in  Of course, there is another widely used confirmation strategy,
Fig. 13 as the upper three curves. It can be found in this figureferred to as “verified by individual slot consistengI1SC)
that, with thisVSCstrategy plus th&C strategy the transaction here. Instead of considering the consistency of a few slots all to-
success rate is not only the highest but much less sensitivegegher as itvSG in this strategy the slot consistency is checked
the increase ofz,,,. To illustrate why this is the case, the statéor each slot to be confirmed individually and the state transi-
transition probabilities foVSCwith AC and1C, respectively, tions of these slots are separately decided. The transaction suc-
atR; = 0.2 andR,,, = 0.3 are further shown in Fig. 14(a) andcess rate for this strategylSCwith AC, 2C, and1C are also
(b), respectively.As can be seen in this figure, ¥8Cwith plotted in Fig. 13 as the lower three curves as compared with
AC the transition probability from(k, ¢) state to(v, ¢) state, VSCdiscussed previously. It should be noted that whéhis
or wrong slots being incorrectly verified, can be significantlysedvSCandVISCare the same, so they share the same curve in
lower (0.0651) than that folVSC with 1C(0.1863). This Fig. 13. Different fromVSG for VISCthe strategyAC provides
makes the paramete in (12) much smaller (0.0847) in lower transaction success rates tH#h and2C as in Fig. 13.
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Fig. 14. Transition probabilities for (&)SCwith AC and (b)VSCwith 1C atR; = 0.2 andR.,, = 0.3.
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Fig. 15. (a) Average dialogue turns and (b) average slot transmission efficiency for different prompt strategies for confiRpatidn2).

T 1C are very close. This makg(v, ¢)] for VISCwith ACrela-
Ty tively higher (0.0721) thaISCwith 1C (0.0585), which leads

A B " o T to lower transaction success rate #ISC with AC as shown
:n,; 2 A in Fig. 13. In fact, Fig. 13 also shows that the transaction suc-
g AT cess rate for the common sense stratétf§Cis not necessarily

E o = satisfactory not only because it is lower, but because it is more

0T 0N 0% 07 03 0E OAL 086 sensitive to the understanding performance. That is, the trans-
Trarmaction Seccess B action success rate is less stablgjf varies with respect to the
environment or the user. The situation is much better iViBE

Fig. 16. Tradeoff between transaction success rate and average sffategy as discussed in the previous subsection.
transmission efficiencyR, = 0.2 andR,,, = 0.3).

C. Verified by Yes Detection

Intuitively, for VISCthe maximum number of slots to be con- Another possible confirmation strategy may be “verified by
firmed at a time seems not relevant to the transaction succges detection(VYD), i.e., the verification is completed as long
rate, since each slot is confirmed individually. However, this &s a “yes” is detected, otherwise confirmation is rejected. This
not exactly the case. INISC any slots prompted for confir- strategy relies highly on the correct detection of the word “yes.”
mation are opened for updating and thus could be corruptedinyMandarin Chinese, the word meaning “no” is easily confused
possible incorrectly received slots. If more slots are confirmedth that meaning “yes,” which may lead to incorrect verifica-
at a time, the probability that these opened slots are corruptagh in theVYD strategy, though such problem may not exist at
by incorrectly received slots will be higher, which makes thall in other languages. In thigYD strategy, the probability for
transition probability from(k, ¢) to (k, ¢) higher. To look into the error event of recognizing “no” as “yes” (denoteds,
such effects, the transition probabilities obtained from the sirhere) thus seriously affects the dialogue performance, which is
ulated dialogues foWISCwith AC and 1C' are further shown shown in Fig. 18. It can be found in Fig. 18 thatA,,, is high,

in Fig. 17(a) and (b), respectively. Note that Figs. 17(b) antle detection of “yes” is not trustable at all, and it is thus better
14(b) are the same because wiith strategyVSCandVISCare to chooseVSCinstead ofVYD. If R, is moderate, e.g., 0.1,
the same. It can be found that,for VISCwith AC (0.0705) in the curves foVSCandVYDintercept with each other, and the
Fig. 17(a) is much higher than that fétSCwith 1C(0.0076) in  strategy with higher transaction success rate needs to be deter-
Fig. 17(b) because the transition probability frokqc) to (k,¢) mined byR,,, andR,,,. If R, is small, e.g., 0.05/YDshould

for VISCwith ACis much higher, while’ for VISCwith ACand be chosen because it is more reliable.
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Fig. 17. Transition probabilities for (&J)ISCwith AC and (b)VISCwith 1C at R, = 0.2 andR,,, = 0.3.
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Fig. 18. Transaction success rates for different system'’s update stral&§ies Fig. 19. Transaction success rate ¥I6C, VSC, VYDandVSLC(R,, =
andVYDuwith different values o, ,(R,.,, = 0.05,0.10,0.18, R; = 0.2). 0.1,R, = 0.2). '

D. Verified by Slot and Logic Consist . . : :
erfied by Slot anc Logic L-onsistency up to the designer’s choice. Also, it is interesting to see that in

Because in the previous subsections both stratef#and order to achieve higher transaction success rates, the range for
VYD make sense, it is very natural to try to integrate the CORining in Fig. 19 by selecting among update strategies is appar-
cepts of the two. Assume the current system prompt for confiintly |arger than that in Fig. 16 by selecting among the prompt
mation is, “Would you like to go to Taipei tomorrow?” and thestrategies. Also, Fig. 19 indicates that that even if the speech un-
user's reply is recognized as, “No, | would like to go to Taip&jerstanding front end cannot be improved or tuned, it is still pos-
tomorrow.” ForVSG because no slot inconsistency occurs, thgple to achieve significantly more reliable transactions through
slots, “Taipei” and “tomorrow” are therefore both verified. Bufhe selection of dialogue strategies.
such verifications are not reasonable because there is logicatg see how the improvement of transaction success rate for
contradiction due to the existence of “no.” On the other hangg| Cis achieved, the state transition diagram ¥8LCwith
the user’s reply may be recognized as “Yes, | would like to gRC is further shown in Fig. 21. As can be found by comparing
to Hsinchu tomorrow.” FoMYD, the detection of “Yes” makes thjs figure with Fig. 14(a) foSG due to the rejections caused
those slots verified, but again there is logic contradiction dueyg, logic contradictions itVSLG the transition probability from
the slot inconsistency of “Hsinchu” with “Taipei.” These IogiC(km) to (v,e) is now reduced from 0.0651 in Fig. 14(a) to
contradictions in eitheWSCor VYD imply possible incorrect g 0080 here, which reducesfrom 0.0847 to 0.0105, whilg’
verifications. A better strategy may MSLGC in which both the for vSCandVSLCare very close. The probabilit}[(v, ¢)] is

detection of “yes” or “no” and the slot consistency are simultanys significantly lower here (0.0042 as compared to 0.0342).
neously considered, and those utterances with logic contradic-

tions are rejected. Fig. 19 shows the transaction success r"{\}fes A NALYSIS EXAMPLE 4—OBJECTIVE ESTIMATES FORUSER'S

for VSG VISC VYD, andVSLGC respectively, with the prompt ™ DEGREE OFSATISFACTION

strategyAC. It can be observed in this figure th’SLCcan

achieve apparently the highest and the most stable transactiohi is highly desired for dialogue system designers to have
success rates among all strategies. Of course, the increasedaeie kind of “user’'s degree of satisfaction” about the system,
jections created by logic contradictions fd6LCis the price which is usually obtained by subjective evaluations obtained
paid for the higher transaction success rates, which inevitalilgm questionnaires filled up by the users. In this section, we
leads to higher average dialogue turns or lower slot transmissigii show how some objective metrics very similar to user’'s
efficiency, as shown in Fig. 20(a) and (b), respectively. Agaidegree of satisfaction can be obtained with the simulation ap-
this is the tradeoff among performance metrics and should peach proposed here, and how these metrics can be used in
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Fig. 20. (a) Average dialogue turns and (b) average slot transmission efficien¢{g6r VSC, VYDandVSLC(R.,, = 0.1, R, = 0.2).

0.4800 compared withAC. But the smaller number of slots prompted
for confirmation will lead to the degradation of transaction suc-
cess rates, as discussed in Section V-A. Therefore, there exists a
tradeoff between the transaction success rate and the percentage
of confused users, which is shown in Fig. 22(b). As can be ob-
served in Fig. 22(b), by reducing the number of slots to be con-
firmed, the percentage of confused users can be significantly re-
duced at the price of a slight degradation in transaction success
rate. For example, the percentage of confused users can be re-
duced from 23.79% fohCto only 6.61% for2C, with the trans-
action success rate degraded from 93.81%4foto 91.44% for
2C. This is another example of achieving some desired goal by
choosing system strategies.
Fig. 21. Transition probabilities fo¥SLCwith ACatR; = 0.2, R,,, = 0.3, It should be pointed out that, the percentage of confused users
andR,, = 0.1. here is only one example of many possible metrics which can
be flexibly defined to reflect the user's degree of satisfaction
improving the user’s degree of satisfaction in dialogue systeand objectively estimated using the proposed approach. The oc-

p’ =0.1010
5’ =0.0105
P [(v.e)] = 0.0042

design. currence of more than one incorrect slots prompted for con-
firmation is only one example “undesired event” for the users
A. Percentage of Confused Users out of many other possible “undesired events.” Such “undesired

As discussed in Section V-A, fs#SCprompting more known €vents” may be identified from questionnaires filled up by the
slots for confirmation AC) achieves higher transaction succesgsers or from the observation of the dialogue corpus. More sim-
rates. However, the more the known slots are prompted for cdgr metrics can be defined with such events.
firmation, the higher the probability that some of them are in- o
correct will be. If more than one incorrect slots are prompted f& Percentage of Satisfied Users
confirmation, the user may feel confused, and probably give uplt is a common experience in dialogue design that high accu-
the dialogue or complain about the system. A possible metric facy and high efficiency very often cannot be obtained simulta-
measuring a user’s degree of satisfaction along this direction gsously. One example is shown in Fig. 16, which shows higher
therefore be defined as the percentage of the dialogues in whinsaction success rate and higher average slot transmission ef-
there is at least one system’s prompt utterance for confirmatificiency are sometimes conflicting design goals. Considering
including more than one incorrect slots. This metric is referrébe user's degree of satisfaction, on the other hand, accuracy
to as “percentage of confused users” here, which can be easihd efficiency are both highly desired. Along this direction, a
observed directly from the simulated dialogues. This percentggassible metric to be objectively estimated in simulations can
of confused users for the “baseline system” as in Section II{e defined as the percentage of dialogues in which not only cor-
with confirmation strategpC at different understanding perfor-rect transaction is achieved, but the slot transmission efficiency
mance( R,,,, R;) is shown in Fig. 22(a). As can be found in thidgn (10) is higher than some desired value, say 70%. This metric
figure, the percentage of confused users increases significaidlyeferred to as “percentage of satisfied users” in this paper.
with R,,. Therefore, reducing?,,, can be a good approach toln such a definition, both accuracy and efficiency are consid-
reduce the percentage of confused users. ered simultaneously. Of course, this metric is only a simple ex-

On the other hand, the above percentage of confused usergple. More complicated definitions are certainly possible. For
can also be reduced by controlling the number of slots promptedample, an extra condition may be 80% or more of the slots
for confirmation. For example, if at most two known slots caare transmitted only once in a dialogue, or something similar.
be prompted for confirmation simultaneous(Y), the proba- Fig. 23(a) shows the percentage of satisfied users for the
bility of more than one slots being incorrect will be lower wheribaseline system” in Section II-E but with different system’s
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Fig. 23. Percentage of satisfied users for different system’s prompt strate@asd1C (R, = 0.1) when the slot transmission efficiency is required to exceed
(a) 70% (b) 50% in a dialogue.

prompt strategies for confirmatiodC' and AC, for different functions for these metrics for different strategies may intercept
R,, given R; = 0.1. It can be seen in Fig. 23(a) that, for thesophisticatedly, but the selection of strategy can always be
percentage of satisfied users defined here,performs better determined numerically as in Fig. 23(b).

thanAC. The trend of the curves in Fig. 23(a) is similar to that

of the curves in Fig. 15(b) where the average slot transmission/||. PossIBLEEXTENSIONS FROM THESIMPLIFIED MODEL
efficiency (or the goal of efficiency) is the performance metric, . . .

but opposite to that of the two corresponding curvesM8IC All the previous dISCUSSIOI’!S and analyses have beep based
with AC and1C in Fig. 13 where the transaction success ra oyer-smphﬂed models Wh'.Ch may seem far from reality for
(or the goal of accuracy) is the performance metric. Becauseﬂl;‘l"‘c.ncal dlalqgue system de_S|gn_e_rs. In fact, all that can be do_ne
the new metric here both goals of accuracy and efficiency dﬂath's paper is to use over-3|rr_1pl|_f|ed model_s t(.) show the ba.S'C
somehow included, the results here indicate that the goal thodolog|e§ and general principles, apd itwill not be too dif-
efficiency actually dominates, or the condition of slot transmi iCult for prqchcal d|alpgge system de3|gners o ex@er)d those
sion efficiency being higher than 70% for each satisfied us ethodolog|es ar}d pnnmplgs to many different reallgtlc situa-
is more stringent. It may be interesting to see what happetf'%ns' In th|s_sect|0n, we will use a fe.W examples to illustrate
if in this metric the condition of slot transmission efficiencfuch extensions and show the flexibility of the proposed ap-
for each satisfactory dialogue is relaxed from 70% to 500}8.r0ach.

Fig. 23(b) shows the percentages of satisfied usersAfor .

and1C, respectively, for such case. We can find in this figurf- State Transition Models

that when the condition for efficiency is relaxeiC becomes  There can be many state transition models different from
slightly better whenR,,, is small, and the two curves actuallythat in Fig. 1. First, in practical dialogue systems, not all slots
intercept with each other at somewhere arodt)d = 0.15. should necessarily start with the unknown state. In some cases,
Because this percentage of satisfied users is a function defiragdigning some slots with initial default values may make the
on the two-dimensional (2-D) plar(&..., R:), the situation in dialogue more natural. For example, the date, the departure
Fig. 23(b) implies that the 2-D functions for the two strategiesnd destination station for a flight ticket reservation dialogue
1C and AC in fact intercept with each other. In other wordssystem may have initial values if the user profile is given. In
in such cases, neither of the two competing goals can dosuch conditions, all one needs to do is to set the initial states of
inate the performance trend, and the better system’s prortiptse slots a&, ¢) or (k, ¢) instead of(u, ) in the simulation,
strategy needs to be quantitatively determined by simulatioasd the variations in dialogue performance due to such changes
for different operating points on th@k,,, R;) plane. Similar in dialogue design can be easily observed objectively in the
phenomena may be observed in more sophisticated situatisimaulation. Second, in practical dialogue systems, not all the
where some metrics are defined for multiple conditions. If norsdots necessarily always need to be confirmed. For example,
of the conditions actually dominates the performance trend, tbenfirmation may be saved for those slots with confidence
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measures higher than a threshold. Fig. 24 shows an alternative .
. . . unknown known verified
topology for such case. Furthermore, in the over-simplified
examples given above in this paper, the state transition rules c2en i T
have been assumed to be identical for all different slots. Of ___)
course, it may not be the case for many practical dialogue cK cy
systems, and one does not have to do the simulation this way. @ _ .
In a train ticket reservation dialogue system, for example, the < c"’
receipt of “3 o’clock” for the slot “time” may automatically cep—~—" 7
imply “p.m.” for the slot “time-of-day” (assuming “time” and
“time-of-day” are different slots) considering the knowledge Fig. 24. State transition considering confidence measures.

in the train schedule database. Apparently the state transition

models and rules of these two slots “time” and “time-of-day” if destination.isempty

should be different and dependent in this case. Such condition prompt “Where would you like to go™ )
can certainly be simulated, except that the state transition ¢lse if NOT desff“am“'isemw AND N?,T des“f‘at‘?“"'e’;ﬁed
models and rules should be precisely written according to the .. dzt‘::l’;pzould youlike to go to” & destination.value
specific requirements or designs as in this example. prompt “What date would you like to go”

B. System’s Prompt Strategies o (a)

In these discussions, the system’s prompts are randomly gen , e
. o if destination.isempty
erated with all slots equally handled, by such rules as “con- destination.prompt_query = true
firming at most two slots at a time.” In many practical situa- ¢jse if NOT destination.isempty AND NOT destination.verified

tions, however, very often deterministic rules are used in gen- destnation.prompt_confirm = true
erating the prompts with different slots treated differently. For else if date.isempty
example, for ticket reservation the system may ask and confirm date.prompt_query = true

the destination slot before the time slot. Such deterministic rules - - - -

are usually implemented using some sort of script language, as (b)

shown in the example in Fig. 25(a), whichis quite different frorgig 25, (a) Dialogue manager tangled with sentence generation and (b)
the simulation scenario described above. In fact, this is becadségue manager separated from sentence generation.

in the implementation in Fig. 25(a) the dialogue managementis

tangled with the sentence generation. A minor modification here1 > &, 7, m,n > 0 andk + 1+ m +n = 1. Itis then
shown in Fig. 25(b) may make the dialogue management hang‘l%y to see that -

only the slot level interaction (e.g., which slot to confirm and

which slot to query). In this way, we can separate clearly the E(X)=l4+n= R, (25)
sentence generation from dialogue management, and the prompt E(Y) =m +n = R, and (26)
strategies can be easily simulated with the scenario described

above, which can also be in good parallel with the operation of Coy =E(XY) - E(X)E(Y)=n—- R, - R (27)

the real system. . . .
y whereC,,, is the covariance for the two random variablgs

C. Channel Effect andY. These above probability density functidt(z,y) can

be used to simulate the condition wh&h andY are corre-

In Section 1I-C, the speech recognition and understandifgeq ¥ andY are uncorrelated whefi,, = 0. In the tests
process is modeled as a slot transmission channel with two gz (eg) speech understanding front end, we obtained the pa-
rametersi,,, and R;. In the simulation given in the previous ametersk.. — 0.096 59 R; = 0.2014, andC,, = 0.03415

. . . S22 M 1 g - M L) a}y - M
sections, the event for incorrectly arrived sl¢f8,,) and that o the statistics of 2117 utterances. Table | shows the simu-
for lost slots(#;) are simulated using two independent randoion results for the baseline schemes described previously at
tests. Of course the correlation between these two parametgrs _ ( 096 59, R, = 0.2014, with C., = 0and 0.03415, re-

may need to be considered, which can be simulated in the Wayactively. As can be seen in this table, the simulation results for
given as follows. _ the two cases are quite close. Note the valu€gf here may
Define X andY” as two random variables, both of them cagepend on the recognizer, the speakers, and many other factors.
have only two values, 0 and X' = 1 means receiving an in- o, the other hand, one can of course build other finer models for
correct slot, and” = 1 means losing a slot. LeP(x,y) be  the channel effect. For example, the parameters may be different
the probability density function of the two random variableg; gitferent slots, or depend on the number of slots transmitted,

P(z,y) can have only four discrete values as follows: with higher complexity in modeling and simulation.
Pl@,y)=k x=0, y=0 D. Users’ Patterns
Pley)=l z=1, y=0 In the analysis examples in the above sections, fixed patterns
Plz,y)=m z=0, y=1 of user’s response are assumed in the over-simplified model.
Plz,y)=n z=1, y=1 (24) Of course the real user behavior is much more complicated.
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SIMULATION RESULTS FOR THE BASELINE vs. prototype system,” iRroc. ICSLR 1996, pp. 1672—-1675.
SCHEMES AT R, = 0.09659, R; = 0.2014 [11] L. J. M. Rothkrantzet al, “An appreciation study of an ASR inquiry
system,” inProc. EUROSPEECHL997, pp. 1715-1718.
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0 (uncorrelated) 3.1 0.8633 0.7687 Springer-Verlag, 1998.
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though, as were mentioned at the end of Section IV-B [15]
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computer-aided analysis and design approaches for spoken

information items,” inProc. EUROSPEECHL997, pp. 2251-2254.

Y. Niimi and T. Nishimoto, “Mathematical analysis of dialogue control

strategies,” irProc. EUROSPEECHL999, pp. 2251-2254.

[16] W. Eckert, E. Levin, and R. Pieraccini, “User modeling for spoken di-
alogue system evaluation,” Workshop Automatic Speech Recognition
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7] —, “Automatic evaluation of spoken dialogue systems,” AT&T Labs
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VIIl. CONCLUSION

alogue systems based on quantitative simulations. Such an &p8] M. Araki and S. Doshita, “Automatic Evaluation Environment for
proach is very useful before the system implementation is com- ~ SPoken Dialogue Systems,” iialogue Processing in Spoken

Language SystemsBerlin, Germany: Springer-Verlag, 1998, pp.

pleted. With this approach, how the different dialogue system 183”194,
performance measures vary with respect to different system fa¢t9] T. Watanabe, M. Araki, and S. Doshita, “Evaluating dialogue strategies
tors and design parameters can be analyzed IndIVIdua”y because under communication errors using computer-to-computer simulation,”

IEICE Trans. Inform. Systvol. E81-D, no. 9, Sept. 1998.

all th_ese fa_ctors and parar_ne'gers can be prec_isely Contr(?"ed [Po] K. Scheffler and S. Young, “Probabilistic simulation of human-machine
the simulation. Examples indicate that selection and tuning of  dialogues,” inProc. Int. Conf. Acoustics, Speech, Signal Processing

speech understanding front end and design of complicated diiz—

2000, pp. 1217-1220.
M. Boros and W. Eckeret al, “Toward understanding spontaneous

logue strategies for given performance goals, as well as objec-" speech: Word accuracy vs. concept accuracyPrae. Int. Conf. Speech
tive estimation of user’s degree of satisfaction, which are always Language Processingol. 2, 1996, pp. 1009-1012.

difficult problems in conventional dialogue system design, car??] B- Lin, B. Chen, H. Wang, and L. Lee, “Hierarchical tag-graph search

for spontaneous speech understanding in spoken dialogue systems,” in

now be performed numerically with the proposed approach. The  proc. Int. Conf. Speech Language Processtg8.
online test, corpus-based analysis and user survey can always

follow after the systemis online. It should be noted that although

all discussions here are based on simplified models and very

general scenarios, more specific analysis and design can (
initely be performed for a specific dialogue task or system, i
long as the specific conditions are given. Therefore the propos
approach not only is a powerful tool for developing spoken d
alogue systems, but can provide an important basis for furtt
research on spoken dialogue systems.
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