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Abstract

Because users of wearable computers are often involved
in dual-task situations with real-world tasks of a critical na-
ture, interruption handling is a crucial design issue of wear-
able user interfaces. We present a study evaluating the im-
pact of five interruption methods to determine how interrup-
tions should be handled when speech interaction is avail-
able to control an application. The study uses the HotWire
apparatus to simulate a primary manual task in a labo-
ratory experiment. Results indicate that speech interaction
can compensate for many typical challenges users have to
deal with in a dual-task situation and can reduce the im-
pact of an interrupting wearable computer.

1. Introduction
Unlike stationary computers where attention is focused

on a single application, wearable computers expect users to
accomplish two different tasks. A primary task involves real
world physical actions while the wearable computer and
the interaction with it are only secondary. Thus, wearable
computers call for different user interfaces that regard their
unique characteristic. To minimize cognitive load and to al-
low users to divide their attention between both tasks as eas-
ily and efficient as possible, the handling of interruptions is
a crucial design issue of wearable user interfaces.

McFarlane [3] presented the first empirical study to co-
ordinate interruptions in human-computer interaction (HCI)
with multiple tasks. His method was based on a simple
computer game that required constant user attention while
users were randomly interrupted by a matching task. As a
continuation of his work for wearable computing, in [1] a
head-mounted display (HMD) was used to display match-
ing tasks. It was found that a scheduled approach gave best
performance, while notifications came second. User prefer-
ences on interruption were studied in [4]. Audio notifica-
tions appeared to give slightly better performance although

users considered them more stressful compared to more dis-
tracting visual signals. Drugge et al. [2] replaced the game
task by a more realistic physical task represented by the
HotWire [7] apparatus to study interruptions. They con-
firmed and complemented previous results for handling in-
terruptions with gesture interaction.

Unlike novel gesture interaction, speech it probably the
most natural way to interact with a computer. Nowadays,
available speech recognition software has overcome many
technical problems and can be used for simpler interaction
in applications. A major advantage of speech interaction is
its “hands-free” nature, i.e. users do not need their hands
during interaction. Therefore it is a promising interaction
technique for wearable computers [6]. However, little work
on wearable audio interfaces and interruptions has been car-
ried out so far (see e.g. [5]).

This paper is a continuation of a series of research
[1, 2, 4] we have conducted studying interruptions for wear-
able computing. We will focus on examining different in-
terruption methods while users perform a physical primary
task and handle interruptions using speech input.

2. Experiment
The experiment addresses how different methods of in-

terrupting the user of a wearable computer affect that per-
son’s performance. The scenario involves the user perform-
ing a primary manual task in the real world while interrup-
tions originate from the wearable computer and are handled
with speaker-independent speech interaction.

2.1. Primary Task

In order to more easily relate the results of this study to
previous work, we decided to rebuild the HotWire primary
task setup successfully used by Drugge et al. [2].

Our apparatus is shown in Figure 1. It consists of a metal-
lic wire that was bent in the same shape and mounted in
the same way to a base plate as done in [2]. In contrast to
the original ring tool of our previous work which had a too
small ring diameter, our tool has a slightly bigger diameter



Figure 1. The HotWire apparatus used.

of 2.6 cm (an increase of 0.4 cm). Track length and mount-
ing height are identical with [2].

2.2. Secondary Task
The secondary task consists of different matching tasks

presented in the user’s HMD. Two examples of these are
shown in Figure 2. Figure 2(a) depicts the kind of match-
ing tasks already used by Drugge et al. [2]. To increase cog-
nitive workload on more levels than just shape and color
matching, a second kind of matching task was added in form
of an arithmetic exercise (see Figure 2(b)). The arithmetic
task presents a mathematical expression of type

X < operator > Y, < operator >:= +| − | ∗ |/
Expressions and answers are limited to integers.X andY
range from 1 to 9 for the sake of simplicity while still requir-
ing enough mental effort. Matching tasks are created at ran-
dom. If a visible matching task cannot be handled within 5
sec., it disappears and is counted as a wrong answer as sug-
gested in [2]. If tasks are very frequently created and cannot
be answered in time they are queued up.

2.3. Methods for Handling Interruptions
The methods used for managing the interruptions in our

experiment are basically the same as those used in [2]:

• Immediate: Matching tasks are created at random and
presented for the user in the instant they are created.

• Negotiated:On randomly created tasks, the user is no-
tified by either a visual or audible signal and can then
decide when to handle them.

• Scheduled:Matching tasks are created at random but
presented only at specific time intervals of 25 seconds.

• Mediated: Presentation of matching tasks is withheld
during difficult sections of the HotWire. The algorithm
is very simple; it counts contacts occurred in a time
window of 3 sec. as a heuristic for task difficulty.

Additionally, there are also the two base cases (HotWire
only and Match only) included that serve as baselines.

(a) Figure matching (b) Arithmetic matching

Figure 2. Different types of matching tasks.

3. User Study
A total of 21 subjects were selected for participation.

These were taken from students and staff at the local univer-
sity — 13 males and 8 females aged between 21–55 years
(mean 29.05). All subjects were screened for color blind-
ness. The study uses a within subject design with the inter-
ruption method as the single independent variable. To avoid
bias and learning effects, subjects were divided into coun-
terbalanced groups. A single test session consisted of one
practice round to practice both tasks followed by one exper-
imental round.

The technical setup consisted of the HotWire, a Microop-
tial SV-6 HMD, and an audio headset. HMD and headset
were connected to a stationary computer running the exper-
iment. For a realistic situation users had to wear a special
textile vest designed to unobtrusively carry a wearable com-
puter and all cables. Furthermore, an OQO computer in the
vest simulated the weight of a wearable computer.

The headset served as the interface to control match-
ing tasks through speech commands. All tasks could be an-
swered in the same way. By saying “left” or “right”, the left
or right answer of a matching task was selected. To provide
feedback, an audio signal, deemed not to interfere with the
negotiated audio method, was used. For negotiated meth-
ods, the third command needed was “show me”.

4. Results
For analysis the following metrics were considered

• Time: The time required for the subject to complete
the HotWire track from start to end.

• Contacts: The total number of contacts the subject
made between the ring and the wire.

• Error rate: The percentage of matching tasks the sub-
ject answered wrong or that timed out.

• Average delay:The average time between a matching
task creation and the subject giving an answer.

The four graphs in figure 3 depict the overall user perfor-
mance for each method by showing the achieved average
of the metrics together with one standard error. A repeated
measure ANOVA was used to see whether there exist any
significant differences between the methods tested. Table 1



(a) Time (b) Contacts (c) Error rate (d) Average delay

Figure 3. Averages of user performance.

shows the results. For all metrics except error rate, signifi-
cance was found; average delay showed even strong signif-
icance (p<.001), indicating that differences do exist.

Metric df F P-value*

Time 125 5.840 0.001
Contacts 125 4.330 0.003
Error rate 125 2.171 0.083

Average delay 125 147.827 <0.001

* with Greenhouse-Geisserdf adjustment applied.

Table 1. Repeated measures ANOVA.

To explore differences paired samples t-tests (α=.05)
were performed to compare the two base cases with each
of the interruption methods. To accommodate for multiple
comparisons a Bonferroni correctedα-value was used. Ta-
ble 2 shows the significant results found.

Although we intuitively assumed that task complexity in-
creases once being involved in a dual task situation, which
likely causes errors and completion time to increase, our
data does not generally support this. Neither thescheduled
nor immediatetreatment showed significant differences in
completion time; all others did as expected though. This in-
dicates that either our data could not uncover an existence or
that some methods are more appropriate than others when
using speech interaction.

Metric Nego-Vis. Nego-Aud. Sch. Imm. Med.

Time 0.025 0.011 0.539 1.000 0.004
Contacts 0.023 0.835 0.472 0.997 1.000

Average delay <0.001 0.002 <0.001 <0.001 0.001

Table 2. Base case comparison t-tests.

Regarding contacts, surprisingly we only found a signif-
icant difference fornegotiated visual. One reason could be
that the small increase in the ring diameter already resulted
in a significant decrease of the HotWire’s difficulty. The
hands free nature of speech interaction, which allowed sub-
jects to hold the ring tool more accurately, is another pos-
sible explanation. In fact, this was what our post-hoc video
analysis of user behaviors uncovered. Subjects used their
free hand to either stabilize their bodies or the ring tool de-
pendent on physical or visual attention demands of the pri-
mary task.

Although error rate results are similar to [2] (all be-
ing non significant), we expected differences for this study.
Since there was a time out in matching tasks, this “forced”
subjects to make more mistakes due to time pressure. This
was at least what pilot studies indicated. In line with our
expectations, there were the strongly significant (p<.001)
differences in average delay. Since the user is involved in
the HotWire task when matching tasks appear, and both the
scheduledand mediatedmethods will by definition cause
matching tasks to queue up, this causes age to increase.

In summary, adding interruptions to our dual task sce-
nario with a manual primary task will make it more dif-
ficult to successfully carry out the tasks even with speech
interaction. Some interruption methods do better than oth-
ers though. Next, we examine the five interruption meth-
ods in more detail using Bonferroni corrected paired sam-
ples t-tests.

4.1. Time
Only negotiated audiovs. theimmediatemethod exhib-

ited a significant difference (p=.002). However, asnego-
tiated visualwas on average even 1 sec. slower thanne-
gotiated audiobut with a smaller standard error, the data
is trending to indicate that both negotiated methods dif-
fer from the immediate method. In general, the reason for
the higher completion time of the negotiated methods is be-
cause of the extra effort required to present matching tasks
with a second command. This result was therefore expected.
Importantly, overhead (6.6 seconds higher, an increase of
6%) was much lower than expected. Although the recog-
nizer needed 700ms to recognize a command, the overhead
is still clearly smaller than found for gesture interaction [2].
With gesture there was an overhead of 24.8 sec. increased
completion time about 26% for a similar experiment. This
data indicates that with speech input the extra effort in the
negotiated audio methods is almost negligible.

With respect to our previous work [2, 1], speech interac-
tion is likely preferred in wearable computing where short
completion time is important and where users are involved
in complex primary tasks with substantial visual attention
demands. In our dual-task scenarios, users performed faster



with speech than with gestures.

4.2. Contacts and Error Rate
Unlike time, the number of contacts subjects made on the

HotWire did not allow to derive a clear grouping of meth-
ods. Collected data could not rival significant differences
between methods.Negotiated visualgave on average the
highest number of contacts (14.95) whilescheduledgave
the lowest number (12.76). The result of 74% less contacts
on average compared to [2] were unexpected.

Similar to our results in [2], the error rate exhibited no
significant differences between methods. This was unex-
pected because our current changes in the matching task
(adding arithmetic tasks and time limits) were deemed to
make matching more challenging, i.e. causing more incor-
rect answers.

All in all, a clear ranking of methods based on our data
on contact or error rate was not possible. Our observations
uncovered an interesting aspect though. Almost all of the 8
female subjects very frequently confused left and right se-
lections, i.e. females often stated the opposite command of
what they apparently intended to state. As a consequence
females often restated a second (now corrected) command
which sometimes increased matching errors. Only one male
subject showed similar problems. An in-depth analysis of
this observation will be subject of future work.

4.3. Average Delay
Naturally, the average delay is expected to be the highest

for the scheduledmethod, since the matching tasks are by
definition queued and presented only in fixed time intervals.
A difference was found with strong significance (p<.001)
for all methods. The results also showed significant differ-
ences between the methods at the same level except between
the two negotiated methods andnegotiated audiovs.medi-
ated.

The immediatemethod provided on average quickest re-
sponse (7.44 sec.), followed by themediated(8.62 sec.),
negotiated audio(9.36 sec.), andnegotiated visualmethod
(10.35 sec.). With an average delay of 17.8 seconds the
scheduledmethod exhibited the longest average delay, but
with an expected age of 12.5 seconds on average due to the
queuing, this means the user only spends on average 5.2
seconds to respond to queued matching tasks, which is then
the fastest response of all methods. We think this is because
the need to mentally switch between primary and secondary
task is reduced because of the clustering.

In line with our study in [1], the current data confirms
the advantage of audio notifications fornegotiated methods
compared to visual ones. This indicates that with speech in-
teraction users may compensates for typical challenges in
dual-task environments with a manual primary task, like we
tested, more easily than with gesture interaction. We think
this is likely because hearing and speaking use the same
stimulus.

5. Conclusion
The present study showed that the interaction device

used has an impact on the selection of the best interruption
method in wearable computing. Methods that were found
superior for gesture interaction in dual-task situations [2]
are different to those for speech interaction. Speech interac-
tion is preferred for our complex primary tasks tested, par-
ticularly when task performance is concerned. Maintaining
visual focus on a primary task is easy with speech interac-
tion because it does not interfere much with manual activi-
ties.

Although each method has strengths and weaknesses,
overall thenegotiated audiomethod was most positively af-
fected by speech. The extra effort needed to bring up match-
ing tasks was very small in both negotiated methods and in-
creased completion time only about 6% compared to the
HotWire-only task. The number of contacts made, com-
pared to HotWire only, did not increase significantly for any
method exceptnegotiated visual. Negotiated audioexhib-
ited the lowest impact on the primary task likely because
hearing and speaking both use the same stimulus. Subjects
very easily kept focused withnegotiated audio. With theim-
mediatemethod subjects were fastest. Completion time did
not increase significantly compared to HotWire only.Sched-
uled was found to give the lowest response time. If many
tasks queue upscheduledallows fastest response to each
task even with slow speech recognizers.
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