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A BSTRACT
Multi-scale collaborative virtual environments (MCVEs) provide
an important platform for many 3D application domains as they
allow several users to cooperate in a virtual environment (VE) at
different scale levels, ranging from magnified detail views to minified overall views. However, in such MCVEs, the natural relations
between a user’s self-representation, i. e., her virtual body, and the
environment in terms of size, scale, proportion, capabilities, or affordances are subject to change during the interaction.
In this paper we describe how the type of the environment, virtual self-representation of our body, as well as presence of other
avatars affects our estimation of dominant scale, i. e., the scale
level relative to which we make spatial judgments, plan actions
and interpret other users’ actions in MCVEs. We present a pilot
study, which highlights the problem domain, and two psychophysical experiments, in which we analyzed how the different factors
in MCVEs affect the estimation of dominant scale and thus shape
perception and action in MCVEs. Our results show an effect of the
above-mentioned aspects on the estimation of dominant scale. In
particular, our results show interpersonal differences as well as a
group effect, which reveals that participants estimated the common
scale level of a group of other avatars as dominant scale, even if the
participant’s own scale or the environment scale deviated from the
other avatars’ common scale. We discuss implications and guidelines for the development of MCVEs.
Keywords: Multi-scale collaborative virtual environments, scale
estimation, head-mounted displays
Index Terms: H.5.1 [Information Interfaces and Presentation]:
Multimedia Information Systems—Artificial, augmented, and virtual realities; I.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Virtual reality
1

I NTRODUCTION

For more than half a century the effects and characteristics of being
able to explore an environment at different scale levels have been
addressed in fiction literature and movies such as Alice’s Adventures in Wonderland, The Incredible Shrinking Man, and Gulliver’s
Travels. In these fictional works, interactions of the main characters with their surroundings were described after they intentionally or accidentally changed their scale by shrinking or growing in
size, which opened up entirely different perspectives onto the same
environment. Virtual reality (VR) technologies and, in particular,
multi-scale collaborative virtual environments (MCVEs) [33] have
addressed these unnatural and magical possibilities by implementing shared virtual environments (VEs) in which multiple users can
be present and interact in a 3D virtual world at several different
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scale levels at the same time. For instance, a common feature of
MCVEs is that the scale of the environment can be changed with
zooming in or out gestures, e. g., by using multi-touch on interactive tabletops or 3D user interfaces (3DUIs) in immersive VEs [16].
For many 3D application domains, such as architecture, simulation, decision support systems etc., MCVEs have proven to be very
useful and versatile, with the caveat that it becomes very important
that users acquire a consistent understanding and sense of scale of
the VE as well as other users [16, 18, 22]. For an effective collaboration during spatial tasks, it is not sufficient just to know the
location of each other, but also to understand at which scale others
perceive and act in the VE.
In this context, we often see the problem that users perceive and
communicate based on deictic references using different scale systems. For example, one user might try to indicate a point of interest
by stating “I mean the building two meter in front of you”, whereas
the addressed user perceives the building at two hundred meters distance in such an MCVE (cf. Figure 1). Conversely, we sometimes
observe that users change their perspective to other users, when they
indicate the distance or size of points of interest, which–if not made
clear during the conversation–again could lead to communication
problems. In order to remedy such problems, it is essential to understand how dominant scale, i. e., the scale level relative to which
a user interprets spatial relations, changes due to the VE and due to
interaction with other users.
A user, who sees the VE from a high scale level, can interpret it
in two ways: (i) either she is of normal size and the buildings are
just a miniature model (like miniature building blocks) or (ii) she is
a giant in a normal-sized city. Conversely, a user, who sees the VE
from a small scale level, can interpret it in two ways: (iii) either
she is of normal size and the buildings are gigantic or (iv) she is
an ant in a normal-sized city. From a technical or mathematical
viewpoint in each case the two interpretations are exactly the same;
there is no difference in the images presented to the user’s eyes.
Differences can only occur in the cognitive interpretation of the
stimuli, which makes this a difficult, challenging, but interesting
problem. For these reasons, it is important to analyze if and how
important aspects of the VE such as virtual body feedback, the
presence of others or the type of VE, affect a user’s interpretation
of the scale of the VE.
In this paper, we describe a pilot study and based on the results
present two psychophysical experiments focused on analyzing factors that affect dominant scale estimation in MCVEs. The results
of this work contribute to understanding the effects of the
• type of the environment (artificial vs. urban),
• visual body feedback, i. e., ability to see one’s body in the
MCVE, and
• presence of other avatars, i. e., group effects.
Knowledge about these aspects is an important step towards the
development and design of novel 3DUIs for MCVEs [16, 18, 22].
The paper is structured as follows. Section 2 provides an
overview of related work on scale estimation in MCVEs. Section 3

describes a pilot study, in which we analyzed the problem with a
focus group. Based on the results, we designed two psychophysical experiments using an improved protocol, which are described
in Sections 4 and 5. Section 6 provides a general discussion of the
results and implications for the design of MCVEs. Section 7 states
rules for the design of 3DUIs for MCVEs. Section 8 concludes the
paper.
2

R ELATED W ORK

In this section, we provide an overview of related work about
MCVEs. VEs in which multiple users can meet and work, learn,
or play together are usually called collaborative virtual environments (CVEs). CVEs have been used for a number of different
tasks like education [14], industrial training [24], research [28], and
community building [19]. By adding several scale levels to a CVE
users have the chance to explore the VE from different perspectives
resulting in a more comprehensive viewing experience [16]. For
example, they might benefit from overviews, which could be perceived from a high scale level of the VE, or they might look at every
detail at a low scale level. Perlin and Fox introduced multi-scale
interfaces for 2D interaction [25], which are the basis of various
interfaces, like the Pad++ [3]. These multi-scale interfaces were
extended to 3D interaction by Zhang to “augment our limited cognitive capabilities” in VEs [33]. According to his results changing
the scale supported users in better understanding the structure of
large objects [31]. However, the introduction of multi-scale collaborative virtual environments required new 3DUIs for navigation
purposes. In MCVEs, 3D navigation in space can be implemented
in the same way as in VEs displayed at a single scale, but it is necessary to navigate in scale as well [11], for instance, by using 3DUIs
such as zooming-in and zooming-out [16]. In [18] LaViola et al.
suggest hands-free navigation methods, in particular with a footgesture controlled step WIM and a leaning technique. It should be
noted that space and scale in MCVEs are usually coupled tightly
together. To travel in MCVEs users can manipulate the scale of
the virtual space and the relative size of space as two different actions, or combine them into a single action [34]. However, it can be
challenging for users to traverse the space-scale [9, 34].
VR setups in general, and MCVEs in particular, have great potential to induce and study different perceptual illusions, which
would not be possible in the real world. For instance, previous
work has shown that body scale illusions can be induced [7]. Linkenauger et al. presented studies to investigate body-based scaling. In
their experiments, they focussed on the hand, which acts as a metric
which individuals use to scale the apparent sizes of objects in the
environment [21]. Gibson introduced the notion that individuals do
not perceive the environment, but rather perceive relationships between their body and the environment [10]. Moreover, perceptual
distortions of scale such as micropsia or macropsia are even known
to occur in persons in the real world in a rare disorienting neurological condition known as the Alice in Wonderland Syndrome or
Todd’s Syndrome [29].
Large differences in spatial perception between users reduce the
ability to see the same artifacts in the scene and perceive the same
affordances [26]. Furthermore, one needs to understand that egocentric distances in VEs are often underestimated [4, 27]. In this
context, Interrante et al. compared distance estimation between the
real environment and a scaled VE that is a replica of the real environment [13].
Spatial perception is also an important factor for the (social)
presence and interaction in MCVEs. The subjective sense of presence or telepresence [5] is an indicator for the degree of the imagination of being in a VE [30]. Durlach and Slater described the sense
of togetherness [6] as an impression of being together with other
people in a CVE, that can be affected by different factors, for example, by the support of haptic feedback [1]. Hall [12] introduced

Figure 1: Without a common scale level the participants’ notion of
distances and sizes in the pilot study differed largely and hindered a
meaningful collaboration in spatial tasks.

proxemics, that describe spatial distances between humans and their
social impact. He differentiates between the intimate, personal, social and public distance. As described in [2], the proximity to other
avatars (i. e., within the inter-personal distance) is highly relevant
in CVEs as well. However, when it comes to MCVEs there are
some challenges with proxemics [32]: Since the user can scale herself, a situation might occur in which there are “giant” and “mini”
representations of collaborating users. In such a situation, the giant avatar might perceive the mini avatar (who is very small in the
giant’s field of vision) as not being in her intimate or personal distance. However, the mini avatar (who is seeing the giant on her
complete field of vision) might perceive the situation the other way
around. Zhang and Furness have considered such effects for static,
but not fully articulated avatars [32]. In a similar way, interpretations of the scale of the VE or oneself has also the potential to
affect the perceived affordances in the VE [23]. For instance, the
perceived affordance of objects might change during a scale change
of the VE in such a way that an object, which was interpreted as
moveable in a shrunk visualization, might be interpreted as unmovable in an enlarged level since the user might assume more weight
to the object. Such changes in the perceived affordances might also
apply to other affordances such as grabbing, pressing, lifting etc.
3

P ILOT U SER S TUDY

We performed a pilot user evaluation with a focus group of six participants (2 female and 4 male, ages 22 − 29, M = 24.8) in an urban
MCVE inspired by a local city planning project. The participants
were students or professionals of informatics or architecture.
In groups of two, participants were placed in the MCVE and
asked to collaborate in certain tasks by building a consistent spatial
impression of sizes and distances in the urban scene, while we collected their informal comments using a think aloud protocol [20].
Both participants were displayed using a different scale level. We
observed that all pairs of participants had serious difficulties when
trying to communicate absolute distances and sizes. For example,
when we asked each group of participants to indicate the distance

and size of a building in the urban environment their answers usually diverged largely. In particular this was the case, when they
could not see the other user, i. e., the visibility of themselves affected their estimation. Two participants stated “I am bigger than a
skyscraper” when they were at a high scale level. These responses
indicate that they might interpret the city as an invariant and not as a
miniature model. When they changed to a smaller scale level, they
responded to feel “in accordance with the environment”.
Hence, the ability to change perspective and correctly estimate
size, scale, and proportion is crucial for effective interaction and
communication in MCVEs. During the focus group discussion,
we figured out if and how this is influenced by different factors
like the type of the environment, the visibility of an avatar or other
avatars. Overall, we observed that participants only chose between
two alternatives: an embodied interpretation with their own body
indicating the dominant scale level, or a world-scale interpretation
in which they estimated the urban environment to be at dominant
scale. The alternatives had a direct effect on their estimation of
distances and sizes in the environment. Since we only experienced
these two alternatives in the pilot study, we feel that the so-called
Two-Alternative Forced-Choice method [8] is a useful paradigm
for evaluation such conflicting interpretations, and hence we decided to exploit this approach in the following experiments (see
Section 4.3.1).
To our knowledge, perception and cognition of dominant scale
in MCVEs has not been evaluated in-depth, and fully-articulated
tracked 3D body representations have been ignored in this context
so far. The ability to support basic 3DUIs such as gestural interaction, e. g., pointing and waving, has enormous potential to effect
3D perception, cognition, and collaboration in MCVEs.
4

E XPERIMENT E1: V IRTUAL B ODY

AND

E NVIRONMENT

In this section, we describe the psychophysical experiment in which
we analyzed the estimation of dominant scale in an artificial and
an urban environment while participants were either provided with
fully-articulated visual tracked body feedback or without a visual
self-representation. Moreover, we analyzed interpersonal differences between the participants in the experiment.
4.1

Participants

18 participants (4 female and 14 male, ages 20 − 38, M = 26.6)
completed the experiment. The participants were students or members of the local department of informatics, who obtained class
credit for their participation. All of our participants had normal
or corrected-to-normal vision. Five participants wore glasses and
three participants wore contact lenses during the experiment. None
of our participants reported a disorder of equilibrium. One of our
participants reported a color blindness and one a strong eye dominance. No other vision disorders have been reported by our participants. 16 participants had participated in an experiment involving HMDs before. We measured the interpupillary distances
(IPDs) of our participants before the experiment using the built-in
measurement process of the Oculus Rift configuration utility. The
IPDs of our participants ranged between 5.7 − 7.0cm (M = 6.5cm,
SD = 0.3cm). We used the IPD of each participant to provide
a correct perspective and stereoscopic rendering on the HMD.
The body height of the participants varied between 1.60 − 1.90m
(M = 1.76m, SD = 0.08m). The total time per participant, including pre-questionnaires, instructions, experiment, breaks, postquestionnaires, and debriefing, was 30 minutes. Participants wore
the HMD for approximately 20 − 25 minutes. They were allowed
to take breaks at any time between trials.
4.2

Materials

We performed the experiment in a sealed-off VR laboratory room.
As shown in Figure 2, we instructed the participants to wear an

Figure 2: Experimental setup: User standing in front of a Kinect v2,
equipped with an Oculus Rift DK2, while interacting with the VE using
a hand-held device, and (inset) screenshot showing the VE with the
user’s virtual body from the user’s egocentric point of view.

Oculus Rift DK2 HMD, which provides a resolution of 960 × 1080
pixels per eye with an approximately 110◦ diagonal field of view.
During the experiment the room was darkened in order to reduce
the participant’s perception of the real world. The participants received instructions on slides presented on the HMD. A Gyration Air
Mouse GO Plus served as an input device via which the participants
provided responses during the experiment. For rendering, system
control and logging we used an Intel computer with 3.5GHz Core
i5 processor, 8GB of main memory and a Nvidia GeForce GTX 970
graphics card.
The virtual scene was rendered using the Unity3D 5 engine and
our own software with which the system maintained a frame rate
of 60 frames per second. The visual stimulus consisted of two different scenes: (i) an artificial environment, which is showing abstract cone-like geometry (see Figure 3(top row)), and (ii) a realistically rendered urban environment based on a city model (see
Figure 3(bottom row)). We chose the urban environment since in
city models there is usually one scale level that matches its dominant scale in the real world, whereas the artificial environment has
no real-world counterpart and thus provides no obvious notion of
dominant scale.
In this experiment, it was important to provide participants with
visual body feedback in the VE that matched the size and look of
their body in the real world in order to support a high illusion of
embodiment. There are generally two possibilities to achieve this
goal. Unfortunately, it is still not possible to fully scan a participant’s body and clothes in the real world and present them in the
VE without significant cost of time. Hence, we decided to apply
the alternative approach in which we altered the look of the participant’s body in the real world to mimic the participant’s visual body
representation in the VE. To realize this approach, we instructed
participants to put on a dark full-body suit in the real world at the

Figure 3: Illustration of the conditions in the first experiment with virtual body: artificial environment (upper row) and urban environment (lower
row) with virtual body at scale levels of ss ∈ {10−2 , 10−1 , 100 , 101 , 102 } from left to right, respectively. The conditions without virtual body feedback
in the experiment differed only in terms of the participant’s body being invisible.

beginning of the experiment (see Figure 2). After approximately
five minutes of getting comfortable and familiar with their realworld body appearance in the suit, participants were instructed to
don the HMD. We tracked the participant’s body with a Microsoft
Kinect v2 sensor and mapped the movements to a virtual replica in
the VE (using the ’Kinect v2 with MS-SDK’ Unity3D plugin from
RF Solutions), which we scaled uniformly according to the height
as well as body proportions of the real body. In the conditions in
which the virtual body was visible, it approximated the look of the
participant’s body in the real world from the participant’s egocentric
point of view (see Figure 2(inset)). During the experiment, participants were allowed to look around freely, but we instructed them
to remain in the tracking range of the Kinect sensor. The main forward direction at which instructions were shown between trials was
oriented towards the Kinect sensor such that participants would always orient themselves towards the sensor after each trial, which
optimized body tracking performance.
In order to test different scale levels of the participant relative to the environment, we scaled the participant’s virtual self representation with a scale gain ss ∈ R+ , which describes the ratio
between the virtual body height relative to the participant’s realheight
world body height with ss = virtual
real height . Therefore, we applied the
scale gain as a uniform scale factor onto the participant’s virtual
self-representation, including the tracked Kinect data as well as the
stereoscopic rendering for the Oculus Rift HMD. As a result, the
virtual eye height, as well as the geometric IPD [17] of the participant, changed consistently with the scale of her virtual body (see
Figure 3). Hence, from the participant’s point of view applying a
scale gain ss = 2 can either be interpreted as the participant being
twice as big as naturally in the VE or it can be interpreted as the
environment being scaled down by a factor of 21 . These two interpretations are both valid and depend on the participant’s spatial
impression.
4.3

Methods

We used a 2 × 2 × 5 full-factorial within-subjects experimental design. We tested 2 environmental conditions (artificial vs. urban)
and 2 virtual body conditions (visible vs. invisible) at 5 scale levels
of the participant’s virtual body (ss ∈ {10−2 , 10−1 , 100 , 101 , 102 }).
Figure 3 illustrates the conditions with visible body feedback. We
included 5 training trials to familiarize the participants with the controls. These trials were excluded from the analysis.
For the experiment, we used the method of constant stimuli. In
the method of constant stimuli, the applied scale levels are not related from one trial to the next but presented randomly and uniformly distributed. The conditions in the artificial and natural environment were tested in blocks since this was deemed as most ecologically valid; scale level and position of a user in an MCVE usually change more rapidly than the environment itself. The order
between and within the blocks was randomized. The positions at

which the participant was located in the VE were randomized between trials.
The participants were asked to look around in the VE and get
a feeling for their environment. When they have looked enough,
they pressed a button and got to the question mentioned in the next
subsection. After answering the question, the next condition was
started.
4.3.1

Two-Alternative Forced-Choice Task

As mentioned above, we used a two-alternative forced-choice
(2AFC) task for the experiment, which forces participants to decide
and concentrate on trying to provide an answer, thus generally provides more accurate results in situations with high uncertainty [8].
Participants had to judge their impression of dominant scale based
on either the interpretation that (i) they themselves seemed to be upor downscaled with the environment at dominant scale, or the interpretation that (ii) they themselves seemed to be at dominant scale
with a down- or upscaled environment. However, instead of asking
users to decide on one of these two alternatives, discussions during
the focus group as well as pilot tests showed that particular users
naı̈ve to MCVEs found it less cognitively demanding to answer a revised question during the experiment in which the alternatives were
negated. In this revised question the participant chooses between
one of two possible responses (roughly translated from German):
Q “I had the impression that: (left) I myself seemed to be of
unnatural scale or (right) the environment seemed to be of
unnatural scale.”
The notion of unnatural scale means that this is not the dominant
scale.1 Participants responded by pressing either the left or right
button on the input device; responds like “I can’t tell.” were not
allowed. In this version, when the participant cannot detect the
dominant scale (e. g., when environment and avatar are at the same
scale), she must guess, resulting in 50% probability of responses
towards either answer on average over all trials. As the percentage
of responses decreases or increases from this value, the participant
indicates a preference for one of the two cognitive interpretations.
Before the experiment, all participants filled out an informed
consent form and received instructions on how to perform the task.
Furthermore, they filled out the Kennedy-Lane simulator sickness
questionnaire (SSQ) [15] immediately before and after the experiment, further the Slater-Usoh-Steed (SUS) presence questionnaire [30], and a demographic questionnaire. We further observed
the behavior of the participants during the experiment and asked
them open questions about their spatial interpretations during the
debriefing.
1 This

may sound unfamiliar in English, but we ensured that all of our
participants understood the wording in German.
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Figure 4: Results of the first experiment: (a) bar charts showing the pooled differences in probability for participants judging that the environment
was presented at dominant scale on the y-axis for the two environment conditions and two body feedback conditions, and (b) pooled results for
all scale levels on the x-axis with probability for participants judging that the environment was presented at dominant scale on the y-axis. (c)
Response biases indicating interpersonal differences in estimating the environment or themselves to match dominant scale.

4.3.2 Hypotheses
In this experiment we tested the following hypotheses:
H1 Participants judge the urban environment to be at dominant
scale, particularly when their own virtual body is not visible.
H2 Participants judge themselves to be at dominant scale in the
artificial environment, particularly when they are able to see
their own virtual body.
H3 Individual differences exist with some participants always estimating their own body to be at dominant scale, and others
always estimating the environment to be at dominant scale,
but most participants are affected by external stimuli.
4.4 Results
We analyzed the results with repeated-measure ANOVAs and
TukeyHSD multiple comparisons at the 5% significance level. We
confirmed the assumptions of the ANOVA for the experiment data.
In particular, Mauchly’s test did not indicate that the assumption of
sphericity had been violated, and a Shapiro-Wilk test did not indicate that the assumption of normality had been violated.
Figure 4 shows the pooled responses plotted as probabilities for
participants to judge that the environment was represented at dominant scale. Note that values close to “1” indicate that they judged
the environment to be at dominant scale, whereas values close to
“0” indicate that they judged themselves to be at dominant scale.
Figure 4(a) shows the main differences between the environment
and virtual body feedback conditions with bar charts. Figure 4(b)
shows the results for the five tested scale levels. The vertical bars
show the standard error of the mean. The stippled horizontal lines
indicate the chance level at the 50% mark for deciding towards either alternative in the 2AFCT trials.
Our results show that the virtual body feedback had a significant effect on whether participants judged the environment or themselves to be at dominant scale. We found a significant main effect (F(1, 17) = 4.971, p = .040, η p2 = .226) between the conditions with virtual body feedback (M = .456, SD = .293) and without
virtual body feedback (M = .600, SD = .244) on responses. With
virtual body feedback participants estimated with a significantly
higher probability that they themselves were presented at dominant
scale, whereas the environment was upscaled or downscaled.
Moreover, our results show a trend that the type of the environment has an effect on dominant scale estimates. We found a trend
for a main effect (F(1, 17) = 2.833, p = .111, η p2 = .143) between
the conditions in the artificial environment (M = .478, SD = .254)

and in the urban environment (M = .578, SD = .294) on responses.
In comparison to the artificial environment, there is a trend of higher
probability in the urban environment that participants estimated that
the environment was at dominant scale and not themselves.
We found no effect of the tested scale levels on the results
(F(4, 68) = .319, p = .864, η p2 = .018). Our results indicated neither two-way interaction effects nor a three-way interaction effect
between the factors environment, virtual body feedback and scale
level on the results. However, our results indicate that responses in
two conditions approximated the chance level, i. e., in the artificial
environment without virtual body (M = .533, SD = .228) as well as
in the urban environment with virtual body (M = .489, SD = .316),
which suggests indecisiveness towards one of the 2AFCT alternatives. Conversely, the results in the condition with artificial environment with virtual body (M = .422, SD = .273) suggest a tendency towards estimating the participant to be at dominant scale.
Moreover, the results in the urban environment without virtual body
(M = .667, SD = .247) suggest a tendency towards estimating the
environment to be at dominant scale.
4.4.1

Interpersonal Differences

Figure 4(c) shows the mean probability for each participant for responding that their own scale deviates from what they estimate as
dominant scale in the VE during the experiment. The 18 participants in this plot are ordered from left to right according to their
response biases. These individual differences indicate that ten participants had a tendency towards judging the environment to be at
dominant scale during the experiment. Conversely, five participants
showed a tendency towards judging themselves to be at dominant
scale during the experiment. Overall, ten participants showed a noticeable deviation from a chance level of approximately 20% on
average towards one of the alternative interpretations, and two of
these participants even showed a strong deviation of 30% or 40%
from chance level.
The individual response biases indicate that some participants
were inherently inclined to estimate the environment to be at dominant scale or to estimate themselves to be at dominant scale. However, most participants’ interpretations were not inherently biased
and changed depending on the external stimuli of body and environment.
4.4.2

Questionnaires

We measured a mean SSQ-score of 1.66 (SD = 3.4) before the experiment, and a mean SSQ-score of 12.46 (SD = 17.4) after the experiment. The results indicate a typical increase in simulator sickness with an HMD over the time of the experiment. The mean SUS-
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Figure 5: Illustration of different conditions of the second experiment: (a) participant’s virtual body and avatars at scale level ss = so = 1, (b)
participant’s virtual body and avatars at scale level ss = so = 100, (c) participant’s virtual body at scale level ss = 1 and avatars at scale level
so = 10, (d) participant’s virtual body at scale level ss = 100 and avatars at scale level so = 10.

score for the sense of feeling present in the VE was 4.7 (SD = 1.1),
which indicates a high sense of presence [30].
4.5 Discussion
In line with hypothesis H1 , the experiment indicates that for natural urban environments the participants were inclined to judge the
environment to be at dominant scale if they were not seeing their
own visual avatar representation. In contrast, virtual body feedback at a scale different from that of the environment resulted in a
higher probability that participants judge themselves to be at dominant scale in an artificial environment, which confirms hypothesis
H2 . One potential interpretation of the results is that the virtual
body feedback reinforces the estimation of oneself being at dominant scale in environments that one has not experienced in realworld knowledge before. In contrast, it appears that the absence of
virtual body feedback reinforces the probability of estimating the
environment to be at dominant scale in environments that are supported by prior experience in urban regions in the real world.
The individual differences that we observed in the experiment
might be interpreted by different mental models that the participants
built during the experiment. For instance, while most people only
experience urban environments at dominant scale in the real world,
other users, for instance, those with an architectural background,
bring different prior experience, which stems from routinely evaluating urban development regions with physical or digital models at
different scale levels. Although none of the participants mentioned
such a background in architecture, we cannot rule out potential prior
experience in related fields, e. g., virtual city simulations or video
games. However, the results might also be explained by some users
just being inclined to rather perceive the environment as invariant,
while others might perceive themselves as invariant, which supports
hypothesis H3 .
During debriefing in the experiment, we collected informal responses from the participants. Several participants reported that
they were influenced in their estimation by the visibility of the body.
Others said they trusted their intuition or “feelings”. One participant stated representatively:
“In the artificial world I had no sense of scale at all,
but in the city, I had the impression that I was scaled
relative to the environment.”
Another participant mentioned the following:
“[..] I did not know if I was very big or just flying
when I had no virtual body.”
Surprisingly, one participant reported to have suffered in the past
from the so-called “Alice in Wonderland syndrome” [29], which
describes a non-veridical perception of one’s size relative to the environment in the real world. However, since the responses of this

participant did not show a significant difference to those from the
other participants, we decided to further consider the dataset in the
analyses; the participant’s data corresponds to index #17 in Figure 4(c).
5 E XPERIMENT E2: G ROUP E FFECTS
In this section, we describe the second experiment in which we further analyzed the estimation of dominant scale in MCVEs with a focus on the questions whether and how the visibility of other avatars
at a consistent scale level in an MCVE may affect a user’s dominant
scale estimation. These questions are particularly interesting considering that MCVEs are subject to group effects, which are known
to shape collaborative interaction [26] and may also affect dominant
scale estimation similar to that of the urban environment in experiment E1. A group of avatars at a consistent scale level may thus
help to provide a common dominant scale and thus ground collaboration and interaction in MCVEs.
5.1 Participants
20 participants (4 female and 16 male, ages 20 − 38, M = 26.9) participated in the experiment. 18 of them also participated in experiment E1. The participants were students or members of the local
department of computer science, who obtained class credit for their
participation. All of our participants had normal or corrected-tonormal vision. Six participants wore glasses and three participants
wore contact lenses during the experiment. None of our participants reported a disorder of equilibrium. One of our participants
reported a color blindness and one a strong eye dominance. No
other vision disorders have been reported by our participants. We
measured the IPDs of our participants before the experiment as
in the first experiment. The IPDs of our participants ranged between 5.7 − 7.0cm (M = 6.4cm, SD = 0.3cm). The total time per
participant, including pre-questionnaires, instructions, experiment,
breaks, post-questionnaires, and debriefing, was 30 minutes. Participants wore the HMD for approximately 20 − 25 minutes. They
were allowed to take breaks at any time between trials.
5.2 Materials
In this experiment, we used the same experimental setup as in experiment E1. Since the urban environment provides an inherent
concept of dominant scale, and since the results of the first experiment indicated no persistent bias in the urban environment with
virtual body feedback, we have chosen to focus on this condition in
the experiment. Additionally, to simulate other avatars, we have included six virtual agents in the virtual scene, which were displayed
at randomized positions in the visible range around the participant’s
virtual location (see Figure 5). We applied an idle animation to the
six avatars.
The scale level of these avatars was set independently from the
scale level of the participant in the trials. However, all of these
avatars were always presented at the same scale level in order to
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Figure 6: Results of the second experiment for the conditions with matching scale levels (ss = so , ss = 1 or so = 1) non-matching scale levels
(1 6= ss 6= so 6= 1) and overall for the two 2AFCT questions in the experiment: (a) probability for estimating that the environment was at dominant
scale compared to onself, and (b) probability for estimating that the other avaters were at dominant scale compared to onself.

test for group dominance effects. We scaled the participant’s virtual
self -representation relative to their real-world body height with a
height
scale gain ss = virtual
real height as in experiment E1. Additionally, in
each trial in the experiment the other avatars were all scaled with
height
the same scale gain so = revirtual
f erence height . The reference height of the
six avatars in the urban environment at dominant scale was 1.70m
(see Figure 5).
Hence, for instance, scaling both the participant and avatars with
the scale gains ss = so = 2 resulted in the participant seeing the
avatars at the same scale as herself. In this case, the participant
might still interpret herself and the avatars as being twice as big as
naturally in the VE or it can be interpreted as the environment being
scaled down by a factor of 12 . Moreover, for different scale gains
between the participant and the avatars she might either interpret
herself, the avatars or the environment to be at dominant scale. All
three alternatives have to be considered valid spatial interpretations.
5.3

Methods

We used a 5 × 5 full-factorial within-subjects experimental design.
We tested 5 scale levels of the participant with
ss ∈ {10−2 , 10−1 , 100 , 101 , 102 } as well as 5 scale levels of the other
avatars with so ∈ {10−2 , 10−1 , 100 , 101 , 102 }. The applied combinations of scale levels were presented randomly and uniformly distributed using again the method of constant stimuli. We included 5
training trials to familiarize the participants with the controls. These
trials were excluded from the analysis.
The participants were asked to look around in the VE and get
a feeling for their environment. When they have looked enough,
they pressed a button and got to the question mentioned in the next
subsection. After answering the question the next condition was
started.
5.3.1

Two-Alternative Forced-Choice Tasks

Participants had to judge their impression of dominant scale based
on the interpretation that (i) they themselves (self ) seemed to be
at dominant scale, (ii) the environment seemed to be at dominant
scale, or (iii) the other avatars seemed to be at dominant scale. For
the experiment, we decided to use two 2AFC tasks as in experiment
E1. While it would have been possible to use a 3AFC task to indicate the preference for one of the three alternatives [8], we decided
against it, since it does not provide sufficient clarity about the order
in which the three stimuli relate to the interpretation of dominant
scale. As in experiment E1, we decided to use negated questions

in the experiment. Participants had to choose between one of two
possible responses for each of the following questions:
Q1 “I had the impression that: (left) I myself seemed to be of
unnatural scale or (right) the environment seemed to be of
unnatural scale.”
Q2 “I had the impression that: (left) I myself seemed to be of
unnatural scale or (right) the other avatars seemed to be of
unnatural scale.”
Again, the notion of unnatural scale means that this is not the
dominant scale. As in the first experiment, for each question participants responded by pressing either the left or right button on the
input device. We logged the responses and identified preferences
for one of the alternatives in each of the three questions when mean
responses deviated from a chance level of 50% probability of responses towards either answer on average over all trials.
Before the experiment, all participants filled out an informed
consent form and received instructions on how to perform the task.
Furthermore, they filled out the Kennedy-Lane SSQ [15] immediately before and after the experiment, further the SUS presence
questionnaire [30], and a demographic questionnaire.
5.3.2

Hypotheses

In this experiment we evaluated the following hypotheses:
H4 Participants rather estimate the common scale level of the
group of avatars as dominant scale in the MCVE than their
own scale level.
H5 When two scale levels coincide between the three factors environment, self-representation, and other avatars, participants
rather estimate the matching factors as dominant scale than
the remaining factor.
5.4

Results

We analyzed the results with repeated-measure ANOVAs and
TukeyHSD multiple comparisons at the 5% significance level. A
Shapiro-Wilk test did not indicate that the assumption of normality had been violated. We corrected the results with GreenhouseGeisser estimates of sphericity when Mauchly’s test indicated that
the assumption of sphericity had been violated.
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Figure 7: All results of the second experiment for the different scale levels of the participant and other avatars for the two 2AFCT questions: (a)
comparison between environment and self, and (b) comparison between other avatars and self.

5.4.1

Effects of the Presence of the Avatars

Figure 6 shows the pooled overall responses plotted as probabilities
for participants to answer the 2AFCT questions. The stippled line
indicates the chance level at the 50% mark for deciding towards
either alternative in the 2AFCT trials.
Our results show that the presence of the other avatars had a
significant effect on responses. Overall, participants estimated the
other avatars to be at dominant scale rather than themselves with a
probability of 61.60% (SD = 21.38%) in the experiment. This deviation from chance level was significant in the experiment (p = .02).
Similar to the results of the first experiment, we found that
participants overall estimated the environment to be at dominant scale compared to themselves with a probability of 45.80%
(SD = 19.40%) in the experiment, i. e., close to chance level. This
deviation from chance level was not significant in the experiment
(p = .34).
5.4.2

Effects of the Different Scale Levels

Figure 7 shows all responses for the different scale levels of the
other avatars and the participant in the experiment plotted as probabilities for participants to answer the 2AFCT questions. The vertical bars show the standard error of the mean. The stippled horizontal lines indicate the chance level at the 50% mark for deciding
towards either alternative in the 2AFCT trials.
We found a significant interaction effect between the other
avatars’ scale level and the participant’s scale level for the first
2AFCT question (F(16, 304) = 2.155, p = .007, η p2 = .102) and
for the second 2AFCT question (F(16, 304) = 3.590, p < .001,
η p2 = .159).
Moreover, we found a significant main effect of the participant’s scale level on the responses for the first 2AFCT question (F(2.774, 52.714) = 5.239, p = .004, η p2 = .216), but not for
the second 2AFCT question (F(2.713, 51.541) = 2.129, p = .114,
η p2 = .101).
Furthermore, we found a significant main effect of the other
avatars’ scale level on the responses for the first 2AFCT question
(F(4, 76) = 8.778, p < .001, η p2 = .316) as well as for the second
2AFCT question (F(4, 76) = 4.650, p = .002, η p2 = .197).
5.4.3

Effects of Consistency Among Factors

Figure 6 shows the pooled responses in the conditions with varying
consistency among different factors plotted as probabilities for participants to answer the 2AFCT questions. The vertical bars show

the standard error of the mean. The stippled horizontal lines indicate the chance level at the 50% mark for deciding towards either
alternative in the 2AFCT trials.
For the first 2AFCT question we found no significant main effect but a trend (F(1.524, 28.960) = 2.090, p = .138, η p2 = .099)
between the three conditions in which the scale level of the other
avatars matched the scale level of the participant (so = ss ) or the
scale level of the environment (so = 1), and in the trials in which
none of the scale levels matched (1 6= ss 6= so 6= 1).
For the second 2AFCT question we found a significant main effect (F(1.550, 29.445) = 6.533, p = .004, η p2 = .256) between the
three conditions in which the participant’s scale level matched the
scale level of the environment (ss = 1), and when the scale level
of the other avatars matched the scale level of the environment
(so = 1), as well as in the trials in which none of the scale levels matched (1 6= ss 6= so 6= 1). Post-hoc tests showed that participants were significantly (p < .02) more likely to estimate the other
avatars to be at dominant scale than oneself for (so = 1) compared
to (ss = 1) as well as for (1 6= ss 6= so 6= 1) compared to (ss = 1).
Post-hoc tests showed no significant difference (p = .807) between
(1 6= ss 6= so 6= 1) and (so = 1).
5.4.4 Questionnaires
We measured a mean SSQ-score of 11.8 (SD = 16.7) before the experiment, and a mean SSQ-score of 31.8 (SD = 30.9) after the experiment. The results indicate a typical increase in simulator sickness with an HMD over the time of the experiment. The mean SUSscore for the sense of feeling present in the VE was 4.46 (SD = 1.1),
which indicates a high sense of presence [30].
5.5 Discussion
The results show that, indeed, group effects can affect how participants interpret scale in MCVEs when a group of other avatars is
presented at a consistent scale level. First of all, we observed that
when the group of avatars was presented at the same scale level as
the environment, this resulted in a higher probability for the participants to consider the environment (and the other avatars) as the
dominant scale rather than themselves. Since this probability is
higher than that for separately the environment and the group of
users, it appears to be generally a good idea to combine both scale
indicators by populating virtual scenes in MCVEs with avatars at
the environment’s scale level, i. e., thus improving the notion of a
common scale. The matching scale levels of the urban environment
and the group of avatars seemed to provide a reasonably dominant
scale for users when they collaborate in such environments even
when they are at different scale levels themselves. It seems likely

that the addition of a group of avatars (even if they are only moving
by idle animations as we used in this experiment) to artificial scenes
as tested in experiment E1 would also help to provide a common
scale level that would be estimated as dominant by users independently of their own scale level.
Further, we observed that when compared to themselves, participants rather estimated the group of avatars as the dominant scale
in most cases. This confirms our hypothesis H4 . Moreover, the
group of avatars was not primarily estimated as the dominant scale
by participants when they were at the same scale level as the environment. The results imply that in this case the two matching
scale factors dominate the remaining factor, i. e., two against one,
which confirms our hypothesis H5 . Participants still had a balanced
estimation of dominant scale when comparing the environment to
themselves, which is equivalent to what we observed in experiment
E1 and to what is stated in our hypothesis H3 .
One possible explanation of these results is that the visibility of
the greater number of other avatars in our experiment (six) outweighed the influence of the participant’s own body, and, therefore, they dominated the estimation of scale. Another explanation
is that the idle virtual humans dominated the estimation of scale
more than the static urban environment, which might explain why
we observed a balanced estimation of dominant scale when comparing the environment to themselves in experiment E1 (urban with
a virtual body).
6
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The results of our experiments provide valuable insights into scale
estimation in MCVEs. We found interesting individual differences
and overall a balanced estimation of dominant scale between oneself and the environment, when the environment is of a type that
is known from real-world experience and when the virtual body is
visible, potentially since both provide familiar artifacts and thus legitimate alternatives. However, when no visual body feedback was
available, participants showed a tendency towards estimating that
the environment was at dominant scale. This result was independent of the scale level and the presence of other avatars in the scene
in our experiment.
The experiments revealed that artificial environments hinder
scale estimation, especially when a user’s virtual body is not visible. Participants found it difficult to estimate whether themselves
or the environment was at dominant scale when there were few familiar points of reference that could help them estimate scale. We
observed a slight trend for them to estimate that themselves were at
dominant scale when the virtual body was visible, potentially since
this is then the only visual artifact with a known size that they were
familiar with from the real world.
Furthermore, we found a higher probability that the other avatars
were estimated to be at dominant scale when users were asked to
estimate dominant scale between themselves and the other avatars.
This may be explained by the greater number of other avatars in
our experiment, which might dominate the user’s impression of her
own scale. It would be interesting to evaluate in future work if the
estimation of scale changes with a fewer number of avatars or might
even be increased with more avatars.
When the scale of the participants was the same as that of the
environment, the estimation of scale between themselves and the
other avatars was again balanced. We observed a majority effect:
The results suggest that the other avatars would appear more consistent (i. e., resulting when oneself is not at the same scale level
as the environment), but it appears that two matching scale levels
seem to dominate that of the third factor.
While the focus of our studies was on the influence of the type of
the environment, the visibility of an avatar and the presence of other
avatars, we found no significant effect of the different scale levels
of the participants or other avatars on scale estimation in our experi-

ments. Hence, several question remains for future work. Moreover,
our experiments were focused on scale estimation from an egocentric point of view, in which we compared scale estimation between
oneself and another element of the environment. In future work,
it would be interesting to investigate how these scale estimations
change when considered from an allocentric point of view, e. g.,
comparing scales between two visual artifacts, such as the other
avatars and the environment.
7 G UIDELINES FOR 3D U SER I NTERFACE D ESIGN
The results of our experiments provide some important insights into
perception, cognition, and action in MCVEs. In particular, the findings of the experiments lead to the following design rules and guidelines for implementing 3DUIs for MCVEs:
1. Communicate dominant scale of the MCVE to all users. This
is the motivation from the pilot study: participants had serious difficulties when trying to communicate absolute distances and sizes without having a common dominant scale.
2. If unnatural artificial MCVEs are displayed, use additional
scale cues for all users, such as a group of avatars at a consistent scale level. That is, because in artificial MCVEs the
participants could not detect a clear dominant scale (see figure 4a) and additional cues can help (see hypotheses H2 as
well as hypotheses H4 and H5 ).
3. Even natural urban MCVEs benefit from such additional scale
cues at a consistent scale with the environment by reinforcing
its dominant scale. That is, because in urban MCVEs with
virtual body the participants could not detect a clear dominant scale (see figure 4a) and additional cues can help (see
hypotheses H4 and H5 ).
4. Visibility of one’s virtual avatar increases the probability that
users use it as dominant scale (see hypotheses H1 ), which can
be beneficial if collaborating users are at the same scale level,
but leads to misunderstandings otherwise (see hypotheses H5 ).
Indeed, the guidelines provide a first step towards the development and design of novel 3DUIs for MCVEs, in particular, in the
area of application domains such as urban planning, interactive city
visualization, or architectural exploration.
8 C ONCLUSION
In this paper, we analyzed the estimation of dominant scale in the
presence of conflicting cues in MCVEs. Therefore, we presented
a pilot study and two experiments in which we analyzed different
factors and their effects on the participants’ estimation of dominant
scale in an MCVE.
Our results suggest an interaction effect between the visibility
of the participant’s virtual body, the type of the VE as well as the
presence of a group of avatars and their relative scale levels. We
summarized the results as guidelines for the design of 3D user interfaces to support the development of MCVEs.
The scope of this work may seem limited, relative to the general
problem of effective collaboration in an MCVE. It is unclear at all,
how many applications for MCVEs there are or will be. But the
results provide insights into MCVEs, which have enormous potential to stimulate further research directions. In particular, vistas for
future work include a deepened understanding of the development
of group effects as observed in this paper when multiple avatars are
present in an MCVE with varied scale levels. Especially the estimation of scale between oneself and just one other avatar is interesting.
Moreover, future work may focus on effects of various scales
on multimodal communication and interaction between users as affected by their embodied estimation of dominant scale.
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