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Epistemic action: A measure for cognitive support
in tangible user interfaces?
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The quality of user interfaces is often measured in terms of efficiency, effectiveness, and satisfaction. In the
area of tangible user interfaces, epistemic—or exploratory—action has been suggested as a fourth measure
of quality. In computer game studies (Kirsh & Maglio, 1992, 1994), players used epistemic actions to modify
the environment, which helped them determine the correct position of blocks with less mental effort. There,
the researchers found that it might be easier to physically modify the external world and then interpret it than
to compute and interpret a new state mentally. Specifically, epistemic action may be a relevant concept when
researching tangible user interfaces incorporating physical handles. This article examines the potential relations
between the three traditional measures of usability and epistemic actions using three spatial planning tools with
different degrees of physicality. The results indicate that epistemic action is a measure that is independent of
the three traditional usability measures: efficiency, effectiveness, and satisfaction. However, epistemic action
does not increase linearly with the physicality of a user interface, and it probably is a more complex measure
that is also related to the reusability of the interface. Further research is needed to fully understand the potential

of this measure.

In the field of human—computer interaction, the usabil-
ity of a program or tool is often measured in terms of effi-
ciency, effectiveness, and satisfaction (ISO/IEC, 1998).1
Recently, in the field of tangible user interfaces (TUIs),
an additional measure for the quality of tangible tools was
introduced: epistemic action. Kirsh and Maglio (1992,
1994) distinguished between observable user actions as
being either “epistemic” or “pragmatic.” An epistemic ac-
tion is an action whereby users change their environment
to search for a solution or strategy to perform a certain
task rather than to move closer to an external goal state. A
pragmatic action is strictly the action needed to perform
this task. Epistemic action is sometimes also called “trial-
and-error” (Sharlin, Watson, Kitamura, Kishino, & Itoh,
2004) or “exploratory motor activity.” Kirsh and Maglio
(1992) illustrated epistemic action with the example of
how players of the computer game Tetris rapidly rotate
falling bricks instead of mentally determining the correct
position for a brick and then rotating it to that position.
Players use epistemic actions to modify the environment,
which helps them to determine the correct position faster
than they could do the corresponding mental rotations. It
might be easier to physically modify the external world
and then interpret it rather than compute and interpret a
new state mentally. It has been suggested that epistemic
action is a relevant concept when researching computer

interfaces that involve physical objects such as TUIs (Pat-
ten & Ishii, 2007). Sharlin et al. suggested that support for
epistemic actions is a decisive factor in the success of a
TUI. Furthermore, in an unpublished conference paper,
Kim and Maher (2006) showed that TUIs, as compared
with graphical user interfaces (GUIs), “lead to a design
process comprised of epistemic actions, thereby changing
designers’ spatial cognition.” This in turn affects design
processes by increasing designers’ problem-solving be-
haviors and leading to a creative design. In this article, we
examine potential relations between the three traditional
measures of usability (efficiency, effectiveness, and sat-
isfaction) and the number of epistemic actions. We do
this by looking at three different spatial planning tools,
each offering different levels of physicality. The aim is
to determine whether the latter measure can be a useful
additional measure of quality for TUIs.

TUIs

Fitzmaurice, Ishii, and Buxton (1995) were the first
to distinguish TUIs from other interfaces, calling them
“graspable” user interfaces. In his thesis, Fitzmaurice
(1996) defined a graspable user interface as “a physical
handle to a virtual function where the physical handle
serves as a dedicated functional manipulator.”” Ullmer
and Ishii (2000) later suggested the term tangible user
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interface and defined its most widely used meaning:
“[TUIs] give physical form to digital information, em-
ploying physical artifacts both as ‘representations’ and
‘controls’ for computational media. Tangible user inter-
faces . . . couple physical representations (e.g., spatially
manipulable physical objects) with digital representations
(e.g., graphics and audio), yielding user interfaces that are
computationally mediated but generally not identifiable
as ‘computers’ per se” (pp. 916-917).

The most important characteristic of TUIs is the seam-
less integration of representation and control, which means
that physical objects are both the representation of infor-
mation and the physical controls for the direct manipula-
tion of their underlying associations. Although traditional
interface elements such as the mouse and keyboard are
also physical in form, they are not TUISs, since the physi-
cal form of the mouse does not have any representational
significance for what is being manipulated.

Epistemic Action and TUIs

According to Sharlin et al. (2004), “a good physical tool
enables users to perform pragmatic, goal-oriented activity
as well as trial-and-error activity [or epistemic actions]
and ensures that the cost of speculative exploration of the
task space is low” (p. 6). According to Fitzmaurice (1996),
epistemic 6 can support a user’s cognition by (1) reduc-
ing the memory load involved in mental computation,
(2) reducing the number of steps in mental computation,
and (3) reducing the probability of error of mental com-
putation. Combining these findings, one can conjecture
that a user interface that offers the best possibilities for
epistemic actions is also the interface that offers the high-
est cognitive support (Kim & Mabher, 2006). We therefore
conclude that observable epistemic action could be an
indication of the quality of a TUI. More specifically, we
hypothesize that epistemic action is related to the level
of physicality in a TUI, since physical objects offer good
possibilities for epistemic actions. To test this hypothesis,
we performed an experiment using three spatial planning
tools offering clearly different levels of physicality (from
no to complete physicality).

METHOD

In a previous between-subjects experiment (Wirz,
2005), a member of our lab measured efficiency (trial
time), effectiveness (percentage of correct trials), satis-
faction (questionnaire), and epistemic action (average
number of tested blocks in a trial) for three spatial plan-
ning tools. Here we returned to these tools to explore the
relation between epistemic action and the other three
measures.

Tasks

Tools like BUILD-IT and Modeller are typically used
for production plant layout, in which a typical task is to
bring 3-D models into a special relation with each other.
We designed a spatial planning task (see Fjeld, Guttorm-
sen Schir, Signorello, & Krueger, 2002) that could be rep-
resented by all of the tools we had chosen to test and that

represents a basic production plant layout task. This task
utilized nine square blocks with different heights arranged
in a three-by-three matrix, a fixed target, and a handheld
laser source. The task was to place the laser source on the
unique one of the nine alternative blocks where its beam
could hit the nearby target as close to the center as pos-
sible. The laser source could be positioned, rotated, and
slightly adjusted on any of the nine blocks.

All participants performed the same 12 tasks with the
tool that was assigned to them. First, they were shown a
demonstration task (always the same), and then they per-
formed a task (also always the same) in which they could
get help from the experimenter. Finally, they performed
all of the 10 experimental tasks. The ordering of the ex-
perimental tasks was varied from participant to participant
by using a Latin square design. Before each experimen-
tal task, the blocks were rearranged by the experimental
leader without the participant being present.

Tools

The spatial planning task was to be performed using
one of three tools, each of which could be used for the
same tasks but with different degrees of potential physi-
cal interaction. The tools are presented here in increasing
order of physical representation, or tangibility.

No physical interaction: Modeller. This computer-
aided design (CAD) tool offers virtual tools and views on
a computer screen (Gahwiler & Fjeld, 2002; see Figure 1).
It presents three different views of the situation: from the
top, from the side, and in a 3-D perspective. The user ma-
nipulates the tool by using a mouse and keyboard.

Some physical interaction: BUILD-IT. This tool (Fjeld,
Lauche, et al., 2002; Fjeld, Voorhorst, Bichsel, Krueger,
& Rauterberg, 2000) also employs virtual models of the
blocks, the target, and the laser source. The participants
manipulate the virtual laser source, however, by using one
physical brick (see Figure 2). The resulting situation is
displayed on a screen.

Only physical interaction: PhysicalBlocks. This tool
consists of nine metal blocks, a standard laser source,
and a target consisting of a metal pin attached to a metal
flag. The participant can adjust the placement of the laser
source on the blocks and rotate it (Figure 3).

The tools chosen for our comparison can be placed
at different positions in the reality—virtuality continuum
described by Milgram, Takemura, Utsumi, and Kishina
(1994). What those researchers describe as a real environ-
ment is the same as what we call a physical environment
here. PhysicalBlocks and Modeller are located at the two
outer bounds of the continuum, and TUIs such as BUILD-
IT are typically located somewhere in-between.

Furthermore, we can also place the three tools at differ-
ent positions on a reusability scale. Modeller is a tool that
is reusable for almost all spatial tasks, since it is a general
CAD tool. BUILD-IT is designed for spatial planning
tasks and has successfully been reused for architectural
planning (Hoger, 2001), simulation of layout processes
(Fjeld, Jourdan, Bichsel, & Rauterberg, 1998), produc-
tion planning (Masurat, 2001), and even software devel-
opment planning (Neuner, 2001). These alternative uses
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Figure 1. The Modeller tool. Different windows allow the user to view a situation
from the top, from the side, and in a 3-D perspective.

of BUILD-IT have been systematically examined and
compared by Fjeld, Morf, and Krueger (2004). Physical-
Blocks, on the other hand, is a tool constructed solely for
the planning task described in this article. In contrast to
Modeller and BUILD-IT, PhysicalBlocks cannot easily be
reused for any other task.

Procedure

The user study was performed with participants in-
dividually during the daytime. Each participant solved
1 demo task, 1 aided task, and 10 unaided experimental
tasks. The study was carried out in an office with the in-
vestigator sitting next to the participant. It consisted of the
following procedure.

First, we gave the participant a description of the gen-
eral task (see Figure 4) and, more specifically, a descrip-
tion of performing the task with the given tool. A descrip-
tion of when to consider a task completed followed. This
took about 5-10 min, depending on the kind and number
of questions that a participant had.

This was followed by one demo trial (three false blocks
followed by the correct block were tested), which took
1-2 min.

The participant then performed one aided trial, in which
questions were answered and help was offered at need.
This also took 1-2 min.

For all unaided experimental trials, we recorded the
blocks tested (epistemic action), the trial time (efficiency),
and whether the indicated block was the correct one (ef-
fectiveness). Blocks tested more than once were counted
each time. Trial time was registered when the participant
rang a bell. The next task was set up without the partici-
pant watching. For BUILD-IT and Modeller, this meant
that the experiment leader pushed a “next task™ button in
the program. For PhysicalBlocks, this meant that the test
participant went behind a curtain while the experiment

leader reconfigured the blocks for the next task. The ex-
periment leader told the participant when he or she could
come back again.

Finally, the participant filled out a questionnaire (satis-
faction) described below. This took about 5 min.

Figure 2. The BUILD-IT tool.
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Figure 3. The PhysicalBlocks tool. The laser beam spot has been
redrawn for print.

Participants

The experiment was carried out with 20 test partici-
pants for each tool. The participants consisted of 60 un-
dergraduate and graduate students. There were 6 female
and 54 male participants, who ranged in age from 20 to
34 years. No importance was given to whether partici-
pants were right- or left-handed, and they were paid 10
Swiss francs each.

Questionnaire

User satisfaction was measured by three questions. All
choices were ordered from low to high satisfaction using a
5-point Likert scale ranging from low (—2) to high (+2).

* How clear was the task formulation with the tool?
(The exclusive choices were not at all, not, neutral,
good, and very good..)

* How did you perceive the difficulty of the task?
(The exclusive choices were very difficult, difficult,
neutral, easy, and very easy.)

* How suitable was the tool you used to solve the
task? (The exclusive choices were of no help at all,
of no help, well suited, of help, and of high help.)

RESULTS

The average results for each of the measures are given
in Table 1. The first six columns show the three usability
measures and, for trial time and satisfaction, the standard
deviations for each of the tools. The last two columns show
the epistemic action measure with its standard deviation.

ANOVA tests were performed for trial time, satisfac-
tion, and number of blocks tested, but not for the percent-
age of correct trials, because the necessary preconditions
for such analysis were not fulfilled for that measure. The
tests showed significant differences for all three measures.
However, since the ANOVA tests do not indicate the tools
between which there was a significant difference, Tukey
HSD post hoc tests were performed for all tool pairs.
Table 2 shows the results of these tests.

DISCUSSION

Combining the trial time, percentage of correct trials,
and average satisfaction measures, we can conclude that
Modeller had the lowest usability, PhysicalBlocks had the
highest, and BUILD-IT lay in-between those two. These
results can be directly related to how much physical inter-
action each tool offers: The tool offering the most physical
interaction was also the one with the highest usability.

However, for epistemic action, we see a result that is not
related to any of the traditional usability measures. The
number of tested blocks in a trial was lowest for Physical-
Blocks but highest for BUILD-IT, and in the middle for
Modeller. Epistemic action, as measured by the number of
blocks tested, was thus not directly related to the level of
physical interaction offered by the tool or to its usability.
The tool that offered the most physical interaction was,
indeed, the one with the lowest number of blocks tested
in a trial.

An explanation for the low number of epistemic ac-
tions observed in the Modeller is that the costs of tak-
ing physical action in an external task environment are
weighed against the benefit of the information gained by
taking the action (Maglio, Wenger, & Copeland, 2008).
Performing any actions in the Modeller was difficult,
which probably prohibited users from performing trial-
and-error actions, whereas this was much easier with
BUILD-IT and PhysicalBlocks. This is in line with Kim
and Maher’s (2006) finding that a design process using a
TUI can involve many more epistemic actions than when
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Figure 4. Definition of the spatial planning problem used in our
study. Nine square blocks of varying heights (B) are on the right,
the target (T) is on the left, and the laser source (L) is on top of the
blocks. The top panel shows a planimetric side view of the situa-
tion; the bottom panel shows the plan view. Measurements are in
millimeters. The block heights in the top part (10,12, and 18) were
not given to participants but are shown here for clarity.
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Table 1
Experimental Results for the Three Tools, Ordered by
Level of Physical Interaction From Lowest to Highest

Satisfaction Epistemic Action

Correct Trial Time Rating No. Blocks
Tool Trials (%)  Seconds SD (—2t02) SD Tested* SD
Modeller 79.0% 31.0 14.0 0.6 0.5 4.0 1.0
BUILD-IT 96.5% 22.1 6.7 0.9 0.5 5.2 1.3
PhysicalBlocks 100.0% 14.2 6.0 1.0 0.5 3.1 0.9

*The number of blocks tested is an integer for each participant. The number given here is the

average for all participants.

using a GUI, such as Modeller. Kim and Maher compared
the design processes for designers using a TUI and a GUI
to perform renovation tasks in which they configured an
arrangement of furniture within a 3-D space. This re-
search showed that designers using a TUI displayed more
epistemic actions. Furthermore, “the designers using the
TUI exhibited more gestures that are beneficial for de-
signers’ perceptual actions as a complementary strategy to
the 3-D modelling actions” (Kim & Mabher, 2006).

A surprising result, however, was the fact that the num-
ber of epistemic actions was lower for PhysicalBlocks than
for BUILD-IT. There are several reasons why a tool that
offers more possibilities for physical interaction would
not yield the highest number of epistemic actions. In our
study, the physical nature of PhysicalBlocks offered users
the possibility to change the position of their head to de-
termine the correct block. Although such head movements
represent observable user behavior, we did not consider
such movements as countable epistemic user actions when
testing a block. In future studies, we may consider count-
ing changes in head position as another type of epistemic
action that is made possible with this tool. Another ex-
planation is that it is also possible that PhysicalBlocks
offered such rich visible support in the physical world
that epistemic actions to modify the world were not even
necessary, because users could see the correct solution im-
mediately. In light of the usability measures alone, this ob-
servation might suggest that successful TUIs should be as
close to reality as possible, just like PhysicalBlocks, and
that designers should strive for the lowest epistemic ac-
tion. However, we think that this is too simple a reasoning.
As mentioned earlier, there is a drawback to user inter-
faces such as PhysicalBlocks: PhysicalBlocks is a highly

specialized tangible representation of a given positioning
task, whereas BUILD-IT and Modeller are reusable user
interfaces for a range of spatial tasks.

Conclusion and Future Work

Considering epistemic or trial-and-error action in the
context of TUIs is relatively new, so not much research has
yet been done on the exact applicability of this concept.
With this study, we have tried to explore in more detail
how epistemic action could be used as a quality measure.
Our findings show that epistemic action is not a simple
linear measure of the cognitive support of a TUI—first,
because the definition of an epistemic action requires
more clarification, and second, because it is possible that
increased possibilities for physical interaction decrease
the need for environmental modifications in order to find
a solution or strategy. This might result in a lower number
of epistemic actions for tools that do provide more cog-
nitive support. However, our findings also suggest that
these tools may also be highly specialized for a certain
task, and therefore not reusable. In future work, we will
first need to determine more specifically what should be
considered an epistemic action. Furthermore, we need to
determine whether there is an optimum combination of
physicality and reusability that one could strive for when
designing a TUI. To do this, it will be necessary to evalu-
ate more tools and compare the numbers of epistemic ac-
tions with the levels of physicality and reusability of the
particular tools. By doing so, we may be better able to
evaluate the quality of different versions of tangible tools
to create reusable tools that support cognition, thereby
assisting in creative design processes. Our research here
is a first step in that direction.

Table 2
Results From Tukey HSD Post Hoc Tests
Dependent Tool Pair Pairwise Difference  p Value
Trial time Modeller & PhysicalBlocks 0.79 <.001
BUILD-IT & Modeller —0.30 .038
BUILD-IT & PhysicalBlocks 0.49 <.001
No. blocks tested ~ Modeller & PhysicalBlocks 0.25 012
BUILD-IT & Modeller 0.28 .004
BUILD-IT & PhysicalBlocks 0.53 <.001
Satisfaction Modeller & PhysicalBlocks —0.38 .028
BUILD-IT & Modeller 0.32 .083
BUILD-IT & PhysicalBlocks —0.07 .890
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AUTHOR NOTE

Correspondence related to this article may be sent to M. Fjeld, Table-
Top Interaction Lab (www.t2i.se), CSE, Chalmers TH, Rénnvigen 6B,
SE-412 96, Goteborg, Sweden (e-mail: morten@fjeld.ch).
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NOTE
1. The latest ISO definition (ISO/IEC, 2006) considers effectiveness

the most important among these three measures.
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