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Abstract

The goal of the research described in this article is to determine in what way speech recognition errors can be han-

dled best in a multimodal form-filling interface. Besides two well-known error correction mechanisms (re-speaking the

value and choosing the correct value from a list of alternatives), the interface offers a novel correction mechanism in

which the user selects the first letter of the target word from a soft-keyboard, after which the utterance is recognized

once again, with a limited language model and lexicon. The multimodal interface that was used is a web-based

form-filling GUI, extended with a speech overlay, which allows for pen and speech input. The effectiveness and effi-

ciency of the error correction mechanisms, the error correction strategies that are applied by the users and the effects

on user satisfaction were studied in an evaluation in which the interface was tested in two conditions: in one condition

(LIST), the interface provides only re-speaking and the alternatives list as error correction facilities. In the other con-

dition (LETTER), the interface provides the soft-keyboard technique as an additional error correction facility. The

study shows that error correction was more effective in the LETTER condition than in the LIST condition. The Key-

board correction facility enables the users to solve errors that could not be solved using the Re-speak method or by

choosing from a list of alternatives. In spite of its low effectiveness, subjects initially attempted to use Re-speaking

for error correction in both interfaces. However, we also found that subjects rapidly learned to choose the most effective

option (Keyboard) immediately as they gain experience. The user satisfaction turned out to be higher for the LETTER

interface than for the LIST interface: subjects considered the LETTER interface to be more useful and less frustrating

and they felt more in control. As a result, most subjects clearly preferred the LETTER interface.
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1. Introduction

This article addresses error correction in

speech-centric multimodal information systems:

how are speech recognition errors handled best
in a multimodal form-filling interface? Automatic

speech recognition (ASR) is applied increasingly

often in information systems: a great deal of re-

search effort is put into finding ways to enhance

graphical user interfaces (GUIs) with a speech

overlay for situations in which the keyboard and

mouse cannot be used as an input devices, as in

services that are accessed through a PDA (for
examples of prototype systems, cf. Cohen et al.,

1997; Huang et al., 2001; Johnston et al., 2002).

Although speech recognition accuracies nowadays

can be quite high (in limited domains and in rela-

tively quiet environments), speech recognition er-

rors will always occur, if only because of the

existence of (near) homophones and ambiguous

pronunciations. Speech recognition errors strongly
influence the way people perceive a speech driven

information system: they dislike interactive sys-

tems that make a lot of errors (Karat et al.,

1999). The appreciation of an interface depends

also on the ease of use of the facilities that are of-

fered to correct errors (Mankoff and Abowd, 1999;

Zajicek and Hewitt, 1990).

In error handling in interactive systems three is-
sues are at stake (Mankoff and Abowd, 1999). The

first issue is error reduction or error prevention.

Obviously, the number of errors should be as

low as possible, which can be achieved by optimiz-

ing the accuracy and robustness of the speech rec-

ognizer (or other recognition components) for the

given task. Furthermore, it has been shown that

multimodal interaction can enhance ASR perfor-
mance in several ways (Oviatt, 2000). Firstly, the

language people use when interacting multimo-

dally tends to be brief and simple from a grammat-

ical point of view. Moreover, people tend to

choose the modality that they think is best suited

for the information that has to be conveyed. Final-

ly, some applications allow combining multiple

modalities in such a way that mutual disambigua-
tion can take place. Whereas the first two advanta-

ges apply to many different types of multimodal

interfaces, mutual disambiguation mostly applies
to applications where referring expressions or spa-

tial commands play an important role; thus, it is

not likely to be successfully applied in form-filling

interfaces (Oviatt, 1999).

The second issue in error handling is error
detection. Either the user or the system must detect

that an error has occurred, before steps can be ta-

ken to correct the error. Although it may be very

hard for a system to detect its own mistakes, it

may decide that a specific value is likely to be

incorrect on the basis of confidence measures or

by looking at the dialogue history. By providing

feedback of the recognition result, either in a spo-
ken confirmation question or visually, the system

enables the user to discover the error and to notify

the system that a mistake has been made.

The final issue in error handling is error cor-

rection: if an error has been detected, either the

user or the system must try to solve it. A multi-

modal interface in which speech is combined

with pen input, may support error correction in
various ways, for example by allowing the user

to select the correct option from a list, or type

the correct value on a soft-keyboard, in addition

to re-speaking. Facilities for correcting recogni-

tion errors in multimodal human-machine com-

munication and the strategies users apply when

faced with errors have been studied before by

various authors in several conditions. Oviatt
and VanGent (1996) studied error correction in

the context of a Wizard-of-Oz study with a mul-

timodal transaction system. They examined how

users strategically adapt and integrate their use

of input modes and lexical expressions while

resolving recognition errors. They found that

speech was preferred over writing as input mode;

in addition, if a recognition error was detected,
their subjects tried to correct it by re-speaking.

However, if the error persisted, subject switched

to writing. In the users� perception, speaking

more slowly (with a tendency towards hyper-

articulation) and switching to another modality

were the most effective means to resolve errors,

although in this study errors were not dependent

on input modality or style.
Several authors studied error correction in the

context of multimodal dictation systems. Suhm

et al. (2001) investigated whether multimodal



J. Sturm, L. Boves / Speech Communication 45 (2005) 289–303 291
error correction was faster and more accurate

than unimodal correction, and whether users

learn which modality works best for them. The

study shows that multimodal error correction

was indeed faster than unimodal correction by
re-speaking. Furthermore, they found that ASR

accuracy decreased in repeated correction at-

tempts, unless people switched to a different

modality. The explanation is that in spoken re-

pairs (repetitions) people tend to hyper-articu-

late. It is well known that hyper-articulate

speech deteriorates the accuracy of automatic

speech recognition, because it increases the mis-
match between the spoken input and the acoustic

models of the ASR system (Oviatt et al., 1996;

Levow, 1998). In spite of the fact that the speech

recognition accuracy decreases substantially in

correction attempts, Suhm et al. (2001) saw that

users initially preferred speech for error correc-

tion. However, they learned to switch to the

most efficient modality when evidence that cer-
tain modalities are less effective than others accu-

mulated, which is in line with what Oviatt and

VanGent (1996) found. Thus, recognition accu-

racy had a significant influence on the users�
choice between modalities. Karat et al. (1999)

and Halverson et al. (1999) also studied the effi-

ciency and effectiveness of error correction facil-

ities in dictation systems (re-dictation, spelling,
and choosing from a list of alternatives). They

found that subjects stick to re-dictation to cor-

rect errors in spite of decreased recognition accu-

racy. Spelling and choosing from a list of

alternatives were used much less often. In con-

trast to Oviatt and VanGent, Karat et al. and

Halverson et al. found that subjects stayed in

the speech mode just as often as switching to
the keyboard mode to correct errors. Larson

and Mowatt (2003) studied the use of four error

correction mechanisms used in commercial dicta-

tion systems on a Tablet PC in order to examine

users� preferences for and combinations of error

correction methods. Again, re-dictation turned

out to be the correction method that was used

most frequently. Subjects also liked this method
best. The initial effectiveness of the alternatives

list was only around 50%. Efforts to make the

use of the alternatives list easier, such as making
it easier to access and dismiss the alternatives list

and improving its accuracy, resulted in a large

increase in its frequency of use compared to

what was observed by Karat et al. (1999). Even-

tually, the most popular repair strategy was to
try the alternates list first and then switch to

re-dictation if the correct alternative would not

be in the list.

The goal of the research described in this article

is to investigate how subjects handle speech recog-

nition errors in a fully implemented speech-centric

multimodal form-filling interface to a service that

is routinely used by the subjects with a desktop
GUI interface. This guarantees that there is no

confounding between learning to use the interface

and learning to use the service. Although error

correction has been studied before, many of these

studies were based on dictation systems (which

may pose learning problems in their own right)

or Wizard-of-Oz evaluations (which may �handle�
speech recognition errors differently than a real
speech recognition system). Furthermore, whereas

in most studies the correction facilities were lim-

ited to re-speaking, choosing from a list of alterna-

tives or typing on a soft-keyboard, we investigate a

novel method to correct speech recognition errors,

which we expect to be more efficient and more

effective in our application than the conventional

methods. The factual questions that we aim to an-
swer with this research are: Which of the error cor-

rection methods that can be offered in a

multimodal form-filling interface is most effective

and efficient? What strategies are applied by users

when they try to correct a speech recognition er-

ror? And what is the effect of different error correc-

tion mechanisms on user satisfaction? Based on

the answers to these factual questions we hope to
be able to formulate guidelines for the design of

multimodal form-filling applications.

The remainder of this article is organized as fol-

lows: in Section 2 we first describe the interface

that was used and the error correction facilities

that are offered in this interface, including the no-

vel error correction method that we propose. We

continue this section by providing information
about the subjects, their tasks and the evaluation

measures that were used. Section 3 presents and

discusses the results for the objective measures,
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the observed user strategies and the user satisfac-

tion scores. In Section 4 we conclude with a gen-

eral discussion and we summarize the most

important conclusions and we give some recom-

mendations for the design of multimodal form-fill-
ing applications.
2. Methods

2.1. The multimodal interface

The multimodal interface that is used in this
study provides timetable information for railway

connections in the Netherlands. In order to re-

trieve a travel advice for a specific trip, users must

provide five information items: the departure and

destination stations, the date, the time, and a

switch indicating whether the information data-

base should be queried with an estimated arrival

or departure time.
The speech driven interface (cf. Fig. 1) is

adapted from the web-based GUI service offered

by the Dutch Railways (Sturm et al., 2001,

2002a,b). The ASR system replaces the keyboard,

while a pointing device offers the point-and-click
Fig. 1. Screen shot of the multimodal form-filling interface

(translated to English).
functions of the mouse. This functionality makes

that the interface is representative of many multi-

modal pilot services for PDAs.

The interface has a so-called tap-and-talk func-

tionality: to enter a value for a specific field, the
user must tap the microphone button associated

with this field, after which one can speak the cor-

responding value (Huang et al., 2001). Once the re-

corded utterance has been processed by the speech

recognizer, the recognized value is shown on the

screen. If nothing could be recognized, �???� is dis-
played in the field. Besides feedback of the recog-

nition result, the graphical interface provides
information about the system status, by coloring

the microphone buttons green when the micro-

phone is open and by showing an hour glass when

the system is busy recognizing speech. Several val-

ues (i.e. today/tomorrow and departure/arrival) can

be provided without using speech, by tapping one

of the radio buttons. When the form is complete,

pressing the Search button forces the system to
query the database for a travel advice. The result-

ing travel advice is shown on the screen.

Although the interface has been devised for use

on small mobile devices, such as a PDA, in this

study it was simulated on a desktop PC. Pen input

could be provided by pushing buttons on a touch

screen; speech input could be provided through a

head-mounted close-talking microphone.
In this study, the interface is tested in two con-

ditions, which differ only in the error correction

facilities they offer. This will be explained in more

detail in the next subsection.

2.2. Error correction facilities

The interface in our experiment offers several
facilities to correct speech recognition errors. In

this study we focus on correction facilities for the

departure and destination station names; most

speech recognition errors occur in these concepts,

as these are the ones with the largest vocabularies.

Since recognition accuracies for dates and times

(the other two fields for which speech is required)

were quite high, we did not take special measures
to facilitate error correction for these fields. More-

over, the correction facilities that our interface

offers for the station names are probably sub-



Fig. 3. Screen shot of the soft-keyboard.
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optimal for correcting dates or times; these can

best be corrected using graphical methods such

as clicking on a calendar or clock.

For the station names the interface offers the

following possibilities to correct recognition
errors:

1. Re-speaking: The user may identify an error by

pressing the microphone button associated with

the field in which the error occurred. Pressing

the microphone button causes the field to be

emptied, after which the user can speak the

value once again.
2. Alternatives list: Users may also correct recogni-

tion errors by selecting the correct word from a

list of alternatives. The speech recognizer that is

used in our system delivers an N-best list. The

application system augments this list with all

stations that may be present in the city that

was recognized as first best. For example the

alternatives list of �Venlo� may contain �Vleuten�
and �Vught� as recognition alternatives, but it

will also contain �Venlo Blerick�, which is

another station in the city of Venlo. The result-

ing alternatives list can be accessed in the form

of a drop-down window by tapping the down

arrow that appears in the right hand corner of

the field that shows the first best recognition

result (cf. Figs. 1 and 2). The alternatives list
will be useless if the ASR output consisted of

the first best only, for a city with only a single

station. Also, the alternatives list does not nec-

essarily contain the correct value. The alterna-

tives list is also empty when the ASR system

was not able to recognize anything, i.e. when

�???� appears in the field.
Fig. 2. Screen shot of a dropdown list with alternatives.
3. Keyboard: This error correction mechanism is

a combination of a soft-keyboard and adapta-
tion of the active recognition lexicon. If an

utterance is recognized incorrectly, the user

can invoke a soft-keyboard (cf. Fig. 3) by

pushing a special button on the screen. Note

that Figs. 1 and 2 show the interface without

this keyboard button. From the soft-keyboard

one may select the first letter of the target

word by tapping it. Selecting the first letter
causes the speech recognizer to re-process the

previous utterance, but with a lexicon and lan-

guage model that contain only words starting

with the selected letter. The Keyboard option

does not require the user to speak the value

again: recognition is done on the previously

recorded utterance. The keyboard buttons

only become active after a station name has
been spoken, and once the first letter has been

selected, it disappears immediately; it is there-

fore not possible to input values by typing on

the soft-keyboard.

Using the Keyboard correction facility, confu-

sions between acoustically similar station

names, such as /Baarn/ and /Maarn/ or /Zwolle/

and /Swalmen/ can be solved in a way that may
be more effective than re-speaking and perhaps

also selecting from an alternatives list.

It is important to note that none of the correc-

tion facilities described above guarantees success.

It may therefore happen that the user is not able

to convey the correct information, in which case



1 Station names were carefully selected to be equally error

prone based on ASR output obtained with a large corpus of

relevant speech recordings. However, in actual practice it

appeared that some names caused considerably more recogni-

tion errors than others. To circumvent this effect, it would have

been better to balance station names between the two condi-

tions. However, we are confident that this methodological

weakness does not affect the validity of the results of the

experiment.
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a subject may decide to end the interaction without

having obtained the desired information.

In this study the interface is used in two condi-

tions. In one condition, the interface provides only

re-speaking and the alternatives list as error cor-
rection facilities. This will be referred to as the

LIST condition. In the other condition, the inter-

face provides the Keyboard technique as an addi-

tional error correction facility. This will be referred

to as the LETTER condition. The LETTER inter-

face looks the same as the LIST interface, except

for the two additional buttons showing a key-

board, which can be used to invoke the soft-key-
board. These keyboard buttons are placed next

to the microphone buttons.

2.3. Subjects, tasks and evaluation measures

Twenty four subjects took part in an evaluation

with a within-subjects design, in which each sub-

ject tested both interfaces. To avoid order effects,
the subjects were divided into two groups; each

group tested the two interfaces in a different order.

The subjects (15 male and 9 female) represent dif-

ferent ages (from 19 to 58) and different education

levels. All subjects had experience with computers

and half of the subjects had used a touch screen

before. In order to get timetable information, most

subjects consult the official website of the Dutch
Railways. Only a few subjects had previous experi-

ence with the telephone based spoken dialogue sys-

tem of the Dutch Railways or with any other

spoken dialogue system.

Each session started with a short instruction in

which the subject was told that the goal of the

experiment was to investigate error correction in

speech-centric multimodal information systems.
During the instruction, the subjects were shown

how the interface could be started and they were

instructed how to operate it. After carrying out

one practice task, the subjects were asked to obtain

travel information about six trips both with the

LIST interface and with the LETTER interface.

In order to make sure that recognition errors

would occur, several tasks contained station
names that have a high confusability with other

words in the vocabulary and therefore are hard

to recognize, such as Tegelen, IJlst, Coevorden,
Echt, etc. Table 1 shows the six tasks that were

used for each system. 1

After completing a series of tasks with one of

the two interfaces, subjects were asked to fill out

a questionnaire consisting of 20 Likert-scale state-
ments about different aspects of the interface, such

as ‘‘I thought the interface was efficient’’ and ‘‘I

felt in control when using the interface’’. The full

questionnaire is given in Appendix A. Finally,

after having tested both interfaces, subjects filled

out a small comparative questionnaire, which

was used to measure user preferences.

Speech and pointing actions of all interactions
were automatically logged, including time stamps.

All speech data were orthographically transcribed.

The transcribed dialogue loggings were used to

calculate objective performance measures, such

as the effectiveness and efficiency of the different

error correction facilities, and to analyze user pref-

erences for error correction facilities and the strat-

egies users apply for correcting errors. Dialogue
duration was measured in seconds from the start

of the first user action (clicking on a microphone

or radio button) until the moment the Search but-

ton is pressed. Speech recognition performance

was measured in terms of recognition error rate,

which we define as the percentage of relevant

information items that were recognized incor-

rectly. The length of the correction sub-dialogues
was measured as the number of user turns dedi-

cated to correcting one error. Here, a user turn is

defined as a set of user actions aimed at providing

one value (clicking on the microphone button and

speaking, pulling down the drop-down menu and

choosing one of the values, etc.). The frequency

of occurrence was defined as the number of times

subjects chose a specific error correction facility,
and the effectiveness of the three error correction

facilities was measured in terms of the percentage



Table 2

Overview of objective measures

LIST LETTER

General interaction data

Table 1

Description of tasks

From To Date Time

LIST1 Maastricht Breda Tomorrow 2:30 pm

LIST2 Delft Tegelen Tomorrow 10:30 am

LIST3 Swalmen Tilburg West Thursday 8:00 am

LIST4 Den Helder Rotterdam Noord Tonight 7:00 pm

LIST5 Zwolle Warffum Sunday 8:30 am

LIST6 Coevorden Almelo Tonight 10:00 pm

LETTER1 Rotterdam Leeuwarden Tomorrow 8:30 am

LETTER2 Roosendaal Echt Sunday 1:30 pm

LETTER3 Obdam Breda Prinsenbeek Today 5:00 pm

LETTER4 Venlo Utrecht Lunetten Tonight 11:00 pm

LETTER5 Ommen IJlst Tomorrow 4:30 pm

LETTER6 Nijmegen Culemborg Thursday 7:00 am
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of correction attempts in which the error was

solved. User satisfaction was measured by means

of the Likert-scale scores and user preferences were

measured from the preferences questionnaire.
Total number of interactions 144 144

Number of successful interactions 106 139

Mean duration of successful

interactions (s)

44.4 50.2

Mean number of turns

in successful interactions

7.6 8.0

Mean overall recognition

error rate

43.5 31.7

Error correction

Total number of station names 281 287

Total number of

error correction

dialogues (station names)

96 (34.2%) 122 (42.5%)

Total number of errors solved 59 (60.6%) 118 (96.7%)

Mean number of user turns

in error correction dialogues

3.7 2.3

Effectiveness

Re-speak 16.6% 11.2%

Alternatives list 16.0% 36.2%

Keyboard n/a 76.4%

Usage frequencies

Total # re-speak

(for correction only)

277 (78.7%) 89 (33.7%)

Total # alternatives list 75 (21.3%) 65 (24.6%)

Total # keyboard n/a 110 (41.7%)
3. Results and discussion

In this section we first present and discuss the

data about error correction, such as how many er-

rors were made, how many of these errors could be

solved and in what way they were solved. Table 2

gives a summary of all objective performance data.

We first discuss the data in Table 2; in doing so, we

will defer the general interaction data in the first

panel until the end, because they are easier to ex-
plain using the information in the subsequent pan-

els. We then proceed with a discussion of the

interaction patterns the subjects applied after

which we present the user satisfaction data. The

error correction and interaction details are based

on the station names only, since these are the only

fields for which multiple correction facilities were

provided (see Section 2.2).

3.1. Error correction

All 24 subjects carried out six tasks with each of

the two interfaces, yielding a total of 144 interac-

tions for each interface. With the LIST interface

106 interactions (74.3%) were completed success-

fully (i.e. subjects obtained the desired travel ad-
vice); with the LETTER interface 139

interactions (96.5%) were completed successfully.

A t-test showed that this difference is significant

(t(23) = 6.78, p < .01). Two interactions in the
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LETTER condition failed due to problems in

entering information other than the station names;

all other failures in both conditions were due to

problems with the station names.

The LIST interactions contained a total of 281
station names; the LETTER interactions con-

tained 287 station names. In principle, 144 interac-

tions with two station names each would yield 288

station names; the difference is caused by the fact

that in a number of dialogues the subject gave

up before both station names had been entered,

because of persistent recognition errors.

Table 2 shows that more station names were
recognized incorrectly in the first attempt to enter

them in the LETTER interface than in the LIST

interface (42.5% and 34.2%, respectively). This dif-

ference is significant (t(23) = 3.15, p < .01). Obvi-

ously, this leads to the conclusion that the

station names that were used in the tasks were

not equally hard for the recognizer, despite the fact

that they showed the same performance in off-line
tests. The fact that the recognition error rate is

very high to begin with is not surprising: the sta-

tion names were deliberately chosen to cause a

large proportion of errors, so as to facilitate our

investigation of error correction procedures.

While the absolute number of error correction

dialogues in the LETTER condition was higher,
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it appeared that the average number of turns to

correct them was lower than in the LIST condi-

tion. Fig. 4 shows that the majority of the error

correction dialogues in the LETTER condition re-

quire only one or two user actions, whereas in the
LIST condition the proportion of error correction

dialogues that require more than two user actions

is much larger. In the LIST condition correcting

an error took 3.7 turns on average, with the LET-

TER interface the average number of correction

turns is significantly shorter: about 2.3 turns

(t(23) = �3.62, p < .01).

Error correction using the LETTER interface
was also more effective than error correction using

the LIST interface: 118 of the errors could be solved

in the LETTER interface (97%), whereas in the

LIST interface only 59 errors could be solved

(61%). This difference is significant (t(23) = �6.52,

p < .01). Obviously, the Keyboard correction

facility in the LETTER interface enabled the users

to solve errors that could not be solved using the
Re-speak method or by choosing from a list of

alternatives that were available in the LIST

condition.

In the LIST condition 79% of all correction at-

tempts were done using the Re-speak method,

whereas the Alternatives list was used in only

21% of the cases. The frequencies of use of the
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two methods deviate significantly from the

assumption that they are equal (v2 = 11.52,

p < .01). The main explanation for the low use of

the Alternatives list is that in about half of the

cases the Alternatives list was empty, because the
ASR system recognized something else than a sta-

tion name or nothing at all (resulting in the �???�
display, without the down error to open a drop-

down list). In this situation, Re-speak was the only

available option. The Alternatives list was used in

75% of the cases where it was actually available,

whereas the Re-speak method was preferred only

in 25% of these cases. This suggests that our sub-
jects did not default to Re-speaking as the pre-

ferred error correction strategy, simply because

staying in the speech mode would require least

cognitive effort.

Interactions with the LETTER interface show a

different tendency. Here, subjects tried to correct

most errors using the Keyboard (42%). In 34%

of the errors in the LETTER condition subjects
tried to correct them using the Re-speak option

and in 25% of the cases the Alternatives list was

tried. The differences are significant (v2 = 11.01,

p < .01). It should be noted however, that the Key-

board facility can only be used if the recognized

word starts with a different letter than the target

word; else re-recognition with a restricted vocabu-

lary and language model will not help. Analysis of
the recognition results showed that 93% of the

errors started with a different letter than the target

word. The Keyboard was used in 52% of these

cases. Furthermore, again the Alternatives list

was only available in about 50% of the errors. Sub-

jects used the Alternatives list in 54% of the cases

where it was actually available. Thus, the data in

the bottom panel of Table 2 tell only part of the
full story. The preference for the Keyboard option

that appears from the raw data must be qualified,

because it is inflated by the fact that its competitor

(the Alternatives list) was often not available as a

result of the operation of the ASR system. When

subjects had the choice between Keyboard and

Alternatives, they used Alternatives twice as often

as Keyboard. There was no confounding effect of
the order in which the interfaces were used. The

preference for the Alternatives list -if available-

was equally evident in both groups.
In the LETTER condition, the Keyboard op-

tion turned out to be by far the most effective

method to correct errors: 76.4% of the correction

attempts for which the Keyboard was used were

successful. The effectiveness of the Alternatives list
in the LETTER condition was 36.2%. The Re-

speak option is least effective (11.2%). In line with

studies by Suhm et al. (2001) and Levow (1998),

we found that the ASR performance in terms of

recognition error rate dropped substantially from

71% for the first attempt to 29% for the correction

attempts. The explanation for this observation is

twofold. First of all, the set of values that need
to be corrected is obviously very much biased to-

wards the difficult station names, since these are

the ones that were misrecognized in the first place.

Furthermore, recognition of repetitions is harder,

because people tend to hyper-articulate if they

have to repeat the same value and cannot resort

to changes in wording (which is virtually impossi-

ble in the case of station names) (Oviatt et al.,
1996). This strongly suggests that there is a large

premium to be had if multimodal form-filling

interfaces can be designed in such a way that it is

natural for the users to avoid the Re-speak method

for correcting errors.

In the LIST condition the two available error

correction facilities, the Alternatives list and the

Re-speak method, were equally effective (16.0%
and 16.6%, respectively). We have not been able

to find an explanation for the difference between

the effectiveness of the Alternatives list in the LIST

and LETTER conditions.

The scene is now set for a discussion of the data

in the top panel of Table 2. The average duration

of a successfully completed interaction was 44.4 s

for the LIST interface and 50.2 s for the LETTER
interface. This difference is significant (t(23) =

2.28, p < .05). The main explanation for the ob-

served difference in efficiency is the fact that the

average duration is based on the successfully com-

pleted dialogues only. The longer dialogues, those

in which many recognition errors had to be cor-

rected, more often ended successfully in the LET-

TER condition than in the LIST condition,
which has caused a higher average number of turns

in the LETTER condition than in the LIST condi-

tion (8.0 versus 7.6 (t(23) = 1.61; n.s.)).



Table 4

Observed error correction strategies in the LETTER condition

1st attempt 1st correction

attempt

2nd correction

attempt

No. of

occurrences

Speak Re-speak – 8

Speak Re-speak Keyboard 27

Speak Re-speak Alternatives list 9

Speak Re-speak Re-speak 8 (52 total)

Speak Keyboard – 38
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The higher mean overall recognition error rate

in the LIST condition (43.5% vs. 31.7% for the

LETTER condition) is due to the higher number

of Re-speak attempts in the LIST condition, where

the Keyboard option was not available. Thus, re-
peated failures to correct errors by Re-speaking

in the LIST condition appear to outnumber the

larger number of initial ASR errors for station

names in the LETTER condition.

Speak Keyboard Alternatives list 3

Speak Keyboard Re-speak 0

Speak Keyboard Keyboard 0 (41 total)

Speak Alternatives list – 15

Speak Alternatives list Keyboard 8

Speak Alternatives list Re-speak 6

Speak Alternatives list Alternatives list 0 (29 total)

Total number of error correction dialogues 122
3.2. Interaction patterns

Observing the behavior of subjects in the case of
errors across several correction turns, we found

that, despite the fact that there were large differ-

ences between the subjects, a number of interac-

tion patterns can be defined that are shared by

groups of subjects. These interaction patterns are

summarized in Table 3 (LIST condition) and

Table 4 (LETTER condition) for the first two

turns in the correction sub dialogues.
Both in the LETTER and in the LIST condition

a large group of subjects had a preference for the

Re-speak method in their first correction attempt.

If their attempt to correct the error using the Re-

speak method failed, in the LETTER condition

subjects would switch from the speech mode to

the Keyboard option. Re-speak and the Alterna-

tives list were both used far less in the second cor-
rection attempt. Another group of subjects

immediately switched to the Keyboard option for

the first correction attempt; in this case, because

of the high effectiveness of the Keyboard option,
Table 3

Observed error correction strategies in the LIST condition

1st attempt 1st correction

attempt

2nd correction

attempt

No. of

occurrences

Speak Re-speak – 19

Speak Re-speak Re-speak 44

Speak Re-speak Alternatives list 15 (78 total)

Speak Alternatives list – 5

Speak Alternatives list Re-speak 13

Speak Alternatives list Alternatives list 0 (18 total)

Total number of error correction dialogues 96
most errors would be solved right away. The Alter-

natives list was used least often, for the reason ex-

plained above. It is interesting to note that,

although Re-speaking was used more often than
either Keyboard or Alternatives list in the LET-

TER condition, it still was used in less than half

the cases where errors had to be corrected. Thus,

it appears that the tendency for subjects to stick

to speaking for correcting errors in a form-filling

application is not particularly strong if other op-

tions are available.

In the LIST condition, the Re-speak method
was most popular as well for the first correction at-

tempt; the alternatives list was used far less. Obvi-

ously, as mentioned in the previous section, in 50%

of the cases, subjects were compelled to re-speak

the value because there was no alternatives list.

Whereas in the LETTER condition most subjects

would switch to the Keyboard option if re-speak-

ing the value had not solved the error, in the LIST
condition most subjects would stick to the Re-

speak option in the second attempt. Obviously,

the preference for Re-speaking is strongly condi-

tioned on the availability of alternative ways to

correct ASR errors.

We found that even though there was only a

limited amount of time to learn (subjects carried

out only six tasks in each of the two conditions)
subjects adjusted their interaction behavior over

time. Whereas in the first tasks the user preferences
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for the three options were fairly equal, especially

for the last two tasks we observed that these

proportions shifted in favor of the Keyboard

method in the LETTER condition. So, instead

of staying in the speech mode, in the later dia-
logues subjects tended to switch to the most

effective option immediately. Apparently, it does

not take much time to learn how to correct

errors in the most effective and efficient way.

We observed the same behavior in a more exten-

sive study of the effect that experience has on the

way users interact with a multimodal interface

(Sturm et al., 2002b). Although in that study
we did not address error correction specifically,

we found that users need some time to find out

what the optimal way is to operate the system,

and that their behavior evolves towards the most

efficient way.

3.3. User satisfaction

Almost all Likert-scale judgments were more

positive for the LETTER interface than for the

LIST interface. Table 5 shows the mean scores

of the ten statements for which a Wilcoxon
Table 6

User preferences

Question LIS

1. Which system do you think was easiest to use? 0

2. With which system is correcting errors easier? 0

3. Which system do you think was most fun to use? 4

4. Which system would you prefer to use in the future? 4

Table 5

Mean Likert scale scores (scales from 1 to 5; high scores denote agre

Statement

I thought the service was efficient

I thought that it took too long to get the information

I felt in control while using the service

I felt frustrated when using the service

I found it useful that I could use speech as well as the touch screen

I enjoyed using the service

I would be happy to use the service again

I would prefer to use the PC version of the travel information system

I would prefer to speak to a human operator

I feel the service needs a lot of improvement
Signed Ranks Test for related samples found sig-

nificant differences between the LIST and the

LETTER condition. The complete list of state-

ments and associated scores can be found in

Appendix A.
For each of these statements, the LETTER

interface was judged more positively than the

LIST interface. Subjects found the LETTER sys-

tem to be more efficient, they felt more in control

and they found this interface less frustrating. The

combination of speech and pen input was also con-

sidered to be more useful in the LETTER system.

In line with the objective performance data, almost
all subjects indicated that correcting errors was

easier with the LETTER interface than with the

LIST interface. The LIST interface needed more

improvements than the LETTER interface. Conse-

quently, subjects liked the LETTER interface bet-

ter and would be happier to use it again than the

LIST interface. Still, for both interfaces subjects

indicated that they would prefer to use the PC tra-
vel planner, although they would prefer a human

operator only to the LIST interface.

The higher user satisfaction for the LETTER

interface is confirmed by the user preferences.
T (%) LETTER (%) No preference (%)

75 25

96 4

67 29

88 8

ement with the statement, low scores denote disagreement)

LIST LETTER Significance

2.9 3.7 z = �2.976, p < .05

2.8 2.4 z = �2.586, p < .05

3.3 4.2 z = �3.331, p < .05

2.8 1.9 z = �2.825, p < .05

3.3 4.0 z = �2.559, p < .05

3.4 4.1 z = �2.970, p < .05

2.6 3.8 z = �3.581, p < .05

4.4 3.6 z = �3.087, p < .05

3.4 2.3 z = �3.358, p < .05

3.6 2.8 z = �2.584, p < .05
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Table 6 shows the results of the four preferences

questions.

As can be seen, most subjects preferred the

LETTER interface on all four aspects, although

a number of subjects thought there was no differ-
ence between the two conditions regarding the ease

of use and the fun to use it. Almost all subjects

considered correcting errors to be easiest using

the LETTER interface. It is of some interest to

note that the higher proportion of recognition er-

rors for station names (cf. Table 2) in the LET-

TER interface had no impact on the subjects�
preference. There are two possible explanations:
either subjects do not experience the difference be-

tween 42% and 34% error rate as �significant�, be-
cause both are annoyingly high; or the higher

frustration due to errors in the LETTER interface

is completely compensated by the superior error

correction facilities.
3.4. Correlation between objective performance

data and user satisfaction judgments

We carried out a Stepwise Multiple Regres-

sion Analysis to investigate to what extent the

objective performance data explain the user satis-

faction judgments. The results of this analysis

show that in both interfaces the proportion of

successfully completed tasks and the number of
turns spent in correcting errors are the most

important predictors. Interestingly, the propor-

tion of explained variance was consistently high-

er for the LIST interface. However, in no case

could more than approximately 45% of the vari-

ance in the judgments be explained by the objec-

tive measures. The limited success of the

regression analysis should not come as a sur-
prise. In their analysis of a unimodal speech dri-

ven service Walker and Passonneau (2001) found

similar cumulative predictive power for a range

of objective measures. In multimodal interaction,

where the number of different ways to reach the

same goal is substantially larger, increasing the

degree of idiosyncrasy in the objective measures,

one would only expect that the power of objec-
tive measures to explain subjective judgments

should be weaker.
4. General discussion and guidelines for designing

multimodal form-filling applications

The goal of the research described in this article

was to determine how subjects handle speech rec-
ognition errors in a multimodal form-filling inter-

face, depending on the availability of alternative

options, in a fully implemented service that all sub-

jects routinely use via a desktop GUI application.

Besides well-known error correction mechanisms,

such as re-speaking and choosing from a list of

alternatives, the interface offers a novel hybrid cor-

rection mechanism in which the user taps the first
letter of the target word on a �soft-keyboard�, after
which the system re-processes the initial spoken

input with a restricted language model and lexi-

con. The effectiveness and efficiency of different

error correction mechanisms, the error correction

strategies that were applied and the effects on user

satisfaction were studied in an evaluation in which

the interface was tested in two conditions: in one
condition (LIST), the interface only provides re-

speaking and the alternatives list as error correc-

tion facilities. In the other condition (LETTER),

the interface provides the soft-keyboard technique

as an additional error correction facility.

The Keyboard option that was available in the

LETTER condition proved to be by far the most

effective way to correct errors: in 76% of all correc-
tions using the Keyboard option the error was

solved. In our implementation, however, if the sta-

tion name that was spoken is recognized as a dif-

ferent station name starting with the same letter,

the error could not be corrected by choosing the

first letter and re-recognizing the utterance with a

smaller lexicon. The effectiveness of the Keyboard

option could be improved further if in this case the
station name that was recognized in the first place

would be removed from the lexicon. This can be

done safely, since the user has already indicated

the word to be wrong (Ainsworth and Pratt,

1992). In this context, it must be noted that the

Keyboard option has been successfully applied in

experiments with a multimodal Routefinder appli-

cation in which the lexicon was about ten times
bigger than the lexicon that was used in our exper-

iments (Niklfeld et al., 2002). To reap the full

advantage of the restriction of the lexicon, one
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needs an ASR system that can dynamically adapt

its lexicon and language model on the fly. In our

test system dynamic adaptation of the lexicon

was simulated by running 27 ASR systems in par-

allel, one with the full lexicon, and 26 with reduced
lexicons.

The Alternatives list was much less effective

than the Keyboard method: only 16% of the at-

tempts to solve an error using the Alternatives list

were successful in the LIST interface versus 36% in

the LETTER interface. Moreover, the Alterna-

tives list was only available in about 50% of the

erroneously recognized station names. Neverthe-
less, in those situations where it could be applied

it was actually used in 54% (LETTER condition)

or 75% (LIST condition) of the cases. In fact, in

these situations the Alternatives list was used more

often than the Keyboard option, which had a

much higher effectiveness.

Our results support the findings of Oviatt and

VanGent (1996) and Levow (1998) that spoken
repetition is not a very effective way of repair: only

between 17% (LIST condition) and 11% (LET-

TER condition) of the attempts to correct an error

by repeating the value were successful. Although it

is certainly true that the effectiveness of the Re-

speak method for error correction was affected

by the intrinsic difficulty of recognizing confusable

station names, informal observations confirmed
that there is probably also a substantial adverse ef-

fect of hyper-articulation. This is difficult to avoid,

since people know that speaking more clearly helps

to solve speech understanding problems in hu-

man–human communication. However, it is well

known that hyper-articulation has a negative effect

on ASR performance. Therefore, it seems that

interaction designers should strive towards multi-
modal interfaces that encourage other error cor-

rection methods than re-speaking.

In accordance with what Suhm et al. (2001),

Karat et al. (2000) and Halverson et al. (1999)

found, our results indicate that initially users tend

to stay in the speech mode: most subjects started

with a preference for the Re-speak option and only

switched to another modality after they had expe-
rienced that repetition was not likely to correct the

error. However, we also found that as subjects

gained experience, they quickly learned to choose
the most effective option (Keyboard) immediately.

This result shows that previous suggestions that

users have a strong preference to stay in the speech

mode, because switching to an alternative mode

requires an additional cognitive effort, must be
qualified. From our results it seems more likely

that users learn quite rapidly that re-speaking is

not very effective, so that alternative error correc-

tion techniques become more attractive, provided

that they are obvious and easy to use. Thus, the

preference for error correction facilities seems to

depend more on their effectiveness and efficiency,

than on a tendency towards �cognitive laziness�.
This only increases the importance of interface de-

sign that promotes the use of other error correc-

tion methods than re-speaking. Admittedly, our

finding that subjects rapidly learn to avoid re-

speaking if other options are available may have

been caused in part by the fact that the service

used to test error correction facilities did not make

large demands on cognitive processing: all subjects
knew how to use the train timetable information

service. In experiments where subjects have to

learn the application at the same time as the inter-

face, the need for focusing cognitive resources on

the application, at the cost of selecting the most

appropriate error correction facility, may be more

compelling.

If re-speaking for error correction cannot be
avoided, or if users prefer this method for what-

ever reason, both the effectiveness and efficiency

of error correction can be improved substantially

if the ASR system is able to dynamically generate

lexicons and language models, and if that capabil-

ity is used to its fullest extent by the dialogue man-

ager of a multimodal service. If the lexicon can be

adapted on the fly, it should be easy to avoid
repeating the same recognition errors. The very

large proportion of recognition errors that was

corrected in the first attempt with the Keyboard

option suggests that it is worthwhile considering

a design in which users can indicate the first letter

of the word before they speak a name in the first

place.

User satisfaction judgments were generally
higher for the LETTER interface than for the

LIST interface. In a way, the higher satisfaction

scores for the LETTER interface were predictable,
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because this interface offered an additional error

correction facility. However, both the objective

measures and the evaluation scores confirm that

the option to indicate the first character of a name

is easy to learn and to use for the subjects and at
the same time a very powerful means to improve

recognition performance. It is interesting to note

that even in the LETTER condition subjects say

that they would rather use the PC Travel Planner

than the multimodal service. This is probably

due to the fact that our subjects had much more

experience in using that service. However, it must

also be acknowledged that a PC with a full key-
board (and a large screen) is inherently more suit-

able for form-filling information services than a

keyboardless PDA with a small screen. Therefore,

prospective providers of mobile services designed

for PDAs should not expect that users will readily

abandon old-fashioned PC services in favor of

PDAs.

A final note must be made on the distinction be-
tween modes/modalities, their functionality in a

service, and the procedures that are available to

users for combining modalities and functionalities.

Both interfaces tested in our experiment offer the
Table 7

User satisfaction questionnaire (on a scale from 1 to 5, high sco

disagreement)

Statement

1. I had to concentrate hard while using the service

2. When I was using the service, I always knew what I w

3. The service was easy to use

4. I would be happy to use the service again

5. I thought the service was efficient

6. I thought that it took too long to get the information

7. I found the service confusing to use

8. I felt frustrated when using the service

9. I thought the messages were easy to follow

10. I felt in control while using the service

11. I would prefer to use the PC version of the travel inf

12. The service was too fast for me

13. I felt under stress using the service

14. I thought that the service was too complicated

15. I enjoyed using the service

16. I felt that the service was reliable

17. I got flustered when using the service

18. I would prefer to speak to a human operator

19. I feel that the service needs a lot of improvement

20. I found it useful that I could use speech as well as th
same modalities, viz. a combination of speech

and pen for input and text and graphics for out-

put. Yet, the Keyboard option offers very powerful

additional functionality for correcting errors.

Thus, if speech, pen and graphics are available,
finding clever combinations for exploiting these

modalities in specific conditions of a dialogue in

a form-filling service is much more promising than

considering the addition of new modes. But at the

same time it remains true that there is still much to

learn about how speech, pen and graphics can and

should be combined, and how the decisions

vdepend on specific characteristics of an
application.
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ing the Keyboard facility used in the LETTER

interface.
Appendix A. User satisfaction questionnaire

The user satisfaction questionnaire used in this

study is based on the usability questionnaire devel-

oped by the Centre for Communication Interface

Research (CCIR), Edinburgh University together

with British Telecom (BT) (Love et al., 1994).

We adjusted this questionnaire to our situation

by leaving out a number of statements that were
not applicable and by adding a statement concern-

ing the multimodal aspect of the interfaces. Table

7 shows the mean Likert-scale judgments for each

statement both for the LIST interface and for the

LETTER interface.
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