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ABSTRACT
Knowledge workers increasingly use multiple devices such
as desktop computers, laptops, cell phones, and PDAs for
personal information management (PIM) tasks. This paper
presents the results of a study that examined users’ men-
tal workload in this context, especially when transitioning
tasks from one device to another. In a preliminary survey of
220 knowledge workers, users reported high frustration with
current devices’ support for task migration, e.g. accessing
files from multiple machines. To investigate further, we con-
ducted a controlled experiment with 18 participants. While
they performed PIM tasks, we measured their mental work-
load using subjective measures and physiological measures.
Some systems provide support for transitioning users’ work
between devices, or for using multiple devices together; we
explored the impact of such support on mental workload
and task performance. Participants performed three tasks
(Files, Calendar, Contacts) with two treatment conditions
each (lower and higher support for migrating tasks between
devices.)

Workload measures obtained using the subjective NASA TLX
scale were able to discriminate between tasks, but not be-
tween the two conditions in each task. Task-Evoked Pupil-
lary Response, a continuous measure, was sensitive to changes
within each task. For the Files task, a significant increase in
workload was noted in the steps before and after task migra-
tion. Participants entered events faster into paper calendars
than into an electronic calendar, though there was no observ-
able di!erence in workload. For the Contacts task, time-
on-task was equal, but mental workload was higher when
no synchronization support was available between their cell
phone and their laptop. Little to no correlation was observed
between task performance and both workload measures, ex-
cept in isolated instances. This suggests that neither task
performance metrics nor workload assessments alone o!er a
complete picture of device usability in multi-device personal
information ecosystems. Traditional usability metrics that
focus on e"ciency and e!ectiveness are necessary, but not
su"cient, to evaluate such designs. Given participants’ vary-

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
PIM 2009, November 7 – 8, 2009, Vancouver, BC, Canada.
Copyright 2009 Authors.

ing subjective perceptions of these systems and di!erences
in task-evoked pupillary response, aspects of hot cognition
such as emotion, pleasure, and likability show promise as
important parameters in the evaluation of PIM systems.
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INTRODUCTION
As we amass vast quantities of personal information, man-
aging it has become an increasingly complex endeavor. The
emergence of multiple information devices and services such
as desktops, laptops, cell phones, PDAs and cloud comput-
ing adds a level of complexity beyond simply the use of a
single computer. It is common for a lot of people to carry
a laptop computer or a cell phone as they go about their ev-
eryday business, outside the usual contexts of an o"ce or a
home [7, 35], and to expect productive work output when
mobile. However, the current state-of-the-art in information
management solutions sends these users into a frenzy try-
ing to locate the most current version of their slide shows,
the documents they sent around for review, and the phone
number of the person they need to call. In traditional single
terminal computer systems, the majority of a user’s atten-
tional and cognitive resources are focused on the terminal
while performing a specific task. However, in an environ-
ment where multiple devices require intermittent attention
and present useful information at unexpected times, the user
is subjected to di!erent mental workload.

In previous work, we conducted a survey study [35] to un-
derstand the use of multiple devices in personal information
and identify common tasks, activities, devices, patterns, de-
vice a"nities, and problems in their use. Many findings
were as expected: that users preferred laptop computers over
desktops; several users owned and regularly used more than
two computers, plus a cell phone, a digital camera, etc. How-
ever, a surprisingly high number of users reported chronic
problems in using multiple devices together for managing
their tasks. Synchronization issues between information col-
lections on two or more machines were cited as the most
common problem. Sprouting from this investigation, we de-
cided to examine this problem deeper—whether the level of



system support for such basic processes as information mi-
gration a!ects user performance and workload.

MOTIVATION
Content analysis of the survey responses revealed that many
of the issues that users faced could be studied and understood
within the framework of mental workload. For example, fac-
tors such as frustration level, mental demand and perceived
ratings of own performance are all dimensions of the NASA
TLX scale. It has been shown that an operator’s task per-
formance is inversely correlated with high levels of mental
workload [24]. Prior work in mental workload measurement
has established that physiological measures such as changes
in pupillary diameter (known as Task-Evoked Pupillary Re-
sponse [3]) can be used to estimate mental workload. Such
continuous measures of mental workload can help locate
sub-tasks of high task di"culty. Iqbal et al. [15] demon-
strated that within a single task, mental workload decreases
at sub-task boundaries. A fundamental goal of our research
was to examine if their finding still applies when the second
sub-task is performed on a di!erent device than the first. Our
contrary hypothesis was that mental workload rises just be-
fore the moment of transition, and returns to its normal level
a short duration after the transition is complete.

The specific research questions were as follows:

RQ1. Mental Workload and Support for Multiple Devices
What is the impact of (1) di!erent tasks and (2) di!erent
levels of system support for migrating information, on the
workload imposed on a user? Certain tasks require more at-
tentional resources than others, and may result in increased
mental workload, while certain other tasks may be straight-
forward and may require fewer mental resources. What is
the variability in the subjective assessment of mental work-
load for these tasks?

Systems di!er in the level of support they provide for paus-
ing a task on one device, and resuming it on another [31].
A goal of our research was to examine if mental workload at
the point of transition was correlated with the level of system
support available for the sub-task of transitioning. Miyata
and Norman hypothesized [22] and Iqbal et al. [15] demon-
strated that within a single task, mental workload decreases
at sub-task boundaries. But when a sub-task is performed
on a di!erent device than the first, what are the changes in
mental workload?

RQ2. Operator Performance & Levels of System Support
How is user performance impacted at di!ering levels of sys-
tem support for performing tasks across multiple devices?
To evaluate this, we simulated two conditions for each task;
in each case, the L0 condition o!ered a lower level of sup-
port for migrating tasks between devices than the L1 condi-
tion. How does operator performance in condition L0 com-
pare to that in condition L1? Several measures of task per-
formance were used, on a per-task basis.

RQ3. Operator Performance and Mental Workload

Are subjective assessments of mental workload an accurate
indicator of operator performance in this domain? Are both,
subjective measures of workload (NASA TLX) and the phys-
iological measure (pupil radius), sensitive to workload in
PIM tasks? It is clear that workload does not stay constant
during a task, but varies constantly. What are the types of
changes that can be observed in workload during the execu-
tion of a task? How do the two measures of workload each
correlate with task performance? Mental workload has been
shown to be negatively correlated with several of these met-
rics in other domains [24, 1, 4]. Does the same (or a similar)
relationship hold between mental workload and task perfor-
mance in the PIM domain?

RELATED PRIOR WORK
Personal Information Management
This work overlaps three broad areas: Personal Informa-
tion Management (PIM), Multi-Device Interfaces and Men-
tal Workload Measurement. Studies in PIM include inves-
tigations of individual collections such as files [2], calen-
dars [18, 27, 34], contacts [38], email [39, 12], bookmarks,
etc. as well as users’ information management practices
[21], using a range of investigation techniques [32]. Issues
such as information overload and information fragmentation
[5] have also received attention. However, the issue of in-
formation fragmentation across multiple devices [17] looms
larger as mainstream users increasingly have started to use
portable devices such as cell phones, portable digital assis-
tants (PDAs) and laptop computers for PIM.

PIM using Multiple Devices
In prior work [30], we explored the issues that arise in multi-
device interfaces, especially when several devices are used
together to perform a single task. The flow of information
among a user’s multiple devices has been likened to a bio-
logical ecosystem [28]. Several concepts in Personal Infor-
mation Ecosystems are analogues of related concepts from
biological ecosystems, and the metaphor helps construct a
meaningful information flow among devices. While task mi-
gration is handled at the interface level, seamless data mi-
gration requires system support. The Syncables framework
[36, 37] was developed in response to the need for being
able to access data from any of a user’s devices without ex-
traneous task steps. It has been recognized widely that the
mobile context is fundamentally di!erent from the station-
ary context [25], and design must therefore account for the
di!erences [29]. Dourish [9] refers to situated interaction as
“embodied interaction”, and outlines several principles that
designers must take into account for technology that, by its
very nature, must co-exist in the environment that users use
it in.

Holistic Usability in Multi-Device Environments
The origins of usability and human factors can be traced
back to factories and environments where users performed
specific duties at specific times. The goal of human factors
specialists was to optimize operator performance and the fit
between human and machine. Modern developments in the
science of cognition have examined the relationship of the
user in complex computing environments, and place greater



emphases on the situational aspects of human-computer in-
teractions. Distributed cognition theory [14] extends the reach
of what is considered cognitive beyond the individual to en-
compass interactions between people and with resources and
materials in the environment. In multi-device computing en-
vironments, it is worthwhile to analyze the system as an in-
tegrated whole whose purpose is to assist the user in satis-
fying her information needs. Other recent theories such as
Embodied Interaction [9] also support the notion that tech-
nology and practice are closely intertwined; they co-exist
and co-evolve.

Hot Cognition Aspects in the Evaluation of PIM
Norman [23] argues that emotion plays a central role in our
interaction and appreciation of the computing devices we
use. But classic usability metrics fail to account for subjec-
tive factors such as emotional appeal, frustration, and likabil-
ity. All these point to the necessity of bringing hot cognition
aspects into the evaluation process: Jordan [16] advocates
designing for pleasurability of the user, stating a hierarchy
of needs for a computing system: functionality as the most
basic, then usability, and finally, pleasure. Thus, usability
is necessary but not su"cient to guarantee an optimal user
experience. Kelly et al. [19] identify a shortcoming in PIM
studies as well; quality of life measures (e.g. [11]) have re-
ceived received little attention in PIM evaluations.

Mental Workload Assessment
Mental workload is defined as “that portion of operator in-
formation processing capacity or resources that is actually
required to meet system demands” [24, 10]. It is task-specific
and operator-specific (i.e., person-specific); the same task
may evoke di!erent levels of workload in di!erent individ-
uals. Task complexity is related to the demands placed on an
operator by a task, and is considered operator-independent,
whereas task di!culty is an operator-dependent measure of
perceived e!ort and resources required to attain task goals
[6]. Mental workload is considered an important, practically
relevant, and measurable entity [13]. Several ways of mea-
suring mental workload are used in practice: Performance-
based Assessment Techniques; Subjective Workload Assess-
ment Techniques, e.g. NASA Task Load Index (TLX) [13];
and Physiological Workload Assessment Techniques, e.g.
task-evoked pupillary response [3, 20].

METHODOLOGY
Representative Tasks
From a content analysis of survey data, the following emerged
as the most common tasks:

• File Synchronization. One of the most commonly re-
ported frustrating tasks that emerged was synchronizing
data (this echoes findings by others [7]). Users’ responses
to this question elicited a long list of problems and issues
that they often encountered.
Participants were asked to play the role of a consultant
who worked with several clients, either at their own o"ce
on the desktop computer, or at one of the clients’ sites,
using their laptop. On each machine, an exact replica of a

file system was provided, either deeply-nested, moderately-
nested, or flat, based on participant preferences. Instruc-
tions were provided, one at a time, asking them to make
certain specific edits to files. Mid-way, they were asked to
wrap up their work and travel to a client site. In L0, they
were provided USB drives and web-based email; in L1, a
network drive allowed remote access to files.

• Managing Calendars. One of users’ main motivations
for using more than one device was to be able to access
their calendar information when away from their desks.
The use of paper calendars is widespread, even despite
the availability of online calendars. It is not clear which
of these methods is easier; almost equal numbers of par-
ticipants reported preferring one over the other for several
reasons [34].
At the start of the calendar task, users were provided ei-
ther two paper calendars labeled ‘Home’ and ‘Work’ (L0)
or an online calendar program with two overlapping cal-
endars in it, also labeled ‘Home’ and ‘Work’ (L1). Dur-
ing the task, participants were presented instructions that
required them to consult or update their calendars. Di!er-
ent types of events included tentative, rescheduled, group
events, events that required preparation, and conflicting
events (details in [33]).

• Contact Management. Contact management on phones
was identified as a frustrating task due to deficiencies in
the phone interface, or a lack of features in the specific
software they used, both on the computer as well as on
the phone.
Participants were described a scenario where they were
a researcher attending a conference, and met several old
acquaintances and made new contacts. They were allowed
to access their laptop at some times, and their phone at
other times, and both at some other times.

Experiment Design
In this experiment, we were interested in the impact of two
factors—task, and level of support—on workload in partici-
pants. Since individual di!erences in work practices, task
performance, and assessments of workload would display
high variability across participants, a within-subjects design
was used. Each participant was assigned to each cell, mak-
ing this a complete block design (at 3!2 treatment levels).
Each experimental task identified above was assigned to users
to be performed in one of two sessions separated by at least
two weeks, in order to minimize the learning e!ects associ-
ated with the first session. The order of tasks was completely
counterbalanced. Figure 1 shows a graphical overview of the
entire experimental setup.

Pilot studies were conducted with five participants. Training
was provided in the form of demonstration videos, hands-
on time, and required completion of a set of 10 familiariza-
tion tasks. Sample size estimation conducted after 6 partici-
pants had performed the experiment revealed that a medium
to large e!ect was evident according to Cohen’s d. The sam-
ple size chosen was 21, higher than that required to detect
such an e!ect with a power of 0.8 at the !=0.05 level of sig-
nificance for all three tasks, and to allow for experimental
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Figure 1. An overview of experimental tasks

mortality (since it was conducted in two sessions.) 3 read-
ings had to be discarded due to scheduling conflicts, data
collection issues, and a perceived risk of potential experi-
menter bias, respectively.

Participants were presented with a desktop computer, a lap-
top and a cell phone. Between the two computers, instruc-
tions were presented on a large 30-inch display. A cus-
tom web application was written to present instructions to
the participants, one at a time. When the display changed
from one instruction to the next, the app recorded the times-
tamp. This was later used to analyze sub-task-level changes
in physiological measures of mental workload. Participants
were requested to provide a subjective estimate of workload
using the NASA TLX scale after each task. Pupil radius
measurement was performed using a mobile head-mounted
eye tracker. Illumination was carefully controlled to be the
same for all participants and at all times of the day. The ex-
periment was conducted in a closed room, and no external
light was allowed to enter the room. The raw pupil data was
extremely noisy and needed to be smoothened to isolate the
signal from the noise, using the Savitzky-Golay filter. Af-
ter smoothing, pupil radius data was adjusted to account for
individual di!erences in pupil size. A baseline reading for
pupil radius was obtained for each participant from the first 5
seconds of pupil activity data. During the first five seconds,
participants were not assigned any specific task or provided
any instructions to read, and was considered a period of min-
imal task-induced workload.

RESULTS
Results for Research Question 1
Research Question 1 explores the impact of (1) di!erent tasks
and (2) di!erent levels of system support for migrating infor-
mation, on the workload imposed on a user.

Subjective Metrics using NASA TLX
From an ANOVA of NASA TLX scores, Task was seen to
have a main e!ect on Overall Workload (OW) (F(2,102)=4.75;
p=0.011). Post hoc analysis using Tukey’s HSD showed that
the Contacts task imposed significantly lower overall work-
load than the Files task (p=0.0074). Level of support for
performing tasks across multiple devices (L0 vs L1) did not
influence Overall Workload and there were no significant in-
teractions.

This suggests that while NASA TLX ratings are able to dis-
criminate between di!erent tasks in the personal information
management domain, the scale is not sensitive enough to de-
tect di!erences in performing a task using two or more tech-
niques. One reason for this could be that NASA TLX, being
a subjective measure, can only be administered at the end of
a task. It thus fails to capture variation in workload within
a task, and provides only an aggregate per-task measure of
workload.

Mean (SD) Files Calendar Contacts
L0 41.11 (20.85) 36 (18.80) 30.89 (16.65)
L1 38.61 (18.92) 31.17 (18.91) 22.89 (11.49)

Table 1. Means (SDs) of Overall Workload ratings
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Figure 2. Overall Workload across Treatments

Similar e!ects were seen for three individual dimensions of
the NASA TLX scale as well:

• Mental Demand. Task had a main e!ect on Mental De-
mand (MD) (F(2,102)=6.69; p=0.0019). Post hoc analysis
results for Mental Demand using Tukey’s HSD revealed
that the Files task imposed significantly higher Mental
Demand than the Contacts task (p=0.0024), similar to the
e!ect seen in case of Overall Workload.

• Frustration. Task had a main e!ect on subjective re-
ports of frustration provided by participants (F(2,102)=6.57;
p=0.0021). Participants noted significantly higher frustra-
tion ratings for the Files task as compared to the Con-
tacts task (p=0.0014, using Tukey’s HSD). Di!erences
among the other two pairs (Files-Calendar and Calendar-
Contacts) were not significant.

• Own (Perceived) Performance. In this dimension, lower
numbers indicate better performance. Participants rated
their Own Performance di!erently for the three task con-
ditions (F(2,102)=3.37; p=0.038).

Task-Evoked Pupillary Response
For the Contacts task, significant di!erences were found for
each step between the two levels of system support in task



migration (synced versus unsynced conditions.) Graph 3 il-
lustrates the means (SDs) and p-values for each step.
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Figure 3. Adjusted pupil radius for each step of the Contacts task.

Differences in TEPR Between Steps in the Same Task
In the Files task, Level 0 (where participants used USB drives
or email-to-self), significant di!erences were noted in the
workload for the steps before and after the migration step
(F(8,136)=7.8835; p=1.12!10"8 using Tukey’s HSD). This sug-
gests that there is a distinct increase in workload before and
after the migration step, when there is a lack of support for
task migration. It is interesting to note that no significant dif-
ferences were found in the L1 condition for the same task,
suggesting that the file migration support has an e!ect on
di!erences in workload before/after migration.

TEPR within Critical Sub-Tasks
Graphs 4 & 5 depict the task-evoked pupillary response for
several participants for the Files task. These are time-series
graphs (time in seconds on the X axis) against adjusted per-
cent pupil radius on the Y axis. In the Files task, Step 5 was
the critical task migration step, in which participants were
required to pause their task on the desktop and to move to
the laptop. As can be seen, the task-evoked pupillary re-
sponse (TEPR) rises soon after the start of the critical step,
and reaches a (local) maxima. In some instances, it progres-
sively lowers, and in some, it stays at the new, higher level
of workload until the end of the task. This provides support
for the hypothesis that steps that involve transitions between
devices lead to high mental workload.

Summary of RQ 1 Results
In NASA TLX scores, Task was seen to exhibit a main ef-
fect on Overall Workload, Mental Demand, Frustration and
Own Performance, but not on the other three scales. There
was no di!erence seen on any scale between two treatment
levels of the same task. This suggests that NASA TLX is
not very sensitive to changes in workload in the kinds of
personal information management tasks tested in this exper-
iment. Because of its lack of ability to discriminate between
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Figure 5. Task-evoked pupillary response, Participant P18, Files Task,
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two or more ways of performing the same task, its validity
and usefulness in PIM tasks cannot be established with the
evidence obtained.

Task-evoked pupillary response, on the other hand, provided
important insights into task migration. Specifically, it showed
a significant di!erence for each step of the Contacts task be-
tween levels L0 and L1. Also, it showed significant di!er-
ences between pre- and post-task-migration steps in the Files
task. It was observed from the data that local maximas were
attained during the task migration step. This points to the
potential usefulness of task-evoked pupillary response as a
continuous measure of workload in PIM tasks.

Results for Research Question 2
Research Question 2 seeks to explore the di!erences in op-
erator performance, if any, between the L0 and L1 task con-
ditions. The primary measure of operator performance used
in this study (for all tasks) was time on task. Others, such as



number of errors, number of entries made, etc. were defined,
measured and evaluated on a per-task basis. For the Files
and Calendar tasks, no significant di!erences were found
in the time taken to complete the task. However, for the
Contacts task, participants completed the task significantly
faster in the presence of synchronization support than with-
out (F(1,34)=4.72; p=0.037).
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Figure 6. Time on task, per Step, in the Files task.
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Figure 7. Time on task, per Step, in the Calendar task.

Significant di!erences (F(1,34)=8.83; p=0.0054) were found
for the transitional step in the Files task (Step 5) where par-
ticipants were requested to pause work on their desktop com-
puters and resume it on a laptop, taking their files with them,
but not for any other step. This was expected; in fact, the
lack of significant di!erences for steps that did not involve
a transition from one device to another in the Files task con-
firms that the experimental setup did not lead to any biases in
steps that were identical by design in both treatment levels.

For the Calendar task, two steps took significantly di!erent
times in case of the paper calendars versus online calendar
(F(1,34)=4.33; p=0.045). Both steps involved proposing a
meeting time and scheduling it on the calendar. In both in-
stances, participants took lesser time using a paper calendar
than an online calendar. The ease of quick capture in pa-
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Figure 8. Time on task, per Step, in the Contacts task.

per calendars might explain why it is the tool of choice for
several users despite the widespread availability of online
calendars.

Participants correctly edited more files (F(1,34)=5.52; p=0.025)
in the condition with no support for file synchronization (Mean=6.40;
SD=0.92 files) than in the condition with synchronization
(Mean=5.22; SD=1.90 files) from a maximum of 7 files.
This was an unexpected finding, disproving Hypothesis 2 (at
least for one particular task metric) that task performance
would be higher in the L1 condition.

In contact management, the number of entries made on the
secondary device was significantly di!erent in both treat-
ment levels (F(1,32)=15.86; p=0.00037): participants who
managed contact information with syncing support made 4.71
entries on the other device, while participants without such
support made only 1.00 entries. (If an instruction clearly
required participants to add a contact record to a specific de-
vice (either the laptop or the phone), that device was termed
the primary device. The other device (either the phone or the
laptop, respectively) was termed the secondary device.)

Summary of RQ 2 Results
For the Files task, the time taken to perform the critical step
in the Files task — moving from the desktop to the laptop
— was significantly higher when there was a lack of system
support for such migration (implemented in this experiment
as a Network Drive). However, more files were edited cor-
rectly in the case where synchronization had to be performed
using USB drives or email-to-self. For Calendars, there was
no di!erence in any task metrics between the paper and on-
line calendar conditions. In the Contacts task, more entries
were recorded on secondary devices when synchronization
was automatic. Thus, little to no support was found for Hy-
pothesis 2, especially with the observation that more files
were edited correctly with lower levels of support for task
migration.

Results for Research Question 3



Research Question 3 examines if measures of mental work-
load may be used as predictors of task performance in per-
sonal information management tasks. Since time-on-task
was the only performance metric that was (1) used for all
three tasks, and was (2) not subject to any ceiling e!ects,
further analysis of the correlation between performance and
workload focuses on this metric. Mental workload was es-
timated via two methods; we consider them separately to
examine whether either or both of them may be used as task
performance predictors.

NASA TLX Ratings as Predictors of Operator Performance
Significant correlations were seen between NASA TLX sub-
scales and time-on-task only in the following isolated cases:
Overall Workload for Files Level L1 (p=0.01, r=0.57), Men-
tal Demand for Files Level L1 (p=0.0071, r=0.61), Own
(Perceived) Performance for Files L0 (p=0.05, r=0.47), Own
(Perceived) Performance for Files L1 (p=0.02, r=0.54), Frus-
tration for Files L0 (p=0.05, r=0.47), Frustration for Calen-
dar L0 (p=0.51, r=0.17).

Task-Evoked Pupillary Response as a Predictor of Operator
Performance
Workload estimated according to the Task-Evoked Pupillary
Response was not found to be significantly correlated with
Time on Task, using Pearson’s product-moment coe"cient
(r). Table 2 shows the correlation coe"cients and p-values
for each task condition. It can be inferred that mental work-
load (measured via pupillary response) is not a good predic-
tor of task performance.

TEPR ! Time L0 L1
Files r=-0.062, p=0.46 r=0.15, p=0.063
Calendar r=-0.11, p=0.078 r=-0.067, p=0.283
Contacts r=-0.13, p=0.18 r=0.042, p=0.68

Table 2. Pearson’s r for Task-Evoked Pupillary Response for each task
condition.

Summary of RQ 3 Results
Neither NASA TLX ratings nor task-evoked pupillary re-
sponse showed consistent correlation with task performance.
Isolated instances of significant correlations were observed,
but they do not support the use of workload measures as pre-
dictors of task performance. The lack of any meaningful
correlation between performance-based metrics and work-
load metrics suggests that neither alone is su"cient to as-
sess and describe highly contextualized tasks in the domain
of personal information management. Thus, Hypothesis 3
was disproved in case of both metrics used in the measure-
ment of mental workload.

Other Observations
While the preceding sections provide answers to the research
questions posed at the start of this study, there were several
interesting observations noted while participants performed
the experimental tasks.

• Lack of Preparation in Task Migration. None of the
participants performed any kind of planning tasks at the

start of the Files task to prepare for migration. Since the
means of task migration (USB drives, email access and
network drive access) were already provided to them, it
would have been possible for them to plan ahead by copy-
ing their files to the network, for example. However, none
did so.
This lack of planning has significant implications for those
designing technologies for mobility: users cannot be ex-
pected to plan ahead or to prepare for a device transi-
tion [29]. Task migration technologies must take into ac-
count the opportunistic use of multiple devices without
any pre-planning and must initiate any pre-migration ac-
tivities without the need for explicit user intervention [30].

• Maintaining Contextual Awareness in Calendars. In
the Calendar task, a few of the instructions provided to the
participants mentioned the current date as a way to anchor
them in temporal context. Since an entire week’s worth of
calendar events were presented in about 10 to 15 minutes,
it was important to introduce the current day in order to
preserve the hypothetical temporal unfolding of events in
the experimental tasks. Participants adopted various tech-
niques to maintain this temporal context while interacting
with the calendars. Those who used the electronic cal-
endar clicked the specified date in the calendar window,
which would then highlight that day in the display. Such
a visual representation helped as an external cognition aid
so that the task of remembering the current day could be
o#oaded to the environment. Very few users who used
paper calendars used similar techniques: those that did,
marked each passing day with a dot or a cross towards the
top of the day.

• Capturing Information about Tentative Events in Cal-
endars. The scheduling of tentative collaborative events
caused a high amount of confusion to users (noted via
experimenter’s observations; not statistically significant).
Using multiple paper calendars, participants indicated the
changes and rescheduling with an assortment of arrows,
scratched lines, and other idiosyncratic annotation tech-
niques. In electronic calendars, while participants could
reschedule an event easily by dragging-and-dropping the
electronic representation of the event to the rescheduled
time, this did not solve the entire problem.
The larger issue in tentative collaborative events is the ad
hoc specification of attendees’ constraints. Current cal-
endar systems do not capture the set of constraints that
lead to the tentative scheduling of an event. Hence, when
such an event is to be moved to another time, the new start
time must be evaluated against the complete set of con-
straints by consulting the originating source, e.g. email.
The event record within an electronic calendar provides
no way to indicate the justification behind the particular
choice of time, and thus lacks an a!ordance for potential
rescheduling. This is also a problem when adding a new
constraint to the mix.
While a few calendar systems do provide support for au-
tomatic multi-party meeting scheduling, the resulting ar-
tifact is a calendar event, not an expression of the con-
straints. This makes it di"cult to add or remove con-



straints from the mix, to arrive upon a di!erent time than
originally scheduled.

DISCUSSION
Through the results of these studies, I found that specifics
of the tasks and levels of support for task migration a!ected
users’ perceived workload ratings as well as task-evoked pupil-
lary response in a variety of ways. These workload metrics
were not the traditional usability metrics that are often used
to evaluate computing systems, such as performance, e"-
ciency, errors, etc. In fact, metrics such as whether users
were able to answer questions correctly and time-on-task
showed little to no di!erence with the di!erent ways of per-
forming a task, with and without support for task migration.

What this points to is that while both types of systems re-
sult in similar outcomes (and thus would be rated equally on
traditional usability metrics), they do not evoke the same ex-
periences in users. Frustration, mental demand, and work-
load: all are components of the entire user experience, but
are not often captured by researchers and designers when
assessing personal information ecosystems. This points to
two separate, yet related, issues that warrant discussion: (1)
evaluating usability using concepts from hot cognition that
are more representative of user concerns when using multi-
ple devices together, and (2) evaluating usability for a device
ecosystem together instead of as disparate devices.

Evaluating Usability using Hot Cognition Aspects
Besides the need to measure traditional usability metrics, it
is important to test whether we are, in fact, measuring the
right metrics. Dillon notes [8] that in several tasks, e"ciency
may not be the user’s priority. In particular, he highlights
the inadequacy of traditional usability measures for many
high-level, ongoing tasks such as information retrieval and
data analysis. Other studies also have shown [26] that users’
preferences for particular brands of devices have significant
e!ects on their perception of usability of those as well as
other devices. This shows that aspects of hot cognition such
as a!ect, emotion, personal preferences, etc. play an impor-
tant role in the user experience — perhaps an even greater
role than purely objective metrics such as task completion
times and feature comparisons.

Holistic Usability for Personal Information Ecosystems
Distributed cognition theory recognizes that actors in a sys-
tem often rely on the use of external artifacts to augment
their own cognition. Usability cannot thus be embedded into
an artifact, but is distributed across an entire activity system.
This is evident in this study in various ways: users perform-
ing the Calendar task kept track of the current day by high-
lighting that day in an online calendar, or by marking o! cor-
responding days in a paper calendar. In the Files task, a few
users kept modified files open in their respective editor pro-
grams as a means of tracking their changes. While these are
just a few idiosyncratic examples, it points to the larger issue
of systems and devices lacking explicitly-designed support
for external cognitive tasks.

CONCLUSIONS

Pure performance-based measures are not su"cient to de-
scribe and assess highly contextual tasks in the domain of
personal information management, and the inclusion of user
perception in their assessment is important. Traditional us-
ability metrics emphasize e"ciency, e!ectiveness and satis-
faction [ISO 9241], but they relegate metrics such as plea-
sure and emotion to the sidelines. This study describes that
while performance metrics do not show much di!erence,
mental workload (measured via the task-evoked pupillary
response) shows a di!erence with/without support for syn-
chronization (in the Contacts task).

Many devices that are intended to be used in collaboration
with other devices are designed independently of one an-
other. In some cases, it appears as if minimal attention has
been given during the design process to understand the broader
context of use and to situate the device in this context, o!er-
ing support for the activities that are performed in real use
scenarios. When evaluated for usability, many devices are
often tested in pristine laboratory settings. Even if tested
in real world scenarios, they may not be evaluated together
with other interacting devices in the user’s work environ-
ment. The lack of correlation in this experiment between
task metrics and workload measures stresses the need for
conducting holistic usability evaluations of such devices when
they act together to fulfill a user’s information needs.
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