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Abstract—Corpus-based analysis and design of spoken dialogue
systems have been widely used. However, in such approaches the
dialogue performance cannot be predicted before the system is on
line, and the dialogue corpora need to be recollected if the system
is modified or different conditions are assumed. Also, the effects
of different factors, from the system’s dialogue strategies, speech
recognition and understanding conditions and accuracy, to the
user’s response pattern, etc., on the dialogue system performance
cannot be quantitatively identified and analyzed, because they
cannot be precisely controlled in different corpora.

In this paper, a complete development of computer-aided anal-
ysis and design approaches for spoken dialogue systems based on
quantitative simulations is presented. With this approach the var-
ious performance metrics of a dialogue system can be flexibly de-
fined and numerically evaluated, such that the behavior and per-
formance of the dialogue system can be well predicted and effi-
ciently analyzed before the implementation of the real spoken dia-
logue system is completed. How the different dialogue performance
measures vary with respect to each of the many very complicated
factors, regardless of whether it is caused by an individual compo-
nent, by the overall system design, or by users’ response patterns,
can be separately identified, because all such factors can be pre-
cisely controlled in the simulation. Several analysis examples are
presented to show how the approach can be used, including selec-
tion and tuning of speech understanding front end, system strategy
design considering query factors and confirmation factors, and ob-
jective estimates of user’s degree of satisfaction. This approach is
therefore very useful for the analysis and design of spoken dialogue
systems, although the online test, corpus-based analysis and user
survey can always follow after the system is online.

Index Terms—Computer simulation, dialogue strategy, dialogue
system design, performance analysis, spoken dialogue.

I. INTRODUCTION

SPOKEN dialogue systems are typically developed by
building a series of prototype systems, where the improve-

ments from one system to the next are made by collecting a
corpus of dialogues between users and the prototype to see
how it performed [1]–[8]. The performance can be assessed in
terms of relatively simple metrics such as number of dialogue
turns or transaction success rate, or more sophisticated analysis
such as confusion matrices for keywords [1]. Because the
primary assessments are based on analyzing a large corpus of
real human-machine dialogues, there exist some difficulties for
such design approaches. One major difficulty is that the per-
formance of a dialogue system cannot be estimated before the
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system is on line, and very little about the dialogue performance
can be known before many people get involved in the online
test. Some further difficulties also occur even if the prototype
system can be on line. For example, when any of the system
dialogue strategies are modified, not only the whole analysis
based on the previous strategy is no longer valid, but the
dialogue corpus collected previously becomes useless for the
analysis of new strategies because the new analysis needs to be
based on new interactions. As a result, both the data collection
and corpus analysis need to be repeated from the scratch after
each modification, as long as the overall dialogue performance
is to be analyzed. This makes the cycle for testing and modi-
fying spoken dialogue systems relatively long. In addition, it
is not rigorous nor reliable enough to compare the dialogue
performance for different system strategies simply using the
different corpora collected under different conditions, because
many other factors existing in the processes of producing the
corpora, such as the user’s response pattern, the slot accuracy
or word error rate, cannot be precisely controlled to be exactly
identical. All these difficulties are intrinsic in such design
and analysis approaches based on analyzing human-machine
dialogues for prototype systems.

Another well-known approach, i.e., the “Wizard of Oz” test,
has been developed to assist the design and test of spoken dia-
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
process as well for training and evaluating the speech recogni-
tion and understanding modules. However, the cost of such ap-
proach is relatively high, because not only a human being is in-
volved in the process, but the data collection takes time. Another
approach, of course, is to gain insight into the dialogue behavior
by directly observing or analyzing a corpus of human-human di-
alogues without building any prototype system. How human be-
ings really behave in the real world is definitely a good guide for
designing spoken dialogue systems. However, human-human
dialogue corpus is not always available, specially for dialogue
tasks intended for new services. Also, in natural human-human
dialogues many factors cannot be controlled at all, and the inter-
actions within human-human dialogues are certainly quite dif-
ferent from those in human-machine dialogues.

Qualitative analysis approaches based on subjective evalua-
tions from user survey have also been widely used [7], [8], [11].
However, very often the data obtained in such approaches are the
results of general feeling due to many relevant factors. For ex-
ample, when 20% of users are not satisfied with the system, their
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dissatisfaction may be due to many different reasons at different
degrees. These analyses are helpful to some extent, but do not
necessarily indicate precisely the right directions for improve-
ments. Some very useful design principles obtained empirically
were also proposed [12], [13]. However, human experiences are
typically not precise enough, and it is thus not easy to estimate
objectively and quantitatively the price paid and the gain ob-
tained for each principle.

On the other hand, some dialogue analysis approaches com-
pletelybasedonanalyticalormathematicalmodelswithoutusing
any online corpus have been reported [14], [15]. Such studies are
always highly desired. In some cases, such metrics as dialogue
turns for different dialogue strategies can even be expressed in
closed forms. However, in order to achieve analytical solutions,
usually some simplifying assumptions have to be made. It is thus
noteasy toextendsuchanalytical solutions toall desiredcases for
many complicated design options for dialogue systems.

In these discussions, it is clear that computer-aided analysis
and design for spoken dialogue systems based on detailed
quantitative simulations are very attractive, because much
of the analysis can be performed without the corpus before
the system is completed, and many of the factors such as the
user’s response pattern and word error rate can be precisely
controlled. The choice of different system strategies can also
be made numerically. Some of such simulation methods have
been previously proposed [16]–[20], and the benefits of using
simulation have been discussed in great details [17], [18]. In
some cases, a simulated user based on a bigram model was
used to interact with a dialogue system on the intention level
using some assumed data, but the effect of recognition or
understanding errors was not well considered [16], [17]. In
some other cases, dialogue was simulated on the text level with
some deletion errors considered [18], but such simulation was
performed only for a specific task of shortest route search in the
literature. There was another work of simulation of dialogues
on the text level even with sophisticated user patterns, but
the approach seems to be specific to the particular task [19].
There was also other approach with users’ behavior based on
a predefined user’s goal, but the discussions on the system’s
strategies were dismissed [20]. In other words, all the prior
simulation frameworks were somewhat incomplete, and more
or less constrained to the specific dialogue task being studied,
at least not easily extensible to other tasks. Also, in most cases,
complete in-depth and systemized analysis seems to be missing
yet. In this paper, one such simulation-based approach with
complete analyses and discussions is presented. The basic
methodologies and principles of the proposed approach are
very simple, general, and generic, and therefore quite flexible
and extensible to many different conditions. With this scheme,
the various performance measures of a spoken dialogue system
can be flexibly defined and numerically evaluated, such that the
behavior and performance of the system can be estimated ap-
propriately and analyzed efficiently before the implementation
of prototype system is completed. How the various performance
measures vary with respect to each factor, from recognition
accuracy to dialogue strategies, can be individually identified
in advance, because all such factors can be precisely controlled
in the simulation. The quality of service or the user’s degree of

satisfaction for spoken dialogue systems can also be flexibly
defined and efficiently estimated by simulation. Selection and
tuning of the speech understanding front end, tradeoff among
performance goals such as accuracy and efficiency, and design
of system strategies in dialogue flow are all practically feasible
and can be numerically determined. All these are illustrated by
examples in this paper. This approach is therefore very useful
for the design and analysis of spoken dialogue systems. The
online test, corpus-based analysis, and user survey can always
follow and be very helpful after the system is completed.

Of course, it should be pointed out here that there are natural
limitations for any simulation-based approach. The simulation
results can never be better than what can be said by the model
that the simulation is based on. For example, in the approach pre-
sented in this paper, the speech recognition and understandinger-
rors are modeled by long-term statistics of slot errors, which is
definitelynotgoodenoughindescribingsomespecificspeechun-
derstanding conditions in the real world. Over-simplified models
for user behavior are also used here, which is for sure inadequate
in modeling the real users. As will be shown in Section VII, finer
modelswithmoreparametersarealwayspossible,but thesuccess
of such models still rely on whether they can really describe the
real situations. In other words, the key point is in fact whether the
model used is good enough for the practical purposes, which is
not really answered in this paper.

The rest of the paper is organized as follows. Section II
describes the complete quantitative simulation approach,
including statistical analysis of different parameters and
performance metrics. A series of analysis examples are then
given in Sections III–VI. Section III presents the selection and
tuning of speech understanding front end for some performance
goal. In Section IV and Section V, the design of different
systems’ strategies considering query factors, confirmation
factors and users’ response patterns are discussed in great
detail. Section VI shows how objective estimates of the user’s
degree of satisfaction can be obtained based on the proposed
approach. In Section VII, some possible approaches to extend
to much more complicated dialogue scenario than the simpli-
fied schemes used in the examples are discussed. Section VIII
finally summarizes the contributions of this paper.

II. QUANTITATIVE SIMULATION APPROACH

A. State Representation

In the proposed approach, a dialogue is modeled as the pro-
cesses that a set of semantic slots is transmitted from the user
to the system. The finite state machine for each semantic slot,

, is first represented in a two-tuple expression, as shown in
Fig. 1. The first argument denotes the state of the semantic slot
as unknown , known but not yet verified , or verified ,
while the second argument denotes the correctness of the slot
value as correct or error , and when a slot is unknown,
the correctness of its value is meaningless. Assuming that
there are a total of semantic slots necessary for a transaction,
the overall dialogue state can therefore be represented as
finite state machines, that is

(1)
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With this definition, the initial state of the overall system is
then

(2)

while the final state is

(3)

where the symbol 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 to the state as shown
in Fig. 1, such that the overall statemay transit from the ini-
tial state to the final state . A successful transaction then
occurs when all the semantic slots in the final state are correctly
verified, i.e.,

(4)

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

B. Simulation Scheme

The simulation scheme can be represented with the pseu-
docodes as shown in Fig. 2. The cycle of a dialogue turn can be
simulated by four segments: system’s prompt, user’s response,
speech understanding, and system’s update, as shown within
the for-loop in Fig. 2. In the “system’s prompt” segment,
how the system decides which slots should be queried and
which slots should be confirmed is simulated. In the “user’s
response” segment, how the user decides to respond to the
system’s prompt is simulated. The schemes simulated in these
two segments are referred to as “system’s prompt strategy”
and “user’s response pattern,” respectively. In the “speech
understanding” segment, the slots can be considered as being
transmitted from the user to the system through an unreliable
channel, and the effect of speech recognition and understanding
errors is simulated as transmission errors that influence the
actually received slots. The model used in this segment is
therefore referred to as “channel effect” in this paper. In the
“system update” segment, how the system controls the state
transition is simulated. The scheme simulated in this segment
is referred to as “system’s update strategy” in this paper. For
example, the system may decide that all slots being confirmed
are verified (from to ) based on the condition that a
“yes” is detected or the condition that these slots are consistent
with the previously received slots. With the simulation scheme
previously described, the dialogue performance is a function
of four sets of parameters, the system’s prompt strategy,
the user’s response pattern, the channel effect and the
system’s update strategy

(5)

where can be any set of metrics for dialogue performance.

C. Speech Understanding or Channel Effect

Conventionally, the speech understanding errors are often
measured by slot error rate [21], which includes the rates

Fig. 1. Finite state machine for each semantic slot.

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

for inserted, deleted, and substituted slots, , , and
, respectively. The inserted slots are those causing mis-

understanding and therefore regarded as “misunderstanding
slots” here, while the deleted slots are those lost in the slot
transmission channel and regarded as “lost slots” here. In this
way, each substituted slot can be considered as an inserted slot
plus a deleted slot, or a misunderstanding slot plus a lost slot.
The understanding error can therefore be represented by the
following two parameters:

(6)

where is the slot misunderstanding rate and is the slot
lost rate, both including the case of substituted slots. As a result,
for each slot transmitted by the user, two error events may occur.
One is that the transmitted slot may be lost with probability,
and the other is that some other undesired slot may be received
with probability . The “channel effect” segment can there-
fore be simulated using random tests defined by these two pa-
rameters and , as shown in Fig. 3. When ,
the channel is error-free and the simulation results account for
the text-mode dialogue.

It should be pointed out that the real channel effect for a
spoken dialogue system is a much more sophisticated random
process than the simplified model as given here, depending
on the sentence generation and pronunciation processes of
the user and the recognition and understanding processes
of the system. The characteristics of the channel effect may
therefore have to do with the recognition or understanding front
ends, the speakers, the speaking mode and speed, the kinds of
slots, the background environments and so on. Also, the true
understanding accuracy may be different for different slots.
As a result, an ideal simulation for the channel effect can be
very difficult, and depend on many conditions. The channel
effect 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
models with more parameters can always be constructed in a
similar way to take into account those conditions. Furthermore,
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Fig. 3. Channel effect for speech understanding.

the random tests for the lost slot and misunderstanding slot in
Fig. 3 can be correlated with additional correlation coefficient
that may be dependent of the many conditions mentioned above
sophisticatedly. For simplicity, in this paper the “uncorrelated”
channel effect model proposed in Fig. 3 is used for simulation.
However, if some specific correlation effect is to be investi-
gated, it can be easily taken into account in Fig. 3.

D. Systems’ Strategies and Users’ Response Patterns

There are still other factors, i.e., the system’s strategies and
user’s response patterns in the other three segments in Fig. 2,
which may significantly influence the dialogue performance just
as the channel effect. Because the goal of dialogue here is to
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 there-
fore be classified according to their major effects on the state
transition. Those factors primarily influencing the state transi-
tion from the unknown state to the known state are referred to
as “query factors” here, while those primarily influencing the
state transition from the known state to the verified state as
“confirmation factors.” For example, the former includes how
the system queries among those slots in the unknown state,
how the user responds given the queried slots, and how the
system updates the states according to the received slots, while
the latter includes how the system prompts among those slots in
the known state for confirmation, how the user responds given
those slots to be confirmed, and how the confirmation is accom-
plished based on the received slots, and so on. Although most
of such factors are difficult to parameterize, it is possible to use
simplified models to specify these factors. Some examples for
such simplified models are presented below for illustration pur-
poses, and it will be shown later on that more complicated situ-
ations can always be extended from these simplified models.

For the parameter sets in (5) for the other three segments, the
system’s prompt strategy , the user’s response patternand
the system’s update strategy , each set can be divided into
two subsets, one for query factors and the other for confirma-
tion factors. For example, the simplest model for the system’s
prompt strategy may be

(7)

which means all slots in the unknown state are queried [all
queried (AQ)], while all slots in the known state are prompted
for confirmation [all confirmed (AC)]. The former specifies
the query factors, while the latter the confirmation factors. Of
course this is an over-simplified model, but more sophisticated
strategies can always be modeled and simulated in the same

way. Similarly for the user’s response pattern, a simplified
model may be

(8)

The first part means all queried slots are replied to the system
[all replied (AR)], but those unknown slots not queried are not
transmitted [not queried not transmitted (NQNT)]. For those
slots to be confirmed, on the other hand, the second part of (8)
means that a “yes” is transmitted if all correct, otherwise incor-
rect slots are retransmitted with “no” [yes if correct (YC)]. For
the system’s update strategy , a simplified model may be

(9)

This means all queried slots in the unknown state will enter the
known state if they are received [known state if received (KR)],
while those slots in the known state being confirmed will enter
the verified state if they are all received consistently [verified
by slot consistency (VSC)]. All other slots are not updated, or
system-initiative (SI).

E. Fundamental Statistical Analysis

For the simulation of each dialogue, after the four segments
are iterated for enough number of times, the final state can be
achieved and the dialogue terminated, as shown in Fig. 2. Var-
ious characteristic parameters of the dialogue can then be ex-
tracted. In the following are some examples. First, the transac-
tion success flag, , which equals one if a successful trans-
action is achieved and zero if not, can then be determined by
checking the second argument of the finite state machines, i.e.,
to see if .
Second, the number of dialogue turns,, can be obtained in
the for-loop in Fig. 2. Furthermore, the slot transmission effi-
ciency, , can be defined as

(10)

where is the total number of transmitted slots, and can be ob-
served in the “user’s response” segment. This slot transmission
efficiency indicates whether the user can transmit the slots
efficiently, whose value ranges from zero to one. For example,
if is 50%, this means , or each slot has to be trans-
mitted twice in average in order to complete the dialogue, which
may be very boring for the user.

The above example characteristic parameters,, and ,
are all random variables, whose samples can be extracted after
each dialogue is completed. After the simulation is performed
for a large number of dialogues, the mean values of these
random variables, , and , can be estimated. They are,
respectively, the transaction success rate, the average dialogue
turns, and the average slot transmission efficiency, all very
useful in analyzing the dialogue performance. In fact, not only
the mean values of these random variables are obtainable, but
the complete distributions of them, , , and ,
are available after the simulation. Many other parameters such
as the variance for each random variable can also be readily
estimated.
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Fig. 4. Transaction success rate as a function ofR andR (dotted area:
�T > 0:9).

As an example for illustration, for a dialogue system with
the simplified models , , defined in (7)–(9) how the
transaction success rate decreases with the degradation of
the speech understanding performance is shown in Fig. 4, where
the number of semantic slots,, is taken to be five, and for each

pair, 100 000 dialogues were simulated. This simpli-
fied dialogue system will be referred to as the “baseline system.”
It can be found in Fig. 4 that, though the slot misunderstanding
rate and slot lost rate both degrade the dialogue per-
formance, their effects are actually different. is the source
of incorrect slots, while is the source of slot retransmissions
and incorrect verifications due to lost correcting slots. The more
detailed variation of the transaction success rate with respect
to individual and is further shown in Fig. 5(a) and (b),
respectively. It can also be observed in Fig. 5(a) that when
increases, the transaction success rate degrades persistently be-
cause the rate of correctly received slots, , decreases.
However, in Fig. 5(b), the degradation of the transaction suc-
cess rate eventually saturates with increasedin this simpli-
fied model. This is because the system’s update strategyVSC
in in (9), is more robust and less sensitive for higher mis-
understanding rates, since for large the further incorrectly
received slots will be identified and will not cause further perfor-
mance degradation. Here the different effects ofand on
the transaction success rate show that the proposed quantitative
simulation approach can provide more insights about the dia-
logue systems. Similar simulations and analyses for other per-
formance metrics can be performed in the same way.

F. Analysis with State Transition Probabilities

In addition to the fundamental statistical analysis mentioned
above, here we will show that the state transition probabilities
for the finite state machine shown in Fig. 1 easily obtained in the
simulated dialogues can also provide very useful characteristics
for the dialogue. First, the state transition probabilities can be
defined as in Fig. 6(a) by five parameters,, , , , and , where

is the transition probability from to , and are
those from to and , respectively, and and
from to and , respectively. Since the transitions
from to itself (with probability ) and from
to itself (with probability ) do not influence the accuracy

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

(11)

(12)

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

probany slot in finally enters (13)

Apparently, the higher this probability is, the lower the
accuracy or transaction success rate of the dialogue will be. This
probability can be obtained by the following two probabilities:

probany slot in finally enters (14)

probany slot in finally enters (15)

One can have the following relations from Fig. 6(b):

(16)

(17)

Equations (16) and (17) lead to the following solution:

(18)

(19)

and the probability is simply

(20)

In (20), actually increases with the increase of both
and as plotted in Fig. 7, which is also intuitively reasonable.
As will be shown later on in the examples below, the increase
of directly degrades the transaction success rate, and
Fig. 6, (20) and the various probabilities will be very useful in
analyzing dialogue systems. In fact, when all the finite state ma-
chines for the semantic slots of a dialogue system are indepen-
dent with the same state transition probabilities, the closed form
for the transaction success ratecan be easily obtained from

in (20)

(21)

where is the total number of slots. However, in the “baseline
system” mentioned in Section II-E, the condition of indepen-
dency among the finite state machines for all slots does not hold
because the state transitions for all slots to be confirmed in the
strategyVSCare simultaneously decided together, and thus (21)
cannot be applied.

G. Quality of Service and Operating Region

Just as in many other areas, the “quality of service” (QOS)
for the spoken dialogue systems can be defined as the proba-
bility that a user may acquire the service above some minimum
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Fig. 5. Transaction success rate versus (a)R (R = 0:1; . . . 0:5) and (b)R (R = 0:1; . . . ; 0:5).

Fig. 6. (a) State transition diagram for semantic slot and (b) effective state transition diagram if only accuracy is concerned.

Fig. 7. P [(v; e)] as a function ofp ands at c = 0:7.

acceptable criteria. For example, with the characteristic param-
eters defined above, two possible metrics of QOS for spoken
dialogue systems can be defined as follows:

(22)

(23)

The first metric , or probability of acceptable number of
turns, is the probability that a user may complete the transac-
tion within a predefined maximum acceptable number of dia-
logue turns, . The second metric , or probability of ac-
ceptable slot transmission efficiency, is the probability that a
user may complete the transaction with slot transmission effi-
ciency above a predefined minimum acceptable value,. Be-
cause all performance metrics (including, , , , and

) are functions of the channel effect, specified by the two
parameters and ; it is therefore easy to obtain these met-
rics as functions defined on a plane. If some per-
formance goal is set, say where is any
performance metric and is the desired value, the region on

plane within which the desired goal can be satis-
fied, referred to as the operating region here, can be directly
obtained by numerical evaluation. For example, in Fig. 4as
a function of is shown, and the dotted area is the re-
gion for the goal , whose projection on the

plane, as shown more clearly in Fig. 8, is the op-
erating region for the specific performance goal. In this way,
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-
tions of several conditions for different performance metrics,
such as where

are the chosen performance metrics, and the
corresponding operating region can be derived accordingly.

It should be pointed out that the concept of operating region
can be applied not only to the speech understanding or channel
effect segment, but in fact equally applicable to other segments
in Fig. 2 including the system’s prompt strategy, the user’s re-
sponse pattern, and the system’s update strategy as well, as long
as the simulation models for those segments can be numeri-
cally characterized by parameters like and in the case of
channel effect mentioned above. When the simulation model is
specified by more than two parameters, the operating region can
be obtained similarly, except on a multidimensional space. Fur-
thermore, many other performance metrics based on dialogue
behaviors can also be used in the above analysis. For example,
the users may be bored by speaking the same slots repeatedly
or conversing for too many turns, and thus give up the dialogue
and hang up the phone. Such events can be similarly modeled as
performance metrics and analyzed by operating regions as well.
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Fig. 8. Operation region for the performance goal�T > 0:9 for the baseline
system.

III. A NALYSIS EXAMPLE 1: SELECTION AND TUNING OF

SPEECHUNDERSTANDING FRONT END

Here, an example of dialogue analysis for selection and
tuning of speech understanding front end is presented. As-
sume the “baseline system” mentioned in Section II-E is
considered. So total number of semantic slots is five, the
simplified models for , , and as defined in (7)–(9)
are used, and the channel effect is specified by .
Assume the maximum acceptable number of turns, in
(22), is five and the minimum acceptable slot transmission
efficiency, in (23), is 0.5. Assume two sets of perfor-
mance goals: and

, where
and are the probabilities for acceptable number of turns
and for acceptable slot transmission efficiency as defined in
(22) and (23). The operating region for the two performance
goals and were then obtained numerically and shown
as the left-bottom area of the respective curves in Fig. 9. As
an example, taking a speech understanding front end in Man-
darin Chinese with a task of train ticket reservation based on
key-phrase spotting and a hierarchical tag-graph search scheme
[22], the operating curve of this front end can be derived
by tuning the threshold values in the key-phrase spotter and
updating the spotting rates, which is also plotted in Fig. 9. It
can be found that some part of the curve is within the operating
region of , but some part of it is not. It is therefore possible
to tune this speech understanding front end such that it can
provide the desired performance goal. However, it can also
be observed that it is actually impossible for this front end to
achieve the performance goal in any case by simply tuning
the threshold values and spotting rates. Such analysis therefore
gives a very good direction for selection and tuning of speech
recognition front ends for designing spoken dialogue systems.

IV. A NALYSIS EXAMPLE 2: CONSIDERATIONS FOR

QUERY FACTORS

As described in Section II-D, the simplified models for the
query factors include the system’s prompt strategyAQ as de-
fined in (7), the user’s response pattern [all replied/not queried
not transmitted (AR/NQNT)] as in (8), and the system’s update
strategy [known state if received/system initiative (KR/SI)] as
in (9), which primarily affect the state transition from the un-
known state to the known state. Of course a spoken dialogue
system does not have to use such simplified models. How the

Fig. 9. Operating regions for different performance goals and the operating
curve of an example speech understanding front end.

dialogue performance is influenced by each of these factors if
more complicated models are used is considered in this section
with an example, in which all other factors are the same as the
“baseline system” mentioned in Section II-E with the simplified
models defined in Section II-D if not specially mentioned. The
considerations for the confirmation factors will be discussed in
the next section.

A. System’s Prompt Strategy

When the system prompts the user with unknown slots, it
may ask for all unknown slots, just asAQ in the simplified
model. But the system may also ask for only a part of the
unknown slots [part queried (PQ)], or only one unknown slot
at a time [one queried ( )]. In Fig. 10(a)–(c), the average
dialogue turns, the transaction success rates and the average slot
transmission efficiency are plotted for as functions
of for the example system for these three system’s prompt
strategies:AQ, PQ, and . In the case ofPQ, the queried slots
are randomly selected. The user’s response pattern assumed
is AR, or users who strictly follow system’s guidance. It can
be found from Fig. 10(a)–(c) that under such user’s response
pattern, prompting more unknown slots (e.g.,AQ) leads to
lower average dialogue turns and higher transaction success
rates, but lower average slot transmission efficiency. The results
of Fig. 10(a) can be easily understood. To achieve the user’s
goal with fewer dialogue turns, the finite state machines for
the semantic slots should transit from the unknown state to the
known state as soon as possible, and the system therefore had
better prompt the user with as many unknown slots as possible.
The results of Fig. 10(b), on the other hand, are primarily due to
the system’s prompt strategy for confirmation,AC, as defined
in (7), and the system’s update strategy for confirmation,VSC,
as defined in (9). When all unknown slots are prompted (AQ),
they tend to enter the known state earlier, and the probability
of confirming more slots at a time will be higher. WithVSC,
higher transaction success rate can be achieved if more slots
are confirmed at a time, which will be discussed in detail in
Section V-A. This is why the transaction success rate ofAQ
is higher in Fig. 10(b). However, there is no free lunch. As
will be seen in Section V-A, forVSC the higher transaction
success rate is in fact obtained at the cost of more rejections
during confirmations, which inevitably degrade the average slot
transmission efficiency as shown in Fig. 10(c). Of course, it
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Fig. 10. (a) Average dialogue turns, (b) transaction success rates, and (c)
average slot transmission efficiency forR = 0:1 plotted as functions ofR
for three different system’s prompt strategies:AQ, PQ, and1Q.

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

B. User’s Response Pattern

In Fig. 10(a), it was found that a system’s prompt strategyAQ
achieves better average dialogue turns given the user’s response
patternAR. However, this is not always true for different kinds
of users. Fig. 11 shows the average dialogue turns for different
users’ response patterns given the system’s prompt strategyAQ
and , where one replied ( ) denotes the user’s pattern
that only one of the queried slots is replied, part replied (PR) de-
notes that only part of the queried slots are replied, andAR(all
replied) is the original user’s pattern. As can be found in Fig. 11,
different behavior of the user may lead to quite different perfor-
mance, approximately ranging from the curve forARto that for

. In other words, a good system’s prompt strategy(AQ)does
not always lead to the desired good dialogue performance for
all users. The dialogue is the interaction between two parties,
the system and the user. The system may guide the user very ef-
ficiently and reliably, but the user probably simply responds in
his own way. The system cannot promise fewer dialogue turns
one-sidedly without considering whether the user is cooperative

Fig. 11. Average dialogue turns for different users’ response patterns (AQ,
R = 0:1).

or not. Figs. 10(a) and 11 show that either the system or the user
may become the bottleneck of the dialogue performance. While
comparing Fig. 10(a) with Fig. 11, it is interesting to find that the
curve for (givenAR) in Fig. 10(a) approximately coincides
with the curve for (givenAQ) in Fig. 11. In other words, the
average dialogue turns for an inefficient system strategy
with obedient users(AR) is effectively equivalent to those for
efficient system’s strategy(AQ) on inactive users 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
to obtain some dialogue system behavior for users with a given
distribution, say certain percentage responding asAR, certain
1R, and so on.

C. System’s Update Strategy

The system’s update strategy certainly also influences the di-
alogue performance. In general, those slots in the unknown state
will transit into the known state if received (KR). If such tran-
sitions are constrained to those slots queried by the system, the
update strategy isSI, otherwise user-initiative(UI). Apparently,
if the system queries all slots(AQ), it makes no difference for
the system to adopt system-initiative strategy or user-initiative
strategy. However, if the system does not query all unknown
slots ( or PQ, as previously mentioned) and the user is so
experienced that he might reply some slots not queried by the
system, the user-initiative strategy may become more efficient.
Fig. 12 shows the average dialogue turns for system-initiative
strategy and user-initiative strategy, assuming one slot is queried
by the system at a time ( ) and some other slots randomly
chosen in addition to this slot may be replied by the user. We can
see from Fig. 12 that, for inefficient system’s prompt strategy
such as , smaller average dialogue turns can be achieved if
the user is allowed to reply the slots out of the scope. Conven-
tionally, the design of dialogue flows based on different system
strategies is an art. The analysis approach proposed here is able
to provide numerical solutions to such design, including selec-
tion among various system strategies. Although very simple ex-
amples are used here, much more complicated situations can in
fact 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).

V. ANALYSIS EXAMPLE 3: CONSIDERATIONS FOR

CONFIRMATION STRATEGIES

In the previous section, each query factor was tuned and an-
alyzed individually for the given example. In this section, dif-
ferent system’s prompt strategies and update strategies for con-
firmation will be considered and analyzed. In the simplified
model mentioned in Section II-D, the prompt strategy used is
prompting all slots in the known state simultaneously for con-
firmation (AC, all confirmed) as in (7), while the update strategy
used is checking the slot consistency for those slots to be con-
firmed all together (VSC) as in (9). For the prompt strategy it
is possible not to prompt all the slots in the known state. For
example, it is possible to constrain the maximum number of si-
multaneously confirmed slots to ( confirmed,

). For the update strategy, there are also various ways of
controlling the state transition of the known slots. Because the
purpose of confirmation is to provide more reliable transactions
in dialogue, here in this section more attention will be paid to
improving the transaction success rate by way of selecting ap-
propriate strategies.

A. Verified by Slot Consistency

In the strategy(VSC) as in the simplified model in Sec-
tion II-D, all the slots to be confirmed are regarded as a whole
and enter the verified state simultaneously if no inconsistency
is found. So any inconsistency in the slots to be confirmed
will reject the whole confirmation completely even if some
slots are consistent, thus the probability for any slot to enter
the verified state will be lower compared to the case that each
slot is checked individually. It is interesting to see what we
can gain with this strategy. The transaction success rate for
this strategy when only one slot is confirmed at a time (),
two slots are confirmed at most at a time (), or all slots in
the known state are confirmed together (AC), are compared in
Fig. 13 as the upper three curves. It can be found in this figure
that, with thisVSCstrategy plus theACstrategy the transaction
success rate is not only the highest but much less sensitive to
the increase of . To illustrate why this is the case, the state
transition probabilities forVSCwith AC and , respectively,
at and are further shown in Fig. 14(a) and
(b), respectively.As can be seen in this figure, forVSCwith
AC the transition probability from state to state,
or wrong slots being incorrectly verified, can be significantly
lower (0.0651) than that forVSC with . This
makes the parameter in (12) much smaller (0.0847) in

Fig. 13. Transaction success rates forVSCandVISC(R = 0:2).

Fig. 14(a) than that in Fig. 14(b) (0.2004) and is the key for
better transaction success rate. This obviously arises from the
extra rejections due to the strict confirmation condition inVSC
previously mentioned. Of course, the transition probability
from state to state is also significantly lower,
0.4819 as compared to 0.9924, also due to such rejections,
which is apparently not desired. But this is not too bad if
only the accuracy is concerned, because the majority of those
correct slots being rejected keep at state (with probability
0.4621 as in Fig. 14(a)). All these give a relatively larger value
for the parameter in (11) (0.1041 in Fig. 14(a) compared to
0.0076 in Fig. 14(b)). Because inVSCwith AC in Fig. 14(a) the
positive effect due to is higher than the negative effect due to

(the effect due to is comparable), all these effects finally
give a smaller value of (0.0342), and contribute to the
transaction success rates in Fig. 13.

It is also of interest to see how the strategyVSCwith AC be-
haves for other performance metrics. Fig. 15(a) shows that the
strategyVSCwith ACachieves significantly lower average dia-
logue turns thanVSCwith , which is intuitively reasonable.
On the other hand, Fig. 15(b) shows that the better average dia-
logue turns and transaction success rates forVSCwith ACare in
fact obtained at the price of lower slot transmission efficiency,
because some slots will be transmitted repeatedly due to rejec-
tions. Such trade-off among the performance metrics is similar
to that in Section IV-A. Fig. 16 shows the tradeoff between
transaction success rates and average slot efficiencies including
other three prompt strategies, , and , where is for
confirming at most known slots at a time, for and

. It can be seen in Fig. 16 that, when and are
fixed, alternative prompt strategies can be chosen for different
design goals considering the tradeoff.

B. Verified by Individual Slot Consistency

Of course, there is another widely used confirmation strategy,
referred to as “verified by individual slot consistency”(VISC)
here. Instead of considering the consistency of a few slots all to-
gether as inVSC, in this strategy the slot consistency is checked
for each slot to be confirmed individually and the state transi-
tions of these slots are separately decided. The transaction suc-
cess rate for this strategyVISCwith AC, , and are also
plotted in Fig. 13 as the lower three curves as compared with
VSCdiscussed previously. It should be noted that whenis
usedVSCandVISCare the same, so they share the same curve in
Fig. 13. Different fromVSC, for VISCthe strategyACprovides
lower transaction success rates thanand as in Fig. 13.
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Fig. 14. Transition probabilities for (a)VSCwith AC and (b)VSCwith 1C atR = 0:2 andR = 0:3.

Fig. 15. (a) Average dialogue turns and (b) average slot transmission efficiency for different prompt strategies for confirmation(R = 0:2).

Fig. 16. Tradeoff between transaction success rate and average slot
transmission efficiency (R = 0:2 andR = 0:3).

Intuitively, for VISC the maximum number of slots to be con-
firmed at a time seems not relevant to the transaction success
rate, since each slot is confirmed individually. However, this is
not exactly the case. InVISC, any slots prompted for confir-
mation are opened for updating and thus could be corrupted by
possible incorrectly received slots. If more slots are confirmed
at a time, the probability that these opened slots are corrupted
by incorrectly received slots will be higher, which makes the
transition probability from to higher. To look into
such effects, the transition probabilities obtained from the sim-
ulated dialogues forVISCwith AC and are further shown
in Fig. 17(a) and (b), respectively. Note that Figs. 17(b) and
14(b) are the same because with strategy,VSCandVISCare
the same. It can be found that,for VISCwith AC (0.0705) in
Fig. 17(a) is much higher than that forVISCwith in
Fig. 17(b) because the transition probability from to
for VISCwith AC is much higher, while for VISCwith ACand

are very close. This makes for VISCwith AC rela-
tively higher (0.0721) thanVISCwith 1C (0.0585), which leads
to lower transaction success rate forVISCwith AC as shown
in Fig. 13. In fact, Fig. 13 also shows that the transaction suc-
cess rate for the common sense strategyVISCis not necessarily
satisfactory not only because it is lower, but because it is more
sensitive to the understanding performance. That is, the trans-
action success rate is less stable if varies with respect to the
environment or the user. The situation is much better in theVSC
strategy as discussed in the previous subsection.

C. Verified by Yes Detection

Another possible confirmation strategy may be “verified by
yes detection”(VYD), i.e., the verification is completed as long
as a “yes” is detected, otherwise confirmation is rejected. This
strategy relies highly on the correct detection of the word “yes.”
In Mandarin Chinese, the word meaning “no” is easily confused
with that meaning “yes,” which may lead to incorrect verifica-
tion in theVYDstrategy, though such problem may not exist at
all in other languages. In thisVYDstrategy, the probability for
the error event of recognizing “no” as “yes” (denoted as
here) thus seriously affects the dialogue performance, which is
shown in Fig. 18. It can be found in Fig. 18 that, if is high,
the detection of “yes” is not trustable at all, and it is thus better
to chooseVSC instead ofVYD. If is moderate, e.g., 0.1,
the curves forVSCandVYD intercept with each other, and the
strategy with higher transaction success rate needs to be deter-
mined by and . If is small, e.g., 0.05,VYDshould
be chosen because it is more reliable.
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Fig. 17. Transition probabilities for (a)VISCwith AC and (b)VISCwith 1C atR = 0:2 andR = 0:3.

Fig. 18. Transaction success rates for different system’s update strategiesVSC
andVYDwith different values ofR (R = 0:05; 0:10;0:18; R = 0:2).

D. Verified by Slot and Logic Consistency

Because in the previous subsections both strategiesVSCand
VYD make sense, it is very natural to try to integrate the con-
cepts of the two. Assume the current system prompt for confir-
mation is, “Would you like to go to Taipei tomorrow?” and the
user’s reply is recognized as, “No, I would like to go to Taipei
tomorrow.” ForVSC, because no slot inconsistency occurs, the
slots, “Taipei” and “tomorrow” are therefore both verified. But
such verifications are not reasonable because there is logical
contradiction due to the existence of “no.” On the other hand,
the user’s reply may be recognized as “Yes, I would like to go
to Hsinchu tomorrow.” ForVYD, the detection of “Yes” makes
those slots verified, but again there is logic contradiction due to
the slot inconsistency of “Hsinchu” with “Taipei.” These logic
contradictions in eitherVSCor VYD imply possible incorrect
verifications. A better strategy may beVSLC, in which both the
detection of “yes” or “no” and the slot consistency are simulta-
neously considered, and those utterances with logic contradic-
tions are rejected. Fig. 19 shows the transaction success rates
for VSC, VISC, VYD, andVSLC, respectively, with the prompt
strategyAC. It can be observed in this figure thatVSLCcan
achieve apparently the highest and the most stable transaction
success rates among all strategies. Of course, the increased re-
jections created by logic contradictions forVSLC is the price
paid for the higher transaction success rates, which inevitably
leads to higher average dialogue turns or lower slot transmission
efficiency, as shown in Fig. 20(a) and (b), respectively. Again,
this is the tradeoff among performance metrics and should be

Fig. 19. Transaction success rate forVISC, VSC, VYD,andVSLC(R =
0:1;R = 0:2).

up to the designer’s choice. Also, it is interesting to see that in
order to achieve higher transaction success rates, the range for
tuning in Fig. 19 by selecting among update strategies is appar-
ently larger than that in Fig. 16 by selecting among the prompt
strategies. Also, Fig. 19 indicates that that even if the speech un-
derstanding front end cannot be improved or tuned, it is still pos-
sible to achieve significantly more reliable transactions through
the selection of dialogue strategies.

To see how the improvement of transaction success rate for
VSLCis achieved, the state transition diagram forVSLCwith
AC is further shown in Fig. 21. As can be found by comparing
this figure with Fig. 14(a) forVSC, due to the rejections caused
by logic contradictions inVSLC, the transition probability from

to is now reduced from 0.0651 in Fig. 14(a) to
0.0080 here, which reducesfrom 0.0847 to 0.0105, while
for VSCandVSLCare very close. The probability is
thus significantly lower here (0.0042 as compared to 0.0342).

VI. A NALYSIS EXAMPLE 4–OBJECTIVEESTIMATES FORUSER’S
DEGREE OFSATISFACTION

It is highly desired for dialogue system designers to have
some kind of “user’s degree of satisfaction” about the system,
which is usually obtained by subjective evaluations obtained
from questionnaires filled up by the users. In this section, we
will show how some objective metrics very similar to user’s
degree of satisfaction can be obtained with the simulation ap-
proach 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 efficiency forVISC, VSC, VYD,andVSLC(R = 0:1; R = 0:2).

Fig. 21. Transition probabilities forVSLCwith AC atR = 0:2, R = 0:3,
andR = 0:1.

improving the user’s degree of satisfaction in dialogue system
design.

A. Percentage of Confused Users

As discussed in Section V-A, forVSCprompting more known
slots for confirmation (AC) achieves higher transaction success
rates. However, the more the known slots are prompted for con-
firmation, the higher the probability that some of them are in-
correct will be. If more than one incorrect slots are prompted for
confirmation, the user may feel confused, and probably give up
the dialogue or complain about the system. A possible metric for
measuring a user’s degree of satisfaction along this direction can
therefore be defined as the percentage of the dialogues in which
there is at least one system’s prompt utterance for confirmation
including more than one incorrect slots. This metric is referred
to as “percentage of confused users” here, which can be easily
observed directly from the simulated dialogues. This percentage
of confused users for the “baseline system” as in Section II-E
with confirmation strategyACat different understanding perfor-
mance is shown in Fig. 22(a). As can be found in this
figure, the percentage of confused users increases significantly
with . Therefore, reducing can be a good approach to
reduce the percentage of confused users.

On the other hand, the above percentage of confused users
can also be reduced by controlling the number of slots prompted
for confirmation. For example, if at most two known slots can
be prompted for confirmation simultaneously (), the proba-
bility of more than one slots being incorrect will be lower when

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% forACto only 6.61% for , with the trans-
action success rate degraded from 93.81% forAC to 91.44% for

. This is another example of achieving some desired goal by
choosing system strategies.

It should be pointed out that, the percentage of confused users
here is only one example of many possible metrics which can
be flexibly defined to reflect the user’s degree of satisfaction
and objectively estimated using the proposed approach. The oc-
currence of more than one incorrect slots prompted for con-
firmation is only one example “undesired event” for the users
out of many other possible “undesired events.” Such “undesired
events” may be identified from questionnaires filled up by the
users or from the observation of the dialogue corpus. More sim-
ilar metrics can be defined with such events.

B. Percentage of Satisfied Users

It is a common experience in dialogue design that high accu-
racy and high efficiency very often cannot be obtained simulta-
neously. One example is shown in Fig. 16, which shows higher
transaction success rate and higher average slot transmission ef-
ficiency are sometimes conflicting design goals. Considering
the user’s degree of satisfaction, on the other hand, accuracy
and efficiency are both highly desired. Along this direction, a
possible metric to be objectively estimated in simulations can
be defined as the percentage of dialogues in which not only cor-
rect transaction is achieved, but the slot transmission efficiency
in (10) is higher than some desired value, say 70%. This metric
is referred to as “percentage of satisfied users” in this paper.
In such a definition, both accuracy and efficiency are consid-
ered simultaneously. Of course, this metric is only a simple ex-
ample. More complicated definitions are certainly possible. For
example, an extra condition may be 80% or more of the slots
are transmitted only once in a dialogue, or something similar.

Fig. 23(a) shows the percentage of satisfied users for the
“baseline system” in Section II-E but with different system’s
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Fig. 22. (a) Percentage of confused users with system’s prompt strategyAC for different understanding performance(R 0:1; 0:3; 0:5) and (b) tradeoff between
transaction success rate and the percentage of confused users for different confirmation strategies(R = 0:1;R = 0:2).

Fig. 23. Percentage of satisfied users for different system’s prompt strategiesACand1C (R = 0:1) when the slot transmission efficiency is required to exceed
(a) 70% (b) 50% in a dialogue.

prompt strategies for confirmation, and AC, for different
given . It can be seen in Fig. 23(a) that, for the

percentage of satisfied users defined here,performs better
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
efficiency (or the goal of efficiency) is the performance metric,
but opposite to that of the two corresponding curves forVSC
with AC and in Fig. 13 where the transaction success rate
(or the goal of accuracy) is the performance metric. Because in
the new metric here both goals of accuracy and efficiency are
somehow included, the results here indicate that the goal for
efficiency actually dominates, or the condition of slot transmis-
sion efficiency being higher than 70% for each satisfied user
is more stringent. It may be interesting to see what happens
if in this metric the condition of slot transmission efficiency
for each satisfactory dialogue is relaxed from 70% to 50%.
Fig. 23(b) shows the percentages of satisfied users forAC
and , respectively, for such case. We can find in this figure
that when the condition for efficiency is relaxed,AC becomes
slightly better when is small, and the two curves actually
intercept with each other at somewhere around .
Because this percentage of satisfied users is a function defined
on the two-dimensional (2-D) plane , the situation in
Fig. 23(b) implies that the 2-D functions for the two strategies

andAC in fact intercept with each other. In other words,
in such cases, neither of the two competing goals can dom-
inate the performance trend, and the better system’s prompt
strategy needs to be quantitatively determined by simulations
for different operating points on the plane. Similar
phenomena may be observed in more sophisticated situations
where some metrics are defined for multiple conditions. If none
of the conditions actually dominates the performance trend, the

functions for these metrics for different strategies may intercept
sophisticatedly, but the selection of strategy can always be
determined numerically as in Fig. 23(b).

VII. POSSIBLEEXTENSIONS FROM THESIMPLIFIED MODEL

All the previous discussions and analyses have been based
on over-simplified models which may seem far from reality for
practical dialogue system designers. In fact, all that can be done
in this paper is to use over-simplified models to show the basic
methodologies and general principles, and it will not be too dif-
ficult for practical dialogue system designers to extend those
methodologies and principles to many different realistic situa-
tions. In this section, we will use a few examples to illustrate
such extensions and show the flexibility of the proposed ap-
proach.

A. State Transition Models

There can be many state transition models different from
that in Fig. 1. First, in practical dialogue systems, not all slots
should necessarily start with the unknown state. In some cases,
assigning some slots with initial default values may make the
dialogue more natural. For example, the date, the departure
and destination station for a flight ticket reservation dialogue
system may have initial values if the user profile is given. In
such conditions, all one needs to do is to set the initial states of
these slots as or instead of in the simulation,
and the variations in dialogue performance due to such changes
in dialogue design can be easily observed objectively in the
simulation. Second, in practical dialogue systems, not all the
slots necessarily always need to be confirmed. For example,
confirmation may be saved for those slots with confidence
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measures higher than a threshold. Fig. 24 shows an alternative
topology for such case. Furthermore, in the over-simplified
examples given above in this paper, the state transition rules
have been assumed to be identical for all different slots. Of
course, it may not be the case for many practical dialogue
systems, and one does not have to do the simulation this way.
In a train ticket reservation dialogue system, for example, the
receipt of “3 o’clock” for the slot “time” may automatically
imply “p.m.” for the slot “time-of-day” (assuming “time” and
“time-of-day” are different slots) considering the knowledge
in the train schedule database. Apparently the state transition
models and rules of these two slots “time” and “time-of-day”
should be different and dependent in this case. Such condition
can certainly be simulated, except that the state transition
models and rules should be precisely written according to the
specific requirements or designs as in this example.

B. System’s Prompt Strategies

In these discussions, the system’s prompts are randomly gen-
erated with all slots equally handled, by such rules as “con-
firming at most two slots at a time.” In many practical situa-
tions, however, very often deterministic rules are used in gen-
erating the prompts with different slots treated differently. For
example, for ticket reservation the system may ask and confirm
the destination slot before the time slot. Such deterministic rules
are usually implemented using some sort of script language, as
shown in the example in Fig. 25(a), which is quite different from
the simulation scenario described above. In fact, this is because
in the implementation in Fig. 25(a) the dialogue management is
tangled with the sentence generation. A minor modification as
shown in Fig. 25(b) may make the dialogue management handle
only the slot level interaction (e.g., which slot to confirm and
which slot to query). In this way, we can separate clearly the
sentence generation from dialogue management, and the prompt
strategies can be easily simulated with the scenario described
above, which can also be in good parallel with the operation of
the real system.

C. Channel Effect

In Section II-C, the speech recognition and understanding
process is modeled as a slot transmission channel with two pa-
rameters and . In the simulation given in the previous
sections, the event for incorrectly arrived slots and that
for lost slots are simulated using two independent random
tests. Of course the correlation between these two parameters
may need to be considered, which can be simulated in the way
given as follows.

Define and as two random variables, both of them can
have only two values, 0 and 1. means receiving an in-
correct slot, and means losing a slot. Let be
the probability density function of the two random variables.

can have only four discrete values as follows:

(24)

Fig. 24. State transition considering confidence measures.

Fig. 25. (a) Dialogue manager tangled with sentence generation and (b)
dialogue manager separated from sentence generation.

where , , , and . It is then
easy to see that

(25)

and (26)

(27)

where is the covariance for the two random variables
and . These above probability density function can
be used to simulate the condition when and are corre-
lated. and are uncorrelated when . In the tests
of a real speech understanding front end, we obtained the pa-
rameters , , and
from the statistics of 2117 utterances. Table I shows the simu-
lation results for the baseline schemes described previously at

, , with and 0.034 15, re-
spectively. As can be seen in this table, the simulation results for
the two cases are quite close. Note the value of here may
depend on the recognizer, the speakers, and many other factors.
On the other hand, one can of course build other finer models for
the channel effect. For example, the parameters may be different
for different slots, or depend on the number of slots transmitted,
with higher complexity in modeling and simulation.

D. Users’ Patterns

In the analysis examples in the above sections, fixed patterns
of user’s response are assumed in the over-simplified model.
Of course the real user behavior is much more complicated.
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TABLE I
SIMULATION RESULTS FOR THEBASELINE

SCHEMES ATR = 0:09659, R = 0:2014

More complicated models can always be assumed and simulated
though, as were mentioned at the end of Section IV-B

VIII. C ONCLUSION

In this paper, we have presented a complete development of
computer-aided analysis and design approaches for spoken di-
alogue systems based on quantitative simulations. Such an ap-
proach is very useful before the system implementation is com-
pleted. With this approach, how the different dialogue system
performance measures vary with respect to different system fac-
tors and design parameters can be analyzed individually because
all these factors and parameters can be precisely controlled in
the simulation. Examples indicate that selection and tuning of
speech understanding front end and design of complicated dia-
logue strategies for given performance goals, as well as objec-
tive estimation of user’s degree of satisfaction, which are always
difficult problems in conventional dialogue system design, can
now be performed numerically with the proposed approach. The
online test, corpus-based analysis and user survey can always
follow after the system is 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 def-
initely be performed for a specific dialogue task or system, as
long as the specific conditions are given. Therefore the proposed
approach not only is a powerful tool for developing spoken di-
alogue systems, but can provide an important basis for further
research on spoken dialogue systems.
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