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Abstract. Touchscreen interfaces do more than allow users to execute speedy 
interactions. Three interfaces (touchscreen, mouse-drag, on-screen button) were 
used in the service of performing an object manipulation task. Results showed 
that planning time was shortest with touch screens, that touchscreens allowed 
high action knowledge users to perform the task more efficiently, and that only 
with touchscreens was the ability to rotate the object the same across all axes of 
rotation. The concept of closeness is introduced to explain the potential 
advantages of touchscreen interfaces. 
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Task, Mental Rotation in Virtual Environments. 

1   Introduction and Background 

Touchscreens are a popular interaction style for handheld devices. Early touchscreen 
research found that touchscreen interactions were faster than mouse interactions [15]. 
Yet contemporary advertising for touchscreens emphasizes object manipulation on the 
screen rather than speed per se; for example, users of phones with touchscreens are 
often shown rotating and moving photographs and other objects on the screen. Can 
touchscreens provide more than speeded interactions with virtual objects? 

Following [6], we believe that interfaces in virtual environments (VE) should be 
designed so as to “allow participants to observe and interact within the VE as 
naturally as they would interact with objects in the real world [p. 84, italics ours].” 
What this means is that in the design of an interface, it is necessary to consider the 
user’s implicit knowledge of how to move his or her body and limbs; of how to 
navigate through, and manipulate objects within, the environment; and of how the 
laws of physics operate, if only at a low level of understanding. These three elements 
of interface design have been nicely captured by the reality based interaction (RBI) 
framework [7], and illustrate three of the RBI themes: body awareness, environmental 
awareness, and naïve physics.  
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When the user cannot interact with virtual objects as he or she would do so 
naturally, two other factors need to be considered. The first is a cognitive one: 
understanding of the result of a particular interaction with a device. Unlike procedural 
knowledge, which is often represented as condition-action pairs, action knowledge 
can be represented as action-condition pairs of the form “if I perform action X, Y will 
result.” Whether the result of a particular action is what the user intended is another, 
related matter. A second factor of interest in less-than-natural interfaces is closeness, 
or the degree to which an action performed via the interface differs from the action 
performed to achieve the desired result in the natural world.  

Closeness and action knowledge are inversely related: as closeness increases, 
cognitive demands and action knowledge of the user decreases. In other words, as the 
interface becomes less natural, what the user needs to know both about how to perform 
some action and about what results from performing that action increases. Therefore, 
by avoiding the increased cognitive supplementation required by far interfaces, close 
interfaces should be easier to use (and to learn to use) than far ones (cf. [14]). In this 
paper, we elaborate on the RBI framework to illustrate how touchscreens can offer 
advantages over less natural interactions. After we review relevant literature, we 
describe our research and present our results. We conclude with a brief discussion of 
the predictive utility of the elaborated RBI framework.  

2   Related Work 

Early empirical work with touchscreens (cf. [15]) compared them to alternative 
interfaces, such as mouse-based interactions, and found a speed advantage with 
touchscreens. More recent work has focused on the interplay between design and 
ergonomic features of the touchscreen (e.g. “fat finger”) on user performance. For 
example, these studies focus on how the features of on-screen buttons and layouts 
impact performance because of presumed impact on user motor interactions with the 
buttons and layouts (cf. [12], [13]). More relevant to the current investigation is work 
suggesting that user performance with touchscreens improves not simply because the 
ergonomic advantages they afford but because they allow for the design of closer 
interfaces (cf. [1], [5]). A verbal protocol study of an interior design task [11] supports 
the notion that closeness can improve performance. Designers using a tangible 
interface that allowed them to use two hands to move virtual furniture showed higher 
levels of spatial thinking and flexibility than those using a traditional mouse-keyboard-
screen interface. The authors speculate that the more immersive environment allows 
the user to offload some cognitive demands of traditional interface, thereby enhancing 
the users’ understanding of spatial relationships involved in mental manipulation of 
objects. Accordingly, with tasks that involve mental manipulation of objects, 
touchscreens should yield high levels of performance relative to other interfaces due to 
both the motor control enhancement of the touchscreen and the reduced level of action 
knowledge required to accomplish some result.  
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3   Our Task: The Cube Comparison Task 

Our task is based on the Cube Comparison Task (CCT), a context-free task that has 
been widely used to assess spatial ability and is believed to require mental 
manipulation of objects (cf. [4], [16]). In CCT, participants see two cubes with 
patterns on the faces; they determine whether the cubes could be the same or are 
different, based on the visible patterns on the sides of each cube. Patterns are not 
repeated. The CCT is thought to engage the components of spatial ability called 
visualization and mental rotation: participants visualize what is on hidden faces and 
mentally rotate a cube to determine if the cubes could be the same. Prior research 
indicates that participants of lower spatial ability, as measured on standard 
psychometric tests, are differentially slower and less accurate on this task as cube 
pairs become more complex, than persons of higher spatial ability [9]. Additionally, 
[8] suggests participants may differentially rotate cubes on some axes in preference to 
others. 

4   Method and Procedure 

We compared three user interaction modes with increasing levels of closeness: on-
screen buttons, mouse-drag, and touchscreens. In the on-screen buttons condition, 
participants used the mouse to push buttons that resulted in 90o rotations. Closeness is 
low in this condition because the action of pushing a button is different from the 
actions performed in rotating an actual cube, and to push the correct button, the user 
must know in which of six directions the cube will turn. In the other two conditions, 
participants pointed to the center of a cube’s face and rotated the cube by dragging the 
face in one of two directions using either the mouse (mouse-drag) or their finger 
(touchscreen). In this case, the dragging motion is similar to what might be used to 
rotate an actual cube. With the touchscreen, closeness is high. With the mouse-drag, 
closeness is only moderately high. Holding onto a mouse with a button depressed and 
moving the mouse on a horizontal surface to rotate a cube is not the same closeness as 
reaching out with one’s finger and spinning the cube. In our study, participants were 
not required to rotate the cube and therefore could complete the task using any 
combination of mental and/or physical rotations using the software. 

4.1   Stimuli 

In our version of the CCT we placed letters on the faces of the cubes (cf. [9]). To 
avoid ambiguities about orientation, no letter was used that could be confused with 
another when rotated. The participant indicated whether the cubes could be the same 
or if they were different by clicking on a button marked “same” or “different.” 

The problems varied by complexity, defined by the number matching letters in the 
initial presentation and the number of 90o rotations required to make a possible match 
(cf. [9]). Our study had six levels of complexity. Participants completed training 
trials, followed by 36 trials in one of the three user interface conditions. In half of the 
trials, the cube pairs were the same. After the quantitative experiment, some 
participants were interviewed to determine their reactions to the interactions. 
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Fig. 1. The CCT with on-screen buttons 

4.3   User Interaction 

In our version of the CCT, users were given a pair of cubes and could manipulate the 
right cube via the interaction, along the x-, y-, and z-axes. We define the x-axis as the 
horizontal axis (off the right edge of the cube), the y-axis as the vertical axis (off the 
top of the cube) and the z-axis as the line-of-sight axis (off the left edge of the cube). 
Participants in the on-screen button condition rotated the cubes by pressing one of the 
six arrow-shaped buttons that depicted the direction of rotation along the three axes. 
The arrows were located just beyond the edges of the cubes (see Fig. 1). Participants 
in the touchscreen and mouse-drag conditions placed their finger or the mouse on the 
right cube to rotate; the “sweet spot” was on the center of the cube face (similar to 
Fig. 1 but without the axes or arrows).  

4.4   Participants 

Our sample consisted of 58 students who participated in exchange for course credit or 
Amazon gift cards. Thirty-one students used the on-screen button interface, 10 used 
the mouse-drag interface, and 17 used the touchscreen. Students also completed two 
standard tests of spatial ability: Paper Folding, a measure of visualization, and Cards, 
a measure of mental rotation [4]. Using scores that were a composite of Paper Folding 
and Cards, 27 students were classified as high and 31 low spatial ability. Throughout 
the study, we followed all required ethical participation guidelines. 

5   Results 

Our study had three independent variables: 1) User interface (on-screen buttons, 
mouse-drag, touchscreen) 2) Spatial ability (high and low), and 3) Problem type (six 
levels of problem complexity). We collected standard trial-level measures (e.g., 
accuracy, time to complete the trial) as well as those derived from the user interaction  
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clickstream within trials, such as time to first interaction (TFI), time between 
interactions, and patterns of rotation. Our hope was that the findings from the fine-
grained analyzes would contribute to our understanding of the grosser measures of 
performance We report first on speed-related dependent variables followed by those 
that are related to accuracy. Owing to differences in closeness, we predicted that 
touchscreen users would be most accurate, followed by users of the mouse-drag and 
on-screen button interfaces. From prior work [15], we predicted that touchscreen 
users would have faster trial completion times and shorter TFIs. Overall, we expected 
performance to decrease as complexity increased, both in accuracy and time, and to 
be poorer for users with low spatial ability.  

5.1   Speed 

Completion Time. Consistent with earlier work [15] we found that completion times 
for touchscreen users were faster than those for users of the on-screen buttons; mouse-
drag users were equally fast as touchscreen users (touchscreen: 7988 ms, SD = 2957 
ms; mouse-drag: 8026 ms, SD = 2055 ms; on-screen button: 9485 ms, SD = 2082 ms, 
F(2, 52) = 3.71, p < .031). Additionally, trial completion time differed significantly by 
problem type with more complex problems taking longer.1  
 
Time to First Interaction (TFI). TFI, the time from the beginning of the trial until 
the user’s first interaction, is interpreted as a measure of planning time. Touchscreen 
users were significantly faster than the other two conditions (F(2,52) = 8.70, p < .005 
(touchscreen, M = 2363, SD = 1109 ms; mouse-drag, M = 2581, SD = 1110 ms; on-
screen button, M = 3661, SD = 1125 ms). Consistent with the idea that TFI reflects 
planning time, TFI also differed significantly by problem type, with the more 
complex problems taking longer (H-F F(34.35, 215.60) = 1.20, p = 0).  
 
Derived Time Per Axis. Taking all examples of the six actions (viz., two directions 
of rotation about three axes) and the time to execute them (i.e., the time since the 
previous action) allows us to compute the average time per interaction. This measure 
provides a glimpse into the relative ease of executing each action; ease of execution is 
a by-product of closeness and amount of action knowledge. Figure 2 shows the 
average time per action along the x-, y-, and z-axes (collapsed across direction) for 
the three interfaces. The time per interaction for the touchscreen is generally lower 
than that of the other interfaces. In addition, there is a significant interaction between 
the type of interface and the axis of rotation (H-F F(4.0, 104.0) = 2.52, p < .045). The 
interesting finding is that with the touchscreen the time per interaction is statistically 
the same for all three axes; the same cannot be said of the other interfaces. Executing 
a rotation with the touchscreen was equally easy for all three axes – just as executing 
rotations with a real cube would be. Whether the uneven executability profiles 
obtained with the other interfaces are due to motor-based idiosyncrasies or cognitive 
asymmetries cannot be determined, although the former seems more likely.  

                                                           
1  For our repeated measures analyses of variance, we make no assumptions of the sphericity of 

the data and use a Hunyt-Feldt adjustment to the degrees of freedom, indicated by “H-F”. 
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Fig. 2. Interaction of time per axis and user interface 

Clustering of Interactions. From the clickstream data, we identified clusters of 
interactions based on the time intervals between interactions. For each user, we 
computed summary statistics for the distribution of time intervals across all trials. 
When an interval was longer than a user-defined threshold (viz., median interval time 
+ (median * coefficient of variation of the distribution)) – basically, a long pause 
between actions -- we inferred that he or she had been on a thinking break, and we 
used that break to form the boundary of a cluster. Clusters contain actions that were 
executed with briefer pauses between them, and the number of actions per cluster 
could vary in size. The size of a cluster reflects the degree to which a user’s actions 
are deployed in higher-order units, suggesting that spatial and action knowledge are 
organized. That is, large clusters are taken to indicate bursts of action aimed to 
achieve multi-step goals; clusters containing single actions reflect an unplanned, step-
by-step approach to doing the task. In previous research with the CCT (cf. [8]), we 
found that spatial ability was positively correlated with the size of clusters. In the 
current study, we found a similar relationship between spatial ability and cluster size, 
and we also found that, for our participants with high spatial ability, the proportion of 
larger clusters was greater with the touchscreen than with the other interfaces (H-F 
F(3.78, 98.28) = 2.52, p < .049). It appears that the touchscreen facilitates the 
realization of spatial ability, possibly reducing the overall cognitive demands of the 
CCT. Perhaps the closeness of the touchscreen allows users to process longer 
sequences of intended rotations with fewer stoppages for thinking. 
 
Summary of Speed Results. Overall, participants using the touchscreen were 
significantly faster than participants using the on-screen buttons. The speed advantage 
seems to spring from faster planning time and the ability to execute rotations about all 
three axes with equal ease. In the mouse-drag and on-screen button conditions, 
rotating along one axis took longer than along the other two, which would contribute 
to longer completion times and might cause a user to favor some axes over others and 
lead to less than optimal solution paths. Finally, the high spatial users in the 
touchscreen condition group their rotations into larger clusters, suggesting that the 
interface’s closeness allowed them to “see” how to do the CCT problems in larger 
steps by better understanding the relationships among the sides of the cubes.  
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5.2   Accuracy and Error Pattern Results 

Accuracy overall was quite high (96.4%). There were significant differences in 
accuracy by type of interface (F(2, 52) = 6.42, p < .002) and problem type (H-F 
F(2.96, 153.93) = 12.28, p = 0), and the interface X problem type interaction was 
significant (H-F F(5.92, 153.93) = 3.60, p < .002). Somewhat surprisingly, accuracy 
was best with the on-screen buttons (99%, SD = .039), with lower accuracy in the 
mouse-drag and touchscreen conditions (95.2%, SD = .041 and 95%, SD = .041, 
respectively. 

 
Error Patterns. Using the clickstream data, we examined sequences of rotations that 
appeared to be errors, such as when the cube was rotated clockwise along one axis, 
followed immediately by a counterclockwise rotation along the same axis, and then 
by a rotation along a different axis. This pattern suggested that the user initially 
rotated the cube about the wrong axis, reversed the first rotation to correct the error, 
and rotated it along a different axis; this pattern was coded as a wrong axis error. A 
rotation in one direction along one axis followed by two rotations in the opposite 
direction along the same axis was coded as a wrong initial direction error. A third 
pattern that we report here occurs when the user has rotated the cube in a “same” trial 
so that all the faces on both cubes match but continues to rotate the cube so that the 
cubes are no longer identical. A closer look at this rotate beyond match pattern shows 
that the extraneous rotation is nearly always in the same direction that rotated the 
cube into the match position in the first place: it’s akin to double-clicking in order to 
rotate the cube twice in the same direction.  

The frequencies of occurrence of the three error patterns as a function of interface 
type are shown in Table 1. The occurrences of both the wrong initial direction and 
wrong axis patterns were lower in the mouse-drag and touchscreen than in on-screen 
button condition, suggesting that the users found it easier to anticipate the results of 
their actions with the closer interfaces. The rotate beyond match pattern was an order 
of magnitude less frequent with the touchscreen interface, suggesting that these users 
understood the outcome of their actions better than users of the other interfaces, 
knowing that they were one rotation away from match rather than two.  

Table 1. Frequency of Occurrence of Error Patterns by Interface 

Interface Type Wrong Initial Direction Wrong Axis Rotate Beyond Match 

Mouse-drag M = .007, SD = .020 M = .046, SD = .104 M = .040, SD = .097 

Touchscreen M = .007, SD = .024 M = .040, SD = .125 M = .004, SD = .016 

On-screen button  M = .040, SD = .104 M = .124, SD = .222 M = .049, SD = .122 

 F(2, 52) = 4.73, p < .013 F(2, 52) = 3.19, p < .049 F(2, 52) = 3.62, p < .034 

 
Summary of Accuracy Results. Accuracy was high in all three interface conditions, 
with on-screen button users being the most accurate. However, analysis of the error 
patterns suggests that touchscreen users had more complete action knowledge than 
users of the other interfaces because there was less of it to acquire. But the 
touchscreen users, not needing as much time to plan the next move, may have simply 
rushed through the task resulting in lower overall accuracy. 
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5.3   User Interface and Spatial Ability 

An additional finding of interest, relative to spatial ability, supports the notion that 
close interfaces can have an impact on user cognition. Participants in the touchscreen 
and mouse-drag conditions took the Paper Folding and Cards spatial ability tests both 
before and after the CCT task. We found significant improvements of approximately 
25% on standardized composite scores (-.18 pre, .13 post), following the CCT task 
(F(1, 21) = 18.14, p = 0), regardless of the participants’ initial level of spatial ability. 
Unfortunately, we have no corresponding data for the on-screen button condition, but 
the results are intriguing nonetheless.  

5.4   Qualitative Data  

We conducted interviews of the participants in the mouse-drag and touchscreen 
conditions after they completed the experiment. The qualitative data indicate that 
participants found using the touchscreen most like actually manipulating the cubes. In 
describing the touchscreen, one participant said that the touchscreen “played in my 
head; I felt like I was really moving the cube instead of trying to get the mouse cursor 
to do it.” Thus, the anecdotal data lend credibility to our claim that the touchscreen 
interface was the closer of the two user interfaces. 

6   Discussion and Conclusion 

Earlier work with touchscreens show them to yield faster interactions than other GUI 
interfaces; completion times in our touchscreen condition were faster than the on-
screen button condition, but matched for speed with the mouse-drag interface. Note 
that the CCT is not a speeded task, with much of the time on task spent thinking 
rather than interacting. If speed were the only advantage of touchscreens, tasks like 
the CCT would not benefit greatly from touchscreen interfaces. Our findings, 
however, suggest that the advantage of touchscreens can be more than just speed. 

Our data suggest that the touchscreen users benefitted from the closeness of the 
interface, as indicated by uniform ease in rotating the cube about any of the three axes 
and infrequent occurrence of error patterns in the clickstream. The shorter TFI with 
the touchscreen also suggests that touchscreen users were able to plan their actions 
more quickly, and the cluster size results suggest that participants with high spatial 
ability were able to execute their plans more efficiently with the touchscreen than 
with the other interfaces. The benefits of touchscreen interfaces can be cognitive in 
that there can be fewer cognitive demands with an appropriately designed touchscreen 
interface, one that allows interactions that are as close as possible to the actions 
performed with real objects in the environment. 

Central to our concept of closeness is the idea that as interfaces become less 
natural, users must learn more about how to use them and what to expect from actions 
performed through the interface. We refer to the aspects about the interface that must 
be learned as action knowledge, and it’s similar to what [10] calls a device model 
except that the devices are input-output devices instead of entire systems. As we saw 
with the high spatial users in the touchscreen condition, action knowledge necessarily 
articulates with other procedural and declarative knowledge, and it is crucial for 
knowing what method to select for achieving a specified goal. 
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Our concept of closeness borrows heavily from ecological psychology [3] in that 
natural interfaces are thought to afford interactions that require no cognitive 
supplementation. It is also consistent with ecological approaches to interface design 
[17] that aim to channel users’ limited cognitive resources towards understanding 
complex systems rather than towards understanding low-level elements of the system 
that can be processed perceptually. Finally, we see our notion of closeness as an 
extension of the RBI framework and its theme of body awareness. 

Of course, we need to have a better definition of closeness if the concept is to have 
predictive value. The three interfaces used here decrease in closeness from 
touchscreen button to mouse-drag to on-screen buttons partly because the physical 
movements used to rotate a real cube with a flick of the finger are most similar to 
those used with the touchscreen, followed by mouse-drag and on-screen buttons; 
partly because the latter two use an external device with its own operating 
characteristics – the mouse-- to yield rotations; and partly because the nature of the 
movements executed with the mouse-drag and on-screen buttons become increasingly 
arbitrary with respect to the pairing of an action to an outcome. The act of pressing a 
button is perhaps the most arbitrary; pressing a button can result in many outcomes.  

This is not to say that arbitrary interfaces cannot be learned. Indeed, with little 
effort, a skilled typist can press a key that puts the letter S on a screen, having learned 
where the key is on the keyboard and that pressing a specific key yields an S rather 
than a D. With sufficient practice, actions can become automatic, and the un-
naturalness of the interface becomes irrelevant. Yet, as the actions performed with an 
interface become less natural and more arbitrary, the ability to switch to a different 
interface becomes more of a problem. No doubt our skilled typist would have 
difficulty switching to a Dvorak keyboard. Echoing [2] and his call for ecological 
validity, we feel that as interfaces becomes less close, the actions performed become 
less like those performed in the natural world and more idiosyncratic to the particular 
device. If the goals of interface design are to permit transfer across multiple systems 
and ease of learning, closeness is an important variable to consider, particularly with 
tasks that involve the manipulation of objects.  
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