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Abstract

Distances are perceived as being more compressed in immersive
virtual environments (IVEs) than in real environments. The goal
of this study is to identify the most important factors that influence
decision making and accuracy of distance perception in the con-
text of architectural project reviews. Technical factors such as field
of view, display devices and motion parallax were widely studied.
In this paper, we have investigated other individual and contextual
factors. We conducted a between-subject experiment using an im-
mersive large screen display to examine the influence of the three
factors: 1) the cognitive profile of the user (visual, auditory and
kinesthetic - VAK), 2) the furnishing of the house, and 3) the lo-
comotion speed, on distance perception. Results reveal that par-
ticipants with visual profile were more accurate in distance estima-
tion. Further, furnished houses were more suitable for virtual visits.
The locomotion speed also seems to influence virtual visits which
were better with a slow locomotion speed. Based on the results of
our study, we finally present guidelines for setting up architectural
project review tools which employ similar setup.
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1 Introduction

In recent years, architecture has tried to take advantage of virtual
reality (VR) in the project review process. Several studies have
used immersive virtual environments (IVEs) as a tool for project
review and validation of digital mockups [Majumdar et al. 2006;
Yerrapathruni et al. 2003; Wahlström et al. 2010]. This opens the
way for discussing design issues using a 1:1 scale visualization of
the mockup under review.

Our work is in the context of architecture, aiming to introduce VR
within the process of architectural project review, to enable archi-
tects and their prospects to experience the designed space before it
is built. Using the VR tool that we have developed, the prospect can
perform a virtual visit of the chosen house and validate the plan of
the house in terms of the size and layout of rooms.

This virtual visit provides the architects an opportunity to save both
money and time. However, decision making depends on the ability
of the prospects to make judgements about what they see in the vir-
tual environment (VE) similar to the judgements they would have
made in the corresponding real environment.

Unfortunately, one of the major problems of IVEs is the perception
of distances and volumes. Most of the work that has studied this
problem states that distances are misperceived in VEs [Henry and
Furness 1993a; Plumert et al. 2005]. Despite these studies, factors
that cause this phenomenon remain unclear, and diverse.

Concerning collaborative VR tools which immerse several users,
large screen displays, 3D TV screens and CAVEs are the most suit-
able display devices. In our project, the architects opted for an im-
mersive large screen as a display device. Thus the entire exper-
iment was carried out only with an immersive large screen. The
technical factors related to display devices such as field of view or
quality of the stereoscopy have been explored in several research
studies [Klein et al. 2009; Alexandrova et al. 2010; Creem-Regehr
et al. 2005; Grechkin et al. 2010]. In our project, architects judged
that calculating the interpupillary distance (IPD) and recalibrating
the tool for each prospect and therefore each project review would
be time consuming. Thus, due to the practical constraints of the
project, we have not investigated the factor of IPD, which was kept
fixed. To complete the state of the art, we investigated other impor-
tant factors related to individual preferences and contextual aspects.
For this study, we wanted to evaluate the influence of three factors:
the cognitive profile, the furnishing condition and the locomotion



speed.

Our first factor is the cognitive profile of the user. We inspected
the difference between individuals, to seek insight into the poten-
tial relationship between cognitive profile and general performance
during the virtual visit.

In the context of architectural project review, virtual visits could be
staged in furnished or unfurnished houses. However, the presence
or absence of furniture in the VE may influence the perception of
distances and volumes. Thus, our second factor is the furnishing of
houses.

In virtual visits, for time optimization, we preferred to fix the loco-
motion speed for all the users. To explore and move inside houses,
the pace of locomotion must be adapted to the context of virtual
visit, since, final users 1) will visit closed spaces (houses) and 2)
will have to understand the layout of the house and make decisions
regarding the size of the rooms and the house as a whole(and not
just walk to go to a specific location). For this purpose, our third
factor is the speed of locomotion. We studied their setting and their
influence on the perception of distances and volumes.

In the remainder of this paper, we first provide an overview of the
existing research on the problem of distance perception in VEs.
Then we introduce our method, and we explain the procedure fol-
lowed in the experiment. The results of our study are reported and
discussed in sections 4 and 5 respectively.

2 Related work

One of the challenges of VR technology is the perception of dis-
tances and volumes. Several studies have examined this problem.
Even if this issue exists in real life, the distances are more underesti-
mated in VEs [Alexandrova et al. 2010; Grechkin et al. 2010]. This
problem has been studied extensively in the literature to identify its
causes and suggest improvements. However, display devices vary
among studies which restrict the generalization of results only to the
same kind of device, since display devices used in experiments can
have important effects on distance estimation [Klein et al. 2009]

In this section we will review some potential factors, which can
influence the estimation of distances and volumes.

2.1 Inter-individual differences

Several studies have mentioned possible differences between indi-
viduals in the estimation of distances and volumes. Among the fac-
tors studied we can mention: gender, age, level of presence, etc. For
example, Interrante et al. [2006] and Naceri and Chellali [2012]
reported no difference between gender in distance estimation task
when using a Head Mounted Display (HMD) and a stereoscopic
screen respectively. However, Arns et Cruz-Neira [2004] men-
tioned a difference between men and women in performance in lo-
comotion, where women have a greater number of collisions than
men. Similarly, for age, no significant difference in distance estima-
tion was found with adults between 20 and 35 when using a CAVE
[Murgia and Sharkey 2009]. However, a difference was noted be-
tween 10 year old and adults with 3 immersive screens [Plumert
et al. 2005]. The level of presence and type of personality were in-
vestigated in Phillips et al. [2012]. In this work, the VE was seen
through an HMD. The experimenter assessed a variety of person-
ality measures and presence with questionnaires and analysed the
correlation between personality, presence, and accuracy of distance
estimation. The results showed no significant correlation between
these three elements. It was concluded that establishing relation-
ships between the analysed elements is complicated and not easy to
measure.

Apart from distance estimation, Hauptman and Cohen [2011] were
interested in how the VE, seen through an HMD, influences the spa-
tial thinking of students with different cognitive profiles (learning
styles). Results indicated an uneven influence of VE on students
with different learning styles. However, this result needs further
research for more explanations.

Considering the previous findings in literature [Interrante et al.
2006; Naceri and Chellali 2012; Murgia and Sharkey 2009] and
because of target audience of our virtual tool not being children,
in our study we try to shed light on the influence of differences
between individuals in term of cognitive profile on distance percep-
tion, rather than age or gender.

The project review tools are intended to be used by a large number
of people which could all have different preferences for understand-
ing and learning, most notably different cognitive profiles. This can
lead to a variability in the performance (distance and volume’s per-
ception) during the project review. With this study, we aimed to
obtain the same performance by all the prospects. Our goal was
to propose guidelines to adapt the tool for all preferences and cus-
tomize it, so that users have the same performance whatever their
cognitive profile is.

2.2 Context

It is possible that differences between results in previous research
come from the variability of the scenes, and the context in which
studies are made. For example, Lappin et al. [2006] discussed the
effects of the environment on distance perception in the real world.
They found that distances are overestimated in a lobby or a hall and
not on an open lawn. The result was justified by the narrow field of
view restricted by walls in an indoors environment. Furthermore,
the distance between the viewer and the screen of the CAVE and the
parallax also appear to influence the perception of distances in VE
[Bruder et al. 2015]. This study revealed a significant asymmetric
effect of these two factors on the perception of distances. Unlike
that study, in our experiment, the distance between the viewer and
the screen has been set at 1.5m.

Another side of the influence of the context is the cognitive prob-
lem, related to the interpretation of the visual stimulus. Interrante
et al. [2006] have compared the perception of distances in a real
environment and in a virtual replica of it visualized with an HMD.
The results showed that the use of a virtual replica of the real envi-
ronment leads to a good estimation of distance. Recently, in another
experiment, participants estimated distance with greater errors in an
unfamiliar room environment than in the replica room environment
using an HMD [Phillips et al. 2012].

Likewise, the presence of some cues of familiar size can specify
absolute distances [Loomis and Knapp 2003]. Frenz and Lappe
[2005] have concluded in their research (using a large projection
screen) that, based on optic flow estimations without a stereoscopic
display, distances are only estimated up to a scale factor. A priori
knowledge about the scale of the scene is thus needed to correct
estimates.

In our project, the virtual visits cannot be in a replica environment
because they will be in new houses (at 1:1 scale) which are not
yet built. Furniture in houses are objects of familiar size that can
influence the perception of distances and volumes. However, the
interior design may influence the decision of the users according to
their interior design preferences. Thus, using unfurnished houses
could provide a neutral environment. Since each setting may or
may not be of importance, we studied the effect of the furnishing
on the perception of distances and volumes.



2.3 Locomotion

In this section, we will present related work that has investigated
walking and the speed of locomotion in IVEs.

2.3.1 Walking

When moving, the travelled distance gives us information about the
size of the environment. However, interfaces for virtual locomo-
tion with a large screen do not allow physical walking, as with the
HMD or in real life. With this limit, some important information
that improves distance perception in VE is lost. Richardson and
Waller [2007] and Kelly et al. [2014] demonstrated that body-
based information (proprioceptive and vestibular) recalibrates dis-
tance perception in VE and enhances distance estimations. Waller
and Richardson [2008] have proved that the vestibular and propri-
oceptive elements are necessary to give an effect on distance esti-
mations to the locomotion. Campos et al. [2012] were interested
in the information used to estimate distances, and showed that in
the absence of proprioceptive information, while travelling with a
wheelchair, subjects relied on vision more than vestibular informa-
tion to estimate distances during the passive movement. All these
studies used an HMD to allow physical walking.

From this last finding, in our VE where the locomotion is controlled
through a handheld wiimote (no body-based information), the opti-
cal flow (visual information) will be used in distance estimations.

The work of Frenz et al. [2007] has tried to enhance the distance
perception in the case of passive locomotion with a large projection
screen, by adding visual information about the 3D layout of the
scene (figural cues, etc.). However, no improvement was found.
Probably, the setting of the optical flow itself, such as the speed,
can be the reason for the underestimation of distances and volumes.

2.3.2 Speed

Palmisano [2002] proved that in a simple VE (red and cyan patterns
of moving objects on a white background), when a stereoscopic dis-
play is used with a rear projection screen, the speed of self-motion
appears faster, and thus the speed is misperceived. However, other
research found that people underestimate the speed when moving
[H.Durgin 2009] or walking with a treadmill and seeing the VE
through an HMD [Banton et al. 2005]. Although in our experi-
ment participants were physically stationary while moving in the
VE, we need to investigate the speed of locomotion, since results
are different across studies.

Furthermore, the context of walking can require a variable pace.
For example walking speed for visiting a place is not the same as
walking to work. Typically, we walk more slowly when visiting a
place, as compared to walking to work. Moreover, it is common
to walk more slowly in closed places (houses) than in outdoor en-
vironment. For all those reasons, we investigated the locomotion
speed to provide a proper setting suitable for project review tools in
indoor scenes.

3 EXPERIMENT

In our study, we carried out some virtual visits of houses. Partici-
pants moved in virtual houses and were asked to estimate distances
and volumes (habitability). The houses were displayed at 1:1 scale.

3.1 Method

For this experiment, we used a between-group design. The inde-
pendent variables were: cognitive profile, furnishing condition and

speed. We instructed participants to evaluate distances and volumes
(as explained in section 3.2).

Before starting virtual visits, we asked participants to answer the
VAK questionnaire [Chislett and Chapman 2005] to determine
their cognitive profile. This cognitive profile relates to the method
of learning of individuals, related to their sensory perception abili-
ties. This method may alter the way of comprehending the virtual
environment from one individual to another, and may therefore lead
to differences in the estimation of distances and volumes. Cognitive
profiles assessed by the VAK are Visual, Auditory and Kinesthetic.
The visual profile characterizes people who learn by the look and
by observation. These people often think pictorially and learn best
with visual elements such as plans and graphs. The auditory profile
characterizes people who understand and learn by listening. These
people react better to situations that give the opportunity to discuss
and listen. The kinesthetic profile characterizes people who learn
by moving and performing tasks. Learning in practical situations
are best for them. We assessed the cognitive profile to investigate
the influence of these three profiles on the virtual visits in general
(perception and presence).

The virtual visits took place in two types of VE: furnished houses
and unfurnished houses. Furniture in houses can improve the per-
ception of the scale and therefore the perception of distances and
volumes. However, the interior design could not please all the
prospects, hence decisions regarding the rooms and the house may
be made based on the visual aspect and not on the size of the rooms,
which is not the goal of the project review. By testing furnished and
unfurnished houses, we were interested in the influence of the fur-
niture on the perception of distances and volumes.

To explore the VE the speed of locomotion must be suitable to the
context of virtual visits. We investigated three locomotion speeds:
normal walking speed 1.1 m/s, as mentioned in previous work
[Fink et al. 2007], slow walking speed 0.55 m/s, which is half the
normal speed [Guan and Li 2013], and dynamic speed. For the
later speed, we have implemented a technique to adapt the speed
according to the number of furniture items around the user and the
distance between them. When the virtual visit begins, the speed is
fixed at normal speed (1.1 m/s). Once the locomotion starts, if the
user is surrounded by two or more objects, and that these furniture
objects are at a distance of 35 cm or less from the position of the
user, then the speed decreases to a low speed. Then, further the user
moves away objects (> 35 cm) and moves in a cleared space such
as in a corridor, the speed increases to reach the normal speed.

In the furnished condition we investigated the three speeds (normal,
slow and dynamic). In the unfurnished condition we investigated
only two speeds (normal and slow), since there is no furniture in
the unfurnished condition to test the dynamic speed. Conditions
are shown in table 1.

The aim of this study was to provide suitable settings for the project
review tool. Our hypotheses were:

H1 The visual profile being the most sensitive to images and vi-
sual information, our hypothesis was that participants with a visual
profile will be more accurate in their estimations.

H2 The furnished houses provide familiar objects and sizes that en-
hance the perception of the scale of the VE and help to understand
the VE. Our second hypothesis was that furnished houses enhance
the perception of distances and volumes and provide a good under-
standing of the VE.

H3 The slow locomotion speed is more suitable to visit small spaces
(houses) and provides enough time to understand the VE. Our third
hypothesis was that slow locomotion speed leads to good percep-
tion of distances and volumes.



Figure 2: The platform (In Virtuo). Right figure shows an example
of our environment displayed on the screen.

3.1.1 Stimuli and apparatus

We set up eight scenes corresponding to real mockups of houses;
four for each condition (furnished and unfurnished). The floor-
plans were different in the two conditions but had the same shape of
rooms and almost the same size of the walls. The wall sizes were
between 2 and 7 meters. Four models were completely furnished
(with a bed, sofa, table, chairs, etc.). For the unfurnished condition
we used four unfurnished houses, rooms were empty and only ba-
sic elements were present such as a toilet, washbasin, shower and
doors. Virtual scenes were modeled in accordance with the mea-
surements on the floorplans. Houses were created using 3DMax
software, with simple textures. Realistic lighting was precomputed
to avoid latency during online rendering.

All tests were performed within the virtual reality platform (In Vir-
tuo) in our laboratory. The virtual reality display device that we
used consisted of an immersive wall (3 m x 2.25 m) with active
stereoscopic display. It provides 90◦ X 70◦ of horizontal and ver-
tical field of view respectively to a typical user located in front of
it. Participants were allowed to move to change the perspective. A
tracking system based on 6 cameras was used to capture the move-
ments of the user within a space of 6 m2 (see figure 2) for adapt-
ing the viewpoint in the VE. The tracking system allows tracking
the position of the 3D glasses and the Ninento Wiimote interaction
device. The virtual eye-point height was set corresponding to the
subject’s eye height. Interocular distance was fixed to 60mm for all
participants.
Our program is developed in C++ and is based on the VRJuggler
library for device management.

3.1.2 Participants

50 participants took part in the experiment (39 men and 11 women),
10 in each group, as summarized in table 1. Participants were stu-
dents in the computer graphics field in our university and were all
voluntary. Age was between 19 and 32 years with an average of
about 23 and all had normal or corrected-to-normal vision. Partici-
pants had not previously performed experiments in IVEs.

3.2 Evaluation

During the experiment, we gathered the following objective and
subjective information.

Conditions, Speed Slow (S) Normal (N) Dynamic (D)
Furnished G1 G2 G3

Unfurnished G4 G5 X

Table 1: 5 groups of participants, one in each condition.

3.2.1 Cognitive profile

We used the standard VAK (Visual, Auditory, Kinesthetic) test to
assess participant’s preferred learning styles [Chislett and Chap-
man 2005].

3.2.2 Spatial comprehension (SC)

We evaluated the spatial comprehension using 1) a subjective ques-
tionnaire (SC1) and 2) cognitive map (SC2), figure 3.

The questions of SC1 provide indications about the functionality of
the rooms (living room, bedroom and bathroom). These questions
allow participants to construct a cognitive map about the space even
in the absence of furniture.

Example: If you had to fit out the room as a bedroom with a large
double bed of 140 X 180 cm and two bedside tables near the wall
of the window, do you think that the space would be: 1) insufficient
,2), 3), 4), 5), 6), 7) sufficient.

The SC1 is a set of questions divided into four groups:

• Distance estimation: participants were asked to evaluate sev-
eral dimensions: length, width of the rooms, and the overall
area of the house. This task was closed-ended with 4-ways
answers, to avoid large under or over estimations and to keep
answers within reasonable intervals. The answers were values
in meters for wall size and in square meters for the area. The
values proposed in choices were calculated with an offset of
15 % of the veridical distance. This percentage was chosen
to ensure that the differences were widely over the just no-
ticeable difference threshold for 3D distances [De Silva et al.
2010], while remaining in a reasonable interval. We speci-
fied to participants that the veridical distance is not always
the second or the third choice and that false answers can all
be over/underestimated, to avoid the systematic selection of
the middle values of the 4-ways answers.

Example: choose from the following propositions the dimen-
sions of the room: a) 4.2 , b) 4.9, c) 5.6, d) 6.3 m2.

• Size perception: a set of 7-point Likert type scale questions.
We asked questions about the possibility (in term of space) to
put furniture in rooms at specific places.

Example: if you had to place the wardrobe on the wall of the
window, do you think that the space would be: 1) insufficient
,2), 3), 4), 5), 6), 7) sufficient.

• Feeling and ability of projection: a set of 7-point Likert type
scale questions. Through these questions, we try to put the
participant in specific situations and to evaluate his feeling
and his ability to project into the environment.

Example: When crossing a person in the corridor, the space
available would allow you to do it: 1) with difficulty ,2), 3),
4), 5), 6), 7) easily.

The last two groups of questions (Size perception and feeling
and ability of projection) were elaborated with architects, the
correct answers were calculated according to rules and stan-
dards of construction. In France, there are norms and rules to
respect in building construction. Regarding habitability, there
are minimal dimensions, eg the minimum width of a corridor
is 90 cm. A person needs a minimum width of 40 cm, in order
to cross another person in the corridor.



Figure 3: Left figure shows the actual floorplan of a visited house.
Right figure shows an example of the SC2 task: layout space and
navigation path drew by a participant after the visit.

• Task difficulty (TD): a 7-point Likert type scale question. This
question is asked at the end of the SC1 questionnaire. The
participant judges the difficulty of the virtual visit and of the
estimation task.

Example: Evaluate difficulty to visit and estimate the dimen-
sions of the space : 1) easy ,2), 3), 4), 5), 6), 7) difficult.

The participants answered the SC1 questionnaire during the virtual
visit (more details in section Procedure).

After each visit, participants were asked to sketch the layout of
spaces (SC2) and to write down the roles of the different rooms
(living room, bath room, etc.), as in figure 3. On this map, they
drew the path they followed during the virtual visit. The sketched
map and the wayfinding were evaluated on the shape of the rooms,
the accuracy of the space layouts, their proportions, their sizes, and
the correctness of the visit’s order. We attributed at most one point
for each element. If the answer is deemed correct we attribute one
point; if there is one or two errors we attribute half a point; other-
wise we attribute no point at all. By this means we measured the
understanding of the visited space with a subjective note on a scale
of 5.

3.2.3 Presence questionnaire (PQ)

We used the standard Witmer and Singer questionnaire [Witmer
and Singer 1998], to evaluate presence. Participants described the
experience in the VE through 16 Likert scale questions (scale from
1 to 7, 7 is well present). Some previous work had mentioned that
presence influences distance perceptions in VE [et G. J. Kim ]. We
used this evaluation to inspect this relationship in the context of an
architecture virtual visit.

3.2.4 Simulator sickness questionnaire (SSQ)

We used the questionnaire developed by Kennedy and his col-
leagues [Kennedy et al. 1993], to evaluate simulator sickness. The
aim of this questionnaire is to verify if the different conditions have
an impact in terms of simulator sickness. We also studied the in-
fluence of simulator sickness on distance perception. Participants
answered the SSQ twice during the experiment: one time after the
first visit and a second time after the last visit.

3.2.5 Debriefing

We collected information on participant’s metric knowledge (stan-
dard measure of furnitures and doors) and the methodology used
to answer the spatial comprehension questionnaire during a semi-
guided debriefing at the end of the experiment.

Example: 1) do you have knowledge on standard size of doors,
beds, etc.

2) How did you elaborate your answers concerning : dimensions of
rooms, size of furniture, etc.

3.3 Procedure

Our test on the perception of distances and volumes compared 5
conditions of virtual visits inside a house, as summarized in table 1.
In each condition participants visit 4 different house scenes. Sub-
jects were randomly assigned to one of the 5 experimental condi-
tions. The duration of the virtual visits is about 40 minutes for the
four scenes and the total duration of the experiment is 1h20 for vis-
its and questionnaires.

3.3.1 Pre-experiment

Prior to the experiment, participants were asked to carefully read
the instructions which explain the progress of the experiment, the
locomotion technique, and the questionnaires to answer. After they
had to answer the VAK test.

Then, subjects started a trial of the immersive virtual visit of a house
for 5 minutes to become familiar with the device and the locomo-
tion technique. The visit always starts from the entrance of the
house, as in reality. Then, the path to follow is passing through the
living room, kitchen, rooms then bathroom and toilet. Participants
visit all the rooms. The visit is carried out with a guided locomo-
tion following a predefined path represented by a green breadcrumb
in the scene, as illustrated in figure 1. Subjects use a wiimote to
move and only have the possibility to move forward, to stop, and to
turn around on himself. To move forward, subjects use a button on
the wiimote and the rotation follows the orientation of the wiimote.
During the locomotion, participants were invited to explore the VE
with the head motions, while when they had to answer questions,
they remained stationary to avoid parallax cues. Before starting the
experiment, the experimenter showed the participant a measuring
tape, with exactly 1 meter in length for 10 seconds so as to get an
idea of the value of one meter, and so as to have the same minimum
metric knowledge to answer the questions for all participants.

3.3.2 Experiment

We used a guided locomotion to ensure that all subjects follow the
same path and had approximately the same time of the virtual visit.
During the visit of a room and at predefined stop points, the subject
hears a beep and is left only with the possibility of looking around
himself. At each stop, the experimenter started orally asking the
SC1 questions corresponding to the current room, and the partic-
ipants were asked to answer orally. Afterwards, the experimenter
unlocks the participant so as to move on to the next room. After
visiting each scene the participant tackled the SC2 corresponding
to spatial organisation by sketching the house’s mockup and the
navigation path.

3.3.3 Post-experiment

After only the first and the last visit the participant answers the
SSQ. At the end of the experiment he answers the PQ to evaluate
the locomotion technique and gives a debriefing.

4 Results

The analysis was performed on the mean values of question cate-
gories (distance estimation, size perception and feeling and ability
of projection), containing several questions, to be able to apply a
parametric test.



For the statistical analysis, we first verified that our data fulfilled
the condition of normality and homogeneity by performing the test
of Shapiro-Wilk and Bartlett. Since these conditions are respected,
we secondly realised multi-factorial ANOVA at a 0.05 level of sig-
nificance. Our independent variables are: cognitive profile (VAK :
visual (V), auditory (A) and Kinesthetic (K)), furnishing condition
and speed (dynamic (D), slow (S) and normal (N)). The dependent
variables are: distance estimation, size perception, feeling and abil-
ity of projection and task difficulty. We also analysed the effects of
speed, VAK and furnishing condition on SC2, presence (PQ) and
simulator sickness (SSQ).

When the multi-factorial ANOVA showed a significant influence of
the independent variables, we ran a pairwise comparison using the
Tukey HSD (Honestly Significant Differences) test. The results of
distance estimation, size perception and feeling and ability of pro-
jection are reported systematically (even not significant) to observe
the over/under estimation. Some other results are not reported in
table 3, 4 and 5 when p-value is not significant (p > 0.05).

The results of the VAK questionnaire reveal that we have 18 sub-
jects with a visual profile, 15 subjects with an auditory profile, and
17 subjects with a kinesthetic profile. They were distributed among
groups as illustrated in the table 2. We did not study further the
influence of the VAK distribution among groups since we found no
interaction whatsoever between the dependant variables.

4.1 Distance estimation

In all the analysis of the results of distance estimation, we calcu-
lated the gap with the veridical distance. If it is null, the estimation
is correct. Otherwise, the evaluation is overestimated if it is pos-
itive and underestimated, if it is negative. For statistical reasons
we have put the same number of questions with one, two and three
overestimated answers, for each questionnaire.

In all conditions distances were slightly overestimated, while most
of the values being distributed above zero (as shown in the boxplots
(a), (b) and (c), in figure 4), and between 0 and 1, which means
that distances were overestimated within a maximum of 15% of the
veridical distance.

The analysis shows a significant influence of VAK (see table 3: F(2,
35) = 6.369, p = 0.002) and speed (see table 5: F(2,35) = 4.796, p =
0.009) on distance estimation. The furnishing condition, however,
did not have a significant influence on distance estimation (see table
4: F(1, 35) = 0.197, p = 0.657). We found no interaction between
speed, VAK and furnishing condition.

Pairwise comparisons regarding the VAK showed that visual partic-
ipants performed significantly better than those with auditory (p =
0.005) and kinesthetic (p = 0.046) profiles, with lower overall over-
estimations (see boxplot (a) in figure 4). No difference was found
between the kinesthetic and auditory profiles (p = 0.78) (see table 3
for mean values).

Likewise, speed results showed a significant difference between
normal and slow (p = 0.046) and normal and dynamic (p = 0.021).

cognitive profile, Conditions D N S Fur Unfur
Visual 3 6 9 9 9

Auditory 4 5 6 10 5
Kinesthetic 3 8 6 11 6

Table 2: Distribution of the cognitive profile on the independent
variables: furnishing condition (Fur: furnished, Unfur: Unfur-
nished) and speed (D: dynamic, N: normal, S: slow).

VAK Distance Size Feeling and Task PQ SC2
estimationperception ability of difficulty

projection
(A) 0.612 -1.000 -0.907 5.054 4.507 4.151
(K) 0.569 -1.014 -0.679 4.166 4.275 3.937
(V) 0.145 -1.996 -1.202 4.883 4.166 3.483

F(2,35) 6.369 2.529 0.119 4.844 9.042 3.35
p 0.002 0.082 0.887 0.009 <0.0010.037

Table 3: All mean, F and p values showing the influence of the
VAK profile ((V) visual, (A) auditory and (K) kinesthetic) on the
dependent variables and PQ and SC2.

Furnishing Distance Size Feeling and SC2
condition estimation perception ability of projection
Furnished 0.411 -1.138 -1.253 4.046

Unfurnished 0.474 -1.645 -0.468 3.565
F(1,35) 0.197 1.356 5.721 5.271

p 0.657 0.245 0.018 0.023

Table 4: All mean, F and p values showing the influence of the
furnishing condition on the dependent variables and SC2.

No difference was found between the slow and dynamic speeds (p =
0.780). For the distribution, see boxplot (c) in figure 4. The overall
overestimation of distance was significantly less important with the
dynamic and slow speeds compared to the normal speed (see table
5 for mean values).

4.2 Size perception and feeling and ability of projec-
tion

In the analysis of results we compute the distance between the cor-
rect answer and the participant answer. If it is null, the estimation
is proper. If it is positive, so the evaluation is overestimated and if
it is negative, the evaluation is underestimated.

In contrast to distance estimation, size perception and feeling and
ability of projection overall values show a tendency of the subjects
to underestimate sizes and the habitability of the houses. As shown
in the boxplots (see figure 4), most of the values are above zero
for distance estimation (boxplot (a)) and below zero for size per-
ception and feeling and ability of projection (boxplots (d) and (g)
respectively).

No independent variable had a significant influence on the size per-
ception. Only the independent variable furnishing condition had
a significant influence on the feeling and ability of projection (ta-
ble 4: F(1,35) = 5.721, p = 0.018). Participants were less prone to
underestimate the habitability with unfurnished environment than
with furnished environment (p = 0.044).

4.3 SC2

As for SC2, values reported represent mean notes on the scale of
5 (5 is the best note). The analysis shows that both VAK and the
furnishing condition had a significant influence with F(2,35) = 3.35,
p = 0.037 and F(1,35)= 5.271, p = 0.023 respectively (see tables 3
and 4). The speed had no influence on SC2.

Concerning the VAK, auditory subjects performed significantly bet-
ter than the visual ones (p = 0.011). However, pairwise comparisons
showed no differences between visual and kinesthetic (p = 0.16) and
kinesthetic and auditory (p = 0.85).

For the furnishing condition, subjects had better results in the fur-



Speed Distance Size Feeling and Task PQ
estimation perception ability of difficulty

projection
(D) 0.303 -1.294 -0.604 5.19 4.088
(S) 0.376 -1.514 -1.355 4.48 4.351
(N) 0.575 -1.194 -0.649 4.64 4.387

F(2,35) 4.796 0.351 0.569 5.871 7.190
p 0.009 0.704 0.567 0.003 <0.001

Table 5: All mean, F and p values showing the influence of the
speed ((D) dynamic, (S) slow and (N) normal) on the dependent
variables and PQ.

nished condition (mean note of 4.046/5) than in the unfurnished
condition (mean note of 3.565/5); see table 4.

4.4 Task difficulty

On average, the task difficulty was estimated as being relatively
high, with an overall mean value of 4.77 on a scale of 7 (7 is being
difficult).

The results showed that VAK (table 3: F(2,35) = 4.844, p = 0.009)
and Speed (table 5: F(2, 35) = 5.871, p = 0.003)) had a significant
influence on the subjectively estimated difficulty of the virtual visit
task. The furnishing condition has no significant influence on the
task difficulty. Contrary to our expectations, having some furniture
in the environment was not perceived as an asset for the task of
distance estimation by the participants.

Pairwise comparisons revealed that participants with visual (p =
0.020) or auditory profiles (p = 0.042) evaluated task difficulty as
being significantly more difficult than kinesthetic profile. No dif-
ference was found between visual and auditory (p = 0.988).

For the speed, the dynamic speed was perceived as a disturbing by
the subjects. Pairwise comparisons showed a significant difference
between dynamic and slow (p = 0.004) and dynamic and normal
speeds(p = 0.033). However, difference between slow and normal
speeds was not significant (p = 0.732).

4.5 SSQ and PQ

None of the independent variables had a significant influence on the
SSQ. The global simulation sickness evaluation showed minimal
symptoms (between 5-10) throughout the tests, with a score of 6.85
and 9.98 for the first and the second SSQ respectively.

Concerning the level of presence (PQ), presence was a note on the
scale of 7 (7 is well present). No significant effect was found with
the furnishing condition. However, both VAK (F(2,35) = 9.042, p
< 0.001) and speed (F(2,35) = 7.19, p < 0.001 ) had a significant
effect (see tables 3 and 5 respectively).

As assessed by pairwise comparisons, visual participants reached a
significantly lower level of presence (p = 0.02) when compared to
the auditory participants. The difference between kinesthetic and
auditory was closed to significant with a low p-value (p = 0.053).
No difference was found between visual and kinesthetic (p = 0.936).

The level of presence reached by the participants was significantly
lower with dynamic speed when compared to slow (p = 0.015) and
normal speeds (p = 0.012). No difference was found between slow
and normal speeds (p = 0.992).

5 Discussion

5.1 Spatial Comprehension

The results indicate that the estimation of distances and volumes
is different according to the questions. With distance estimation,
distances were overestimated, whereas, with size perception and
feeling and ability of projection, distances and volumes were un-
derestimated. Several interpretations are possible.

Our results confirm earlier findings, showing that the estimation of
distance and the accuracy are dependent on the applied measure-
ment method and, notably, how participants express the perceived
distance [Richardson and Waller 2007; Grechkin et al. 2010]. In
our experiment, for distance estimation participants chose one re-
sponse among four to estimate the size of the rooms, whereas, with
size perception and feeling and ability of projection, the participant
has to imagine situations, and based on the perceived distance, he
gives the answer. This difference in the manner to interpret the per-
ceived distance creates the difference in accuracy between methods.

Further, the difference in accuracy between questions, can be re-
lated to the strategy used to give answers. The strategy used to
estimate distances and volumes was not the same between a quan-
tification (distance estimation) and a projection in the VE (size per-
ception, feeling and ability of projection). We confirm this in the
results of debriefing. The majority of participants reports using a
computational strategy to calculate the veridical distance for dis-
tance estimation. They try to imagine a segment of one meter,
or a segment equivalent to their height along the wall, and make
calculations. Dissimilar to distance estimation, for size perception
and feeling and ability of projection, participants reported project-
ing into the environment and try to imagine the situations requested
to give an answer.

The computational strategy based on participant’s height or a seg-
ment of one meter, and not on the size of the furnitures present in
the scene in the case of furnished houses, probably explains why the
furnishing condition did not had an effect on distance perception.

Another possible reason for this difference, could be the display
device used. Several participants mentioned the lack of visibility of
the floor around them during debriefing. Having used a large screen
without a projection on the ground, this could create a problem of
visibility: the participant in front of the screen cannot see the part
of the scene between him and the screen. Specifically, for distance
estimation the participant can turn to see the size of the wall or the
object to estimate its size. For the size perception and feeling and
ability of projection, the participant moves in rooms but cannot see
the full volume of the room because of the lack of projection on the
ground, and therefore, underestimates the volumes.

Our result of overestimation of distance estimation questions is
consistent with the earlier finding in [Zikic 2007a] which has al-
most the same configuration. In this study, dimensions of rooms in
a house, width and length indicated in feet, were also overestimated
with a wide-screen display.

Finally, it is also important to consider the IPD. In this study, the
IPD was fixed for all participants to 60mm rather than the average
of 63mm, but he remains in the middle values of the range of adults
IPDs (50-70mm) [Dodgson 2004]. However, this difference corre-
sponds to approximately to a 5% difference in distance which may
have contributed the misperception of distances. Therefore, IPD
need to be further investigated in the future.



Figure 4: (a), (b) and (c) Boxplots of the results of distance estimation per cognitive profile, furnishing condition and speed respectively.
(d), (e) and (f) Plots of the results of size perception per cognitive profile, furnishing condition and speed respectively. (g), (h) and (i) Plots
of the results of feeling and ability of projection per cognitive profile, furnishing condition and speed respectively. The y axis represent the
difference between response and the veridical answer.

5.2 Cognitive profile

In VAK learning styles, subjects with visual profile prefer images
and visual representations to understand. During debriefing, partic-
ipants mentioned using a computational strategy for distance esti-
mation. Computing distances based on visual elements make the
tasks easy and effective for participants with a visual profile. Re-
sults showed that they were accurate in distance estimation, com-
pared to auditory and kinesthetic profiles, which confirms our first
hypothesis. During virtual visits, participants with a visual profile
rely on visual elements and information present in the scene. They
do not accept easily visual incoherence between the real and virtual
world. This sensitivity to a visual display does not allow them to
project and to feel present in the VE. Thus, as shown by the results,
they found the virtual visits more difficult, and were less present
than the auditory and kinesthetic profiles.

Subjects with the kinesthetic profile learn through moving, doing
and touching. Our results showed that participants with a kines-
thetic profile found the task of virtual visit easy, compared to the au-
ditory and visual profiles. Exploring and moving in the VE seemed
to help them. Further, moving allowed them to easily build a cog-
nitive map of the environment and they had a good result in SC2.
However, the lack of physical moving does not allow them to feel
present in the VE. Alike, the passive locomotion does not provide
them enough information to estimate distances. Thus, they were
less accurate in distance estimation.

Subjects with the auditory profile are sensitive to auditory informa-
tion. Even if there was no verbal instructions or sound during the
virtual visit, our results showed that participants with the auditory
profile were well present compared to the other profiles. We can
explain this result by the nature of the auditory profile. Unlike the
visual and kinesthetic profiles, participants with the auditory pro-
file are less sensitive to visual (rendering) and motion incoherence
between the real and virtual environments. This allowed them to

accept and to project into the VE easily. Likewise, their good sense
of presence, helps them to understand the environment and to build
an accurate cognitive map of the VE. As shown by the results, they
had a good score in the SC2.

We did not find results about investigating the influence of the cog-
nitive profile on the performance in VE in the literature, to do com-
parison with our results. As we have assumed, a cognitive profile
has several impacts on performance in virtual visits. Therefore, we
suggest that this factor is an interesting topic and should be explored
further.

5.3 Furnishing conditions and speed

We tested two environments to see the importance of furniture in
the scene. Results showed that furnished and unfurnished houses
provide the same performance in distance estimation and size per-
ception. Nevertheless, participants in furnished houses had a better
spatial comprehension than those in unfurnished houses. The score
of SC2 was better in furnished condition. Thus, results support our
second hypothesis, as we expected the presence of furniture gives a
meaning to the different parts of the house (living room, bed room,
etc.) and so, helps to remember the environment after the virtual
visit.

Results showed that slow and dynamic speeds had same perfor-
mance in distance estimation, size perception and feeling and abil-
ity of projection. However, the slow speed provided a good level of
presence, further the task of virtual visit was easier. This confirms
our third hypothesis, that slow speed is more suitable for virtual lo-
comotion in houses. As for dynamic speed, participants reported,
in debriefing, that the technique to accelerate and decelerate was
slightly brutal. Therefore, they were less present. Improvements
such as adopting efficient algorithm for speed adaptation to the en-
vironment as in [Argelaguet 2014], may enhance the effectiveness
of dynamic speed in virtual visits.



From the present investigation, we have driven some guidelines for
project’s review tool:
1) Furnished houses are better for virtual visits. They provide the
same performance in distance and size perception compared to the
unfurnished houses and provide a better spatial comprehension.
The perception of the habitability (feeling and ability of projection)
will be investigated and improved in a future work.
2) A slow speed of 0.55 m/s is suitable for virtual visits in archi-
tectural environments. It facilitates the task of distance estimation
and leads to good estimations. Further, it provides a good level of
presence.

6 Conclusion and future work

This paper reports an experiment that evaluates virtual visits in ar-
chitectural environments (indoor scenes), according to several cri-
teria. The aim was to identify and shed light on the factors affecting
virtual visits, specifically, the perception of distances and volumes.
We identified and investigated three factors: cognitive profile, the
furnishing of the houses, and the locomotion speed.

Consistent with previous studies, our results showed a difference
in accuracy between metric questions (distance estimations), and
questions that require a projection into the virtual environment.
Distances were overestimated when assessing in a metric unit (me-
ter) and underestimated when the task was to judge the habitability.
Furthermore, strategies used and cognitive profile had an influence
on the perception of distances and volumes and seem to have an im-
portant effect on virtual visits in general. Thus, the cognitive profile
is an important topic for future research.

In future work we propose to investigate if adding effects according
to the cognitive profile enhance the virtual visit and the perception
of distances and volumes.

We suggest to investigate:
1) The improvement of the level of presence by comparing different
level of realism for visual profile, and adding some tasks to do for
the kinesthetic profile.
2) The strategy used to estimate distances and accuracy of estima-
tions by adding step sounds for auditive profile.

Through this study, we sought to find appropriate settings for our
project’s review tool. From our results, the furnished houses seem
more suitable for virtual visits since they allow to understand the
space and provide a good perception of distance. Likewise, slow
speed helps the perception of distances and volumes and gives less
overestimation in distance estimations. Further, it provides a good
presence.
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