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ABSTRACT 
When on the move, cognitive resources are reserved partly 
for passively monitoring and reacting to contexts and 
events, and partly for actively constructing them. The Re-
source Competition Framework (RCF), building on the 
Multiple Resources Theory, explains how psychosocial 
tasks typical of mobile situations compete for cognitive 
resources and then suggests that this leads to the depletion 
of resources for task interaction and eventually results in 
the breakdown of fluent interaction. RCF predictions were 
tested in a semi-naturalistic field study measuring attention 
during the performance of assigned Web search tasks on 
mobile phone while moving through nine varied but typical 
urban situations. Notably, we discovered up to eight-fold 
differentials between micro-level measurements of atten-
tional resource fragmentation, for example from spans of 
over 16 seconds in a laboratory condition dropping to bursts 
of just a few seconds in difficult mobile situations. By cali-
brating perceptual sampling, reducing resource usage for 
tasks of secondary importance, and resisting the impulse to 
switch tasks before finalization, participants compensated 
for the resource depletion. The findings are compared to 
previous studies in office contexts. The work is valuable in 
many areas of HCI dealing with mobility.  

ACM Classification Keywords: H5.m. Information inter-
faces and presentation (e.g., HCI): Miscellaneous 

Keywords: Attention; cognition; mobile HCI; semi-
naturalistic field study; context; multitasking; mobile 
browsers; multi-modal interfaces; interruptions 

INTRODUCTION 
People seem to have tremendous capabilities for utilizing 
mobile devices in various innovative and fulfilling ways 
while on the move. However, there are times when the flu-
ency of interaction breaks down dramatically. We all have 

experiences where we have to slow down, to postpone, or to 
stop interaction with a device entirely because of a cogni-
tively taxing situation. And we sometimes have to invent 
novel ways of interaction or workarounds on the spot. From 
the perspective of interaction, then, being mobile is cogni-
tively costly. 

In this paper, we investigate how mobile contexts cause 
such shortages of cognitive resources. Our starting point is 
that there are typical tasks related to mobile contexts (e.g., a 
crowded bus context and the task of managing personal 
space) and these tasks differ in how they tax attention. 
Building on the Multiple Resources Theory of attention 
[38], we propose the Resource Competition Framework that 
relates mobile task demands to user’s cognitive resources. It 
predicts differences in the availability of attention for inter-
action among intuitively equal contexts. The predictions are 
tested in a semi-naturalistic field study where minicams are 
utilized to record attention on the move. Finally, we link the 
results to several topical research questions in mobile HCI.  

Previous Research 
In a pioneering study, Kristoffersen and Ljungberg [16] 
explained that mobile devices reserve our physical and at-
tentional capabilities (e.g., one hand for holding the phone) 
from other tasks required for mobility. They observed that 
mobile workers need to “make a place” for the device in a 
taxing situation (e.g., drivers may need to stop the car to 
release enough resources to operate a phone). Similar ob-
servations were made by Pascoe et al. [25], and by Lums-
den and Brewster [18] who related them to a wider perspec-
tive by noting that there is often a conflict between mobility 
and mobile HCI: Interacting with a mobile device, as a task, 
competes for the same limited resources that we need to 
safely navigate through the environment [32].   

The relevance of social contexts to the use of attentional 
resources was identified when researchers began to exam-
ine mobility from a broader perspective. Perry et al. [27] 
stressed that mobility involves uncertainty and unpredict-
ability, which demands “planful opportunism”. Similarly, 
our ethnomethodologically oriented mobility study revealed 
that the sociality of mobility demands not only attention but 
also active participation [34]. Five observations were made: 
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(1) Mobility is often bound to social goals related to col-
laboratively produced organizations of time-space of near 
future (meetings, deadlines etc.); (2) Situated acts are em-
bedded within planned ones—dropping by, ad hoc meet-
ings, and other forms of sidestepping require planful oppor-
tunism and flexibility from other mobility plans—
particularly navigation [27,33]; (3) Personal spaces must be 
actively claimed and held by socially recognizable acts, 
because mobile contexts are typically public and dynamic 
rather than private and stable; (4) Aspects of mobility im-
pose various social and cognitive restrictions on multitask-
ing; (5) Finally, and primary significance to the present 
paper, different temporal tensions (“fluctuations of impor-
tance of time in relation to space”; e.g., hurrying, decelerat-
ing, waiting) are related to different cognitive and social 
demands for action. Subsequently, we made some initial 
observations on how task demands posed by mobile con-
texts “create” these tensions [21].  

These reflections provided the impetus for the current work.  

Mobile Contexts as Interactional Achievements 
Our starting point is that human action has its basic contex-
tual parameters [12]: (1) the setting (social and spatial 
framework), (2) behavioral environment, (3) linguistic, and 
(4) extrasituational context. The actor must orient to these 
contextual parameters, and this orientation in turn has the 
potential of becoming context-creating and  
-renewing for the self and for others. For example, visiting 
a church requires the visitor to orient to the social (e.g., a 
wedding), spatial (chairs, walls), behavioral (gestures of 
people near by), language (talk), and extrasituational (what 
is known in advance about the particular wedding) contexts. 
By taking action, or withholding it, the visitor can either 
renew or sustain the present context.  The fundamental idea, 
then, is that people, through a set of various purpose-
oriented and streamlined “ethnomethods”, construct mobile 
contexts. This view comes close to the interactional view of 
context [9] inspired by ethnomethodology. An opposing 
view is the representational view where contexts are re-
garded as observer-independent entities ready to be sensed, 
represented, and acted upon by an agent.  

We believe that adopting the interactional view is essential 
for understanding why mobile situations yield cognitive 
costs. For example, waiting for a metro to arrive is not sim-
ply about sitting idly with all cognitive resources free for 
time killing activities, but calls for action: estimating when 
the metro arrives, moving to a position where it can be per-
ceived, continuously interpreting auditory sense data, moni-
toring how personal space is perhaps intruded by by pass-
ers, occasionally glancing the environment to see if the 
metro is coming etc. [34] These mobility tasks compete for 
cognitive resources with other tasks, including mobile HCI 
tasks, the most important tasks given higher priority and 
“left-over” resources being re-distributed. 

This paper proposes an elaborated view on how this occurs. 

THE RESOURCE COMPETITION FRAMEWORK (RCF) 
Successful context construction in mobility is a complex 
multitasking achievement, requiring careful orchestration of 
the planning, timing, execution, monitoring, and control of 
tasks. One must switch back and forth between tasks and 
external sources, temporarily leaving the switched-from 
tasks on hold or slowing them down. The key to this 
achievement is controlled selection and division of atten-
tion. RCF attempts to describe the necessary cognitive fac-
ulties underlying this achievement in mobile HCI.  

As an analytical tool, RCF builds on three cognitively ori-
ented traditions. First, RCF borrows from the tradition of 
task analysis. Both analyze the tasks “required” of a person 
in a situation, decompose them to their components, and 
identify related mental requirements. Task analysis has 
been used extensively in studies of pilots, drivers, and con-
trol room operators, but not yet of mobility. Second, RCF 
also comes close to the thinking in the cognitive modeling 
tradition in HCI (e.g., GOMS, EPIC, ACT-R; [4]). How-
ever, it does not aim to model the interplay of cognitive 
faculties, but to identify and explicate the relevant cognitive 
resources and their properties. Third, regarding cognitive 
psychology, RCF borrows from the work of Navon [19] on 
the resource approach to attention and particularly from the 
work of Wickens on Multiple Resource Theory [38]. RCF 
is custom-tailored for mobility and is thus less fine-grained 
and lacks the notion of representation codes. Recent find-
ings have also challenged some of the assumptions of 
Wickens, in particular the fixed capacity assumption [39]. 
Nevertheless, keeping in mind the practical orientation of 
this paper, the idealization can be kept. 

Assumptions 
In what follows, we elaborate the notion of resource compe-
tition. Four assumptions about resources are made:  
- Functional modularity. The cognitive system is divided 

into functionally separate subsystems operating on differ-
ent representations at different levels of processing.  

- Parallel module operation. Cognitive modules can oper-
ate to a large extent in parallel, independent of each other, 
although structural interference can occur. 

- Limited capacity. Cognitive modules are limited in capac-
ity, with respect to time or content (e.g., perception). Ca-
pacities can serve various tasks concurrently, resulting in 
the desired level of performance for each, provided that 
the total capacity has not been exceeded. [6]. 

- Serial central operation. Central co-ordination of mod-
ules (e.g., monitoring, manipulation, inter-module infor-
mation transfer, and response selection) is serial [1,26]. 

Second, five assumptions concern “competition”: 
- Multitasking. At any time, the cognitive machinery per-

forms multiple tasks. 
- Resource pooling. The operated tasks may pool the lim-

ited resources [19].  
- Task differences. Different tasks require different quanti-

ties of different cognitive resources. Automatization and 



skills can modify the task’s need for resources [10].  
- Preferential resource sharing. Resources are not allo-

cated equally but hierarchically according to intrinsic mo-
tivational structures like needs and goals [8].  

- Resource-depletion penalty. Tasks that do not receive 
sufficient resources are slowed-down, postponed, put on 
hold, or terminated [1,10,37].  

Consequently, two kinds of multi-task interference can oc-
cur, both leading to a resource-depletion penalty: (1) struc-
tural interference occurs when two or more tasks compete 
for limited resources of a peripheral system; (2) capacity 
interference occurs when the total central processing capac-
ity has been exceeded by multiple concurrent tasks. It is 
also assumed that compensatory strategies are adopted to 
overcome negative consequences of depletion [10]; how-
ever, RCF cannot predict what these strategies are. 

Cognitive Analysis of Mobility Tasks 
In Table 1, we suggest (1) central cognitive faculties and 
(2) their respective resources and limitations that have prac-
tical significance for mobility and HCI tasks [23]. In Table 
2, we list and analyze resources of typical mobility tasks vs. 
mobile HCI tasks. The analysis in Table 2 is based partially 
on existing literature, especially [17] and our previous 
analyses [21-23,34]. Although RCF is more general, we 
here focus particularly on the deployment of visual gaze 
patterns and some aspects of motor control. 

Hypotheses 
In the following, we expand on and make hypotheses and 
expand on of some common situations included in our field 
study. As will be shown, common mobile situations can be 
highly variable in terms of attentional resource competition. 
(See also the bottom part of Table 2.) 

Walking through a busy street to a bus stop is a taxing task 
requiring planning a route, managing time-to-target, and 
walking while at the same time taking care of safety (avoid-
ing collisions; e.g., being hit by a car). It is important to 
note that perceiving the bus stop, navigating, and handling 
personal space all compete for attention. Perceptual sam-
pling of the environment must take place frequently. 

Traveling on an escalator requires less motor control, al-
though body posture must be monitored and the right hand 
is usually reserved for holding on. By contrast, visual atten-
tion is more taxed: a correct standing position must be cho-
sen, personal space must be monitored (as by passers move 
close), and the rapidly approaching end signal must be per-
ceived (i.e., in order to know when to step off). Visual sam-
pling is not as frequent as in the previous case. 

Conversing in a café, on the other hand, is a task that does 
not require body movement except for what is needed to sip 
the coffee, gestures to support the talk, and monitoring so-
cial surroundings and personal space. It does require attend-
ing to the other person, inferring, making sense, and finally 
responding to her in a turn-taking manner [31]. It demands 
more of our higher-level cognitive faculties such as long-
term memory and thought than visual attention.  

It is interesting to compare these three to a laboratory situa-
tion. This context, free of disruptions and socio-cognitive 
demands, should involve least competition for attention.  

Our exercise in the analysis of cognitive demands of Web 
search tasks (Table 2) implies that visual and motor re-
sources are there the central ones. Competition for attention 
should be most pronounced in such mobile situations that 
also demand visual and motor capacity. Therefore: 
              

           Busy street > Escalator > Café > Laboratory. 

# Cognitive 
faculty 

Provided resource Limitations important in 
mobility and interaction 

1 Motor control 
  

Sequencing, timing, control, and 
finalization of motor actions 

Fluent execution dependent 
on learned procedural skills 

 (hands) Manipulation of physical objects Reach, capacity, strength, 
dexterity and accuracy 

 (legs) Positioning and moving the self  Limited speed, stamina 
2 Sensation Intake of external stimuli Acuity, accuracy 

3 Perception Organization of sense data Uniformity of perception 
4 Attention 

(visual) 
(auditory) 
(motor) 

Search, selection, and integra-
tion in and across modality-
bound representations 

Limited spatial span, limited 
object span 

5 Central  
executive 

Meta-level control of cognitive 
operations 
-selection, inhibition, updating, 
shifting 

Serial processing 

6 Working  
memory 
(visual) 
(auditory) 
(motor) 

Retention of previously attended 
information 

Short retention span, 
small capacity 

7 Prospective 
memory 

Proactive control and timing of 
actions  

Susceptibility to interference 

8 Episodic  
memory 

Mental “time travel”  Distortions, slow and effortful 
access 

9 Semantic  
memory 

Fact knowledge Susceptibility to interference 

10 (Conscious) 
Thought 

Conscious manipulation of Work-
ing memory materials 
-abstraction, inference, reason-
ing, problem-solving 

Uniformity of thought, reliance 
on heuristics 

Table 1. Cognitive faculties relevant in mobile HCI,  
their provided resources and known limitations. 

Mobility tasks  
A. Talking (2,3,4,5,6,7,8,9,10) 
B. Walking (1,2,3,4,7) 
C. Waiting (2,3,4,5,7) 
D. Way finding (4,5,6,7,8,9,10) 
E. Sidestepping (5,6,7,9,10) 
F. Planning routes (5,6,7,8,9,10) 
G. Avoiding collisions (1,2,3,4) 
H. Estimating time-to-target (4,5,6,7) 
I. Controlling personal space (1,2,3,4,5) 

Mobile HCI tasks (Web search) 
J. Typing information (1,2,3,4,5,6) 
K. Deciding on a path (4,5,6,8,9,10)  
L. Waiting for loading (2,3,4,7) 
M. Searching from display (2,3,4,6) 
N. Exec. a navig. action  (1,2,3,4,5) 

Mobility tasks in some mobile situations in the study 
Hurrying through a busy street (B,D,F,G,H) 
Laboratory (I, if experimenter present) 
Traveling in a bus/metro (C,D,H,I) 
Chatting and drinking coffee in a café (A,C,E,I) 
Standing in a busy spot in railway station (G,H,I) 
Waiting for a metro to come on a platform (C,H,I) 

Table 2. Examples of cognitive demands in mobility vs. HCI 
tasks. Numbers in parentheses refer to Table 1. 



Another hypothesis we tentatively examine here is that mo-
bility tasks, more tightly related to social and personal well 
being, are at a higher level in the goal hierarchy than HCI 
tasks. For example, avoiding getting lost, slipping, or vio-
lating personal spaces should be more important than find-
ing a Web page, even in an experiment were the partici-
pants know that their HCI performance is evaluated. To test 
this assumption, we include a condition in the study where 
participants are instructed to hurry with doing the HCI task. 
Because hurrying per se is not a task requiring any capacity 
(except keeping the instruction in mind), but only an in-
struction to share more resources to the HCI task, it should 
not lead to resources being depleted from mobility tasks, if 
they are more important. Hurrying is compared to waiting 
instruction that by contrast would be expected to release 
resources from the HCI task to mobility tasks by lowering 
its preference in the face of competition. In the baseline 
condition, time pressure is only implicit. Taken together, if 
mobility tasks are more fundamental to personal well-being 
than HCI tasks, we would expect hurrying in the HCI task 
to have no significant effect on the self-deployment of at-
tention. On the other hand, we would expect waiting to re-
lease more resources for attention the environment. 

We are also interested in observing how resource-depletion 
is compensated by adopting attentional strategies, for ex-
ample slowing down or postponing secondary tasks. 

METHOD 
In the study, participants’ behavior, action, and context 
were recorded during Web search taking place in various 
mobile situations. Because uncontrollable aspects of the 
environment and participant behavior, special arrangements 
were needed in terms of both study design and apparatus.  

In operationalizing resource competition, our key measure 
was the deployment of visual gaze during Web search. We 
focused in particular on what happens during the subtask of 
page loading, instead of other more interactive tasks, for the 
following reasons. First, in order to perform the task 
quickly, the participant has to know when the page has 
loaded. However, as attending page loading is not as crucial 
to the completion of the task as for example reading the 
page, we expect more off-task looking and thus more sensi-
tivity to gaze patterns. Second, as loading times vary con-
siderably, and are thus both uncontrollable and unpredict-
able to the participant, he/she cannot adjust attentional 
strategies to estimates of loading durations, but the loading 
progress has to be attended to ensure rapid resumption of 
the task. Finally, page loading behavior is less influenced 
by individual interaction strategies arising from different 
search goals, Web page designs, and situational factors. We 
believe that page loadings provide a sensitive measure al-
lowing for gathering more homogenous data. 

Participants 
Twenty-eight subjects participated in the study; 15 of them 
were 20 to 26 and 13 of them 41 to 47 years old. They were 
experienced in using mobile phones (M=7.5 years, SD=3.5) 
and browsing the Web with PC (M=6.7 years, SD=2.3), and 
in knowing the Helsinki area (for M=24.1 years, SD=14.8) 
and its public transportation system (M=6.2 years, SD=6.3). 
They had no prior experience with mobile browsers. 

Design 
Participants in both age groups were randomly assigned to 
(1) route direction (normal or reverse) and (2) task order 
(normal or reverse). These counterbalanced sets were cre-
ated in order to tackle order effects. Instructed Time Pres-
sure (ITP, see below) conditions were assigned to natural 
reference situations (some ITPs could not be assigned to 
certain situations, e.g. wait-ITP to walking situations). With 
repetitions of the situations (e.g., there were several escala-
tor, metro, and walking situations) within a set, a different 
ITP was administered each time, if possible. Thus, the order 
of ITPs was only partially counterbalanced; ITPs could not 
be entirely separated from the nine locations. 

Materials 
The Web search tasks consisted of retrieving a piece of in-
formation from a given website and reporting that to the 
experimenter (e.g., “Find your favorite item from today’s 
menu at the University restaurant”). Well-known leisure 
time related sites were selected, most of them by or about 
commercial or public services in the local region. At least 
one interaction step had to take place to perform the task. 

 

9 Situations on the Route 
 
Laboratory. Quiet, small 
laboratory room, no windows  
Quiet street. Long, quiet 
street with clear visibility 
Escalator to the metro plat-
form/hall down/upstairs 
Metro platform. Participant 
gets onto the next metro 
Metro car. Participant’s task 
is to sit down and get off at an 
instructed stop (Sörnäinen) 
Busy street. A narrow, curvy 
street. The task is to find a 
way to a bus stop and stop a 
given bus 
Caféteria. The task is to eat 
sandwich and drink coffee/tea. 
If no natural discussion 
emerges with other people 
present in the café, the ex-
perimenter initiates small talk 
about issues unrelated to the 
present study 
Bus. The task is to sit in a 
crowded bus, stop it, and get 
out at an instructed stop 
Railway station. The task is 
to stands in the middle of the 
hall, lots of people pass by 

Figure 1. The route consisted of several places and transitory 
places between them. All route locations are in Helsinki. 



No text input was required. Altogether 25 tasks were cre-
ated, all in Finnish. 

In a study like this, the route itself is an inherent part of 
both stimulus materials and procedure. The route consisted 
of several places in the Helsinki city center. Locations, 
situations, transportation, and times are given in Figure 1.  

Training and Procedure 
Before the trials, the experimenter greeted the participant, 
committed to paper background information about her/him, 
and read aloud an overall description of the study (without 
revealing its purpose). Next, participants were trained on 
using the phone and browser. Training was incremental, 
starting from simple tasks (e.g., opening the application 
menu) and ending at two full tasks (e.g., looking from 
whatis.com at what “ITV” means).  

After the training, the trial started. The search task was read 
aloud to the participant, with the associated bookmark num-
ber (e.g., “Choose bookmark number 4”). Some situations 
involved doing “mobility tasks” related to that location si-
multaneously with the Web search task (see Figure 1, right 
column); these were instructed when not implied by the 
situation. Some tasks were done while moving (route was 
provided if the participant did not know it) and others while 
standing or sitting. When moving, the participant led the 
way and the experimenter shadowed few steps behind with-
out disturbing or helping the participant. After accomplish-
ing the task, the participant’s answer was recorded by the 
experimenter. New instructions were then provided.  

Each task was performed in one of the Instructed Time 
Pressure (ITP) conditions: (1) in the hurry condition, the 
instruction was to “Do as many tasks as quickly as possi-
ble.” (2) In the baseline condition, it was to be done within 
a given (4 minutes) or implicit timeframe (e.g., “You can 
do the task until we arrive to the Sörnäinen metro stop”). 
The timeframe was sufficient to perform the task, but if 
exceeded, the experimenter stopped the task and instructed 
the next task. (3) In the waiting condition, the participants 
waited for something, and were told they had plenty of time 
to carry out the one and only task: “We’ll be waiting for a 
call from my colleague, you have plenty of time.”  

Altogether, one trial lasted about 1½ hours. 

Apparatus 
The Web search tasks were performed on a Nokia 6600 
mobile phone running a mobile Web browser (Opera).  

We aimed at making the equipment setup as unobtrusive 
(for the user and other people) as possible. 30 g (Watek 
WAT 230A) minicams were used for video recording. One 
minicam was attached to the test phone, capturing the 
phone display and keyboard.  The device was also equipped 
with a second camera head that was focused up towards the 
user’s eyes. A third camera was attached to the backpack 
shoulder strap, facing forward, in order to record the field 
of vision ahead. Finally, the experimenter’s minicam, hid-

den in a phone shell, captured the overall environment. This 
video stream was sent wirelessly to a receiver in the partici-
pant’s backpack. Since we knew that wireless video is sus-
ceptible to distractions, we backed up this view onto a tape 
carried by the experimenter. (See Figure 2.)  

The participant carried most of the equipment in a back-
pack. It contained a microphone, a video camcorder, batter-
ies, a wireless link receiver, and a 4-channel quad processor 
for building up one video from the four video streams. (See 
Figure 3, Video Figure, and, for a system diagram, [29].) 

Coding 
The coders held a calibration meeting where they coded a 
part of one tape together to agree on and elaborate the cod-
ing scheme. Several items were dropped and others simpli-
fied to reach a high level of consensus. The revised, final 
version included measurements that could be done by rec-
ognizing or counting specified circumstances (given in the 
scheme) from a paused video image. Each of the five cod-
ers independently coded the tape by watching and pausing 
the playback after each event and coding it to a data sheet. 
The final scheme was as follows: 
- Time stamp: Time for the entry (accuracy of one second) 
- Task number: 1–25  
- Location: Café / Metro platform / … (See Figure 1) 
- Instruction on Time Pressure (ITP): Hurry / Wait / Normal 
- User’s movement: Walks / Decelerates walk / Stands / Sits 
- Focus of user’s attention: Phone / Environment 
- Interaction: (User) Starts operating the phone / Stops it 
- Status of loading: Loading / Page scrollable with only text / All content loaded 
- Crowdedness: (1) No people around / (2) Some people around (not moving) / 

(3) Some people around (moving) / (4) Many people moving close, crowded. 

 
Figure 2. Configuration of recording equipment. 

 
Figure 3. Output video data integrated on-the-fly.  



RESULTS 
An α-level of .05 is utilized throughout the report. Because 
age differences are not in the focus of this paper, they are 
reported elsewhere [30]. The two groups were not behaving 
in fundamentally dissimilar ways.  

Page Loadings 
Our focus was on the events occurring during the 1894 page 
loadings, several of which could take place during one task. 
The response time from link activation to the appearance of 
the first part of the page was 16.2 seconds in average (mode 
7 s, median 11 s, SD 16 s). Most variation was caused by 
different page sizes, variable load, and variance in availabil-
ity of GPRS connection. This variation is important, as the 
participants had no possibility of predicting the loading 
times and adjusting attentional strategies accordingly. Page 
loadings longer than 120 s were excluded as outliers. 

Attentional Resources in Different Mobility Situations 
We first examined for how long attention stayed on the mo-
bile device once the page loading had started. Attention 
shifted away in only 35 % of page loadings in the labora-
tory, and in the mobile situations from 46 % (Railway sta-
tion) to 70 % (Metro platform) and 80 % (Long quiet 
street). A one-way Analysis of Variance (ANOVA) re-
vealed a significant effect of Situation on the duration of 
continuous attention to the mobile device (after the page 
loading started and before it ended, excluding cases where 
attention did not shift away from the phone during the page 
loading), F[8,1039]=7.5. A closer examination showed that 
the laboratory and the café were between 8 and 16 s, 
whereas the escalator and the busy street both fell below 6 
s. The difference in the duration of continuous attention 
between the two extremes—the busy street and the labora-
tory—was over three-fold. (Consult Figure 4 for means and 
95 % confidence intervals, CIs.) 

Second, we examined how frequently attention switched 
away from the phone once the loading started. The number 
of attention-switches away from the mobile device during 
page loading was approximately 8 in the busy street but less 
than 1 in the laboratory, again a substantial difference. The 
omnibus F-test for the effect of Situation was significant, 

F[8,1871]=22.1. Consult Figure 5 for means and CIs. Inter-
estingly, our hypothesis on the relative order of the escala-
tor and the café gained no support. The café involved more 
switches than the escalator, perhaps due to (1) turntaking-
capture during social interaction in the café and (2) atten-
tional calibration on the escalator (see next subsection).  

Third, switch-back durations (the time spent on attending 
the environment before switching back to the mobile de-
vice) show only minute differences in how long the envi-
ronment was attended before switching back to the search 
task. The omnibus F-test on the effect of Situation was not 
significant, F[8,1039]=0.78. In the first of three groups—
the laboratory, the metro platform, and the railway sta-
tion—switch-back duration was in the range of 7 to 8 s. The 
second group— the bus and the café—fell to the range 6–7 
s, and the third group—the escalator, the quiet street, the 
metro car, and the busy street—to 4–6 s. The difference 
between the extremes, the escalator (M=4.77 s) and the 
laboratory (M=7.59 s), was borderline-significant according 
to a Fisher LSD post hoc comparison, p=0.06, other ps>0.1.   

Fourth, the predictions of RCF were also evaluated by look-
ing at the distribution of attention between the mobile de-
vice and the environment. Table 3, which presents distribu-
tions in regard to three contextual variables, reveals marked 
differences between the situations. Regarding the contribu-
tion of Situation, the results are quite similar to other meas-
ures of attention. Attention dwelled in the environment 
much more while outdoors than indoors, the difference be-
tween the laboratory and the busy street being almost ten-
fold. The kind of linear relationship between crowdedness 
and resource-depletion anticipated by RCF was only par-
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Figure 5. Number of attention-switches away from the mobile 
device during page loading. Error bars denote 95 % CIs. 

Situation % Level of Crowdedness % 
Laboratory 5 (1) No people 9 
Metro car 14 (2) Few still people 6 
Bus 16 (3) Few moving people 13 
Station 20 (4) Crowded 36 
Escalator 20   
Cafeteria 22 Instruction on Time Pressure % 
Quiet street 23 Baseline 20 
Metro platform 24 Hurry 17 
Busy street 51 Wait 29 

Table 3. Percentage of time spent attending  
the environment during page loading.  

Continuous span of attention to mobile device

0

4

8

12

16

20

Busy street

Escalator

Quiet street

Bus Metro platform

Railway station

Cafeteria

Metro car

Laboratory

D
ur

at
io

n 
(in

 s
ec

on
ds

)

Figure 4. Duration of continuous attention to the mobile device 
during page loading. Error bars denote 95 % CIs. 



tially present in the data; the number of people around 
seemed to matter only when the place was crowded or very 
crowded. There was only a moderate (r= –.25), yet statisti-
cally significant, correlation between crowdedness and the 
duration of continuous attention to the phone. However, we 
observed that social tasks that involved more turn-taking 
(e.g., conversation) required more attention. The type of 
social engagement seems thus more important than the 
mere number of people present (crowdedness). 

Fifth, the results regarding ITPs (Instructed Time Pressure) 
were close to what was predicted. Table 3 reveals only a 
negligible decrease of three percentage points due to asking 
participants to hurry in a HCI task, and an increase of nine 
points for the waiting ITP. This provides tentative evidence 
that HCI tasks are lower in the goal hierarchy than mobility 
tasks. However, although the ITP was associated with the 
distribution of attention, it did not show correlation with the 
duration of the first continuous span of attention (r= –.07). 
Participants attended to the device equally long in all ITPs 
before the first switch-away, but after that, the hurrying 
condition involved a few more and/or longer switch-aways 
than the other ITPs. The equally long first attention span 
might indicate calibration (see next subsection) that is 
needed to establish an attentional strategy for every page 
loading, and only after this calibration, apparently insensi-
tive to ITPs, resources can be shared more flexibly.  

Sixth, we observed, as predicted, that resource depletion 
forces users to compromise secondary tasks. In particular, 
participants often had to slow down walking in order to 
continue interaction with the mobile device. During a page 
loading, interaction with the device was stopped during 
normal walking on average for 11.12 s (95 % CI ± 2.02), 
but during slowed walking for 5.97 s, (95 % CI ± 1.97); 
average page loading times across the two situations being 
equal. It is natural to reduce the speed of walking in order 
to reduce the need to frequently sample the environment, 
which releases resources for other tasks. 

Attentional Strategies: Some Qualitative Observations 
To fight the negative effects of resource depletion, people 
have to adopt attentional strategies. RCF does not entail 
predictive power over these strategies, although it predicts 
when a need to adopt a strategy emerges. In the following, 
we report four such strategies observed in qualitative analy-
ses of the video data (see also Video Figure). 

1. Calibrating Attention Early on. As discussed in our earlier 
work [21], when events in the environment can be predicted 
accurately on the basis of previous experience, following 
them does not require as much attention, as they are not 
surprising. Upon arriving at an environment, we need to 
calibrate our attention to the predicted events [13]. For ex-
ample, in Figures 6A and B, one can notice that attention to 
the environment occurs mostly in the beginning phase of 
page loading, perhaps because one must estimate how much 
uninterrupted time for interaction there is left before the 
next nodal event (e.g., arriving at stairs in Figure 6A).  

2. Brief Sampling over Long Intervals. After calibrating at-
tention, one can use the environment and its predicted 
events as pre-programmed reminders to minimize atten-
tional scanning. Predicted (or mentally simulated) nodal 
events remind of the need to perform an action (e.g., hear-
ing the name of the target station reminds of getting off the 
metro). Sampling is then reduced to brief sampling over 
longer intervals, the kind seen in Figures 6A and D. In 6A, 
the participant is walking on a long street. With brief bursts 
of perceptual sampling, he can calibrate his attention to the 
situation where not much is going to happen. Subsequently, 
during walking, only brief, rapid samples are needed to 
observe changes that could force a deviation from the plan. 

3. Task Finalization. When examining interaction with the 
device, we observed that participants were often reluctant to 
attend the environment specifically just before finding the 
to-be-retrieved information. One explanation is they were 
unconsciously attempting to minimize cognitive switch 
costs [37] by decreasing the number of simultaneous tasks.  

A) Long street: Walking a long, narrow, quiet street with good visibility  B) Metro car: Sat down and calibrating attention for the correct stop 
road   curve in the road                               stairs    road                      road 

0 10 20 30 40  

  window car passenger car 

0 10 20 30 40  
C) Cafeteria: Sitting, conversing, drinking coffee and eating sandwich  D) Bus: Waiting to reach the destination 
(listens, drinks)                            (talks)(listens)           (replies) 
                                             experimenter café         café experimenter café 

0 10 20 30 40  

           (bus slows)(doors open)(bus accelerates) 
                  passengers window   window window 

0 10 20 30 40  

Figure 6. Individual case data to illustrate attentional strategies. Visual gaze patterns are plotted on a timeline (0-47 s), 0 s 
marking the start of page loading. Black bars denote visual attention to the environment, white to the mobile device. All data 
are particularly long loading times from the same participant (23 years old male student). Observed strategies: Calibrating 

attention early on: A), B); Brief sampling over long intervals: A), D); Turntaking capture: C).  



4. Turntaking Capture. Social interaction requires express-
ing oneself and orienting to others’ responses.  Expectations 
of social behavior guide this interaction [31]. The qualita-
tive difference in the deployment of attention between ac-
tively engaging in a discourse and (passively) sampling the 
non-social environment is apparent in our data. For exam-
ple, compare Figure 6C to the three others: Replying to 
another person requires temporarily extensive attention and 
cognitive withdrawal from other tasks. If the task related to 
social interaction is of higher priority, as it most often is, it 
easily overrides HCI tasks, leading to long stretches of time 
with minimal or no attention to the mobile device. 

Limitations to the Results 
First, an obvious threat to the validity of our conclusions 
stems from the fact that we were not able to control events 
taking place in the study locations. Laboratory-like control 
is simply not possible “in the wild”. Some possible coun-
termeasures are discussed in length in [29].  

Second, it is possible that our approach overestimates atten-
tional resources in mobile situations, and underestimates 
them in the laboratory. The participants took part in a study 
knowing that they were to be evaluated and measured 
(evaluation apprehension). This of course affects how the 
given HCI tasks are prioritized. Under normal circum-
stances, people would be reluctant to carry out mobile Web 
search while hurrying through a busy street to catch a bus. 
Furthermore, the apparatus forced the participant to hold 
the device at hand all the time, inevitably reducing the 
threshold for looking at it. Finally, because, in the labora-
tory, the ability to attend to the device (~14 s) was very 
close to the average page loading time (16 s), a ceiling ef-
fect for the laboratory condition is likely. The fact that pre-
vious research has observed much larger attention spans in 
office contexts supports this observation (see Discussion).  

Third, our measures, confined to visual attention and motor 
control, are likely to miss the whole picture of compensa-
tory strategies. For example, errors in interaction were not 
analyzed. In addition, subjective measures of attentional 
load (e.g., NASA-TLX) could have been used to comple-
ment and validate our third-person measures. 

Fourth, it is worth pointing out that the deployment of at-
tention is dependent not only on the mobile situation, but on 
the characteristics of the UI and the main task, and expecta-
tions about them. While the reported absolute figures are 
specific to this particular study, the relative differences 
among contexts may be more general.  

DISCUSSION 
During the last two decades, multitasking, multiple user 
contexts, and related phenomena have become new foci for 
the HCI research. Thus far, social and cognitive scientists 
within HCI have concentrated on the topic in their own re-
spective camps [28]. Slowly, however, we are witnessing 
more evidence that in the shift from desktop interaction 
toward interaction with ubiquitous and mobile computing 

neither of the parent sciences suffices on its own. As we 
have demonstrated, mobile contexts are not only multi-user 
but also multi-tasking contexts where the social and the 
cognitive are intimately intertwined. In our view, in mobil-
ity, the same social, physical, and artefactual resources and 
goals that make us desire and enjoy mobility also cause 
resource-depletion from the point of view of human-
computer interaction. This creates a unique challenge where 
not only attention is limited, but where the user interfaces 
and computers are as well. Therefore, we believe that mo-
bile HCI makes a truly compelling case for us HCI re-
searchers to build bridges between the two detached disci-
plines, to “hook” mobile cognition “to the world” [14].  

In this paper, we analyzed how attentional limitations 
emerge due to active participation in the mobile context. 
The Resource Competition Framework suggests how mo-
bility tasks, often social by nature (e.g., taking care of per-
sonal space), reserve the limited cognitive resources and 
lead to a breakdown in the capacity to interact with mobile 
devices. The process that decides upon the sharing of atten-
tion involves a complex interplay of higher-level mental 
structures, social expectations for behaving in a certain 
way, and the psychosocial need to participate in the world.  

Our results demonstrate that attentional limitations are very 
real and seriously constrain mobile interaction. The data 
conveys the impulsive, fragmented, and drastically short-
term nature of attention in mobile interaction. Continuous 
attention to the mobile device fragmented and broke down 
to bursts of just 4 to 8 seconds, and attention to the mobile 
device had to be interrupted by glancing the environment 
up to 8 times during a page loading! Resources had to be 
taken from concurrent mobility tasks of secondary impor-
tance, for example the control of walking. However, the 
participants were not giving in to the break down of interac-
tion. We also made observations on rather complex, adap-
tive strategies to compensate for resource-depletion. 

The cost of mobility becomes indisputable when comparing 
it to the single-user, non-social laboratory condition. The 
difference is striking, as revealed by the almost eight-fold 
differences between the lab and the street conditions. Oth-
ers’ recent results support the claim that attention in the 
office is much less fragmented. For example, looking at 
office multitasking, Czerwinski et al. [7] reported only 0.7 
interruptions during a task lasting 53 minutes on average. 
However, their results, relying on self-reporting and self-
generated categories (of e.g. task, switch, and interruption), 
may underestimate the frequency. Indeed, González and 
Mark’s [11] observation study revealed that information 
workers spent, on average, three minutes working on one 
event before switching to another. However, at a higher 
level of working spheres (set of interrelated tasks), average 
in-task duration was 11.5 min. They conclude: “work can 
be described more specifically not as multi-task processing, 
but as requiring attentional resources to constantly change 
between different events, tools and working spheres”. Go-
ing mobile takes this “multi-task processing” to an extreme 



where interaction breaks down to bursts of just few sec-
onds. These observations are strong evidence for the impor-
tance of testing and experimenting in the field (cf. [15]). 
However, in comparing the office to mobility, one must 
remember that the two are qualitatively different (e.g., 
[2,3]). Moreover, micro-level attention studies similar to 
ours are yet to be done in the office. 

Our work also puts forwards a fresh look at the problem of 
interruptions (i.e., temporary disruptions in the fluent cogni-
tive processing of a task). Whereas researchers in desktop 
applications and ubiquitous computing have recently under-
stood the importance of the phenomenon, it has been exam-
ined from a very performance-oriented viewpoint. The in-
ternal constituents of interruptions and task-switches are 
practically unknown to the field, although, as noted in al-
most all field studies of interruptions, half or most interrup-
tions are self-initiated [7,11]. RCF stresses that interrup-
tions emerge from delicate balancing of, on the one hand, 
the limited, hierarchically organized psychological re-
sources and, on the other hand, the requirements of the 
tasks at hand. Therefore, in addition to social, environ-
mental, and cognitive factors, RCF is concerned with cona-
tive (motivational, intentional) mental entities, particularly 
how they are manifested in the self-deployment of attention 
between tasks. Our Instructed Time Pressure manipulation 
results brings some evidence that managing the mobile con-
text is very real and psychosocially important—mobility 
tasks were observed to override a HCI task. Indeed, the 
results suggest that participants were not able to withhold 
managing mobile contexts when asked to do so (by asking 
them to hurry with the interaction task). In contrast, they 
were able to push the HCI task down in the hierarchy of 
goals and allocate even more attention to the environment 
when told that they had plenty of time. Resource competi-
tion is thus an important factor constituting interruption and 
task management in mobility and mobile HCI.  

We believe that RCF is best suited for examining situations 
where resource-depletion might emerge. Although our fo-
cus has been on attentional resources, and particularly self-
deployment of visual gaze, the framework opens a much 
wider perspective to mobile cognition. In addition to the 
previously mentioned, there are three research areas of par-
ticular interest. First, assessing in detail the “mental work-
load” involved in managing typical use situations of a de-
vice would be beneficial in designing “minimal attention” 
interfaces for mobile devices [16,25,32]. Second, designing 
context-aware ubiquitous computers [36] and attentive user 
interfaces [35] requires an understanding of the relation of 
mobile use situations to human capacities [20]. Third, RCF 
can be helpful in predicting “context-triggered” cognitive 
limitations, which could prove fruitful in the design of mul-
timodal and -sensor interfaces. In general, such systems 
have the potential of providing much better support for us-
ers’ context-driven allocation of attention [24]. We envision 
that our results and the framework are an important step 
towards developing less attention demanding and interac-

tion techniques for mobile people. Our recent interest has 
been to utilize the results to design the timing of tactile 
feedback for page loading in mobile browsers [30].  

In this paper, we have also introduced a novel method for 
studying attention and interaction in mobility. As it now 
stands, the method is best characterized as a semi-
naturalistic field study, but our ambition is to elaborate it 
toward to what we call a mobile quasi-experiment [5], 
which, through more careful treatment of complex experi-
mental design and of nuisance variables, would allow for 
making stronger causal inferences. Several lessons on how 
to develop the methodology were learned. Future work 
should aim for better external calibration and more rigorous 
assessment of the reliability of the utilized measures, as 
well as better documentation of related environmental con-
texts. Moreover, it should explore a broader range of realis-
tic tasks, including ones that require more continuous atten-
tion and interactive participation. In employing the method, 
we could advance the understanding of mobile cognition by 
carrying out (1) comparisons between different UI designs 
in mobile settings—for example, by examining disruption 
to attention, navigation, conversation, collisions etc., (2) 
analyses of other, finer-grained response patterns, such as 
users’ refusal to use devices in cognitively or socially tax-
ing mobile situations, and (3) studies of individual differ-
ences, such as different attentional strategies in mobility. 
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Contribution and Benefit 
Explains and demonstrates the fragmented, short-term nature of attentional resources in embodied, situ-
ated mobile HCI. The proposed method and theoretical framework help in designing for mobile user’s 
limited cognitive resources. 
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