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Abstract. Multimodal interface based on natural language processing (NLP)
technology is becoming more and more popular. Many studies show that
response delay is a key factor to evaluate multimodal interface performance that
can influence naturalness and fluency of interaction experience. However, few
studies have been conducted to define the optimum response delay time.
Focused at multimodal interface with voice as dominant modality, in this paper,
we built a research framework to evaluate response delay according to user
perception during the voice interaction, in which the system output process was
divided into three successive stages. We carried out two experiments to evaluate
the influence of response delay time in different stages, a smart speaker with
screen and a smart TV were involved in the experiments. The first experiment
focused on automatic speech recognition (ASR) feedback delay time, and the
second experiment was designed to investigate the influence of both query
response delay time and loading response delay time. We defined the satisfying
and acceptable delay time for each stage respectively, which could be used as
the references to improve corresponding technical performance.
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1 Introduction

With the development of artificial intelligence technology, interaction between human
and devices is changing profoundly, and more natural and efficient multimodal inter-
face is becoming increasingly prevalent. Multimodal interface enables people to
interact with devices through voice, touch, face expression and other modes, which is
considered to be more intuitive and easier to learn for people. Comparing to unimodal
interface, multimodal interface makes full use of human’s natural ability to interact
with devices, and the weaknesses or deficiencies of the unimodal interface can be
compensated by combination the various modes [1].

In recent years, multimodal interface based on natural language processing
(NLP) technology has been widely used in the world, especially in smart home,
vehicle, wearable equipment, robots and other fields. Take smart home as an example,
Amazon and Baidu have released the smart speakers with screen that enable multi-
modal interaction. In addition to touch, users can also instruct the devices to play video,
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play music and search information using human natural language. Voice has become
the dominant modality for people to interact with device, to exchange information or to
express their intentions [2]. During the process of voice interaction, there are usually
two basic interaction stages: voice wake-up and voice dialogue. People need to first
trigger the automatic speech recognition system through voice wake-up, and then input
voice queries to start dialogue with the device [3, 4].

There are many studies indicating response delay is a key element for evaluating the
quality of multimodal interface, and the long response delay can seriously reduce nat-
uralness and fluency of the interaction, and even affect people’s willingness to use the
device [5-7]. Meanwhile, some researchers suggest that response delay is the most
important factor to determine user satisfaction [8]. Although the importance of response
delay has been proved, unfortunately, most researchers only focused on providing
qualitative descriptions and rarely investigated the specific optimum response delay time
or an acceptable range. Moreover, the reasons for response delay of voice interactive
devices may be related to the efficiency of ASR, quality of language model, network
conditions [9-11]. Continuously improving the responsiveness of voice interaction and
reducing response delay time are critical to enhance the usability of voice interactive
devices [12].

Targeted at multimodal interface with voice as dominant modality, this paper
evaluated response delay of two smart devices with screen, a smart speaker with screen
and a smart TV. Compared with the voice input and voice output interaction of smart
device without screen, the smart device with screen becomes richer in output inter-
action, for example, the device can directly display the results of the voice recognition
or voice search on screen. In this paper, firstly, we built a research framework for
multimodal interface according to users’ perception of the voice interaction process, in
which the system output process was divided into three successive stages. Secondly,
two experiments were conducted to evaluate and quantify response delay time in each
stage, the purpose of the first experiment was to measure automatic speech recognition
(ASR) feedback delay, and the second experiment was to measure query response
delay and loading response delay. Finally, discussions and conclusions of this study
would be described.

2 Literature Review

Many researchers have suggested several typical parameters for describing multimodal
human-computer interaction including Accuracy (words, gestures, etc.) [13, 14], Delay
[15], Efficiency [16], Appropriateness [17, 18], etc. Weiss [5] distinguished system output
delay into two types: feedback delay and response delay. Feedback delay refers to the delay
when the system successfully receives user input, which is described as average delay from
the end of user input to the beginning of system feedback, for example from button press to
display of loading status in terms of clock. Response delay refers to the delay of system
responding to user input, it is described as average delay of a user response, from the end of
user input to the beginning of system output. For example, the system starts to display a
new GUL. In addition, Bernsen [17] proposed another time-related parameter named lag of
time, which refers to the asynchronism between corresponding modalities.
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Many studies have shown that response delay has a negative effect on user satis-
faction towards device or service [19-22]. To measure delay time and its impact on
user attitudes, behavior and psychological state, a lot of work has been done in graphic
user interface (GUI) domain. Galletta and colleagues [23] examined the impact of
different website delay times of 0, 2, 4, 6, 8, 10, and 12 s in an experiment, and the
findings suggested that the tolerable waiting time was around 4 s. Nah [24] reviewed
the literature on computer response time and assessed web user’s tolerable waiting time
in information retrieval, the results from the study suggested that the tolerable waiting
time for information retrieval was approximately 2 s. Wang [25] explored optimal
system response time which would make human-information system (HIS) interaction
most efficient and found that the interaction efficiency of HIS was the highest when the
response time was in the range of 0.25-0.75 s, while a response time less than 0.25 s
was likely to make users feel stressed and nervous. Research on response delay time of
voice user interface (VUI) is limited, McWilliams [26] studied the impact of voice
interface turn delays on drivers’ attention and arousal levels in vehicles settings, the
results showed that a delay time longer than 4 s was associated with decreased attention
to the driving task. This suggested that system delay time under 4 s may be optimal.
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Fig. 1. Four types of system output delay time in voice wake-up and voice dialogue stage.

So far, there are few studies that focus on measuring delay time of multimodal
voice user interface. Moreover, no research is identified that investigated response
delay in scenarios other than vehicles or driving scenarios, such as in smart home. This
study aimed to measure delay time of multimodal voice user interface in two smart
home devices with different screen sizes, a smart speaker with 7-in. screen and a smart
TV with 55-in. screen were involved in this study. First, according to the user’s
perception of system output in both wake-up stage and dialogue stage, the system
output delay was divided into four types (See Fig. 1): wake-up feedback delay in voice
wake-up stage, and ASR feedback delay, query response delay and loading response
delay in voice dialogue stage. There are usually differences in wake-up between smart
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speaker with screen and smart TV. The former mainly uses voice wake-up, while the
latter uses button wake-up. Response delay under different wake up modes should be
studied separately. Therefore, this study focused on the delay times of voice dialogue
stage, and according to user perception, we can divide the voice dialogue stage into
several aspects. On the one hand, ASR feedback delay maybe happen when user input
voice query. On the other hand, system output delay maybe happens after ASR
feedback had finished, which included query response delay and loading response
delay. Their descriptions and operational definitions were as follows:

ASR feedback delay time: the delay time from the end of user’s input voice query to
the beginning of the display of ASR feedback on the screen, for example from the end
of user saying “I want to see movie” to the beginning of the text “I want to see movie”
displaying on the screen.

Query response delay time: the delay time from the end of ASR results display to the
beginning of system output, for example from the end of the screen displaying “T want
to see movie” to the beginning a new GUI displays the movie information on the
screen.

Loading response delay time: the delay time from the beginning of a new GUI
displays on the screen to the end of all results being displayed completely, for example
all movie information being shown on the screen.

Next, we conducted two experiments to evaluate the impact of different delay time
on users’ satisfaction in all three stages mentioned above. The first experiment is
designed to investigate ASR feedback delay, which to some extent could reveal the
performance of automatic speech recognition technology. And the second experiment
mainly focused on system output delay after ASR feedback completed, which could
indicate the performance of the system output for user’s query or need.

3 Experiments

3.1 Experiment 1: ASR Feedback Delay Time Experiment

Objectives

When having a dialogue with smart device with screen, the query that user input will be
displayed on the screen. Currently, display mode of query is mainly real-time, and
words recognized by the devices will be shown immediately on the screen while user is
inputting. The aim of this experiment was to explore the satisfying and acceptable
delay time of ASR feedback in the real-time display mode.

Subjects

In total, 30 subjects participated in the experiment (M = 25.8 years old, SD = 4.37), all
of them were employees of internet companies. The sample consisted of 15 females
and 15 males, and half of them reported previous experience with smart speaker or
smart TV.
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Tasks and Materials

We developed an experimental program with Java, which could run on a smart
speaker (7 in.) and a smart TV (55 in.), display mode of ASR feedback in the program
is real-time way. In the experiment, we arranged movie searching tasks to subjects. In
order to cover different length queries as far as possible, three length queries in Chinese
were provided in the experiment. They were short query with four Chinese words
“Kungfu movie”, middle query with ten Chinese words “I want to see movie rating
above nine score” and long query with twenty Chinese words “I want to see Andy
Lau’s Hong Kong movie before 2010 year”. Subjects first need to say queries in
various delay time conditions and pay attention to when the queries were recognized
and displayed on the screen, and then give their scores of satisfactions for the ASR
feedback delay time. In order to balance the learning effect and fatigue effect in the
experiment, we randomized the sequences of tasks for each subject, the three query
lengths were grouped and randomized, and then the delay time was completely ran-
domized. An interview was conducted to collect qualitative data, such as reasons of
their evaluations and other comments.

Experimental Variables

The independent variables of the experiment included device screen size (smart speaker
with 7-in. screen and smart TV with 55-in. screen), query length (short, middle, long)
and ASR feedback delay times (0, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800,
2000 ms), and the levels of independent variables referred to the range of relevant
parameters of current smart devices. Dependent variables were user’s satisfaction
evaluation (1-Very Dissatisfied, 2-Dissatisfied, 3-General, 4-Satisfied, 5-Very Satis-
fied). We used a 2 (screen size) *3 (query length) *11 (ASR feedback delay time) three-
factor mixed design.

Results

Descriptive results of the ASR feedback delay time experiment are shown in Table 1.
The results of Repeated Measures ANOVA showed that the main effect of screen size
was not significant (F(1,28) = 0.162, p = 0.639), the main effect of different length
queries was not significant (F(2,27) = 1.198, p = 0.317), the main effect of delay time
was significant (F(10,19) = 12.180, p < 0.001), the interaction effect between different
length queries and delay time was not significant (F(20,9) = 1.911, p = 0.159), and
the interaction effect between screen size and delay time was not significant
(F(10,19) = 1.424, p = 0.243). Multiple Comparative Analysis showed that there were
no significant differences (p > 0.05) between 0&200 ms, 0&400 ms, 200&400 ms,
600&800 ms, 800&1000 ms, 1200&1400 ms, 1200&1600 ms, 1200&1800 ms,
140041600 ms and 1600&1800 ms, the others were significant differences(p < 0.05).
These results indicated that subjects felt very fast when the ASR feedback delay time
was less than 400 ms, and subjects began to feel slow when the delay time was more
than 1200 ms.
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Table 1. Mean and standard deviation of satisfaction scores for ASR feedback delay time.

Delay times Mean satisfaction SD 95% confidence

interval

Lower Upper
0 ms 4.24 0.12 4.01 4.48
200 ms 4.12 0.11 3.90 4.35
400 ms 4.22 0.11 3.99 4.45
600 ms 3.87 0.10 3.66 4.07
800 ms 3.72 0.12 3.47 3.97
1000 ms 3.56 0.12 332 3.79
1200 ms 3.26 0.13 2.99 3.52
1400 ms 3.21 0.13 2.94 3.48
1600 ms 3.10 0.14 2.82 3.38
1800 ms 2.99 0.13 2.73 3.48
2000 ms 2.67 0.14 2.38 3.38

Table 2. Regression equation of satisfaction to ASR feedback delay time.

Regression equation F R? Satisfying Acceptable

delay time delay time
Satisfaction = —0.000805 * delay 321.511%%*  1245% | 431 ms 1673 ms
time + 4.347

In this experiment, we regarded satisfaction score “4-Satisfied” as the lower limit of
satisfying delay time, and “3-General” as the lower limit of acceptable delay time. We
further had a Linear Regression Analysis of ASR feedback delay and user satisfaction,
and the results as shown in Table 2. The final results suggested that subjects were satisfied
when the delay time was less than 431 ms, and subjects felt acceptable when it was less
than 1673 ms, and ASR feedback delay time of more than 1673 ms might dissatisfy users.

3.2 Experiment 2: Query Response Delay Time and Loading Response
Delay Time Experiment

Objectives

After the first experiment, we conducted the second experiment. The aim of the second
experiment was to measure users’ satisfying and acceptable delay time respectively in
both query response stage and loading response stage respectively, and further explored
the total response delay time of the two stages.

Subjects

32 subjects participated in the experiment (M = 27.0 years old, SD = 3.21), all of them
were employees of internet companies. The sample consisted of 16 females and 16 males,
and half of them reported previous experience with smart speaker or smart TV.
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Tasks and Materials

We developed a program for the second experiment, which could run on a smart
speaker (7 in.) and a smart TV (55 in.). As the experiment mainly focused on mea-
suring query response delay and loading response delay, we fixed the feedback delay
time of ASR and the search query in this experiment. We arranged movie searching
tasks and a short query with four Chinese words was provided which was “Kungfu
Movie”. Before the experiment, there was a warm up session to introduce about the
query response delay and loading response delay. In the experiment, subjects were
asked to say the query in various delay time conditions. After subjects finished input
the query and it was displayed, a new GUI would be shown on the screen by dynamic
loading way and the movies information obtained would be displayed one by one.
Subjects need to pay attention to the query response delay time, the loading response
delay time, and total delay time, and then gave their scores of satisfactions for the
above three delay times respectively. In order to balance the learning effect and fatigue
effect in the experiment, we randomized the sequences of tasks for each subject, the
query response delay time and the loading response time were completely randomized
in the experiment. After the experiment, an interview was conducted to explore the
reasons of their evaluations.

Experimental Variables

The independent variables of the experiment included device screen size (smart speaker
with 7-in. screen and smart TV with 55-in. screen), query response delay time (200,
600, 1000, 2000, 3000, 4000, 5000 ms), and loading response delay time (200, 600,
1000, 2000, 3000, 4000, 5000 ms), and the levels of independent variables referred to
the range of relevant parameters of current smart devices. Dependent variables were
user’s satisfaction evaluation of query response delay, loading response delay and total
response delay (1-Very Dissatisfied, 2-Dissatisfied, 3-General, 4-Satisfied, 5-Very
Satisfied), the total response delay time was the sum of the above two kinds of delay
time. We used a three-factor mixed design of 2 (screen size) *7(query response delay
time) *7(loading response delay time).

Results

Query Response Delay Time

From the descriptive analysis, we found the relationship between query response time
and user satisfaction, as shown in Table 3. The results of Repeated Measures ANOVA
with satisfaction as dependent variable showed that the main effect of screen size was not
significant (F(1,29) = 0.00, p = 0.987), the main effect of query response delay time was
significant (F(6,24) = 122.674, p < 0.001), the interaction effect between screen size and
query response delay time was not significant (F(6,24) = 0.796, p = 0.582), and Mul-
tiple Comparison Analysis suggested that there were significant differences in different
query response delay time (p < 0.05). We regarded satisfaction score “4-Satisfied” as the
lower limit of delay time to satisfy users, and “3-General” as the lower limit delay time
acceptable to users. Further Linear Regression Analysis of query response delay time and
user satisfaction, as shown in Table 4, the final results indicated that subjects were
satisfied when the delay time was less than 867 ms, and subjects felt it was acceptable
when the delay time was less than 2537 ms.
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Table 3. Mean and standard deviation of satisfaction scores for query response delay time.

Delay times Mean satisfaction SD 95% confidence

interval

Lower Upper
200 ms 4.47 0.61 4.39 4.55
600 ms 4.16 0.70 4.07 4.25
1000 ms 391 0.91 3.79 4.04
2000 ms 3.37 0.98 3.24 35
3000 ms 2.57 0.97 2.44 2.69
4000 ms 1.98 0.94 1.85 2.1
5000 ms 1.71 0.87 1.59 1.82

Table 4. Regression equation of satisfaction to query response delay time.

Regression equation F R? Satisfying Acceptable

delay time delay time
Satisfaction = —0.000599 * delay 20187.18*** |57.1% | 867 ms 2537 ms
time + 4.519434

Loading Response Delay Time

The mean satisfaction scores in different delay time conditions are shown in Table 5.
The results of Repeated Measures ANOVA showed that the main effect of screen size
was not significant (F(1, 29) = 0.050, p = 0.825), the main effect of loading response
delay time was significant (F(6, 24) = 69.772, p < 0.001), the interaction effect
between screen size and query response delay time was not significant
(F(6, 24) = 2.163, p = 0.083). Multiple Comparison Analysis found that in different
loading response delay time condition, there were significant differences of subjects’
satisfaction scores (p < 0.05). We regarded satisfaction score “4-Satisfied” as the lower
limit of delay time to satisfy users, and “3-General” as the lower limit delay time which
was acceptable to users. Further Linear Regression Analysis for loading response delay
time and user satisfaction, as shown in Table 6, the final results indicated that subjects
were satisfied when the delay time was less than 564 ms, and subjects felt it was
acceptable when the delay time was less than 2353 ms.

Table 5. Mean and standard deviation of satisfaction scores for loading response delay time.

Delay times Mean satisfaction SD 95% confidence

interval

Lower Upper
200 ms 4.43 0.67 4.34 4.52
600 ms 4.13 0.72 4.03 4.22
1000 ms 3.62 0.81 3.51 3.72
2000 ms 2.96 0.74 2.86 3.05
3000 ms 243 0.71 2.33 2.52
4000 ms 2.04 0.69 1.95 2.14
5000 ms 1.77 0.63 1.69 1.86
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Table 6. Regression equation of satisfaction to loading response delay time.

Regression equation F R? Satisfying Acceptable

delay time delay time
Satisfaction = —0.000559 * delay 2533.5%**% 161.8% | 564 ms 2353 ms
time + 4.315371

Total Response Delay Time

The results of Repeated Measures ANOVA with overall satisfaction as dependent
variable showed the main effect of screen size was not significant (F(1,23) = 0.978,
p = 0.333), the main effect of query response delay time was significant (F(4,23) =
76.557, p < 0.001), the main effect of loading response delay time was significant
(F(4,23) = 122.844, p < 0.001), the interaction between query response delay time and
loading response delay time was significant (F(16,8) = 3.849, p < 0.05), and the
interaction between the other variables was not significant (p > 0.05). Simple Effect
Analysis was further conducted since the interaction effect between query response
delay time and loading response delay time was significant, as shown in Fig. 2. The
results indicated that subjects were not satisfied with the short query response delay but
long loading response delay, or the long query response delay but short loading
response delay. We further had a Linear Regression Analysis for total response delay
and user satisfaction, and the results as shown in Table 7.

5 - Loading Response
Delay Time
—0O—200ms
—O—600ms
1000ms
—0O—2000ms
—0O—3000ms
4000ms
—0O—5000ms

User Satisfaction
w

200ms 600ms 1000ms  2000ms  3000ms  4000ms  5000ms
Query Response Delay Time

Fig. 2. Interaction diagram of query response delay time and loading response delay time.
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Table 7. Regression equation of satisfaction to total response delay time.

Condition Regression equation F R?
Non-standardized Satisfaction = —0.000403 * query response 598.209*** | 53.4%
regression delay time—0.000449 * loading response

equation delay time + (4.08E™®) * query response

delay time * loading response delay
time + 4.4428

Standardized Satisfaction = —0.613 * query response 598.209***  |53.4%
regression delay time — 0.683 * loading response delay
equation time + 0.22 * query response delay

time * loading response delay time

4 Discussion

Different from previous studies on response delay [23-26], this paper decomposed the
system output into several key response delay stages according to user perception,
which included ASR feedback delay, query response delay and loading response delay.
In order to support corresponding technical optimization, we measured satisfying and
acceptable delay time for users.

The results of ASR feedback delay experiment showed that users’ perception of
delay time was not influenced by screen size or the length of queries subjects input.
From the end of users’ input to the being query displayed on the screen, subjects were
satisfied when the ASR feedback delay time was less than 431 ms and thought it was
acceptable when the delay time was less than 1673 ms. It should be noted that in
addition to the real-time display mode, there is also non-real-time display mode, in
which the query will be displayed integrally on the screen until all speech recognition is
finished. Based on Barnett’s [27] and Tom’s [28] research, the perception of delay time
was affected by user’s subjective factors, so the ASR feedback display mode might
affect user’s subjective perception. We suggest that the satisfied and acceptable delay
time under non-real-time display mode should be further investigated.

The results of query response delay and loading response delay experiment showed
that the screen size of smart devices still did not affect the perception of response delay
time. In query response stage, subjects were satisfied when delay time was less than
867 ms and felt it was acceptable when the delay time was less than 2537 ms. In
loading response stage, subjects were satisfied when delay time was less than 564 ms
and feel acceptable when the delay time was less than 2353 ms. Comparing with query
response delay time, subjects showed higher requirement of faster for loading response
delay, that was, the delay time in loading response stage needed to be shorter than in
query response stage for them to feel satisfied. Combining the interviews after the
second experiment, subjects generally thought that there were different reasons for the
response delay in the two stages. Some participants thought that the delay time of query
response time was mainly affected by the performance of the product, specifically it
was related to search algorithm and efficiency, while the delay time of loading response
time was mainly affected by network conditions. Subjects were more tolerant of search
algorithm and efficiency than network condition. In addition, it should be mentioned
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that only video search scenario was involved in the second experiment, and the system
output usually included a large amount of multimedia information such as pictures,
graphs and texts. For Encyclopedia queries, weather queries and other text-based
output scenarios, the response delay should also be further studied.

5 Conclusion

This paper targeted at multimodal interface with voice as dominant modality, we built a
research framework to evaluate response delay according to user perception during the
voice interaction, in which the system output process was divided into three successive
stages. We conducted two experiments to evaluate the response delay in each stage, a
smart speaker with screen and a smart TV were involved in the experiment, the first
experiment was designed to measure automatic speech recognition (ASR) feedback
delay time. Results indicated that, from the end of user input to query displayed on the
screen, users were satisfied when the ASR feedback delay time was less than 431 ms
and felt it was acceptable when the delay time was less than 1673 ms. In the second
experiment, we aimed to measure query response delay time and loading response
delay time. We found that users were satisfied when delay time was less than 867 ms
and felt it was acceptable when the delay time was less than 2537 ms in query response
stage. In loading response stage, users were satisfied when delay time was less than
564 ms and felt it was acceptable when the delay time was less than 2353 ms.
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