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Abstract. Whilst much effort is being invested into the design of human-
computer interfaces that provide users with access to large amounts of 
information, there is less understanding of how human performance can be 
optimized in such interaction-driven contexts. We suggest one way to improve 
performance is to tailor the structure of the interface to the adaptive nature of 
cognition and orient behavior towards certain strategies, and away from others. 
Here, we show how small changes in Information Access Cost (IAC) – the 
time, physical and mental cost of accessing information – can effect powerful 
changes in cognitive processing strategies that subsequently affect performance. 
Increasing IAC on task-critical information was generally shown to encourage a 
more ‘memory-intensive’ processing strategy. This strategy not only improved 
future memory for task-relevant information, but also improved learning during 
problem solving, and planning. Implications for display designers in HCI are 
discussed. 

Keywords: Information Access Cost (IAC), memory, problem solving, 
learning, interface design.  

1   Introduction 

Optimizing human performance is a key challenge in the design of human-computer 
interfaces. With rapid technological development, operators of complex systems, such 
as those found in the modern aircraft cockpit, now have access to an unprecedented 
volume of information [1]. To avoid information and cognitive overload that might 
impair performance [2], many approaches to cognitive engineering have attempted to 
provide design principles in order to organize and present information in the most 
accessible format (e.g., Ecological Interface Design [3], Configural Display Design 
[4], Proximity Compatibility Principle [5]). However, each of these approaches 
requires significant task analysis [6] before implementation, is often situation specific, 
and thus does not provide a generic design solution. Moreover, commensurate 
attention has not been paid to recent research conducted within the fields of cognitive 
and psychological science attending to the impact of small changes to information 
accessibility upon the deployment of adaptive cognition [7]. 

We suggest that a fruitful approach to interface design is to structure the interface 
to exploit the adaptive nature of cognition and orient operator behavior towards 
certain microstrategies and away from others. It is argued that boundary conditions 
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and tradeoffs may exist associated with increasing the accessibility of information 
provided within an interface. Based upon recent experimental research examining the 
accessibility of information provided during interactive routine behavior [7], it is 
anticipated that under certain conditions, increasing the cost associated with accessing 
information from an interface may paradoxically prove beneficial. 

Information Access Cost (IAC) – the time, physical, and mental cost associated 
with attaining information – was varied in the studies reported in this paper. 
Originally used by Ballard et al. [8] and recently by Gray et al. [7], IAC can be 
applied by covering important information with a mask and varying the cost of 
uncovering (e.g., a mouse movement and/or a time delay). Measures of strategy can 
be captured (e.g., the frequency with which a certain mask is removed and the time 
spent within the uncovered window) as well as typical performance measures (e.g., 
task completion time, errors). 

1.1   Significance of Research Area 

It is recognized that users perform tasks based on strategic adaptation to the structure 
of the task environment [9, 10] and the costs of performing certain operations [11]. In 
order to understand the link between interface design and human performance, it is 
important to appreciate the effect of the constraints of design upon the psychological 
processes selected to process information. Recent extensions of Anderson’s work [9] 
on rational analysis have investigated how very small changes within the design of an 
interface can have surprisingly large consequences for the selection of microstrategies 
during interactive behavior. As noted by Gray & Boehm-Davis [12]: 

“Microstrategies develop in response to the fine-grained details of 
the interactive technology; that is, microstrategies focus on what most 
designers would regard as the mundane aspects of interface design: 
the ways in which subtle features of interactive technology influence 
the ways in which users perform tasks.” (p. 322)  

Instances whereby interface design encourages certain behavioral strategies, yet 
discourages others have recently been termed ‘soft constraints’ [13]. Of particular 
relevance to the current paper are soft constraints associated with small changes in IAC 
[13, 14]. Reliably, humans have been found to use memory more when IAC is high 
during routine copying [7, 14] and VCR programming [13, 15, 16]. When information 
is readily available within displays, cognitive processing strategies are reduced in favor 
of less cognitively demanding perceptual-motor strategies. Such ‘interaction-intensive’ 
strategies rely upon the interface as an external memory source [17].  

Anderson and colleagues have argued that the human memory system operates to 
make most available the memories for information that are currently required [18]. 
Indeed, when analyzing the setting of goals during solution of the Tower of Hanoi, 
Anderson & Douglass [19] noted that since it was easy to reconstruct goals from the 
information provided within the external display, the price of memory failure was 
low. For this reason, they argued that there was little motivation to engage in goal 
rehearsal during externally supported solution of the Tower of Hanoi. With regards to 
display design, this suggests that when information is highly accessible within the 
interface, memory for visual-spatial information may be problematic due to a low 
probability of usage [20]. We, like others [13], predict an adaptation in processing 
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strategy to one that is more memory-intensive when information presented within a 
display is harder to access, due to the time, physical and mental effort costs. Our 
novel prediction is that such soft constraints may be used within display design to 
harness the interface to promote learning and memory. 

1.2   Goals and Objectives 

The goals of this paper are to review our work on the powerful effects of different 
levels of IAC on task completion strategies, and their potentially beneficial effects on 
memory, problem solving and learning. We have the following two objectives:  

1. To demonstrate that not only does variation in IAC affect the extent that a 
memory-intensive as opposed to a display-based strategy is used, but also 
that this will have an effect on the encoding and retention of visually 
presented information. 

2. To identify the effect of IAC on the use of memory during more complex 
problem solving and learning.  

Below we discuss evidence from investigations of the effect of IAC on strategies and 
performance during both simple and more complex tasks. 

2   The Effect of IAC on Strategies and Performance in Simple 
     Tasks 

We utilized a simple routine copying task – the Blocks World Task (BWT) – to 
establish the effects of IAC on strategy and performance. Gray et al. [7], for example, 
demonstrated that when people complete the BWT, they made more use of memory 
by chunking a greater number of blocks per visit to the target window when IAC was 
higher. A novel aspect of our work is that we measured recall for target information, 
with the prediction that recall would be higher when the cost of accessing information 
increased. We also included measures of gaze recorded via an eye-tracker to explore 
qualitative changes in task strategies with varying level of IAC. 

2.1   General Method 

Apparatus and Procedure 

The Blocks World Task (BWT) 
In the BWT [8], participants attempt to copy a target pattern of colored blocks by 
selecting from a resource window palette of colored blocks and moving them into a 
workspace window (see Figure 1). No colored blocks were used twice. Participants 
completed 24 BWT problems: half of the participants completed a ‘surprise memory’ 
test after completing 12 BWT problems and the other half completed this test after 
completing all 24 BWT problems. During the surprise memory test, all masks were 
removed, the target and workspace windows were emptied, and participants had to 
recall the target pattern of the previous BWT problem by dragging blocks from the 
resources palette into the workspace window.  
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Fig. 1. Example of a Low IAC BWT start-state. (Target Window is top-left, Resource Window 
is bottom-left, and Workspace Window is top-right.). 

Design  

In the Low IAC condition, information was permanently available within all windows 
in the display. In both the Medium and High IAC conditions, grey masks covered  
all windows and each could only be uncovered by placing the mouse cursor over the 
mask. The mask reappeared as soon as the mouse cursor was moved out of the 
window. There was an additional one second time cost upon each uncovering of  
the target window in the High IAC condition. 

A number of strategy measures were recorded throughout the experiment. First, the 
number of times participants viewed the workspace window was recorded using the 
eye-tracker. Second, the frequency of visits to the target window was recorded: data 
from the Low IAC condition came from the eye-tracker, and data for the Medium and 
High IAC conditions came from the Visual Basic program (in accordance with Gray 
& Fu [13, 16]). Third, the time participants spent viewing the target window was 
taken in the Low and Medium IAC conditions (using an eye-tracker) but not in the 
High IAC condition because of the possible contamination caused by the lock-out 
time. 

In addition, the Visual Basic program recorded the number of moves made and the 
time taken to complete each trial.  

2.2   Results and Discussion 

Importantly, and in addition to Gray et al. [7], the introduction of a small IAC 
(operationalised by a mouse movement and/or a 1 second time cost) improved  
post-task recall. On the surprise memory test, more blocks were correctly recalled  
in the Medium and High IAC conditions (ps < .01) than in the Low IAC condition  
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(ps < .01), although number of blocks recalled did not significantly differ between the 
Medium and High IAC conditions (ps > .05) (see Table 1). We suggest that a more 
developed cognitive representation was created in response to the higher cost of 
accessing information within the task environment and that this resulted in improved 
recall.   

The improvement in recall in the higher cost conditions is further supported by the 
finding of differences in strategy between these conditions and the Low IAC 
condition, specifically, that even a 1 second delay and/or a mouse movement led to a 
strategy shift in the extent to which users relied on the display while completing the 
task. In accordance with Gray et al. [7], we found strategy differences across the 
different IAC conditions. The Low IAC trials were completed faster than the Medium 
and High IAC conditions (ps < .01), although there were no significant difference 
between the High and Medium IAC conditions. With regards to completion strategy, 
the target window was viewed more often in the Low IAC condition than in the 
Medium and High IAC conditions, and was uncovered more frequently in the 
Medium than in the High IAC condition (ps < .05). Furthermore, strategies involving 
copying blocks without any reference to the target window were significantly higher 
in both the High and Medium IAC conditions compared to the Low IAC condition  
(ps < .001). 
 

Table 1. Effect of IAC on recall in a routine copying task 
 
 
 
 
 

3   The Effect of IAC on Strategy and Performance in More  
     Complex Tasks 

Our next objective was to examine whether the effects of IAC on producing powerful 
shifts in task completion strategies and performance during simple routine copying 
behavior could be generalized to more complex problem solving, including learning. 

Two types of planning have been differentiated in the literature: display-based 
planning – conducted ‘on-line’ whilst solving the problem, and, memory-based 
planning – performed prior to executing a sequence of moves or actions. As one 
would expect, memory-based planning makes large demands upon memory, whereas 
display-based planning does not [21]. For this reason, we predicted that problem 
solving with low IAC would induce more display-based planning, whereas problem 
solving with high IAC would promote more memory-based planning.  

Organization of memory is essential to learning during problem solving [22]. 
Therefore, if there is a greater reliance upon memory during planning due to increased 
IAC, learning might also improve. In contrast, reliance upon perceptually available 
 

High IAC Med  IAC Low  IAC 

Mean SD Mean SD Mean SD 
9.00 1.78 9.00 4.37 4.70 1.95 
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information during display-based planning (which we predict would occur when problem 
solving with low IAC) might mask the mechanisms required for effective learning. 

3.1   General Method  

3.1.1   Apparatus, Procedure and Design  
The Blocks Problem Solving Task 
The Blocks Problem Solving Task (BPST) was developed at Cardiff University, and 
is similar to the eight-puzzle: participants recreate a goal-state pattern consisting of a 
number of colored blocks (number of blocks varied between some Experiments) in a 
3 x 3 current-state window by moving one colored block at a time into one adjacent 
empty space (see Figure 2 for an example of a BPST). No colored blocks were used 
twice. Typically, participants had to complete between 6 and 12 BPST problems in 
each experiment. 

IAC was manipulated in the same way as described in Section 2.1.2, except that 
the current-state window was always available irrespective of IAC condition and the 
IAC imposed in the High condition was increased to 2.5 seconds. Some of the 
dependent measures described in Section 2.1.2 were included, with the addition of 
qualitative data in the form of concurrent verbal protocols – recordings of 
participants’ ‘think-aloud’ whilst solving problems – in order to collect evidence of 
planning strategy [23]. Unlike the experiments using the BWT in which recall the 
main dependent variable, problem solving was largely measured through the number 
of moves made in the current-state window per inspection of the goal-state window. 
Eye-tracking data are not reported here.  
 

 

Fig. 2. Example of a Low IAC BPST start-state. (Goal-State Window is on the left, Current-
State Window on the right.). 
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3.2   Results and Discussion 

3.2.1   Effect of IAC on Problem Solving 
Generally, small changes to IAC were shown to have the same effect on complex 
problem solving as they did on simple copying: participants chose to rely on memory 
more as IAC increased. For example, more blocks were moved per inspection of the 
goal-state in the High IAC condition compared to the Medium and Low IAC 
conditions (ps < .05) (see Table 2) and problems were completed faster in the Low 
IAC condition (ps < .05). 

Table 2. Effect of IAC on number of problem solving moves per goal-state inspection 
 
 

 
 
 
 

3.2.2   Effect of IAC on Planning 
Concurrent verbal protocols were coded according to adjustments made to Ericsson’s 
[24] coding scheme (designed for the eight-puzzle) in order to distinguish between 
largely memory or display-based episodes of planning, depending upon whether any 
moves were made during verbalization. If no move was executed during the 
verbalization, it was coded as a memory-based plan. If, however, a minimum of one 
move was made during verbalization, it was coded as a display-based plan. Using this 
coding scheme, qualitative evidence was found that high access cost promoted 
memory-intensive planning, whereas low access cost encouraged interaction-intensive 
planning (see Figure 3). 
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Fig. 3. Effect of IAC on frequency of display- and memory-based planning  

High IAC Medium  IAC Low  IAC 

Mean SD Mean SD Mean SD 
8.03 3.65 2.78 1.27 1.43 0.60 
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3.2.3   Effect of IAC on Learning 
The selection of a memory-based planning style (prompted by high access cost) led to 
more learning during repeated solution of an eight-puzzle-like BPST. Specifically, 
across trials 1 – 6, participants made fewer moves to completion in the Medium and 
High IAC conditions (ps < .05), but demonstrated no such improvement in the Low 
IAC condition (p > .05) (see Figure 4). These results support and expand on our 
findings from previous studies that a more memory-based interaction can lead to 
substantial benefits when learning is important.  
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Fig. 4. The effect of IAC on problem solving moves over trials  

4   General Discussion 

First and foremost, our work presented in this paper demonstrates that externally 
supported human behavior is highly sensitive to small changes associated with the 
accessibility of information provided within the interface. Small IAC changes were 
found to have large consequences for the deployment of memory during both 
routine copying and problem solving. Essentially, small increments in IAC led to a 
stronger reliance upon internal, as opposed to external representations during 
interactive behavior, thus providing further support for the ‘soft constraints’ 
hypothesis of adaptive cognition [13]. Second, we have presented novel evidence 
for powerful shifts in processing strategies during more complex problem solving 
contingent upon small changes in IAC. Third, we provide novel evidence for 
improved learning of task-relevant information in response to higher costs on 
accessing information during interactive behavior. This final result was likely due 
to the consequential effect of High IAC on effecting a change in the adaptive use of 
human memory [18]. 
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4.1   Implications for HCI Design 

IAC is a subtle although powerful manipulation to force a change in task completion 
strategies that can have substantial effects on performance across a range of tasks and 
on a variety of performance measures. Our work is therefore relevant to display 
designers who wish to change or improve the user’s strategy in response to changing 
task demands. For example, if a user becomes too passive, IAC could be introduced to 
increase awareness and improve performance.  

Complex system interface designers should be aware of the behavioral 
repercussions caused by very small, or in Gray & Boehm-Davis’s [12, p. 322] words 
“mundane” changes to the accessibility of information provided within an external 
display. For example, an increase in terms of milliseconds (Low to Medium IAC) had 
large consequences for use of memory during routine copying and more complex 
problem solving, even larger again when the cost was increased to either 1 or 2.5 
seconds. Furthermore, it is anticipated that few system designers or engineers would 
envisage that actually increasing the cost associated with accessing task-relevant 
information during problem solving would improve learning.  

Evidence from these studies has implications for supporting better operator 
behavior via increased information accessibility. However, we are not claiming that 
improved accessibility to information is not useful in certain circumstances, 
particularly when cognitive workload is already too high to support a strategy change 
in response to a higher IAC and when the time cost of introducing a higher IAC is 
impractical (e.g., in safety-critical situations). Indeed, the current findings do not 
detract from the many benefits observed when principles of information integration 
are put into practice [see 25, 26, 27 for useful reviews].  

Designers of fusion displays need to effect a careful balance between reducing an 
operator’s cognitive workload by making task critical information more available 
within the interface, whilst ensuring that the extraction of information is not made so 
effortless that it is either not processed or promptly forgotten. Increasing the cost of 
accessing information, even over a few seconds, will result in more cognitive 
processing that will provide extra resilience to system failure and forgetting of task 
critical information, especially in dynamic interactive situations. If memory is an 
important criterion of task performance, then small increases in IAC can be used to 
encourage a memory-intensive strategy that will improve recall for task-relevant 
information. If speed is an important criterion of task performance, then low IAC will 
facilitate this by leading to the adoption of interaction-intensive strategies, and use of 
the display as an external memory source. If access to goal-state information during 
problem solving is limited, then less display-based and more memory-based planning 
can be encouraged through increasing IAC. Finally, if it is necessary to learn a 
problem solving solution, this can be accelerated through a small increment in IAC.  
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