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ABSTRACT

Developingvirtual realiy (VR) applicationswhich enable actual
work over a period btime requires optiization d themost basic
interactions, such as objestanipulation, so thathe immersed
participantcan concentrat on higher-level tasks rather than on
low-levd motor activities. This paper presents feamework and
experimentaltestbel for studiesof VR objectmanipulation tech-
nigues. The framework provides a gstematic task aalysis of
immersive manipulation and sypgests a user-spedic non-
Euclidean gstan for themeasurenent d VR spatial relationships.
The Virtual Realiy Manipulation Assesmert Testbel (VRMAT)
is apractical mplementation of the franework and is a flexible
tool allowing in-depth @perimental studies foimmersive ma-
nipulation. Pilot studies hae been conducted tovauate this
framework ard testbel and to establish a baselifer further de-
velopment.
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¢ An analysis and taxonomy of VR manipulation tasks.
There probalyl no optmal interactio techniquegor every possi-
ble tak. Characteristics fodifferent manipulation taks impose
different requirments onmanipulationtechniques [2, 17, 32]. In
anideal study we would evaluate interaction techniquésr every
possible task. Hoever, because there areuatlessmanipulation
tasks,we are necessaillimited to a sall subset bthen. This
set d test taks should first, represenmost of the relevant ma-
nipulation scenarios so as not bias our studiegoeousirg on
tasks which a priori are better suited to certain techniques. Sec-
ond, it should penit generalization b our findings beyond the
particular conditions fothe experiments [2, 13].The taconamy of
manipulatian tasks may also be udel as aguidelinefor develop-
ing immersive interfaces [32].

e Spatial metrics and their units of measurement.
Asin the realworld, the user perfonancewhenmanipulating in a

Keywords: immersive virtual reality, VR user interfaces, VR VE depends on its spatial dagurations: positions foobjects,
manipulation techniques, user studies, experimental testbed, theoth€ir sizes, occlusion and so on. iRl studiesof VR manipula-

retical frameworks

INTRODUCTION

Manipulation é objects invirtual ervironments (VESs) is fien
awkward and incovenient.A ladk of a tactilefeedbak, trader
noise, poor degh o interaction techniques, dmtherfactorscan
make the smple tak of grabbirg and moving a virtual object a
frustratirg experience. Nmerous studies lva focused a how
humans manipulate objects in the realorld ard how tools,
workplaces, etc., lould be degined to achiee more dfective
manipulation [5, 14]. Similarly, development d effective VR
applications also requires mprehensie understandip of im-

mersive manipulation and, in particulawhich virtual tools and
techniques should be used andvitbey should be deghed b be
eay and effective to use[17, 27]. As Kay Staney has stated “...
if humans can not pésrm effectively in virtual ervironments,
then further pursuit of this technology may be fruitless” [32].

The main challege, havever, is amethodolgical one.There is
still insufficient understandimof the essentibcharacteristicand
paranetersof VR manipulation [17].Although immersive ma-
nipulation is smilar to manipulation in thereal word, thereare
also sgnificant dfferenceswhich hare to bestudiedand under-
stood in order to exploit the full potential of VR technology [32].

This paper preseits a onceptual framework and experimental
testbel for systematic stugy of interaction techniquesr immer-
sive manipulation. Ourgoal is to deelop a formal methodolagy
and eperimental toolswhich can hed to understad immersive
manipulation and aid developers inmaking informed decisions
whendesignirg manipulationinterfaces folVE applications. Our
focus here is on the following research issues:
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tion techniques requirexplicit definition of all relevant VE spa-

tial characteristis and their units ofmeasurenent. Havever, us-

ing conventionalmetrics and Euclidean approaches studies of
human manipulationmay be restrictirg and misleadirg [14, 21].

Our framework provides an alternative user-centered approach for
the dédinition of spatial lgouts andvisual stmuli, which nomal-

izes the experimental conditions across subjects.

e Virtual Reality Manipulation Assessment Testbed (VRMAT)
The framework has been mplemented as a geeral purpose VR
Manipulation Assesment Testbed (VRMT). The testbd is a
flexible, eay re-corfigurable experimental toolwhich allows in-
depth studies of immersive manipulation.

Thereare sone restrictionave must put on ouframework. First,
we consider oyl immersive VR manipulation.The useris im-
mersedusing a headmounteddisplay or a screen projector, and
six degrees & freedan (DOF) sensors tr&cposition and orienta-
tion of the head and hands. Secoma consider o free hand
direct manipulation and do not consider altermattechniques,
such as voice and gestire mmmands, gaze nput, and others.
Third, we do not allav the user tdly in VE and therdore,do not
considerflying techniquer canbinations & flying andmanipu-
lations.We also do not considéine aspects fograspirg suchas
finger positions andjesture recgnition. Although ourframework
and testbed can be applied tovigle variety of studies 6immer-
sive manipulation, in this papewe concentrateon interaction
techniques ol and do not addresbe effectsof the input/output
devices used.

RELATED WORK

Studies & human manipulation hae a lory history stretching
bak to the pioneerig work of Woodworth at the end fothe last
centuy [16]. Sincemanipulation invirtual worlds is similar to
manipulation in realit, we can appl the wide body of results
from humanfactors researc 16]. There are also s® significant
differenceshowever, which should be considered. First, in VEs
users can perfar actionswhich are impossibe in the realworld.
For example using VR interaction techniques (such as [17, 18])



users can manipulate objects located far outside normal humaraction [2, 3] and supported by other researchers [8, 17]. They
reach. Semnd, there are many VR-specific factors that affect in- suggest five basic interaction tasks:
teraction in virtual worlds: tracker noise, weightlessness of ob- , position -the task of positioning an object

jects, lack of tactile feedback and so on [12, 16, 32]. . selection- the task of identifying an object (also referred as a
Manipulation of computer-generated objects was initially studied target acquisition task [26]);

for 2D interaction techniques, such as menu selection, cursore orient- the task of orienting an object;

movements, icon placements and so on [1, 2, 30]. For examples text- the input of a string of characters;

Foley et al. [2] surveyed and classified interaction techniques fors quantify- the input of a numerical value

2D graphical inputaccording to the basic interaction tasks and

. L+ . S ! Mine [17] also suggestedsaaletask as a basic task for VR inter-
their characteristics. Studies of 3D spatial input were mainly con- ine [17] ug9 ! \

action. However, because the scale task is usually implemented in

cerned with the evaluation of input devices, such as joysticks,ormg of the selection, positioning and orienting, these are the
6DOF position sensors, etc., for spatial manipulation tasks [1O'basic test tasks that we use for our studies

20]. For example, Zhai et al. [10] compared isometric versus iso- o . . .

tonic devices for different conditions of spatial manipulation. Characteristics of the basic manipulation tasks _
Other studies focused on the influence of output device charac-ldentifying basic tasks, however, is not enough: even for basic
teristics on user manipulation performance. Nemire [31], for ex- tasks there are many parameters which affect user performance
ample, studied the effect of visual and aural enhancement on thédnd, hence, must be considered [2, 6]. The user performance for
user's manipulation; Watson et al. [25] studied the effects of an object selection task, for example, depends on the distance to

frame time variation on tracking and placing task performance. ~ and size of the object to be selected: an object located nearby
could be easier to select than an object located outside the user’s

reach [16, 17]. Foley et al. [2] called these task characteristics
application requirementsNorman referred to them dask as-
pects[6]; andGrissom et al. used the tesubtaskgo refer to the
: . . J = . ot variations of the same task with different characteristics [8]. Gen-
interaction dialogs for spatial input, identified problems and pos- ooy “task parameters are all those factors which influence user

sible _solutions._ Mine .[17] s_urveyed and clas_sified_ immersive in- performance while accomplishing tasks. They can be classified as
teraction techniques, including those for manipulation. follows [2, 6, 8, 10, 12, 17, 32]:

However, it is not only input and output devices and their char-
acteristics that matter: different interaction techniques allow users
to accomplish tasks in different ways using the sarpatidevices

[2, 27]. Hinckley et al. [29] surveyed approaches for designing

Few attempts to study and categorize VR manipulation techniques, User-dependentexperience, cognitive, perceptual and motor
wnth_ln a systematic approach have been reported. The V'rtualabilities, anthropometrical differences and so on.

Environment Performance Assessment Battery [4] provides a set i . .
of standard procedures to investigate human performance in VR; [nput/output device dependenittributes of the devices such
but the scope of testbed is broad and it does not focus on the de2S degrees of freedom, resolution, field of view, supported depth
tailed aspects of VR manipulation and interaction techniques.cues and others.

More relevant pioneering informal usability studies which evalu- ¢ Interaction techniques dependeninderlying metaphors of
ated several immersive techniques for manipulation at a distanceaechniques, their design and implementation.

have recently been reported by Bowman and Hodges [11]. « Application dependentonfiguration of the VE, size, shape
ANALYSIS OF IMMERSIVE MANIPULATION and locations of objects, color, lightning and others.

Evaluation of manipulation techniques involves measuring user. Task context dependenequired precision, initial and final

performance, using some criteria, while they accomplish test taskszgnditions of the task, task constraints and others.
[5, 16]. In the ideal study we would evaluate techniques for every the followi i di " f the th basi
task where these techniques can be used. Unfortunately it is nof” the following sections we discuss parameters of the three basic

feasible due to the large number of possible tasks. It is importantM@nipulation tasks. We do not attempt to address every conceiv-

therefore to identify a basic set of test tasks that is small enough tdle Parameter; instead we discuss those which are most salient
be useful but cover most of the relevant manipulation scenarios.accord'ng to our experience and the related literature. We also do

In particular, it should not bias our studies by focusing on tasks NOt @ddress device and user dependent aspects of these tasks - we
which a priori are better suited for some techniques [5, 13]. Fur- will control their influence using an appropriate experimental
thermore, this set of tasks should permit generalization of findings procedure.

beyond the specific conditions of the experiments i.e., insure ex-Selection task parameters

ternal validity of the studies [4, 13]. . Number of objects to be selected.

Basic direct manipulation tasks In the simplest case we need to select only one object. The task, of
The general assumption of the task analyses is that the requisite o$electing more than one object is often referred to as a browsing
human efforts in all cases is composed of the same basic taskdask [23].

which are building blocks for more complex interaction scenarios , pistance to the target object.

[2, 14, 19]. Consequently, if we dissect immersive manipulation ,  gjze of the target object.

into several basic manipulation tasks we can use them as test taS,chording to the Fitt's law [9], the time required to select an ob-

for our studies. ject depends on the ratio of the distance to the size of the object
Intuitively, we can suggest that the basic VR manipulation tasks i.€., a large object located close is easier to select than small one
are the same tasks that we perform in the real world when welocated far away. In immersive VR, however, due to perspective
make positioning movements. We make position and orientation effects, a large object located far away could be more difficult to
movements every time we reach for and/or move something toselect than a small one located close by [12, 16].

another location [5, 14]. These movements are a combination of, pirection to the target object.

reaching/grabbing, moving and orienting of objects. Different body partsind muscles are brought into the action, de-

This conclusion is consistent with the taxonomy of interaction pending on the direction to the target relatively to the user, there-
tasks suggested by Foley et al. for computer graphics based interfore, different performance is achieved [5].



» Occlusion of the target object. Because position and orientation tasks allow iterative manipula-
When an object is occluded by another object, its selection be-tion, we can also measure the time of object manipulation only,
comes more difficult [16, 17] due to the smaller visual size and excluding the time required for each selection.

restricted access to the object. « Accuracy:the proximity to the desired position or orientation

¢ Other parameters. of the test object.
There are more parameters which might be considered, such ag
dynamicsof the target (dynamic target acquisition task [26]),
densityof objects around the target [3jpunding volumef the
target object (influences ‘overshoot’ of objects [12, 18] ), etc.

Error rate: the number of failed attempts to accomplish the

task. For a selection task it is the number of failed attempts to
select an object; for positioning and orientation it is the number of
iterative movements required for positioning/orienting an object
Position task parameters with required accuracy.

Positioning is the task of moving an object from an initial to a Other criteria which can be assessed using performance criteria
desired final terminal location [5]. The execution of position tasks and questionnaires are [2, 8]:

can be generally dissected into three relatively distinct phases:
selection of the object, primary or gross travel, and finally, a cor-
rective motion to position the object on the terminal with the de-
sired accuracy [5, 16]. The parameters to consider are: + Ease of learningthe ability of the user to improve perform-
ance with experience.

Ease of usethe cognitive load on the user while using the
technique.

« Initial distance to the manipulated object.

« Initial direction to the manipulated object. * Sense of presencthe user's sense of immersion and spatial
« Distance to the terminal object. awareness.

. Direction to the terminal object. SPATIAL METRICS AND UNITS OF MEASUREMENT

Studies of positional movements have shown that the time andrg jmplement basic manipulation tasks and their parameters in a
accuracy of the movements depend on the object’s initial position, testhed for studying VR manipulation techniques we have to de-
the travel distance, and the direction from the user to the terminalgige how to define and measure task parameters: distances, sizes,
[5]. positions, occlusion, etc. Formal definitions would allow the ex-

* Required precision of the positioning. perimenter to encode various conditions of spatial manipulation.
Precise positioning is more difficult than imprecise for uncon- For example, to investigate the efficiency of selection techniques
strained movement [5, 16, 27]. Required accuracy affects mostlyfor different sizes of the objects, the experimenter may present
the last phase of the positioning movement: corrective motion objects of various sizes and ask subjects to select them. However,
close to the terminal. the question remains as to what is the object size and what units

we can use for their measurement and comparison.
e Other parameters.

There are more parameters to be considered, sueisibiity of For the testbed to be of practical use, these definitions should be
the terminal (blind positioning), dynamics of the terminal  relevant to the intended use and permit the generalization of re-
(positioning on a moving terminalocclusion of the terminasize sults from the experimental conditions to any other VE. In this

of the manipulated objeatfc. section we suggest definitions of the task parameters within a

user-centered approach which normalizes the experimental condi-
R ] ] ) ) tions across subjects. We also discuss the limitations of conven-
Orienting is a task of changing orientation of an object from an tjonal metrics and Euclidean approaches as a basis for studies of
initial to a desired final orientation. Orientating consists of object VR manipulation.

selection, gross orienting and then fine adjustment to achieve
desired preciseness of orientation. The parameters of the task t
consider are:

Orientation task parameters

he user-centered reference frame

n previous studies of 3D user interaction, spatial positions of
o ) objects were usually defined as (x, y, z) triples relative to a world-
+ Direction to the object. centered Cartesian coordinate system [2, 8, 17]. This approach has
- Distance to the object. been widely used in computer graphics as it allows for easy cod-
Orientation of an object located close to the user and one locatedng of object-to-object relationships within a 3D scene [3]. How-
far away is different and may require different interaction tech- ever, in studies of immersive manipulation it can be ambiguous

niques [16, 17]. and misleading, as it does not allow for proper expression of user-
« |nitial orientation. to-object relationships that occur during user-environment inter-
¢ Final orientation. actions, such as object manipulation [7, 21]. In fact, it has been
The initial and final orientation define the direction of the object found that knowledge about object location in relation to the user
rotation during task execution. is encoded and processed separately from the knowledge about

absolute objects-to-object relationships by different cognitive

» Required precision of orientation. systems [7].

PERFORMANCE CRITERIA To overcome this problem, we use a user relative body-centered
The goodness of the interaction techniques can be evaluated usingPordinate system, similar to that used in Kennedy's classic study
the following performance criteria [2, 5, 8]: of the three-dimensional space envelope of seated U.S. Air Force

operators [22]. An object’s position is defined as the length and

: L ; orientation of the vector pointing from the chest of the user to the
the tasks. For a selection task this is the time from the momen

. ) . ; j Fig. 1). L fi he di h
when the stimulus triggers the user to select a test object until thqt?qtgﬁ?;uﬂ;%d )objzztgtk;r?g '2,?;;;;'32?{:]? (tj)ierz(tev(\:/?iggst gf ur?aerr]gnd

oo . ; . Ymovements during the reaching/positioning of the object.
and orienting tasks, completion time is measured from the mo- 9 g’ g )

ment when the user picks (selects) a test object until the moment iMeasurement of user-to-object distances, virtual cubits
has been positioned with the required accuracy. Most of the current studies of human factors in VR use either real
world units of measurements, such as meters, or computer graph-

« Completion time:ithe time taken to successfully accomplish



180

1 virtual cubit

-45° -135°

Fig. 1Position of object is defined as distance d and direction a, 3 to the object in user-centered coordinate system.
Size of the object is defined in terms of vertical (¢) and horizontal (¢) angles of the visual field subtended by the object.

ics units, such as points (for example, see [8, 25]). However, areeven if they are located at different distances and have different
these the best units for studying immersive manipulation? geometrical sizes.

One argument for using real world units is the user’s familiarity The advantage of using visual angles is that it permits for the
with them. However, because perception of distances and sizes iseparation of the influence of distance and object size on user
VR differs from the real world [33], users cannot reliably transfer performance. Also, similar to virtual cubits, using visual sizes
their real world spatial experience into VEs. In fact, the definition rather than geometrical sizes allows for easy generalization of
of meter does not relate to the human perceptual or cognitive sysexperimental results, as they do not depend on the VE's imple-
tems in any way, for example, one definition says that the meter ismentation.

1/1000000 of the distance between the pole and equator [14]. Weycclusion

can use real world units for measurements in everyday life only 5cqjgjon influences user performance in two ways. First, when
because their physical equivalents have beeadnted (as inthe 5 "ohiect is occluded its visual size diminishes. In this respect

caseof rulers) [14]. Using meters to study VR manipulation alS0 gejection of an occluded object is the same as selection of a non-

introduces a bias due to anthropometrical differences among SUbbchuded one with smaller visible size (Fig. 2). Second, occlusion

jects. Indeed, an object located one meter away will be close for,ayia|y plocks access to the target object and makes it difficult
one subject and far for another. for the user to access it [5], and the close proximity of other ob-
Likewise, using computer graphics units, such as points is prob-jects increases the odds of selecting the wrong object. The defini-
lematic in that it is impossible to generalize results to other VEs, tion of occlusion for studies of VR manipulation should reflect
because immersive distances defined in points depend on impleboth aspects as they both influence user performance.

mentation. Indeed, from the immersed participant’s point of view,
the same distance expressed in terms of points can be as small
the user’s virtual hand in one VE and as big as a whole environ
ment in the other, depending on the scale of the VE.

Because of the dual nature of occlusion, developing a general
Ffinition is difficult, so for the purpose of testbed development
“we elect to use a simplified operational definition of occlusion.
This definition is based on the assumption that most of the occlu-
Both real world and computer graphics units of measurements aresion cases can be decomposed into five generic cases which are
user independent, which makes them restrictive as a basis fopresented in the first row of the Fig. 2 (numbered from 1 to 5).
studies of immersive manipulation. To overcome this problem we Consider, for example, occlusion case number seven in Fig. 2. An
define a user-dependent unit of distance measurements, which is
equivalent to the length of the user's maximum reach in a VE

. ; . . . . 1. 2. 3. 4, 5.
(Fig. 1). We call it avirtual cubit after thecubit - a unit of meas-
urement used in ancient Rome, equal to the distance between the D
elbow and the tip of middle finger.

Although the virtual cubit is a user-dependent unit of measure-

6. 7. 8. 9. 10.
ment, VEs where distances are defined using virtual cubits are
user-independent. Indeed, an object located at a distance of one E
virtual cubit will be located on the boundary of the usach for

any user and any VE. This allows us to easily generalize experi- _. . . o
mental results from our testbed to other VEs and to avoid bias dugm9- 2 Cases of occlusion from the user point of view: the dark

to anthropometrical differences between subjects. object is an occluding object.

Virtual cubits, however, introduce some problems. If distance to
an object is defined in virtual cubits then for users with longer
arms the actual position of an object would be further and there-
fore its visual size will be smaller then for users with shorter arms. o R

This effect can be overcome by defining objects size in terms of L ¢ >§ &

subtended visual angles

Sizes, visual angles
We define the size of the objects as their non-occluddhl size User

the vertical and horizontal anglgs@which an object occupies in B

the user’s field of view (Fig. 1). Visual angles are user-centered Fig- 3 Occlusion is a visual size of the object’s non-occluded part

units: two objects with the same visual size would look the same, (@ngles ¢° and ¢), distance d° and direction of occlusion (left,
right, up and down).




Third, the testbed should help identify and minimize the effects of

nuisance variablesnd confounding factorg4]. For example, in

the first version of the VRMAT, the positions of stimuli were

calculated once, before the start of each experimental session,

based on the initial position and orientation of the subject in the
o test environment. During the experimental session the stimuli

were presented to the subject one after the other in these precal-
culated positions. However, when we conducted pilot studies we
realized that subjects were changing the position and orientation
of their viewpointsbetweentrials. Performance during the next
task, therefore, was influenced by the position of stimuli for the
previous task. To overcome this confound, we neealculate the
positions of the test objects before each trial, using the current
position and orientation of the user.
occluded object can be selected from the right non-occluded sidey/RMAT test tasks and stimuli

from the bottom or from the corner. Because the userfoaose  The VRMAT test tasks require subjects to select, position or ori-
only one of these three alternatives at a time, they can be studiednt virtual objects (stimuli) while their performance is measured
separately. Furthermore, selection of the object from the right S'deusing the performance criteria discussed earlier in the paper. Al
can be represented by the basic case number three, selection fro&imuli in the VRMAT are objects with simple geometrical

the bottom by the case number four and the corner selection byshapes: spheres, cubes, cylinders and so on. We do not use more
either of them. elaborate shapes, such as shapes of real world objects, because
Occlusion, therefore, is defined here as the size of the object'sknowledge about their sizes and proportion in the physical world
non-occluded part, distance to the occluding object and the direc-might affect the subjects’ perceptions of their sizes, proportions
tion of occlusion (Fig. 3). The size of the non-occluded part can and distances in the virtual world [21].

be defined either in absolute units as visual size (visual agiles The exact configuration of stimuli for the experimental studies is
and ¢ (Fig. 3)) or in relative units as the horizontal and vertical gefined by the experimenter using the VRMAT task parameters
percent of occlusion. The direction of occlusion defines which (independent variables). Table 1 presents test tasks and independ-

side of the object is occluded: left, right, top or bottom. The dis- ent variables currently supported by the VRMAT for the three
tance to the occluding object is defined in terms of virtual cubits.  pasic manipulation tasks.

Orientation Selection task

As shown in Fig. 4, the orientation of an object is defined in terms The stimuli for th lecti K i bi | d
of angles of rotation around the axis Z going from the user's chest! "€ Stimuli for the selection task are solitary test objects locate

to the object (angl®) and axis X and Y going in vertical and N the user's field of view (Fig. 5). The selection task requires
horizontal directions perpendicular to the axis Z (anglesd participants to select stimuli using the interaction technique under

respectively). Rotations about X, Y, and Z thus correspond to investigation. After being successfully selected, the test object

pitch, yaw and roll of the object in a coordinate system defined diSaPpears, informing the user that the task was successfully com-
relati’ve to the user. pleted and the next stimulus then appears after a fixed (four sec-

ond) delay.
THE VR MANIPULATION ASSESSMENT TESTBED e
In the previous sections we discussed a framework which con-F0Sitioning task
ceptualizes immersive manipulation, including analysis of immer- The positioning test task requires the participant to place a stimu-
sive manipulation tasks and their characteristics, definition of lus object on top of a terminal object indicated by a different color
metrics to describe spatial relationships in VEs, and criteria to (Fig. 6). The positioning of the test objects can be performed us-
evaluate user manipulation performance. In this section we de-ing iterative movements, i.e. subjects can pick, move, and release
scribe a practical implementation of our framework as in the Vir- the test object several times until the task is accomplished. The
tual Reality Manipulation Assessment Testbed (VRMAT) - a task is completed when a test object is positioned on the terminal
flexible test and evaluation environment for systematic assessmenwithin the required precision. After successful positioning, both
of immersive manipulation techniques. objects disappear, cueing the subject that the task is finished; then
VRMAT design objectives the next test trial is presented to the user.

The optimal test and evaluation environment for studies of immer- The shapes for both test and terminal objects are cylinders with
sive manipulation techniques should meet several objectives
First, the testbed should define and implementtéisé tasksand
visual stimuli Although the theoretical framework defines basic
manipulation tasks and their parameters, the visual representatioj
of stimuli, their spatial configuration, the conditions of test task
completion and other test procedures should be implemented an
provided to the experimenter by the testbed.

Fig. 4 Orientation of objects is defined in local coordinate system
which is defined relatively to the user position.

Second, it shoul@utomatetedious aspects of studies. Studies of
interaction techniques require their evaluation in a multitude of
different task conditions. Suppose, for example, we are evaluating
the effectiveness of several techniques for selection of objects o
various sizes at various distances. The testbed should allow thi
experimenter to define experimental conditions by setting the

ranges of object sizes and distances, while the testbed handles thc i 5 i
actual configuration of the test environment Fig. 5 Selection task: the user selects a solitary test object. The
' ray-casting technique is being evaluated in this example.



are created dynamically during the experimental sessions accord-
ing to the task parameters defined by the experimenter in the
VRMAT configuration file.

An example of a VRMAT configuration file is presented in Fig. 7.
The experimenter defines tasks to be tested, values of independent
variables, interaction techniques to be studied for a particular
condition and identification numbers of conditions (which are
used to match experimental results with task conditions). To de-
fine independent variables, the researcher can either assign them a
particular value or instruct the VRMAT to randomly sample them
from a range of values.

During experiments the researcher uses the workstation console to
choose the interaction technique and task to study. The VRMAT
parses the configuration file, and builds experimental stimuli us-
ing those conditions which satisfy the task and interaction tech-
nique entered by the experimenter. After the command to start the
session, the VRMAT randomizes the order of the stimuli and
presents them, one after the other, with a four-second delay be-
tween them, until all task conditions have been presented or until
the session is interrupted by the researcher. The experimenter can

Fig. 6 Position task: the user puts a test object on top of the termi-
nal object, indicated by a different color. The Go-Go interaction
technique is being evaluated in this example (the cube in fore-
ground represents the position of the subject’s physical hand).

run as many experimental conditions as necessary within a single

Task Independent variable Metric experimental session.

Select d|st.ance to target ) ) virtual cubits There are several conventions supported by the VRMAT:
horizontal and vertical direc- degrees of arc
tions to target »  Because virtual cubits and visual angles are used to define
horizontal and vertical size of degrees of arc or positions and sizes of test objects, the testbed has to be calibrated
non-occluded portion percentage to each subject individually before each experimental session.

This is done by simply asking the subject to briefly extend her

distance to occluding object virtual cubits : X ) .
gob) arm. The length of the virtual reach is then automatically derived

direction of occlusion left/right/up/down 4 the head and hand tracking data. The length of a subject's

horizontal and vertical visual degrees of arc reach in the VE corrgends to one virtual cubit and is used to

size of target translate distances expressed in virtual cubits to platform-
Position initial distance virtual cubits dependent computer graphics units, such as points.

initial horizontal and vertical degrees of arc « Positions of test objects, their sizes, orientations and all other

directions parameters, as well as light directions, are recalculated depending

final distance virtual cubits on the subject's position and viewpoint orientation before each

trial. This means that all trials are presented identically for all

final horizontal and vertical  degrees of arc subjects. This also eliminates the situation of subjects "losing" test

dlreF:tlons . objects by changing viewpoint direction between trials.

vertical precision percent of overlap ] T o )

horizontal precision percent of overlap . The first trial in each session is alwgiys a “dummy” 'trlal pro-
vided by the VRMAT. Its purpose is to trigger the attention of the

Orient distance virtual cubits user to the start of the experimental session.

horizontal and vertical direc- degrees of arc « The VRMAT configures stimuli depending on the user's

tions dominant hand: an object appearing on the right for a right-

initial orientation (3 angles) degrees of arc handed user would appear on the left for a left-handed user.

final orientation (3 angles) degrees of arc Apparatus

accuracy degrees of arc The testbed was implemented using a custom VR software toolkit

developed as an extension of the Sense8 World Toolkit VR de-
velopment tool. An SGI Onyx RE2 graphics workstation,
equipped with a Virtual Research VR4 head-mounted display and
Polhemus Fastrak 6DOF sensors is currently used. A mouse is
equal radii so as to provide subjects with visual indicator of posi- used as a button device for selection. The frame update rate is
tioning accuracy. controlled at 15Hz.

Orientation task

The orientation test task involves orienting the test object from an Selection { ID=1; IT=RayCasting; Dist=0.7;
initial orientation to a straight-up orientation within a specified ~ Size={6; 6}; Dir={ Random(-15, 15),
angular precision tolerance. The user is cued about final orienta- Random(-15, 15) }; Occlusion={0, 0, None}
tion by a reference object which is denoted by a different color. ;i {ID=1; IT=GoGo; InitDist = 0.7;

As with the other tasks, the test object disappear after successful |njtpir={-15, 0}; FinalDist = 3;

orientation. FinalDir={15,0}; Accur={25, 25}

VRMAT design }

The VRMAT environment consists of a checkered ground plane Fig. 7 Configuration file for the VRMAT defines all task conditions
located two virtual cubits below the immersed participant. Stimuli to be studied. There can be as many conditions as necessary.

Table 1 VRMAT test tasks, their independent variables and units
of measurement.




Evaluation of the VRMAT 14
Pilot studies have been conducted to evaluate the framework and 12
the VRMAT. Our primary focus was to "shake down" the testbed

and develop a baseline for future studies of interaction techniques 10
and testbed parameters. In this section we briefly report some Sec.
results to illustrate the use of the VRMAT. @

Three object manipulation techniques have been evaluated:

* Plain (virtual) hand:the user manipulates objects with a vir- 4 ¥
tual hand which position matches position of the user’s real hand. 2

» Go-Go techniquethis technique uses a non-linear C-D gain ) ) ! ) )
to allow the user to extend their virtual reach to manipulate ob- Fig- 8 Box plots for selection time of objects located at various
jects located both locally and at the distance [18] (Fig. 6). distances using Go-Go technique (collapsed over object size).

» Virtual ray-casting:the user interacts with objects using an
invisible infinite ray emitting from the virtual hand [17]. A short 7 1
segment of a the ray is attached to the user’s virtual hand as a

visual reference (Fig. 5). Sec. e
We focused on investigating the effect of distance and stimulus 51
size on object selection performance for each interaction tech- 4
nigue. For these experiments we defined task conditions in which

stimuli were located close, medium and far from the user (0.7, 2.5 3 1

and 5 virtual cubits, respectively). The sizes of objects were de-
fined as small, medium and large (4, 6 and 8 degrees of visual
angle, respectively). Thus, in total we defined nine conditions for
each interaction technique, except for the plain (virtual) hand
technique, which supports interaction with only “close” objects.

T

close medium far

8

2

close medium far

Fig. 9 Box plots for selection time of objects located at various
distances using ray-casting technique (collapsed over object size).
12 - . L . L .

Other VRMAT independent variables were either controlled or )

randomized to reduce their effects on the results of these studies. 10 sma et

The testbed allows us to define a wide variety of experimental 8 1 big
designs. For these studies we used a balanced within-subject sec. 4 |

(repeated measures) design. Four males and one female served as . {,
subjects, and the presentation order of the interaction techniques ] } }
was counterbalanced across subjects to control for order effects. 2 4

Because the VRMAT upports independent manipulation of ob- 0

ject size and distance, we can easily investigate how each pa- [ cog0 Il ray-casing

rameter influences the efficiency of each technique. For example, o ] o

Fig. 8 and Fig. 9 summarize the effects of distance on selection Fig- 10 Mean selection times (with one standard deviation error
time performance for the Go-Go and ray-casting techniques, re- bars) for objects of dlffere_nt sizes (collapsed over object distance)
spectively. The notched box plots represent the distribution of the Using Go-Go and ray-casting techniques.

subjects’ mean scores around the mediareémh ondition. As tions, such as object manipulation. However, to achieve such

shown in Fig. 9, selection time for ray-casting remains essentially 5ptimization we need to systematically analyze and understand

the same at different distances (although the variance appears QR manipulation and to develop tools for experimental assess-

increase), while for the Go-Go technique selection time appears tQnant of immersive manipulation interfaces.

be non-linearly affected by distance (Fig. 8). These findings are ) ) )

somewhat counter-intuitive and call for further studies. In this paper we suggest a conceptual framework for immersive
. . . . . . direct manipulation, and present a practical implementation of the

Besides evaluation of interaction techniques for various tasks Weg.amework - the VR Manipulation Assessment Testbed. A pilot

can also compare interaction techniques across conditions of im'study performed using the VRMAT evaluated the framework and
mersive manipulation. Fig. 10 shows mean selection performancey, ;5 shown the feasibility of the suggested approach.
times (and standard deviations) side by side for the two interac-

tion techniques for objects of different sizes (collapsed over object There are several practical implications of this work. First, the
distance). The ray-casting technique appears to be more effectivdfamework suggests a systematic and formal view of immersive

than the Go-Go technique for solitary immersive object selection Manipulation which can guide developers in constructing immer-
(within the range of the conditions tested here). sive interaction dialogs. Second, results of experiments can be

. . ) . easily applied for design and evaluation of VE applications be-
These pilot studies have shown that the VRMAT is an efficient ¢5,56 the framework and testbed define experimental task condi-
and flexible experimental tool. It allows us to easily accomplish yiong in an application-independent way, using user-centered units
in-depth studies of interaction techniques as well as comparisonyt measurement. Third, using the experimental testbed, developers
across conditions of immersive manipulation. The results of ex- ¢an systematically optimize design of existing manipulation inter-
perimental studies can be easily transferred from the test environyction techniques so as to achieve the best user performance pos-
ment to practical VE applications because taskddions are  gjpje Fourth, optimization of immersive manipulation techniques
defined using user based metrics. is a first step toward developing more generic principles of im-
CONCLUSIONS AND FUTURE WORK mersive interaction which better exploit the potential of VR, and
Developing VR applications which enable actual work over a may result in new and exciting ways of interacting in VEs.
period of time requires optimization of the most basic interac-



The long-term goal of this research is a set of guidelines for im- 13. Keppel, G. Design and analysis: a researcher handbook. Pren-
mersive interaction which would facilitate the development of tice-Hall, 3ed., 1991, pp. 594

unified cross-platform VR interface standards and developmenti4. Mundel, M. Motion and time study. 5 ed., Prentice-Hall,
tools. We will use this newly developed framework and testbed to  Englewood Cliffs, NJ, 1978, 750 pp.

run a series o_f studies of immersive interaction techniques. How-4g Grandjean, E. Fitting the task to the man. 4 ed., Taylor and
ever, we consider the proposed framework and testbed as the very Francis, 1988. pp. 363

first steps in the direction of formal and systematic assessment of . . .
immersive manipulation. Other aspects of immersive manipula- 16'HR|?r)1li9956 Thezgdersugn of the virtual environments. McGraw
tion tasks will be formalized and integrated into the testbed, and : ! ' pp_' . ) . .

the current content of the framework will be further refined and 17. Mine, M. Virtual environment interaction techniques. UNC
evaluated in user studies. Chapel Hill Computer Science Tech. Report TR95-018, 1995
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