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Abstract

We examined user behavior on information search
tasks at two levels of complexity. Users were divided
into two levels of working memory span (WM). The
results show that in more demanding task conditions
both user groups change behavior, but they differ in
how they change it. High-WM user performed more
actions to find more information, while low-WM users
and switched their search tactic by significantly
decreasing individual documents they visited.
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Introduction

Information search requires evaluating documents,
making relevance decisions and deciding when to stop
the search process. In an idealized situation, a searcher
could be assumed to possess perfect information and
infinite resources (e.g., time, mental capacity). In
reality, the available resources are limited. Evaluation
of search results and encountered documents, decisions



what to examine and what is relevant are constrained
by limited mental capacity. A limited humber of “slots”
in working memory is used to explain some constraints
on human capacity for cognitive processing [1]. This
limited capacity was first described by George Miller in
his famous paper on “the magic number seven plus or
minus two” [14]. Newer findings suggest the actual
limit of working memory capacity may be lower or that
it's nature is different and lies in the control of attention
required for effective information processing [11].
Nevertheless the fundamental notion of limited mental
capacity is commonly agreed upon.

Understanding what contributes to a user’s mental load
during a search process is important for identifying
cognitive demands imposed by search tasks, user
interfaces, and information displays. We know, for
example, that users may be avoiding some interactions
due to heightened mental requirements. In one
information retrieval system a user relevance feedback
feature was avoided by users due to the heightened
cognitive load [2].

Study of mental demands and effort can involve an
assessment of users’ mental load, a control of mental
demands imposed by a task, by a system, or
characterization of users by their levels of mental
capacity. These methods are often used in combination.

The body of work related to mental load in human-
computer interaction is quite extensive, both in terms
of the studied effects as well as in terms of mental load
measurement methods used (for example, for a review

of measurement methods see [5]; for a review of
studies see [9]). Here we only mention work most
closely related to project presented in this paper. Prior
work in the area of mental load and information search
has established differences between task stages
[71[12][9]. However, there is a general lack of work
that would examine effects of cognitive abilities on
information search tasks.

In the study reported in this paper we controlled search
user interface, mental demands imposed by a task (by
varying its level of complexity) and we assessed
participants’ mental capacity by testing them on a
working memory task. In this paper, we focus on the
effects of working memory capacity and its interaction
with task complexity, while the effects of user interface
are reported elsewhere [10].

Methodology

37 undergraduates (8 females & 29 males) participated
in an information search study conducted in a
controlled experimental setting. The tasks were
performed on a Windows XP desktop computer with a
17" LCD monitor equipped with eye tracking hardware
(Tobii T60).

User Interfaces

We created two search interfaces: one with a results

overview and one without. Both interfaces displayed a
list of results similar to a traditional textual result list

(Fig.2). Each result contained: title, URL and a list of

descriptive tags. URL in each search result was linked
to an external website.
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Figure 2. Search results list with overview (O+L UI). The “baseline” interface (List UI) contained search result list only and did

not include the overview tag cloud.

The interface with overview (O+L UI) displayed

search query, and thus narrowed down the results. The

an overview of the returned results (in a form of interface allowed for selective removal of tags. Query

a tag-cloud) in addition to the list (Fig. 2).

Documents (web pages returned as search
results) could be evaluated based on the

terms area is shown in Fig. 1. The possible user actions
are shown Fig. 3.

The experiment’s data set on topics related to travel,

descriptive words available in the search results sightseeing and shopping was obtained by crawling the

or based on reading the document by visiting a

Delicious social bookmarking site. We collected

web page. Clicking on a tag (keyword) in any of approximately 18,000 unique bookmarks along with

the two search interfaces added the tag to a

associated user-assigned tags (created by 600,000



FF | IG | FF G
FF | 1G | 16 FF
IG | FF | FF IG
IG | FF | IG FF

Table 1: Search task order. FF -

fact finding; IG - information

gathering

users who added a total of 380,000 tags). We used the
study task topics (related to London and Paris) to
further select approximately 100,000 tagging instances
(combinations of unique URL-tag pairs) that were
applied to 1,700 bookmarks. The data was cleaned to
remove non-Latin alphabets, references to browsers,
and to personal collections as the source of bookmarks
(e.g., mylibrary).

Tasks

Travel, sightseeing and shopping were selected as
everyday search topics familiar to the general public.
Task scenarios were constructed to present realistic
situations and to provide participants with the search
context and the basis for relevance judgments [1]. In
all tasks participants were motivated to look for
information for their friend. Tasks were designed at two
levels of complexity: simple tasks involved finding a
fact that satisfied specified criteria (e.g., name of a
hotel located close to an airport), while more complex
tasks involved information gathering about several
items and selecting those that satisfied several criteria
(e.g., finding three museums that collectively carried
collections of three different kinds). This increased
complexity by creating multiple (interdependent) paths
to the task outcome. Users started tasks from the same
initial list, which showed results from a two-word
query. Users looked for information within these
results. Narrowing search results was obtained by
clicking on a tag, and was conceptually equivalent to
adding a term to the search query. To broaden results
a user could delete a tag (Fig. 1 & Fig. 3). This is
equivalent to removing a term from a search query.

The number of tags added and deleted by a user
correspond to the number of issued query refinements
and, hence, to the number of examined result lists (all
results in each list were shown on one, possibly quite
long, Web page). We considered participants using tag
deletion as a cognitive move (i.e., formulating a new
query) or as a “physical” move (i.e., navigating back to
a previous results list). At the completion of each
search task, participants entered their answers by
composing a message, in which they made a
sightseeing recommendation to their friend.

Study Design and Measures

The study had a within-subject design with task
complexity and user interface as two main controlled
factors. Each participant performed four tasks, two in
each of the interfaces; the interface was switched after
the second task. Before the first use of each interface,
participants performed a training task using that
interface. The order of tasks was balanced with respect
to task complexity (Table 1) and the interface. Four
possible orders of two task complexities and two
interfaces yielded a total of eight different task and
interface rotations. Participants also performed working
memory span (WM) task. Working memory (WM)
reflects the ability to temporarily store and perform a
set of cognitive operations on information that requires
attention and the management of the limited capacity
resources of short-term memory. Participants were
divided into two groups, high-WM and low-WM, by
splitting them at the median value of memory span
score.



Task | Low WM High WM
Simple 233 156
Complex 241 270

Table 2: Effect of task and WM
on task duration [seconds].
Interaction effect (Task x WM):
F(144,1)=4.2; p=.042. Task effect for
High WM only: t(60.6)=-3.3; p=.002

Task Low WM | High WM
Simple 5.1 3.7
Complex 7.2 8.5

Table 3: Effect of task and WM

on the number of queries.
Interaction effect (Task x WM):
F(144,1)=3.1; p=.08. Task effect for
High WM only: t(61.9)=-4.6; p<.001

Task Low WM | High WM
Simple 8.5 7.1
Complex 3 5.2

Table 4: Effect of task and WM
on the number of opened
individual documents. Borderline

task effect for Low WM only:
t(47.1)=2; p=.051.

Task Low WM [ High WM
Simple 399 278
Complex 396 469

Table 5: Effect of task and WM
on the number eye fixations.
Interaction effect (Task x WM):
F(144,1)=; p=.048; ask effect for High
WM only: F(67,1)=8.6; p=.005

Task Low WM [ High WM
Simple 138 93
Complex 139 160

Table 6: Effect of task and WM

on total fixation duration [sec].
Borderline Interaction effect (Task x
WM): F(144,1)=; p=.051; Task effect
for High WM only: F(67,1)=21;
p<.001

Eye-tracking Derived Measures

Eye tracking data has been used in information search
studies as a source of additional evidence to indicate
relevance of search results. The focus has been on eye
fixations, for example to indicate which items are
considered in ranked search results pages or in
identifying words useful for relevance feedback
[4]1[13][15]. In contrast, we use eye tracking data to
calculate objective measures of a user’s cognitive
processing related to reading and interacting with text.
We implemented a simple, line-oriented reading model
influenced by E-Z Reader - a cognitively-controlled,
serial-attention model of reading eye movements [17].
We used eye fixations longer than 113ms to select
those likely to result in word understanding. [6]
provides implementation details.

We assessed cognitive search effort using the observed
search and navigation decisions and using reading
effort derived from eye-tracking data. The former were
expressed as user actions: selection/de-selection of
search terms and selection of documents to view (visits
to result web pages). These selection/de-selection
actions were equivalent to the number of query
reformulations. Taking into account the possibility of
deleting tags and document visits to be “physical”
moves, we used 50% of these actions as cognitive
actions.

Eye-tracking derived data served to operationalize
several indicators of cognitive effort due to interacting
with text. The number of regressions in a reading
sequence and the fixation durations of the regression
fixation have been associated with the difficulty of
reading passages, resolution of ambiguous (sense)
words, conceptual complexity of text, parsing

difficulties and the reading goal [16].These indicators
included, fixation duration, the existence and number
of regression fixations in the reading sequence and the
spacing of fixations in the reading sequence. The eye-
tracking measures included also reading model
parameters, such as counts and probabilities of
scanning vs. reading.

Results

Our main interest is to investigate effects of working
memory capacity and task complexity on the search
process.

Task Effects

As expected, the more complex tasks required
significantly more time (255s vs. 195s) and more
effort. The increased effort on the more complex tasks
was reflected in more actions performed (mean 7.8 vs.
4.5), in longer maximum reading fixation length and in
more reading fixation regressions. Somewhat
surprisingly, task outcomes did not differ significantly
between the task and WM conditions (there was only a
borderline difference p=.066 in task outcome for high
WM users).

Task and WM Interaction Effects

Interaction effects of working memory span (WM) and
task complexity on task duration and the number of
tags clicked (number of queries entered and
reformulated) were statistically significant. On the
simpler tasks, high WM users spent overall less time
than low WM (Table 2, They also clicked fewer tags,
and performed fewer cognitive search actions overall
(Table 3&4). Overall, high WM users performed actions
faster than low WM (Table 8).



In contrast, the situation was different for the more
complex tasks. High WM users tended to take more
time than low WM users (Table 2). They also performed
more search actions (Table 3&4). In this condition, high
WM users also performed cognitive actions faster than
low WM (Table 8).

Task Low WM [ High WM
Simple 9.35 7.25
Complex 8.70 11.11
Table 7: Number of cognitive actions (queries + 50%
of individual document visits). Combines the results
from Table 3 and 4.

Task Low WM | High WM
Simple 24.9 21.5
Complex 27.7 24.3
Table 8: Time per action [sec]. Combines the results
from Table 2, 3 and 4.

Examining the effect of task complexity and WM on the
number of visited individual documents (Table 4), we
observe that this number drops significantly for low WM
searchers on complex tasks, while for high WM users
this number also is lower, but not significantly.

Eye-tracking data (Tables 5&6) show somewhat similar
patterns for the number of lexical fixations and the
total fixation duration (calculated for search interface
pages only). What's interesting is lack of difference for
low WM, while the eye fixation measures increase for
high WM in higher complexity tasks.

Discussion
The main effects of task complexity were as expected.
The interaction effects between task complexity and

WM showed that the relationship between effort and
task complexity was different for low and high WM
users. Low WM users visited fewer documents in more
complex tasks and it is plausible they were satisficing
[18]. Compared to the low WM group, high WM users
tended to perform more actions than under conditions
of increased difficulty. Higher complexity tasks required
finding more information and thus it was expected that
these tasks would required entering more queries and,
possibly, visiting more individual documents. This
expectation was generally confirmed. However, it was
not significant for low WM users. Yet, task outcomes of
the high WM group did not show the benefit of the
extra effort invested in the task performance. The task
outcomes of low WM users were about the same as
those of high WM users.

For visits to individual documents the trend to perform
more cognitive actions (as reflected by issuing more
queries) reversed in more complex tasks. The low WM
users visited much fewer individual documents. While
high WM also visited fewer documents in high
complexity tasks, this relationship was not significant
for them, but it was statistically for low WM.

One could speculate that, in order to “save” mental
effort, lower mental capacity of low WM users forced to
drop more visits to individual documents than in the
case of high WM users. Perhaps this effect can be
plausibly explained by the principle of least effort [18].
User spent the minimum amount of effort that was just
sufficient for completing tasks (to maximizing the
outcomes).

As demonstrated by the eye-movement data, high WM
people did more reading on the more complex tasks.



Perhaps they gained knowledge that was not
immediately needed and thus was not measured in this
study. Perhaps the higher cognitive capacity allowed
these searchers to take advantage of serendipitous
information encounters [8]. Perhaps they applied a
more complete and global evaluation of information
that did not result in @ measurable improvement of task
outcomes, and that did not follow the principle of least
effort. The presented results do not fully explain why
the principle of least effort was “violated” in certain
conditions.

Conclusion

In this study, we examined user behavior on
information search tasks at two levels of complexity
and for two users groups characterized by two levels of
working memory span (WM). The results show that in
more demanding task conditions both user groups
change behavior, but they differ in how they change it.
High-WM user performed more actions to find more
information, while low-WM users and switched their
search tactic by significantly decreasing individual
documents they visited.

Study limitations include a) limited variation in search
tasks, b) tasks were relatively easy - hence we did not
see the significant differences in task outcomes, c)
query “formulation” was done by clicking on words. We
plan to address these limitations in further studies.
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