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Abstract

The usefulness of spoken natural language dia-
log for human-computer interaction is unques-
tioned. A spoken natural language interface
provides a flexible means of communication
while enabling human users to keep their hands
and eyes busy on the task at hand. In this paper
we claim that spoken natural language dialog
is even more useful if the participating system
permits variable initiative behavior. This is be-
havior where the task initiative can vary from
strongly computer controlled to strongly user
controlled or somewhere in between. Such be-
havior allows a system to effectively communi-
cate with both task novices and experts as well
as users with intermediate levels of expertise. In
support of this claim, we present experimental
results from a study of an implemented system
that can operate at differing levels of initiative
while engaging in spoken natural language dia-
log with users in order to provide assistance in
repairing an electronic circuit. The results are
based on eight users who participated in a total
of 141 dialogs speaking 2840 utterances.

1 Integrated Dialog Processing for
Natural Language Systems

Several researchers have built dialog systems to
study various aspects of dialog processing includ-
ing quantification, ellipsis, anaphoric reference, plan
recognition, and user model. Examples of these
systems are described in [Allen et al., 1982], [Bo-
brow ef al., 1977], [Carberry, 1990], [Frederkin~,
1988], [Hendrix et al., 1978], [Hoeppner et al., 1983],
and [Wilensky et al., 1988]. However, there is lit-
tle work on integrating the various aspects of di-
alog processing into a unified whole (see [Allen ef
ai., 1989] and [Young ef al., 1989]). Con.sequently,
we developed a dialog processing model ([Smith et
a/., 1992]) that when implemented in an electronic
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Figure 1: Sample Proof Tree

repair domain exhibits a number of behaviors re-
quired for efficient human-machine dialog including:
(1) problem-solving; (2) coherent subdialog move-
ment; (3) user model usage; (4) expectation usage;
and (5) variable initiative behavior.

The key aspect of our model that enables the in-
tegration of various dialog processing mechanisms
is the Missing Axiom Theory for driving the dialog
process. The first step in integrating the required
domain reasoning with a general natural language
dialog mechanism is to include a reasoning system
for achieving goals. We chose to use theorem prov-
ing, a well understood computational approach. The
Missing Axiom Theory says to utilize language inter-
action with the user to acquire the missing axioms
needed for proving that a target goal has been ac-
complished. Consider the proof tree of figure 1. A
is proven by proving B, C, and D; and B is proven
by proving B1 and B2. Suppose that the process
of proving A yields subogal B which leads to sub-
goals B1 and B2. Further suppose that B1 and B2
are domain facts not ordinarily available to the ma-
chine. Our system will resort to natural language
interaction with the user to try to verify them. For
example, B1 might require that the user know how
to locate an item and B2 might require the user to
report on that item’s status. These are known as
"missing axioms" and could yield the following dia-
log (C denotes the computer and U the user):

C: The meter is at the top of the blue region.
U: I see it.
C: What is it reading?
U: Three point five.
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Completion of this dialog enables the proof of B
and possibly, at a later time A.

This example also illustrates how user modeling
is done. For example, if the user had referenced the
meter in an earlier interaction, then B1 would al-
ready be included as an achieved fact in the user
model. The proof of B would have achieved B1 triv-
ially and omitted the first comment about locating
the meter.

The Missing Axiom Theory provides for a close
correlation between subdialogs and domain goals. A
subdialog consists of all the language interaction per-
taining to a domain goal. Clarification subdialogs
can be processed via dynamic modification of the
relevant theorem. Movement between and within
subdialogs is based on determining the domain goal
to which a user input is relevant. This requires using
ezpeciations about the user’s next utterance. These
expectations are based on the current set of active
goals. The use of expectations has been previously
studied by researchers interested in speech recog-
nition ([Young and Proctor, 1989] and [Young et
al., 1989]) and plan recognition ([Carberry, 1990]
and [Litman and Allen, 1987]). Movement to a goal
other than the currently active one is termed an in-
terrepL of the current subdialog. The way in which
the computer responds to interrupts is a key factor
in enabling variable initiative dialog to occur. This
is described in the next section.

2 Variable Initiative: Giving
Priority to a Conversant’s Goals

The need for variable initiative dialog arises because
at some points the user has sufficient knowledge
to take control of the dialog and accomplish sev-
eral goall without much computer assistance while
at other times, the user needs detailed assistance.
Thus, computer initiative is characterized by giving
priority to its own specific goals. However, initiative
is not an all or nothing situation. Either the user or
the computer may have the initiative without having
complete control of the dialog. Based on this idea
we have identified four dialog modes that character-
ize the level of initiative that the computer has in
the dialog. These are described below:

1. directive - The computer has complete dialog con-
trol. It recommends a task goal for completion
and will use whatever dialog is necessary to com-
plete this goal. No interruptions to other subdi-
slogs are allowed.

2. suggestive - The computer still has dialog control,
but not as strongly. The computer will recom-
mend a task goal for completion, but will allow
minor interruptions to closely related subdialogs.

3. declarative - The user has dialog control and can
interrupt to any desired subdialog at any time.
However, the computer is free to mention relevant
facts as a response to the user’s statements.

4. passive - The user has complete dialog control.
Consequently, the computer will passively ac-
knowledge user statements. It will provide infor-
mation only as a direct response to a user ques-
tion.

One observes that the degree of interruptibility
allowed by the computer increases from directive to
passive mode. Thus, the dialog mode has a criti-
cal effect on the computer’s choice of response, par-
ticularly in an interrupt situation. In fact, this se-
lection process is a function of three primary fac-
tors: (1) the current computer goal; (2) the current
user focus; and (3) the current dialog mode. Details
about this selection process are provided in [Smith,
1991]. This process has been implemented as part
of a spoken natural language dialog system that as-
sists users in the repair of an electronic circuit. The
two dialog segments of figure 2, obtained from actual
usage of the implemented system, illustrate the dif-
ferences between mode for the two modes in which
we experimentally evaluated the system: directive
and declarative. Note the following phenomena from
these dialog segments:

.
In the directive mode dialog segment the subject
is performing task goals under the close guidance
of the computer. There is language interaction
about each task goal.

In the declarative mode dialog segment the sub-
ject independently carries out several task goals
known to be necessary without any interaction.
By allowing the user to arbitrarily change subdi-
alogs, the computer is able to provide the rele-
vant assistance when the potential problem is re-
ported without requiring language interaction for
task goals already completed.

Previous studies of variable initiative theory in-
elude [Whittaker and Stenton, 1988], [Walker and
Whittaker, 1990], and [Kitano and Van Ess-Dykema,
1991]. In addition to a theory, we provide a mech-
anism that allows a system to participate in such
dialogs.

3 Implementation

The implemented dialog system is running on a
Sparc II workstation with the majority of the code
written in Quintus Prolog1, and the parser in C. The

1 Quintus Prolog is a trademark of Quintus Computer

Systems, Incorporated.
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Dialog Se~aent 1 (Directive Mode)

C: This is the circuit fix it shop. How may I
help you?

U: I want to fix a circuit.
C: What is the id of the circuit?
U: Rslll.
C: I aa faailiareith that circuit. The LED is

supposed to be displaying alternately
flashing one and seven.

U: The LED is off.
C: What is the switch at when the LED is off?
U: The switch is down.
C: Put the switch up.
U: Okay.
C: Put the knob to one zero.
U: Okay.
C: What is the LED displaying?
U: LED Is dieplayingalternately flashing one

and top of seven.
C: Is there a wire between connector one zero

two and connector one zero four?

eee$$$eeee$$eeeeeeeeeeeeeee$$eee$$$$$$$$$e$$$$

Dialog Segaent 2 (Declarative Mode)

C: This is the circuit fix it shop. Hoe may I
help you?

U: Rsll! is not corking.
C: I aa faailiar with that circuit. The LED is

supposed to be displaying alternately
flashing one and seven.

Subject put the eeitchup and set
the knob to one zero, observed the
LED display, and noted the potential
problaaeithout requiringany
assistance from the computer.

U: There is no sire on one zero four.
C: There is eupposedto be a sire beteeen

connector one zero four and connector
one zero two.

$eeee$$$eeeee$$$$$ee$$$$$$e$$$$$$$$$$$$$$$$$$$

Figure 2: Sample dialog segments: directive and
declarative

implemented domain processor provides information
about repairing a Radio Shack 160 in One Electronic
Project Kit. The particular circuit being used causes
the Light-Emitting Diode (LED) to alternately dis-
play a one and seven. The system can detect errors
caused by missing wires as well as a dead battery.

For the dialog system, speech recognition is per-
formed by a Verbex 6000 running on an IBM PC
and speech production is performed by a DECtalk2

DTCO1 text-to-speech converter. The users are re-
stricted to a 125 word vocabulary in the connected
speech system.

4 Evaluation: Problem-Solving

Effectiveness

The system was experimentally evaluated using
eight Duke University undergraduates. These stu-
dents had completed one computer science class and
were taking a second, but none had taken any AI
classes nor had they previously used a natural lan-
guage system. Furthermore, none were electrical en-
gineering students, who could have probably fixed
the circuit without any computer assistance. Af-
ter a training session, each subject participated in
two problem-solving sessions, one in directive mode,
where the computer had maximal initiative, and one
in declarative mode, where the user had the initia-
tive. Because we have not yet developed a good
strategy for automatically changing modes during a
dialog, we had to lock the system in one mode for the
duration of a dialog to study the effects of different
levels of initiative.

In each of the problem-solving sessions a subject
could work on up to ten different problems. A to-
tal of 141 problems were attempted of which 118
or 84% were successfully completed. Of the 23 that
were not completed successfully, 22 were terminated
prematurely due to excessive time being spent on
the dialog. Misunderstandings due to misrecogni-
tion were the cause in 13 of these failures. Misun-
derstandings due to inadequate grammar coverage
occurred in 3 of the failures. In 4 of the failures
the subject misconnected a wire. The domain pro-
cessor did not have sufficient knowledge to properly
assist the user in this situation. In one failure there
was confusion by the subject about when the circuit
was working, and in another failure there were prob-
lems with the system software. A hardware failure
caused termination of the final dialog. A detailed de-
scription of the experimental procedure and results
is given in [Smith, 1991].

2DECtalk is a trademark of Digital Equipment
Corporation.
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5 Evaluation: The Need for Variable

Initiative

5.1 Exploiting Expertise

Analysis of the transcripts obtained in the 141 at-
tempted dialogs indicate that as users gain expertise
and are allowed to direct the dialog that they tend
to

1. exploit their expertise to carry out several steps
independent of any dialog interaction;

2. communicate with the system only when general
advice is needed; and

3. specify more completely the domain situation in
order to provide the proper context to the system.

This analysis is supported by the empirical mea-
surements listed below in table 1.

System Mode
Declarative Directive

avg. completion time 303.8 541.0
avg. # utterances/dialog 12.0 28.8

non-trivial utterances 62.9 39.7
avg. subject response 17.0 11.8

time (~c.)

Table 1: Basic Performance Results

A description of the parameters is given below:

¯ average completion time - the average time (in
seconds) required to complete a dialog. This
average is computed for all successful dialogs
concerning any of the first eight problems of a
session (the first eight problems of the problem-
solving sessions were balanced for difficulty).

¯ average # of utterances/dialog - the average
number of subject utterances per dialog for all
completed dialogs concerning any of the first
eight problems of a session.

¯ % non-trivial utterances - the percentage of sub-
ject utterances in a session which were "non-
trivial" (i.e. consisted of more than one word).

¯ average subject response time - gives the aver-
age elapsed time (in seconds), from the com-
puter’s utterance to the subject’s response.

The results provide an indication that after the
user has gained some experience and has more
initiative: (1) the average completion time de-
creases; (2) the average number of utterances de-
creases; (3) the percentage of non-trivial utterances
increases; and (4) the elapsed time between com-
puter utterance and subject response increases.

These results are consistent with the intuition that
more experienced users are better able to take charge
of the dialog and complete the task more quickly,
using fewer utterances, but providing more infor-
mation per utterance and spending more time in
thought before producing an utterance. A variable
initiative system can be beneficial to experienced
users.

5.2 Favorable User Perceptions

The previous section supports the intuitive idea that
experienced users can more efficiently complete the
task when given more initiative, but can a variable
initiative system provide the right level of control
for both the experienced user and the beginner? An
exit survey completed by our experimental subjects
provides a favorable answer. As part of the survey,
subjects were asked to indicate their level of agree-
ment with the following statements:

"At the start of the experiment the system
had too much control of the dialog."

"At the end of the experiment the system
had too much control of the dialog."

Subjects rated their level of agreement with these
statements by circling the appropriate number on
the following scale: 1-highly disagree; 2-disagree; 3-
do not know; 4-agree; 5-highly agree. The average
rating for the statement concerning too much control
at the beginning was 2.8. However, for the statement
concerning too much control at the end, subjects
operating in declarative mode in the final session
(where the user had the initiative) gave an average
rating of 2.5 while subjects operating in directive
mode (strong computer initiative), gave an average
rating of 4.1.

Thus, while the subjects who had control at the
end were content with the system interaction, the
subjects who were forced to give back control to the
computer in the final session agreed that the com-
puter had too much control at the end. We see from
these results that a variable initiative system can
provide the proper level of control for both the be-
ginning and the experienced user.

6 Evaluation: System Requirements

for Variable Initiative

In the previous two sections we have seen experi-
mental results that support the idea that a variable
initiative system is capable of providing the flexibil-
ity neeeded to interact successfully with both expe-
rienced and novice users. The results also provide
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an indication of the types of knowledge and process-
ing a computer system needs to enable this flexible
interaction. They include

¯ a model of the user’s goals/focus;

¯ a rich domain model; and
¯ robust behavior in the presence of speech recog-

nition errors.

These factors are discussed below.

6.1 A Model of the User

If the system is to allow users to have the initiative
at various times in a dialog, and initiative is related
to the ability of the user to interrupt to his or her
own goals of interest, a cooperative system must be
able to identify and track what a user’s goals are (or
could possibly be) in order to respond appropriately.
Our system did not perform explicit plan recognition
but relied on identification of the subcircuit to which
a user’s utterance pertained in order to provide a
cooperative response. Explicit recognition of a user’s
goals should be more crucial as the tight coupling
between task and dialog is relaxed. Note that the
flexibility of dialog can allow a system some leeway.
If it does not identify the exact user goal the first
time, the user has the ability to more directly inform
the computer of the explicit goal of interest (e.g. "I
want to examine the power circuit.")

6.2 A Rich Domain Model

In support of obtaining a model of the user’s goals,
the general dialog system must have access to a rich
model of the problem domain. Our architecture sup-
ports such access for a general dialog processor via
a standardized interface to the domain processing
module (see [Smith, 1991] for details). This domain-
dependent module must be capable of providing the
needed types of reasoning as requested by the dialog
processor.

In particular, when there is an attempt to com-
plete a domain goal, and there is a missing ax-
iom that requires the use of language, the do-
main processor must provide the semantic expec-
tations pertaining to explicit domain observations
(e.g. value(switch,position,up) ). In contrast, 
dialog processing component describes expectations
based on general characteristics about goals in task-
oriented dialogs and includes any utterances where
context is required to complete the interpretation.
Examples of such expectations include yes/no re-
sponses, clarification requests, elliptical responses,
and pronominal reference.

It was previously stated that when the user has
the initiative, the utterances tend to more com-
pletely specify the domain situation. This is borne
out empirically by an examination of the 2840 utter-
ances collected during the experiment. After insert-
ing discourse monitoring statements into the system
software and rerunning simulations of the original
dialogs, we observed that when the user had the ini-
tiative that domain knowledge was the expectation
source for the user utterance 67% of the time, but
only 32% of the time when the computer had the
initiative. These results support the idea that a vari-
able initiative system requires a rich domain model
so that domain specific expectations can be used by
the general dialog system.

6.3 Robust Behavior

Finally, variable initiative behavior provides aa in-
teresting tradeoff when spoken interaction is al-
lowed. User initiative encourages longer user utter-
ances that increase the likelihood of a misrecogni-
tion and possibly a misunderstanding, but user ini-
tiative also facilitates error recovery from miscom-
munication. [Hipp, 1992] describes a robust pars-
ing algorithm that always finds a grammatical parse
of an utterance, although it may require additions,
deletions, and/or substitutions of words. This al-
gorithm, which uses dialog expectations to assist
in the interpretation process, enabled our system
to correctly understand 81.5% of all utterances al-
though only 50.0% were correctly recognized word
for word by the Verbex speech recognizer. Never-
theless, 18.5% of the utterances were not fully inter-
preted correctly.

These misinterpretations can cause confusion be-
tween the user and system and ultimate failure of
the dialog. For the experiment, whenever a serious
misrecognition occurred that caused the system to
interpret the utterance in a way which contradicted
what was meant, the experimenter was allowed to
tell the subject that a misrecognition had occurred,
and to tell the user the interpretation made by the
system, but could say nothia9 else. With the system
running in declarative mode, the experimenter had
to make such statements after 11.7% of the user’s
utterances, but when the system was operating in
directive mode, such statements were required after
only 3.8% of the user’s utterances. Not all misrecog-
nitions required experimenter interaction.

This paradigm for notifying the user of a serious
misrecognition leaves the responsibility with the user
to try to correct the computer’s misunderstanding.
User correction is much easier to do with user initia-
tive as the user can simply repeat the previous ut-
terance, and the computer will allow an "interrupt"
back to the original goal. Unfortunately, when the
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computer has the initiative, it might proceed down
the wrong problem-solving path for many utterances
before questioning the erroneous statement. Thus,
user initiative enhances the chance for miscommu-
nication in a given utterance, but it also enhances
the opportunity to quickly recover from such mis-
communications.

It is unlikely that speech recognizers will be 100%
accurate anytime in the near future, and robust
mechanisms for recovery from miscommunication
are essential. Variable initiative behavior provides
a natural one -- if necessary, allow the user to take
the initiative to correct the misunderstanding before
resetting the initiative to the original value. How-
ever, an algorithm for automatically varying initia-
tive remains an open problem.
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