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Abstract: Spatial disparity between a physical object and its visual presentation is very common in virtual
environments. An experiment was conducted to systematically investigate the effects of orientation disparity
between haptic and graphic displays of objects on human performance in a virtual environment. It was found
that human performance was optimum with no orientation disparity. Orientation disparity had significant effects
on the object orientation component, but did not appear to affect the object transportation component of human
movements. It appeared that, when the orientation disparity was present, the orientation speed relied more on
the haptic display of objects while the orientation accuracy depended more on the graphic display of objects.
Implications for human-computer interface design were also discussed.

Keywords: human performance, virtual reality, object transportation, object orientation, object docking, 3D
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1 Introduction from its graphic display, a graphic cursor (Graham &
MacKenzie, 1996).
Objects in the real world are a unitary whole, that is, We use the term disparity in this study to

haptic and graphic displays are spatially consistent. yefer to the spatial difference between haptic and
Haptic displays are perceived by the hand in the graphic displays of objects. Disparity between
control space, and include the physical characteristicshaptic and graphic displays is an important feature
(e.g. shape and size) of an object. Graphic displaysthat distinguishes most virtual environments from
of an object are perceived by the eyes. For object (e5] world environments. In human-computer
manipulation in the real world, what you see is jnteraction applications, the graphic object being
generally consistent with what you feel. Humans manijpulated by a physical controller rarely has the
perform daily activities in an environment where same characteristics (e.g. shape, size, location and
haptic and graphic displays of objects are completely grientation) as the controller (Wang & MacKenzie,
superimposed. 1999; Wang et al., 1998; Ware, 1998; Ware, 1990;
However, this is hardly the case in human- Zhai & Milgram, 1997). Disparity between haptic and
computer interaction HCI). In a typical human-  graphic displays can have significant effects on human
computer interaction setup, the control space of the performance in virtual environments. The purpose
hand is separate from the display space of the objects 0f this experiment is to investigate how the disparity
where what a user feels with her hand is not the samebetween haptic and graphic displays affects human
with what she sees with her eyes. For example, in a object manipulation in virtual environments, and to
desktopHCI situation, the movement of a mouse on provide further insight intéiCI design.
a horizontal plane is transformed to the movement of .
a cursor on a vertical screen. A cursor is a visual 1.1 Previous Research
presentation of the mouse, but with different shape, Effects of disparity between haptic and graphic
size, location and orientation from the mouse. The displays have been rarely studied. An experiment
mouse and the cursor are not spatially superimposed.was conducted by Wang & MacKenzie (1999) to
In other words, haptic display of a mouse is different investigate the effects of relative size among the
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controller, cursor and target on docking tasks in virtual
environments. The difference between the controller
and cursor sizes indicated the effects of size disparity
between haptic and graphic displays. They found that
human performance was better when the controller
and cursor had the same size, that is, when the haptic
and graphic displays were superimposed.

Graham & MacKenzie (1996) conducted
experiments to examine human pointing performance
under different relationships between the display space
and control space. They found that users generally 2
achieved better performance when the display space

interacted with each other, suggesting an
interdependent structure (Wang et al., 1998).
Even though orientation disparity can be
considered as an input to the object orientation
process, it may still affect the output of the
object transportation process. At the same
time, it was expected that the disparity would
affect the orientation process more than the
transportation process.

Method

and control space were superimposed than other2'1 Subjects

conditions. Their results can be related to the effects Eight university students volunteered to participate
of transportation disparity between haptic and graphic this experiment. Each subject was paid $20 for a
displays of objects since only object transportation two-hour session. All subjects wereright-handed, and
was required in their experiments. Ware (1998; 1990) had normal or corrected-to-normal vision. Informed
noticed that object transportation and orientation in consentwas provided before the experimental session.

virtual environments were much slower than in the
real world. He suggested that it could be the object
orientation components that slowed down the object
manipulation process in virtual environments.

We are unaware of research in the literature
that systematically studied the effects of orientation
disparity between haptic and graphic displays on
object manipulation in virtual environments. This
disparity may play an important role in human
performance and is the focus of this study.

1.2 Research Hypotheses

An experiment was conducted to investigate the
effects of orientation disparity between object haptic
and graphic displays on object transportation and
orientation in virtual environments. Two research
hypotheses were proposed:

1. It was predicted that human performance would
be optimum under the no orientation disparity
condition, when the haptic and graphic displays
were superimposed. When no disparity was

2.2 Experimental Apparatus

This experiment was conducted in the Virtual
Hand Laboratory at Simon Fraser University. The
experimental setup is shown in Figures 1a & b. A
Silicon Graphics IndigdRGB monitor was set upside
down on the top of a cart. A mirror was placed
parallel to the monitor screen and the table surface.
A stereoscopic, head-coupled graphical display was
presented on the screen and was reflected by the
mirror. The image was perceived by the subject as
if it was below the mirror, on the table surface. The
subject was wearing CrysYES Goggles to obtain

a stereoscopic view. Three infrared markeREQS)
were fixed to the side frame of the goggles and their
positions were monitored with adPTOTRAK motion
analysis system (Northern Digital, Inc.) with 0.2mm
accuracy to provide a head-coupled view in a 3D
space. The subject held a wooden cube (30 mm) on
the table surface. ThreBEDs were placed on the top
of the wooden cube, driving a six degree-of-freedom
(DOF) wire-frame graphic cube with 1 frame lag. The

presented, humans could take advantage oftarget was a wire-frame graphic cube that appeared

easily transferring their object manipulation ©on the table surface to the subject. The graphic six
skills from the real world into the virtual DOF cube and the target cube had the same size as the

world. This hypothesis was suggested by the wooden cube, 30mm. The stereoscopic, head-coupled,
converging evidence from previous research graphic display was updated at 60Hz with 1 frame lag
(Graham & MacKenzie, 1996, Wang & of OPTOTRAKcoordinates. Data from th@P TOTRAK
MacKenzie, 1999; Wang et al., 1998). were sampled and recorded at 60Hz by a Silicon
Graphics Indigo Extreme computer workstation. A
2. Another hypothesis was that the orientation thin physical L-frame (not shown in the figure) was
disparity between haptic and graphic displays used to locate the starting position of the wooden cube,
of an object would not only affect the at the beginning of each trial. The experiment was
orientation process but also the transportation conducted in a semi-dark room. The subject saw the
process. Previous research showed thattarget cube and the SiROF cube presented on the
object transportation and orientation processes mirror, but was unable to see the physical controller
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(a) The Virtual Hand Laboratory setup. Shown (b) Top view of the experiment setup. Two graphic
in schematic is a wooden cube (solid line) and a cubes (dashed line) were perceived during the
graphic target cube (dashed line). experiment. The graphic cube further away from

the subject was the target cube. The graphic cube
closer to the subject was the graphic display of

the wooden cube (solid line) where there were

30 degrees of orientation disparity between them.
Subject could feel the wooden cube in hand, but
could not see the wooden cube.

Figure 1:

cube and the hand. The wooden cube was referred as  Subjects were asked to perform two kind of tasks:
the physical object, the six-degree-of-freedom graphic physical match and graphic match. Physical match
cube as the graphic object, and the target cube aswas to match the physical object to the location and
the graphic target. The task was to match either the orientation of the graphic target according to the haptic
physical object or the graphic object to the graphic information felt with the hand. Graphic match was to
target as fast and accurately as possible. match the graphic object to the graphic target based
2.3 Experimental Design on yvhat they saw with their eyes. In all con_ditions, .
; ) subjects saw the graphic object and graphic target;
The centre of the graphic object was aWways yhey did not see the physical object or the hand. In
superimposed with the physical object (Figure 1b). In' g, ymary  this was a balanced experimental design
one experimental condition, the graphic object was i repeated measures on eight subjects: 2 Task
oriented 30_degrees clockwise from the physmal object conditionsx 2 disparity conditions< 2 distances.
around their common centre (vertical axis), therefore
generating the orientation disparity between haptic Dependent variables were derived from
display and graphic display. In another condition, OPTOTRAK 3-D position data collected from two
the graphic object and physical object were totally IREDs on the top of the physical object (wooden
aligned, with no orientation disparity. cube). Data from théRED on the top centre of the
The graphic target was located at either 200mm physical object were used for object transportation
or 200mm away from the starting position of the measures, and twiREDs on the top of the physical
physical object. In the no disparity condition, the object were used to calculate the angular value for
graphic target was oriented 30 degrees clockwise; in object orientation measures. Dependent variables
the disparity condition, the target was oriented 60 included four temporal measures and four spatial
degrees clockwise. This target angle arrangementerror measures. The temporal measures were: task
guaranteed that the physical object was always completion time €T), object transportation time
oriented 30 degrees to match the target orientation(TT), object orientation timedT), ratio (R) between
regardless of disparity or no disparity condition so that orientation time QT) and transportation timeT{).
the results in different disparity were comparable. The spatial error measures included: constant distance
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error (CED), variable distance errovgD), constant 3 Results

angle error CEA), and variable angle errovgA). 3.1 Temporal Measures

. In all experimental conditions, the relative time

2.4 Experimental Procedure courses between transportation and orientation
processes were similar. The transportation process
contained the orientation process. These results
confirm the findings in our previous experiments
(Wang & MacKenzie, 1999; Wang et al., 1998).

The average task completion time€T) across
all condition was 893ms. Shown in Figure 2T
increased with target distande(1,7) = 65978 p <
0.001,807msat 100mm and 980ms at 200mm. There
was no other significant effect.

In each experimental session, individual eye positions
were calibrated relative to th®EDs on the goggles

to provide a customized stereoscopic, head-coupled
view. The table surface was calibrated and the
relative orientation between the physical object and
the graphic object was determined. A subject
was comfortably seated at a table, with forearm at
approximately the same height as the table surface.
The subject held the physical object with the right
hand, with the thumb and index finger in pad
opposition on the centre of opposing cube faces which Task completion time (CT)
were parallel to the frontal plane of the body. The 1000 +
subject was instructed to match either the physical
object or the graphic object to the location and angle
of the graphic target as fast and accurately as possible.
To start a trial, subjects placed the physical cube at a
start position on the table surface. A graphic target
appeared at one of two distances and two angles. The
subject made either physical match or graphic match
as quickly and accurately as possible. When the 500 |
subject was satisfied with the match, he/she held the 100mm 200mm
controller still and saidOK’ to end that trial. Trials
were blocked by task and disparity conditions. The
target location and angles were randomly generated.
At the beginning of each block of trials, subjects were
given 20 trials for practice.

900 +

800 4

CT (ms)

700 +

600 +

Figure 2: Task completion time.

Transportation time (TT)
1000 T

2.5 Data Analysis

: : 900 +
Data were filtered with a 7Hz low-pass second-order

bi-directional Butterworth digital filter to remove
digital sampling artifacts, vibrations of the markers,
and tremor from the hand movement. Original
IRED 3D position data were interpolated and filtered
once only, and then were used for the following
data manipulation including angular data generation. 500 !

A computer program determining the start and end 100mm 200mm
of a pointing movement was used separately for

the transportation and orientation processes, based Figure 3: Object transportation time.
on criterion velocities. The start and end of each
process were then confirmed by visually inspecting The transportation timd{) had an average value

a graph of the velocity profile. A trial was rejected of 868ms, taking up 97.2% of the task completion time
if the program failed to find a start and end or (CT). Statistics ofTT were similar to those ofT. TT
there was disagreement between experimenter’s visuaincreased from 776ms at 200mm to 959ms at 200mm,
inspection and computer’s results. For dependentF(1,7) = 617.13,p < 0.001, as shown in Figure 3.
measuresANOVAs were performed on the balanced No other significant effects were found. Disparity
design of 2 Task conditions * 2 disparity conditions * between haptic and visual information in orientation
2 distances with repeated measures on all three factorsdid not appear to have effects @m. It appeared that

800 po

TT (ms)

700 T

600
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Figure 4: Object orientation time.

once visual information was presented, the subject (F(1,7) = 39.14,p < 0.001), 0.78 at 100mm and
could easily transport either the physical or the graphic 0.70 at 200mm (Figure 5a). There was a significant
object to the target location. interaction between disparity and task conditions,

The orientation time@T) was 612ms on average, F(1,7) = 7.9_7,p < 0.026, as shown in Figure Sb.
70.4% of the task completion time (CT). Distance had When_ the d'spaf”y was presented, R was O.80_for
a significant effect also o@T, F(1,7) = 56.91,p < graphic to graphic match, and was 0.69 for physical
0.001. OT was 572ms at 100mm and increased to '@ 9raphic match.

651ms at 200mm (Figure 4a). There was a significant I ¢@se of no disparity, R was 0.73 for graphic to
interaction between orientation disparity and tasks 9r@Phic match and 0.74 for physical to graphic match.

using haptic information and visual information The subjects took less time to integrate the orientation
F(1,7) = 13.95, p< 0.005. As shown in Figure 4T " process into the transportation process when they were

of 661ms was longest when the task was to match theasked to use the haptic information than the visual
graphic object to the target when there was disparity Information.

between the haptic and graphic displays. In contrast, 3.2 Spatial Error Measures

for the other three condition®)T values were very The average constant distance eroED) was very
close, around 600ms. When there was no disparity, 4| 0.13mm, and was not significantly different

it took 601ms to match the physical lobje_ct to the from 0. The average constant angle eroEA) was
target, and 598ms to match the graphic object to the g gg gegree, not significantly different from specified
target. Those values were close t0 586ms Where, a1 angles. This result reflects that system errors of
there was disparity, but the task was to match the yho'virtal Hand setup used for this experiment were
physical object to the target. Thus, subjects t00K ninima| and did not cause significant performance
extra time to orient the graphic object if there was bias.
disparity between haptic and visual information. It Task conditions had main effects on the variable
also suggested that the subjects could successfullydiStance error\(ED), F(1,7) = 6.34,p < 0.040. As
disregard the discrepant visual information to achieve ¢p,0vn in Figure 6,VED7waS 15 mm for graphic
a fast orientation of physical object. It is interesting to to graphic match, increasing to 2.5mm for physical
note that the orientation disparity between haptic and ;, graphic match. This result showed that subjects
graphic displays only affected the orientation process, 5 pieved better accuracy in object transportation
OT, but not the transportation process, by using visual information than by using haptic
The ratio (R) of OT against TT, shown in information. The disparity between haptic and graphic
Figures 5a & b, is indicative of the structure of displays had no significant effects ofED. Similar
object transportation and orientation. R representsto the TT measure, the orientation disparity between
the proportional time of simultaneous control of haptic and graphic displays did not affect the spatial
the orientation and transportation processes. Rerror of the transportation process. This might be
reduced significantly with increases in target distance due to the fact that the centre of the physical object
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Figure 5: Ratio of orientation time against transportation time.

was required to be superimposed with that of the interaction between disparity and task conditions,
graphic object, regardless of whether or not there wasF(1,7) = 21.22,p < 0.003. As shown in Figure 7,

orientation disparity.

Variable distance error (VED
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S,
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Figure 6: Variable distance errors.
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Figure 7: Variable angle errors.

The variable angle erroVEA) was 3.7 degrees

the greatesVEA of 7.4 degrees occurred for physical
to graphic match when there was disparity. For the
other three conditionsyEAs were similar: with no
disparity, 2.5 degrees for physical to graphic match
and 2.3 degrees for graphic to graphic match; with
orientation disparityyEA was 2.4 degrees for graphic
to graphic match. Patterns ¥EA data in Figure 7,
are opposite to those ofT data in Figure 5b. It should
also be noted that distance had no significant effect on
VEA.

4 Discussion

Results from this experiment supported our first
hypothesis: human performance was better when there
was no spatial orientation disparity between haptic and
graphic displays of objects. With no disparity, there
was no difference in object manipulation between
subject using haptic information and using visual
information about objects. It is not clear, in the
case of no disparity, which information was actually
used for the subject to perform the task. Based on
the theory of visual dominance (Posner et al., 1976),
visual information may be the primary source guiding
object manipulation. We suggest that both haptic and
graphic displays played a role in object manipulation
(Wang & MacKenzie, 1999), and therefore it was the
consistency between haptic and graphic displays that
resulted in optimum human performance.

Haptic and graphic displays are superimposed in
the real world. Thus, ‘natural’ object manipulation in
the real world generally yields optimum performance,

on average. There was a significant two-way compared with that in the virtual environment. This
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suggests advantages of an augmented environmentvhen the disparity was present. This indicates
which has graphic displays superimposed on physicalthat the subject was able to make use of haptic
objects. information to facilitate object orientation speed. The
Our second hypothesis about human performanceévidence supports our suggestions that the subject may
under conditions of orientation disparity between use both visual and haptic information to perform
haptic and graphic displays was not supported. The manipulation, that is, visual dominance does not
disparity only affected the orientation process, but mean that visual information totally overwrites the
not the transportation process. |If the disparity is haptic information presented to the subject. The
considered as an input for the orientation process, it €xtra orientation time for graphic to graphic matches
only influences the output of the orientation process. When there was disparity could be because the visual
In other words, the transportation process appears tofeedback process was somehow interrupted by the
be independent of the orientation disparity between disparity between haptic and graphic displays.
haptic and graphic displays. This result was not Spatial errors measures, however, demonstrated
predicted by our hypothesis. However, the result quite a different picture from the temporal measures
supported the hypothesis that the orientation disparity in terms of the disparity effect. The variable angle
would affect the transportation and orientation error was much smaller for graphic to graphic match
differently. The orientation disparity between haptic than that for physical to graphic match. This indicates
and graphic displays only affected the orientation that spatial accuracy of object orientation is generally
process of object manipulation. determined by the visual information regardless of the
Object transportation and orientation had a haptic information. When subjects were asked only

parallel, interdependent structure, consistent with to use the haptic information and discard the visual

previous experiments (Wang & MacKenzie, 1999;
Wang et al.,, 1998). Specifically, the time course
of transportation contained that of orientation. The

information, significant spatial uncertainty occurred.
The increase in orientation errors for physical to
graphic matches may be attributed to the interference

from the inconsistent visual information. Altogether,

the results suggest that haptic information and visual
information may affect different aspects of orientation
process. Haptic information may be more related

change in target distances affected bothand OT.
The ratio betweer®T and TT suggested that haptic
information might be very important to integrate the
orientation process with the transportation process. - . ot ) .
This experiment showed that certain factors (e.g. to manlpulatlon_spee_d while visual mformaU_on more
orientation disparity) only affected one component 'elated to manipulation accuracy. —Accordingly, in
of object manipulation processes while other factors Virtual environment design, consideration should be
(e.g. target distance) affected both processes. Todiven to the realism of haptic display when fast
identify those factors may provide further insight into mampulatpn IS requ!red such as gaming; in contrast,
the underlying mechanisms for object manipulation in iIf @ccuracy is the main concern, the quality of graphic

virtual environments.

The above findings provide important
implications for HCI design. If interaction tasks
involve only object transportation, the graphic object
can be designed with arbitrary orientation in relation
to the controller. In current 2D graphic user interfaces,
for example, the graphic arrow cursor usually has a
fixed orientation of 45 degrees, regardless of mouse
orientation. This orientation design has no effect on
human performance since the cursor is only required
to do translation movements. However, if tasks require
object rotation such as multidimensional manipulation
in virtual environments, then the orientation of a
3D cursor relative to the controller will be critical.
Our evidence indicates that user’s performance will
be better if the orientation of the cursor is properly
aligned with that of the controller.

The orientation time was shorter for physical to
graphic matches than for graphic to graphic matches

display should be emphasized.

5 Conclusions
We conclude:

1. Humans can achieve optimum manipulation
performance when haptic and graphic displays
of objects are superimposed.

. Disparity in orientation between haptic and
graphic displays of objects appears to have
no significant effects on object transportation
processes.

. Disparity in orientation between haptic and
graphic displays of objects significantly affects
the object orientation process, increasing the
orientation time for graphic to graphic matches
and the spatial errors for physical to graphic
matches.
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