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Preface 
History of EurasiaGraphics 

EurasiaGraphics is a successful international conference series organization that aims to bring together 
researchers, students, and industry practitioners in order to disseminate research activities and novel ideas 
on Computer Graphics and its related sub-areas. The scientific committee is composed of international 
experts in various disciplines. At each conference, the technical program consists of keynote addresses by 
eminent specialists, oral presentations of the contributed papers, and poster presentations of the work in 
progress.  

The EurasiaGraphics Conference started as an international workshop on Computer Graphics and Gaming 
Technologies in 2012. The workshop is organized at İstanbul Maslak Campus of  Işık University.   

In 2014, Hacettepe University organized EurasiaGraphics as an International Conference on Computer 
Graphics and Gaming Technologies in Ankara. Since then, EurasiaGraphics is organized in 2015, 2017, 
and 2018, at Mimar Sinan, Bahcesehir and Hasan Kalyoncu Universities.  

Haşmet Gürçay & Veysi Isler 
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Preface 
EurasiaGraphics 2020 

 

Due to the COVID-19 pandemic, we have 
decided to held the conference online this year 
using a video conferencing platform. We asked 
for submissions in all areas of Computer 
Graphics, Computer Vision, Visual Computing, 
Digital Game Technologies, VR/AR, and related 
disciplines. For more details, please visit our CFP 
page. We invited research contributions in the 
form of a full paper of up to 8 pages in length or 
as short paper of up to 4 pages in length. The 
posters that represent the ideas for participation 
and collaboration are also welcome. They should 
be in the form of a paper up to 2 pages in length. 
The papers and posters is published in this 
proceedings. We also contacted Muğla Journal of 
Science and Technology (MJST)  to publish an 
extended versions of full papers to be published 
in special issue of MJST. This year, we also 
organized a “Turkish Coffeepot Modeling and 
Rendering Competition”.  

We received fourteen submissions this year and 
six of them were accepted as eight-page or longer 
full papers, and another four were accepted as 
four-page short papers. We also accepted two papers as posters to be publishes as two-page extended 
abstracts. The accepted papers and posters span a wide range of topics and views on the computer 
graphics, Animation & Game Technologies.   We wish to thank the authors and the reviewers for their 
participation. We hope that new ideas and partnerships will emerge from the papers that can offer a 
glimpse into a much larger territory and the event can enrich interdisciplinary research. We hope that the 
attendees of EurasiaGraphics 2020 will enjoy this event of the conference.  

 
Ergun Akleman & Haşmet Gürçay 

EurasiaGraphics Conference & Papers chairs 

 

 



9

FULL 
PAPERS



10

Directing User’s Attention by Controlling
Illumination in 3D Scenes

Semihanur Aktay
Department of Computer Engineering

Ankara Yıldırım Beyazıt University
Ankara, Turkey

Email: 195101102@ybu.edu.tr

Abdullah Bulbul
Department of Computer Engineering

Ankara Yıldırım Beyazıt University
Ankara, Turkey

Email: abulbul@ybu.edu.tr

Abstract—Visual attention significantly affects how we perceive
3D environments and saliency is a part of visual attention
expressing how likely a scene or item is to capture our attention
due to its apparent features. Saliency relies upon geometry,
shading, size, and other visual attributes of items. Illumination
of a scene has an important impact on those visual properties;
therefore, it influences the saliency distribution of a visual
field. In this paper, the saliency of objects will be recognized
by different light location. This work aims to control the
saliency by controlling the illumination parameters in a 3D
scene. For this reason, we created a sensible 3D scene, and the
light position that gets maximum saliency of point of interest
objects are investigated. In this work, 2D renderings that are
from environmental viewpoints are considered and results are
compared according to saliency distribution with different light
positions. Also, for this process, different saliency methods and
calculations are used to get successful results and eye tracker
testing is used to compare the results.
Key words: saliency, illumination, eye tracker, visual atten-
tion

1. Introduction

Our perception of 3D scenes is greatly affected by
illumination. Changing how a 3D scene is illuminated by
parameters such as light type, and light position makes
the details in some areas more perceptible while possibly
decreasing the visibility of other details.

Saliency is a measure of visual attractiveness of scenes
or objects and it is widely studied in 2D and 3D cases.
Saliency depends on geometry, color, size and other at-
tributes of objects [1]. Illumination significantly affects the
saliency distribution within an environment. In this work, the
saliency of objects will be identified according to various
light locations. The main point of this work is to control
the saliency by manipulating the illumination parameters in
a 3D scene. For this purpose, a realistic 3D scene is created
and the light position maximizing the visual saliency of a
target object is investigated.

In this process, 2D renderings from a set of viewpoints
are considered and output images illuminated with different
light positions are compared in terms of their saliency
distribution.

To verify how effective the proposed approach is, we
conducted user experiments. In the experiments, we used
an eye tracker to test if the subject’s pay more attention to
specific objects within a realistic 3D scene if the illumination
parameters lead to higher saliency values for those objects.
According to the conducted experiment, the likelihood of
user attention towards specific objects can be manipulated
with the proposed system. Therefore, perceptually aware
light localization is important for the visual attention of users
in 3D scenes.

With the proposed approach, the light parameters can be
automatically selected to render the important regions more
effectively, hence that the possibility of the user to look
at the relevant places can be increased. In other words, we
are trying to determine the optimum illumination parameters
to direct the user’s attention towards specific regions of
interest. The proposed study can be helpful for various
applications. One of them is an advertisement. For instance,
the proposed approach can be used to find out the best light
location in a scene, so that users’ attention can be optimally
directed to a kitchen utensil that is being advertised. Another
possible application area is games. For example, illumina-
tion can be used to control how the enemies are camouflaged
in the adventure games and that can be helpful to adjust the
difficulty level of the games.

Also, this project can be helpful for the perceptual
guidance of users in virtual reality (VR), for example, it
can be helpful in VR museums and thanks to effective use
of lighting visitors can pay more attention to important
historical objects. Other usage areas may include interior
design.

2. Related Works

We can group related studies in three categories; saliency
measurement, directing user’s attention, and automatic light
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setup.
Saliency measurement. There are many approaches about
saliency detection works. An early approach is proposed
by Itti et al., [2]. This work considers the center-surround
mechanism of the visual attention system and combines
multiscale image features into a saliency map.

This approach’s system breaks down the complex prob-
lem of the scene and selects the visual attention objects
rapidly. Another saliency detection approach is proposed by
Rudinac and Jonker [3] for Indoor Environments. In this
method, firstly a saliency map is generated and regions of
various sizes are detected using Maximally Stable Extremal
Region (MSER) method. Spectral residual approach is used
for quickly generating saliency maps. Colour information
and computing the log spectrum representation of three
channels; intensity, red-green, and yellow-blue are com-
puted. In another study [4], the effect of depth on saliency
is explained. Differently, instead of using the information
of the calculation depth learning algorithm is used. This
system works with two steps that are the computation of
the depth map from the image and using the depth map
to compute the 3D saliency map. Also, depth maps can be
extended colors, intensity, orientations, and depth that are
illuminations factors on the image. In another study [5],
authors state that the saliency maps, even from the same
input picture, can vary from each other. They also note
that the chart of human fixation differs significantly over
time. Once people display a picture publicly, they prefer to
at first devote focus to large-scale influential regions, and
then look for more and more informative regions. In this
paper, they argue that visual attention can not be represented
by a single saliency map for one input image and that
this function should be modeled as a complex operation.
They propose a global inhibition model under the frequency
domain paradigm to mimic this process by suppressing the
non-saliency in the input image; they also show that the
dynamic mechanism is affected by one parameter at the
frequency domain.
Directing user’s attention. There are a few studies about
directing attention using saliency information. In one of
those studies, Kim and Varhsney [6] aims to persuade the
viewers to pay attention to specific characters and objects
and they argue that luminance, color, lighting, and orien-
tation are important to guide visual attention. Therefore,
they use some methods that are region selection, persuasion
filters, validation, and stylized rendering to visual attention
persuasion. Another saliency-based study [7] provides an
introduction to the retargeting of visual focus, its relation to
visual saliency, the issues involved with it, and suggestions
about how it can be approached. In addition to the potential
negative effect of saliency shifts on picture aesthetics, the
challenge of focus retargeting as a saliency inversion issue
resides in the absence of one-to-one mapping between the
saliency and the picture domain. A few strategies from
recent research are examined to address this difficult issue,
and a variety of ideas are offered for potential progress.
Automatic light setup. To the best of our knowledge, there
are no prior approaches in the literature utilizing saliency

distribution for 3D illumination setup as proposed in this
study. However, some approaches are about the automatic
light setup. An approach proposed by Zhang and Ma [8] ,
investigates automatic light setup. They propose a method
of light design for volume visualization which uses global
illumination. To automatically create an optimal three-point
lighting environment, their resulting system takes into con-
cern the view and transfer-function based content of the
volume data. The backlight is not used by prior volume
visualization systems is completely utilized by their method.
Furthermore, they propose an automated operator for tone
mapping that restores visual information from over-exposed
areas while preserving adequate contrast in the dark areas.
Their method is effective for visualizing volume data sets
with complex structures. Thanks to this approach, struc-
tural information is more purely and accurately conferred
under the automatically generated light sources. Another
study [9] explains a novel strategy in indoor scenes that
produces optimum placements and intensities of a series of
light. Their method is distinguished by the implementation
of objective optimization functions based on the lighting
principles which are used in the interior design areas. Their
lighting generation system creates a set of lights and decides
positions and lighting intensity of the set of lights when a
3D indoor scene is given as an input. For this purpose, firstly
they formulate and measure essential elements and add them
to the simulated 3D indoor scene concerning guidelines for
interior lighting which is used in real-world interior design.
After, they develop a system that facilitates users to create
lighting templates. In another approach, proposed by Sunden
and Ropinski [10], a method is presented which approves
volumetric illumination without requiring precomputation
and affecting visual quality. For this purpose, they present
selective light updates that reduce the necessary calculations
when light settings are altered. This is made possible by
utilizing a new propagation method, coherence-based light
propagation which incrementally produces and preserves an
amount of lighting that is global and selectively modified.

3. Our Approach

In this paper, we consider the visual attention mechanism
for automatic light setup in a 3D environment. According to
different light parameters, the saliency of objects changes so
they grab a different amount of attention. For instance, when
a human enters a kitchen like an environment, she will notice
the object that is well illuminated better. In our approach,
we create a realistic 3D environment (See in Figure 2) and
placed several points of interest objects. The environment
is illuminated with various light settings and the camera
is placed at the entering location of users. The aim of our
method is automatically identifying the optimum light setup
to direct the user’s attention to any one of those objects. An
overview of the applied steps can be seen in Figure 1.

Our approach includes rendering the scene with all
candidate illumination settings and determining the best one
according to their effect on the relative saliency of the region
of interest compared to the whole scene.
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Figure 1. Flowchart of the processes which were applied.

Computational saliency estimation aims to determine the
degree to which regions or objects stand out to human
observers compared to their surroundings. For saliency cal-
culations, we use the static saliency algorithm [11]. Sample
saliency measurements can be seen in Figure 3. Static
saliency algorithms use different image features that allow
detecting the salient object of a non-dynamic image. For this
process, a fine-grained algorithm of static saliency is used.
The human eye retina is composed of ganglion cells. There
are two groups of on-center and off-center ganglion cells.
The on-center reacts to bright surrounding areas with a dark
backdrop, the off-center reacts to dark areas surrounded by
a bright backdrop [12]. Light angle, light intensity, and light
direction make a decisive impact on saliency results.

Given a 3D scene, a script tries rendering with all
lighting conditions. For light position conditions, we added
a script to the platform of the 3D sample scene and the
script changes the light location around the point of in-
terest objects. A 3D kitchen model is used to conduct an
experiment with the proposed technique. The reason for
utilizing a kitchen environment is its suitability for placing
various kinds of objects competing for user attention. In our
case, we placed bowl, melon, deep-pan, and glass objects
to the 3D environment. After these processes, we took
screenshots from the scene automatically that have different
light locations for all images and we applied the saliency
detection steps on these images. Also, we took 141 images
for testing and calculating saliency values and outputs.

To determine the relative saliency of an object compared
to the whole scene, we generate masks for the objects (See
in Figure 4). For this process, we wrote a script to remove
all objects from the scene except the target objects. Then,
we created a binary mask that is used to check the saliency
values over the region of interest. The average saliency value
over the masked region is divided by the mean saliency of
the whole image gives the relative saliency of the object
of interest. A higher relative saliency value means that the
target object stands out more compared to its surroundings.
Therefore, we have sorted the images according to their
relative saliency values to decide the best light position for
each object.

TABLE 1. SALIENCY VALUES OF BOWL OBJECT

Image Name Saliency Value
Image 038 5.298209309879341
Image 039 5.225426997476882
Image 066 5.155733351313656
Image 043 4.678464820060563
Image 120 4.665824817115672
Image 002 4.663792048179581
Image 130 4.3757439431019804
Image 037 4.349898242857867
Image 127 4.342299206711744

TABLE 2. SALIENCY VALUES OF DEEP-PAN OBJECT

Image Name Saliency Value
Image 141 1.7752654837299622
Image 133 1.7656277677724013
Image 129 1.7372217128913423
Image 059 1.6150187073684554
Image 021 1.6147780440542152
Image 043 1.6133449221572131
Image 098 1.5456936719706464
Image 086 1.5411319261376197
Image 091 1.5343703276939922

For this project, we analyzed 141 images that were
from the scene with different light conditions. As shown
on the tables, 9 images of saliency values are shown. To
calculate the saliency value, firstly we created a saliency
map of images using a saliency detection algorithm and
we calculated the mean of the saliency map images. Then
we created the mask of these images by making the black
background of the scene images that are shown in Figure 4
to each target object. Furthermore, we created a mask image
that just has an interest object as white and other objects and
shown black. Then, these masks images’ mean values were

TABLE 3. SALIENCY VALUES OF GLASS OBJECT

Image Name Saliency Value
Image 009 2.647526428962680
Image 017 2.638432533271148
Image 018 2.6189221943007346
Image 105 1.7800683915033662
Image 102 1.7780404349973427
Image 026 1.7703646860190894
Image 069 1.5636221506428145
Image 092 1.5620154290733113
Image 086 1.5563327839741024

TABLE 4. SALIENCY VALUES OF MELON OBJECT

Image Name Saliency Value
Image 038 2.0961952293722406
Image 073 2.0568605307697054
Image 066 2.0550950519472413
Image 033 1.4004105484883367
Image 051 1.3997076581676242
Image 022 1.394155926758031
Image 132 1.2538674988922747
Image 128 1.2534503019566399
Image 127 1.249607733000313
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Figure 2. Screenshots from the scene according to light location
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Figure 3. Saliency map results from the screenshots



14

Bowl Melon

Glass Deep-pan
Figure 4. Masks of the target objects

calculated. Thanks to these processes, we got the saliency
value of each image by dividing the mean value of saliency
map images to mask images’ mean values. These results that
are shown in the tables (See in Table 1, Table 2, Table 3 and
Table 4) are for all objects results which are bowl, deep-pan,
glass and melon. In Table 1, the first three values are the
three highest values, and the following three values are the
middle values of them and the last three values are the small-
est values from saliency results of bowl object. According
to the results of Table 1, we obtained that Image 038, Image
039, and Image 066 have a successful light position for users
to attract the attention of bowl objects. Other images may
attract attention more than other objects because they have
different light positions. Similarly, for other objects values
that are in other tables show the highest values, middle
values, and low values of the images according to objects
by using the process of calculating that is explained. The
saliency values change according to light condition and the
target object. If the saliency value of objects is higher than
the others this saliency values’ scene has a successful light
condition according to the target object.

In Figure 2, images were grouped according to values in
the tables. For this grouped table, we selected twelve images
from 141 images, three for each target object, with the
highest, middle, and low prominence values of each object.
The saliency value change according to light condition and
the target object. Therefore, the highest value’s image has
the successful position of the light according to the interest
object. For instance, in the image showing the highest
value of the bowl object in Figure 2, the light is coming
directly to the target object, hence the bowl object draws
attention due to the light conditions it has when people
enter the scene. The image which has medium saliency
value of the bowl’s light condition is not directly to the
target object that is the bowl, thus the result is an average
value. Finally, the image which has a low value has a light
condition that is not directly to the target object. Also, output
images can have successful light conditions according to
other target objects that are deep-pan, glass, and melon.
For instance, the medium value of deep-pan image light
condition is successful for glass object to is interested by
people. Consequently, lighting conditions are significant for
people to attract the attention of objects, and light conditions

can affect target objects’ attention. Also, Figure 3 has the
saliency map results of each image that are in Figure 2.

4. Experiment
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Figure 5. Sample eye-tracker outputs

We conducted an eye tracker based experiment for all
four target objects. We used the Tobii 4C Eye Tracker to
capture subjects’ gazes. In the experiment, the twelve images
shown in Figure 2 are used. These images are specifically
chosen as they include high, medium, and low saliency
values for each target object. Fourteen subjects with an
average age of 33.07 voluntarily participated the experiment.
There were 7 female and 7 male subjects.

We used a 15.6-inch laptop display to present the stimuli
to the participants. For each subject, firstly we calibrated
the eye tracker device using Tobii Eye Tracker Manager
software. The subjects are told to look at the presented
images freely without a specific task. To avoid the inhibition
of return effect [2] from continuously looking at the same
scene, the actual stimuli is mixed with irrelevant images. At
the beginning of the experiment, the subjects are shown four
irrelevant images before presenting the actual stimuli. After
that, we presented three irrelevant images between each pair
of the actual stimuli. Each of the actual and irrelevant images
was shown to subjects for two seconds and we did not extend
the time for each image to avoid their inspection of the
scene.
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After the experiment, we have investigated whether the
users are focusing on the intended objects or not by creating
a heat map from the user gazes. Also, we could observe the
results by looking duration of users to the points (Figure 5-
Gaze Plot). After getting the results, we generated user
saliency maps where brighter regions indicate the regions
that are looked at by the users to a higher degree. Then,
similar to the calculation of relative saliency values ex-
plained in Section 3, we used object masks and calculated
the user saliency values over the objects of interest. Dividing
the mean saliency value over the masked region to the
mean value over the entire image provides the relative user
saliency of the objects. Following this process, we obtained
relative user saliency values for each user and each object.

Using Tobii Pro Lab platform, we could see the results
with different forms as shown in Figure 5. This Figure shows
the heat map, gaze plot, and gaze map outputs for Image
038 which have the most successful light position for the
bowl and melon objects. According to output images, we
can say that the user firstly focused on the melon object,
then she investigated the environment. According to the light
position, focused objects seem to be correctly estimated and
they are compatible with the highly salient melon object. We
analyzed all cases according to user attention as demon-
strated in Section 5.

5. Results and Discussion

After the eye-tracking based user study, we checked our
results to see if we can direct the user’s attention to the
intended object. For this process, we used the 12 selected
images having high, medium, and low saliency values for
each target object. The user gazes are collected for each of
the 12 images and we analyzed if the users are paying more
attention to the objects when the illumination conditions are
providing more saliency values for them.

Figure 6. Results of the user study. A score of 1 means that the object has
an average likelihood to capture attention.

The user-based relative saliency values were calculated
by dividing the mean brightness value of the heat map over
the masked region by that of the entire image. Such an
approach provides how much attention is paid to a specific

region compared to the entire scene; thus, a value of one
means that the region receives the average amount of user
attention. Although, for each user, relative saliency values
vary; in general, the relative user saliency values change
as expected. After calculating the saliency values of eye
tracker outputs, we created a plot (See in Figure 6) which
shows the results of the user study. This plot includes the
average of each objects’ saliency values according to the
user study. Moreover, the high saliency values mean that
images that have a successful light position and draw more
attention from people according to lower saliency values of
the images. Although eye-tracking test results continue by
decreasing from high saliency image to low saliency image
as in our results in Section 3, there may be problems during
the testing process. Therefore, there is a margin of error
in the values because of users sitting position, attention
concentration, etc. As shown on the plot (See in Figure 6)
the results of the deep pan object appear to be out of
expectation because the average of the medium saliency
value is higher than the other values, and the high average
saliency value is lower than the other values of the deep pan
object. Moreover, the high and medium values of the glass
object are very close to each other. Apart from these cases,
average saliency values are observed as expected for other
objects’ and all objects’ average values.

Figure 7. T-test results. The cases with statistically significant (p¡0.05)
differences are shown with bold fonts.

To check statistical significance of the results, we applied
a paired t-test for the values of each object separately and
the whole concerning high-vs-medium, medium-vs-low, and
high-vs-low groups. As shown in Figure 7, for bowl object
high-vs-medium (p = 0.0012) we have found significant
affect of illumination. For other instances, for the bowl,
melon high-vs-low p values are smaller than 0.05, thus
the differences among high values to low values are as
expected which high saliency values are higher than the
lower ones. Eventually, considering the entire set of objects,
we have discovered significantly different (p = 0.0009)
user attentions for the high-low case demonstrating that in
general, we are able to direct the user attention towards
intended objects by controlling the illumination conditions.

6. Conclusion

To conclude, in this study, we have investigated the use
of the human visual attention mechanism for automatic light
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setup. To do that, a realistic 3D scene is created and the light
position maximizing the visual saliency of point of interest
objects according to a given viewpoint is searched for. In
this process, 2D renderings are rendered from a range of
perspectives, and resulting images illuminated with various
light positions are measured in terms of their distribution
of salience. Eventually, we checked whether the results
reflect the reality by using an eye tracker based user to
experiment and achieved promising results. Visual attention
is so significant for advertisements, game scenes or VR
applications such as virtual museums that have objects of
special importance and our approach can be used to make
them more noticeable to the user by positioning the lights
to direct user attention to specific regions.

Currently, we have experimented with a small group
of subjects, and enhancing the number of subjects in the
user experiment is our earliest plan for future work. Ad-
ditionally, in the current form of the study, we have only
investigated light direction, which is a small part of the
whole illumination setup. In future studies, we are planning
to consider more exhaustive lighting parameters and various
viewpoints. Another point of concern is delivering a visually
plausible rendering for the whole scene while still trying to
direct user attention to specific objects or regions, e.g., a
rendering where only the object of interest is illuminated is
not the desired one as we will lose the context. Thus, in the
future study, we will have many more concerns to consider
while selecting lighting parameters and it will form a larger
optimization problem.
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Abstract— I-group Presence Questionnaire (IPQ), which is used 
to evaluate the mediated experience of presence, especially for 
virtual reality applications, is originally developed in German 
and translated to several other languages. However, there is not 
any psychometric study for these translations including English 
version, except the Portuguese and Persian translations. We 
evaluated English translation of IPQ with 36 participants 
through 12 VR sessions with an overall of 432 samples. Using a 
PLS based confirmatory factor analysis approach, the original 
14-item set is trimmed into 11-items in order to achieve better 
psychometric qualities. Several indices, even the conservative 
Cronbach’s alpha indicated that the subscales of 11-item version 
are reliable, but not the 14-item version. Eliminated items did 
not lead to a decrease in scales’ sensitivity to identify different 
levels of Realism, Spatial Presence and Involvement for 
different VEs. Although we provided evidence to remove the 
items which are identically worded and inversely coded that are 
causing measurement error, we suggest researchers to employ 
the 14-items but report the results for both 14-item version and 
11-item version, until the psychometric qualities of IPQ in 
English is confirmed with a larger sample of participants.  

Keywords— virtual reality, spatial presence, I-group, PLS-
CFA 

I. INTRODUCTION 
Presence is one of the most explored mediated experiences 

by scholars since the early 90s, when virtual reality 
technologies began to evolve into consumer products.   

The concept of presence has been investigated from the 
perspective of other different disciplines throughout a human 
experience oriented approach which lead to some still-
ongoing debate [1]. Lombard and Jones [2] suggested a 
framework in order to classify these definitions, based on their 
similarities and differences. Investigating their framework, the 
concept of presence in virtual reality can be characterized “as 
a technology-mediated phenomenon and focuses on 
subjective experience of the person that is triggered by 
external stimuli that leads to an inaccurate perception of 
technology involvement”. Definitions within this scope are 
mainly interested in spatial presence, social presence, 
engagement, and realism [3]. 

Spatial presence refers to the “phenomenal sense of ‘being 
there’ including automatic responses to spatial cues and the 
mental models of mediated spaces that create the illusion of 
place” [4]. Engagement and concepts closely related to it; 
attention, involvement, flow, absorption, and (perceived) 
immersion; are also considered as an important component of 
presence since they refer to “a strong connection with the 
content and/or form of an experience” [2]. Realism is twofold: 
1) The perceptual realism that the virtual objects are 

experienced as actual objects in either sensory or non-sensory 
ways [5], the environment is acting in a way same as the real 
world in which our perceptual system evolved [6]. 2) The 
social realism that the narrative in the virtual environment is 
also “plausible or true to life”, “reflecting events that do or 
could occur in the non-mediated world” [7]. The social 
realism is also related to social presence, which is described 
as the “mutual interaction with a perceived entity refers to the 
degree of initial awareness, allocated attention, the capacity 
for both content and affective comprehension, and the 
capacity for both affective and behavioural interdependence 
with said entity” [8]. 

Within the context of VR, presence simply refers to the 
“sense of being physically present with visual, auditory, or 
force displays generated by a computer” [9]. Being so 
immersed into the simulation, our perceptual systems lead us 
to a point that we feel some sense of “being there” [10]. This 
phenomenon is an illusion that is perceptual but not cognitive 
[11]. The brain and body automatically reacts to the events and 
objects in the virtual environment which are identified by the 
perceptual system, while cognitive system slowly responds 
with a conclusion of what the person experiences is an 
illusion.  

The efforts of defining presence are accompanied with the 
efforts in order to evaluate the subjects’ feeling of presence. 
Along with the behavioural, performance-based, and 
physiological measures, post-test rating scales have been 
employed to assess presence subjectively. Qualitative 
methods such as interviews, focus groups, think-aloud 
sessions, ethnographic techniques, experience sampling 
method, and repertory grid analysis were also employed to 
subjectively evaluate presence. Furthermore, quantitative 
subjective measurement methods include questionnaires, 
continuous subjective presence assessment techniques which 
employ a slider or counter, psychophysical methods such as 
magnitude estimation and paired comparisons which produce 
interval scaled data. [12]. 

The I-Group Presence Questionnaire (IPQ) [13] is one of 
the early attempts of quantitative subjective assessment of 
presence through a 14-item questionnaire, driven by three 
latent variables,  namely Spatial Presence, Involvement and 
Realism. These dimensions almost cover all aspects of 
presence in VR, except social presence. Its short structure 
makes it a useful tool for researchers. The original scale is in 
German, which we call IPQDEU throughout this article, and it 
has been translated to other languages. Although the 
psychometric analysis had been executed for IPQDEU and 
versions in Portuguese (IPQP as named by its developers, 
however we call it IPQPOR regarding to ISO-632 language 



18

codes) and Persian (which we call IPQFAS, referring to the 
authentic name of the language: Farsî, as referred in ISO-639 
language codes), the English version of IPQ has not been 
investigated for its psychometric qualities. Even some 
researchers claim that psychometric qualities verified for 
some IPQ translations imply that other translations are valid 
and reliable measures [14], we think that the English version 
of IPQ should be assessed thoroughly, since it is getting 
popular among the researchers for its short form compared to 
other multidimensional measures of presence, as VR 
technologies are used by the researchers from many different 
disciplines. 

In this study, we would explore IPQ for its validity, 
reliability and sensitivity, in order to contribute the 
psychometric evaluation of the IPQ English translation. 

II. RELATED STUDIES 
The first factor analytic evaluation of IPQ items had 

revealed the three components: Spatial Presence, Realism and 
Involvement [15]. The path analysis study showed that 
“spatial presence is mostly determined by sources of meshed 
patterns of actions: interaction with the VE, understanding of 
dynamics, and perception of dramatic meaning”. However, 
the authors focused on path model rather than measurement 
model, and they did not offer IPQ as a measurement tool in 
this study, but provided evidence on multidimensional nature 
of presence. Through a confirmatory study [13] factor 
structure was verified, making the IPQDEU available for 
research community in German language as a 
psychometrically validated research tool. 

The items were selected among the initial 75-items; 
including items from several studies translated into German, 
along with the original items. The retained 14 items include 
G1 general presence item [16], INV1 querying the awareness 
from real environment and REAL2 item querying the 
similarity of experience to real environment [17], REAL1  
[18], [19] and REAL3 [20] items querying the amount of 
realism. REAL1 and REAL3 items have the same wording, 
but the scale anchors are differently worded. Other items were 
designed by the authors. Majority of the 246 participants of 
the first study evaluated first-person perspective games 
(n=191) and used computer monitors (n=224), while just a few 
of them had used HMD based VR or multiple-projection 
based VR (n=19). Approximately, 10% percent of the 
participants were female and the age mean age of the whole 
group was 25.4 (SD=5.3). The second study involved a group 
of with 296 participants with the mean age of 24.7 (SD=6.2) 
of a male majority of 88.2%. For 190 first-person view 
environments, there were 87 third-person views. 227 
participants used monitors while 33 used HMDs. 

Recent research employing IPQDEU provide evidence that 
it is sensitive to reveal significantly different scores based on 
the attributes of the VEs. It is shown that the scores are 
significantly different  for overall general presence as well as 
Realism and Involvement dimension, between an abstract and 
a high fidelity representation of a VE, but not for Spatial 
Presence dimension [21]. 

The Persian IPQFAS was elaborated with a group of 118 
male university students who evaluated their experiences on a 
driving simulation PC game [22]. The constructs were 
reformed through an exploratory factor analysis. The reported 

data does not include the item loading values for SP2. As 
given at factor analysis results which are latinised on Table I, 
the G1 item is highly loaded on Spatial Presence, as observed 
in IPQDEU and IPQPOR studies, indicating that this item is 
sharing the variance with the other items of Spatial Presence. 
However, there is a very small difference between the 
loadings of the item INV4. Authors provide evidence of 
internal reliability and test-retest reliability for the overall 
scale. Their results show that IPQFAS scores are higher for the 
participants who played the driving game, compared to 
participants who watched the gameplay as a “passenger”. 

TABLE I.  FACTOR LOADINGS OF ITEMS FOR IPQFAS LATINIZED AND 
TRANSLATED FROM PANAHI-SHAHRI ET AL., 2009 [22]  

Involvement Spatial Presence Realism Item ID Order 
  

.86 REAL2 4 
  

.78 REAL1 2 
  

.76 REAL3 5 
  

.68 REAL4 12 
 

.76 
 

SP3 6 
 

.76 
 

SP4 3 

.41 .72 
 

SP5 10 

.36 .66 .38 SP1 9 
 

.62 
 

G1 8 

.35 .51 .43 INV4 13 

.82 
  

INV3 11 

.80 
  

INV1 1 

.66 
 

.36 INV2 7 

The Portuguese language adaptation called IPQPOR [23] 
was conducted with a sample of 478 subjects (193 females), 
who used a Oculus Rift DK1 HMD VR system to engage with 
the application “Don’t let go”, which is also one of the 
applications that was evaluated in our study. Testing several 
models on their dataset using CB-CFA (covariance based 
confirmatory factor analysis), authors verified that the original 
model proposed for IPQDEU has revealed better fit indices 
compared to other solutions. They reported the composite 
reliability for Involvement as low as 0.31, but reported 
Cronbach’s alpha values indicate the reliability IPQPOR. There 
is also evidence that IPQPOR is sensitive to different VR 
content and gender, but not sensitive to exposure time of 1 to 
7 min [24] and IPQ provided different results for the same 
content on accessed via different screening methods of HMD, 
projection and screen [25], but it does not reveal a significant 
difference between stereoscopic and monoscopic video or 
audio [26]. 

III. METHODOLOGY 

A. Participants and Equipment  
A group of 36 volunteers (14 female) aged between 19 to 

26 (M=21.6, SD=1.66) were recruited for course extra credit. 
They engaged with 10 different virtual environments in 12 
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sessions, all in same order, using an Oculus Rift SDK II head 
mounted display and a pair of headphones. When necessary, 
they used a game controller, mouse, or a keyboard in order to 
interact with the virtual environment. None of the participants 
are native English speakers but they had passed an English 
qualification exam in order to study in a university program in 
English language. 4 of them were natively speaking Arabic 
while others speak Turkish as their mother tongue. 

B. Stimuli and Procedure 
The evaluated VEs were selected from the 

steampowered.com online game repository based on their user 
ratings and differences in their control schemes. The list of the 
applications and their properties are given in Table II. 

TABLE II.  VIRTUAL ENVIRONMENTS EXPERIENCED AND EVALUATED BY PARTICIPANTS 

 Name Session Developer / Publisher Year 

BD Back to Dinasour Island 1 & 11 CryTech 2015 

VR demo that users located in a pre-historic environment observe several dinosaurs with high quality graphics and sound. 
AFM Affected : The Manor 2 & 12 Fallen Planet Studios 2017 

VR horror experience that user navigate in the VE using a game controller, trying to find their way out of a haunted hospital with several jump scare actions. 
IE I Expect You To Die 3 Schell Games 2017 

Puzzle game that users try to escape out of a 1930s spy car in an aeroplane, using the tools and controls in the car via a game controller. 
IM InMind 4 Luden.io / Nival 2015 

Users experience a journey into brain with gaze-and-wait interactions in order to destroy infected brain cells. 
SE 08:46 5 846 Studios / Kraft, A. 2015 

Users have a narrative driven experience of being in an office at World Trade Center on 9/11, using a controller to move inside the building to escape. 
AFC Affected : Carnival 6 Fallen Planet Studios 2017 

An extension of Affected series that jump scare actions occur in a less claustrophobic environment which is a carnival. 
EV Evade 7 N/A 2015 

Fighting simulation that users cannot hit their opponents but try to run away from getting hit by moving their heads. 
PL Pulse 8 Slick VR 2015 

Skiing downhills with leaning controls. 
DL Don't let go 9 Skydome Studios 2016 

Scary experience that users engage with several types of embodied experiences such as knives on their virtual hands and spiders on their bodies. 
GL G2A Land 10 G2A 2015 

Rollercoaster experience (in this study). 
Each participant engaged with the VR environments in the 

given order. They were allowed to attend two VR sessions on 
the same day, at least with 2 hours of break. In case that they 
felt any negative effects such as cybersickness symptoms or 

extremely distressed by the content, they were allowed to quit 
the session. None of the participants quit any sessions before 
the exposure of minimum 5 minutes. 

After each session, participants were asked to evaluate 
their experience with the VE hey engaged with, using the 14 
English translated items acquired from the website of the 
project [27] provided by the developers, with a warning that it 
should be “regarded as a non-tested translation by non-native 
speakers”. Although some items are not very clear in this 
version, we decided to keep them as they were since some 
studies have already used this translation [e.g. 28-30]. The 
scale anchors were kept as they were in German version [13]. 
The scale points were set as 5 points as in the Portuguese 
version [23] in order to make it simpler and faster for the 
respondents to decide their answer. Although this may be 
questionable since decreasing the number of anchor points 
from 7 to 5 may cause some loss of reliability and precision, 
recent research show that “improvements in psychometric 
precision were identified past 6 response options” [31] for 
personality questionnaires and similarly, the number of 
response options does not differ much between 3,5,7 and 11 
point scales for measuring user experience [32]. 

C. Data Analysis 
Since the PLS based method have “almost no limiting 

assumptions regarding the model specifications and data” and 
higher statistical power compared to covariance based 
methods [33], we embraced PLS (partial least squares) based 
confirmatory factor analysis approach for assessing the 
validity and reliability of IPQ English version, following the 
recent guidelines [34] using the software SmartPLS version 
3.3.2 [35]. This analysis was executed on a dataset of 432 
samples, which includes the last two VR session in which the 
same stimuli is evaluated repeatedly. 

Using the first session mean score for each factor and the 
overall IPQ mean score, we ran a paired samples t-test in order 
to understand the effect of re-evaluating the same environment 
with IPQ. The scores of the first and the eleventh session in 
which the BD stimulus was explored paired on subject-basis, 
as well as the scores of the second and twelfth session of the 
AFM stimulus. Mean comparisons and correlations are 
inspected for both 14-item and 11-item versions as an 
indicator of test-reliability. Furthermore, we think that we also 
explore the scale’s sensitivity to changes in users’ level of 
experience with HMD VR systems, since there are 10 sessions 
that correspond to 2 hours of VR engagement between the 
evaluated experiences. 

In order to assess sensitivity, we ran a series of ANOVA. 
Since the aim that these analyses were for identifying the 
differences on factor scores due to different VEs, analyses 
were run on a dataset of 360 samples of the first ten sessions, 
excluding the repeated evaluations of AFC and BD. 

IV. RESULTS 
We ran a PLS-CFA with the English translations of 14 

items based on original German version, employed in the 
measurement model (Fig. 1). Based on the criterion that an 
item should load consonantly with a high coefficient on a 
singer factor, we explored the cross-loadings of each item 
through the EFA (exploratory factor analysis) result shown on 
Table III. Although all of the items had loaded on their 
intended factor, some of them had very low loadings, below 

sessions, all in same order, using an Oculus Rift SDK II head 
mounted display and a pair of headphones. When necessary, 
they used a game controller, mouse, or a keyboard in order to 
interact with the virtual environment. None of the participants 
are native English speakers but they had passed an English 
qualification exam in order to study in a university program in 
English language. 4 of them were natively speaking Arabic 
while others speak Turkish as their mother tongue. 

B. Stimuli and Procedure 
The evaluated VEs were selected from the 

steampowered.com online game repository based on their user 
ratings and differences in their control schemes. The list of the 
applications and their properties are given in Table II. 

TABLE II.  VIRTUAL ENVIRONMENTS EXPERIENCED AND EVALUATED 
BY PARTICIPANTS 

 Name Session Developer / 
Publisher 

Year 

BD Back to Dinasour 
Island 

1 & 11 CryTech 2015 

VR demo that users located in a pre-historic environment 
observe several dinosaurs with high quality graphics and 

sound. 
AFM Affected : The 

Manor 
2 & 12 Fallen Planet 

Studios 
2017 

VR horror experience that user navigate in the VE using a 
game controller, trying to find their way out of a haunted 

hospital with several jump scare actions. 
IE I Expect You To Die 3 Schell Games 2017 

Puzzle game that users try to escape out of a 1930s spy 
car in an aeroplane, using the tools and controls in the car 

via a game controller. 
IM InMind 4 Luden.io / 

Nival 
2015 

Users experience a journey into brain with gaze-and-wait 
interactions in order to destroy infected brain cells. 

SE 08:46 5 846 Studios / 
Kraft, A. 

2015 

Users have a narrative driven experience of being in an 
office at World Trade Center on 9/11, using a controller to 

move inside the building to escape. 
AFC Affected : Carnival 6 Fallen Planet 

Studios 
2017 

An extension of Affected series that jump scare actions 
occur in a less claustrophobic environment which is a 

carnival. 
EV Evade 7 N/A 2015 

Fighting simulation that users cannot hit their opponents 
but try to run away from getting hit by moving their 

heads. 
PL Pulse 8 Slick VR 2015 

Skiing downhills with leaning controls. 
DL Don't let go 9 Skydome 

Studios 
2016 

Scary experience that users engage with several types of 
embodied experiences such as knives on their virtual 

hands and spiders on their bodies. 
GL G2A Land 10 G2A 2015 

Rollercoaster experience (in this study). 
Each participant engaged with the VR environments in the 

given order. They were allowed to attend two VR sessions on 
the same day, at least with 2 hours of break. In case that they 
felt any negative effects such as cybersickness symptoms or 

extremely distressed by the content, they were allowed to quit 
the session. None of the participants quit any sessions before 
the exposure of minimum 5 minutes. 

After each session, participants were asked to evaluate 
their experience with the VE hey engaged with, using the 14 
English translated items acquired from the website of the 
project [27] provided by the developers, with a warning that it 
should be “regarded as a non-tested translation by non-native 
speakers”. Although some items are not very clear in this 
version, we decided to keep them as they were since some 
studies have already used this translation [e.g. 28-30]. The 
scale anchors were kept as they were in German version [13]. 
The scale points were set as 5 points as in the Portuguese 
version [23] in order to make it simpler and faster for the 
respondents to decide their answer. Although this may be 
questionable since decreasing the number of anchor points 
from 7 to 5 may cause some loss of reliability and precision, 
recent research show that “improvements in psychometric 
precision were identified past 6 response options” [31] for 
personality questionnaires and similarly, the number of 
response options does not differ much between 3,5,7 and 11 
point scales for measuring user experience [32]. 

C. Data Analysis 
Since the PLS based method have “almost no limiting 

assumptions regarding the model specifications and data” and 
higher statistical power compared to covariance based 
methods [33], we embraced PLS (partial least squares) based 
confirmatory factor analysis approach for assessing the 
validity and reliability of IPQ English version, following the 
recent guidelines [34] using the software SmartPLS version 
3.3.2 [35]. This analysis was executed on a dataset of 432 
samples, which includes the last two VR session in which the 
same stimuli is evaluated repeatedly. 

Using the first session mean score for each factor and the 
overall IPQ mean score, we ran a paired samples t-test in order 
to understand the effect of re-evaluating the same environment 
with IPQ. The scores of the first and the eleventh session in 
which the BD stimulus was explored paired on subject-basis, 
as well as the scores of the second and twelfth session of the 
AFM stimulus. Mean comparisons and correlations are 
inspected for both 14-item and 11-item versions as an 
indicator of test-reliability. Furthermore, we think that we also 
explore the scale’s sensitivity to changes in users’ level of 
experience with HMD VR systems, since there are 10 sessions 
that correspond to 2 hours of VR engagement between the 
evaluated experiences. 

In order to assess sensitivity, we ran a series of ANOVA. 
Since the aim that these analyses were for identifying the 
differences on factor scores due to different VEs, analyses 
were run on a dataset of 360 samples of the first ten sessions, 
excluding the repeated evaluations of AFC and BD. 

IV. RESULTS 
We ran a PLS-CFA with the English translations of 14 

items based on original German version, employed in the 
measurement model (Fig. 1). Based on the criterion that an 
item should load consonantly with a high coefficient on a 
singer factor, we explored the cross-loadings of each item 
through the EFA (exploratory factor analysis) result shown on 
Table III. Although all of the items had loaded on their 
intended factor, some of them had very low loadings, below 
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.4. Beginning from the lowest one, we iteratively eliminated 
low-loaded items until all items have a loading of at least .6, 
which is considered as high for PLS based analysis. Thus, 

removing the items REAL3, INV3 and SP03 one after each 
other and leaving 11-items, we achieved  unidimensionality

TABLE III.  CROSS-LOADINGS OF ITEMS EXPLORING THE ORIGINAL MODEL 
 

 G1 Overall 
Presence 

INV 
Involvement 

REAL 
Realism 

SP 
Spatial Presence 

G1 In the computer generated world I had a sense of "being there" 
 (not at all - very much) 

Initial a 1.000 .565 .611 .769 
Final b 1.000 .565 .611 .764 

INV1 How aware were you of the real world surrounding while 
navigating in the virtual world? (i.e. sounds...) (extremely aware - not 
aware at all) 

Initial .193 .560 .102 .255 
Final .193 .559 .102 .241 

INV2 I was not aware of my real environment. (fully disagree - fully 
agree) 

Initial .441 .836 .412 .483 
Final .441 .837 .412 .483 

INV3c I still paid attention to the real environment. (fully disagree - 
fully agree) 

Initial .004 .016 -.085 -.025 
Final Removed on the second run 

INV4 I was completely captivated by the virtual world. (fully disagree 
- fully agree) 

Initial .564 .879 .594 .605 
Final .564 .879 .594 .600 

REAL1c How real did the virtual world seem to you? (completely real 
- not real at all) 

Initial .388 .299 .635 .319 
Final .388 .299 .635 .298 

REAL2 How much did your experience in the virtual environment 
seem consistent with your real world experience? (not consistent - very 
consistent) 

Initial .544 .514 .856 .516 
Final .544 .515 .856 .515 

REAL3 How real did the virtual world seem to you? (about as real as 
an imagined world - indistinguishable from the real world) 

Initial -.001 -.003 -.047 .017 
Final Removed on the first run 

REAL4 The virtual world seemed more realistic than the real world. 
(fully disagree - fully agree) 

Initial .473 .441 .813 .437 
Final .473 .442 .813 .447 

SP1 Somehow I felt that the virtual world surrounded me. (fully 
disagree - fully agree) 

Initial .733 .576 .514 .838 
Final .733 .576 .514 .837 

SP2c I felt like I was just perceiving pictures. (fully disagree - fully 
agree) 

Initial .128 .131 .088 .109 
Final Removed on the third run 

SP3 I did not feel present in the virtual space. (did not feel - felt 
present) 

Initial .467 .345 .274 .680 
Final .467 .345 .274 .685 

SP4 I had a sense of acting in the virtual space rather than operating 
something from outside. (fully disagree - fully agree) 

Initial .446 .479 .424 .681 
Final .446 .479 .424 .687 

SP5 I felt present in the virtual space. (fully disagree - fully agree) Initial .631 .461 .453 .841 
Final .631 .462 .453 .842 

a. Initial coefficient value shows cross-loadings of original 14-items  b. Final coefficient value shows cross-loadings of 11 item version. c. Item is reverse coded.  

 

within the model, depicted in Fig. 1. Cross-loadings of final 
11-items are also given on Table III. 

 
Fig. 1. Measurement Models 

 

Indicating the convergent validity, the AVE (average 
variance extracted) index should exceed .5 [36]. Higher 
AVE indicates that latent construct is correctly represented 
by corresponding items. As shown on Table IV, the initial 
14-item version does not match this criterion, but the 11-
item final version reveal higher AVE values above .5. 

As an indicator of discriminant validity, the square-root 
of AVE for each latent variable should be higher than its 
correlation with other variables. As shown in Table V, the 
final 11-item version also matches with this criterion, 
namely Fornell-Larcker criterion. 

TABLE IV.  FINAL VERSION’S INTER-CORRELATIONS BETWEEN 
LATENT VARIABLES AND √AVE (IN BOLD). 

 
Gen.Pres. Involv. Realism Spat.Pres. 

Gen. Pres. 1.000 
   

Involv. .565 .771 
  

Realism .611 .552 .774 
 

Spat. Pres. .764 .615 .553 .767 

 

On the other hand, our data reveals that original factor 
structure based on 14 items does not fit to the Fornell-
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Larcker Criterion, as depicted on Table V, since the √AVE 
for Spatial Presence is lower than the correlation between 
General Presence and Spatial Presence. 

TABLE V.  ORIGINAL VERSION’S INTER-CORRELATIONS BETWEEN 
LATENT VARIABLES AND √AVE ( IN BOLD) 

 Gen.Pres. Involv. Realism Spat.Pres. 

Gen. Pres. 1.000       

Involv. .565 .668     

Realism .611 .551 .671   

Spat. Pres. .769 .621 .557 .685 

 

As a new criterion applied in variance-based models, we 
also checked the HTMT (heterotrait-monotrait) ratio as a 
more robust indicator of discriminant validity [37]. As the 
“exact threshold level of the HTMT is debatable”, Henseler 
et al. (2014) suggest to use  HTMT.85 and HTMT.90 as 
upper threshold for discriminant validity. 

Given in Fig. 2, the final 11-item version revealed 
HTMT ratio’s below .85, suggesting that “construct 
measures represent phenomena of interest that other 
measures in model do not capture, i.e. discriminant validity 
[35]. However, HTMT ratio of Spatial Presence to 
Involvement does not fit HTMT.90  and  Involvement to 
General Presence ratio does not fit HTMT.85 criteria on the 
initial model based on 14 items. 

 
Fig. 2. Heterotrait-monotrait ratios 

The reliability of the factor indicated by Cronbach’s alpha 
values were not acceptable for the 14-item version, as given 
in Table VI. The final values of 11-item version vary 
between .66 to .76, indicating a value within an acceptable 
range, although Cronbachs’s alpha is a conservative 
measure of reliability. In addition, composite reliability 
scores ranging between .89 to .92  (see Table VI), which are 
more robust measures that the items are weighted based on 
the construct indicators’ individual loadings, indicate a good 
level of reliability, without any scores above .95 that imply 
redundancy. Another indicator of reliability, Dillon 
Goldstein’s rho is above .7 for all dimensions except 
realism, which is .69 that quite close to the threshold value. 

TABLE VI.  QUALITY CRITERIA OF REFLECTIVE MEASUREMENT FOR 
( I)NITIAL AND (F)INAL ITEM SETS 

   

AVE 
Comp. 
Reliab. 

Dillon-
Goldstein’s 

ρ 
Cronbach’s 

α 

Involvement 
I .446 .703 .782 .542 

F .595 .81 .782 .677 

Realism 
I .45 .699 .689 .448 

F .599 .816 .689 .659 

Spatial 
Presence 

I .47 .789 .795 .658 

F .588 .85 .804 .766 

General 
Presence 

I 1 1 1 1 

F 1 1 1 1 

 
The paired samples –test reveal that Involvement score 

is significantly different for the first and second 
measurements of same stimuli, and correlating moderately 
at a significant level, as given in Table VII. A similar mean 
score difference is not observed on Realism and Spatial 
Presence factors, neither on initial 14-item version nor final 
11-item version, although significant correlations were 
detected at low to moderate levels. The total mean score for 
IPQ is significantly different between former and later 
measurement made with both 11-item and 14-item version, 
yet it is marginally significant with final 11-item version. 

In order to assess sensitivity of scales to experiences in 
different virtual environments, we ran a series of one-way 
ANOVA’s to compare mean differences, followed by post-
hoc Bonferroni tests. The last wo experimental sessions 
were excluded from the analysis, since the stimuli used in 
first session is identical to session 12, and the stimuli used 
in the fifth session is identical to session 11. On each of the 
remaining 10 sessions, participants explored a different 
virtual environment. 

TABLE VII.  MEAN COMPARISONS OF REPEATED MEASUREMENTS 
ON THE SAME STIMULI, INITIAL 14 ITEMS AND FINAL 11 ITEMS. 

 Test Retest t-test Pearson 
M SD M SD t(71) Sig.  r Sig. 

Final 11 items 
Inv. 3.36 .85 3.76 .9 -3.39 .001 .32 .006 
Real 3.32 .77 3.34 .82 -.183 .855 .43 .000 
Sp.P. 3.71 .64 3.79 .68 -.826 .411 .29 .013 
Total 3.53 .58 3.69 .64 -1.99 .05 .4 .001 

Initial 14 items 
Inv. 3.28 .76 3.63 .75 -3.63 .001 .41 .000 
Real 3.13 .60 3.25 .65 -1.57 .121 .42 .000 
Sp.P. 3.63 .54 3.78 .67 -1.7 .094 .28 .016 
Total 3.41 .47 3.61 .55 -3.03 .003 .40 .000 

 
Inspecting the results given in related tables, we 

observed significant effect on all IPQ dimensions and 
overall score, for both original 14-item factor structure and 
11-item version, due to differences between the design and 
content of the evaluated VEs. As seen on Table VIII, the 
Involvement scores for VE’s have a similar magnitude for 
the highest and least scores. The five games with lowest 
Involvement scores are in the same order in both versions. 
The two VE’s with the highest involvement scores are also 
same, there is not a difference between the scores of highest 
and the second one of the 11 item version means. The 
ranking of other VEs are different. 
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TABLE VIII.  MEAN SCORES FOR INVOLVEMENT, ORDERED BY 
SCORE MAGNITUDE 

IPQ Involvement Final IPQ Involvement Initial 

 M SD  M SD 

EV 2.92 0.82 EV 2.96 0.65 
SE 2.98 0.85 SE 2.99 0.73 

BD 3.19 0.96 BD 3.16 0.85 

IE 3.25 0.85 IE 3.25 0.68 
AFC 3.41 0.82 PL 3.36 0.83 

PL 3.44 1.02 AFM 3.40 0.65 

DL 3.51 0.83 AFC 3.42 0.68 
AFM 3.53 0.71 DL 3.47 0.73 

GL 3.75 0.89 GL 3.58 0.78 

IM 3.75 0.90 IM 3.66 0.73 

F(9, 350)=3.903; p=0 F(9, 350)=3.699; p=0 

 

On the other hand, the Bonferroni post-hoc test results 
reveal the same significant differences between the mean 
values. The scores for both IM and GL are significantly 
higher than EV and SE. Other mean differences are not 
significant neither on 11-item version nor on 14-item 
version. In total, each version detected 2 significant mean 
differences. 

For Realism, the order of VEs based on score magnitude 
is same for both versions on the four VEs with lowest scores 
and three VEs with highest scores (see Table IX). The 
ranking of remaining three games are not consistent 
between the two versions. However, it should be noted that 
Realism scores magnitudes of these three VEs are almost 
similar. As stated previously, a significant difference due to 
VE differences can be detected using both versions. 
Bonferroni post-hoc tests reveal that the Realism score for 
SE is significantly lower than GL, AFM and IM, for both 
versions. However, the 14-item version also detected a 
significant difference between AFC and SE. For 3 
significant mean differences detected by final 11-item 
version, the original 14-item detected 4 differences. 

TABLE IX.  MEAN SCORES FOR REALISM, ORDERED BY SCORE 
MAGNITUDE 

IPQ Realism Final IPQ Realism Initial 
 M SD  M SD 

SE 2.58 .82 SE 2.64 .70 
PL 2.84 .85 PL0 2.86 .76 
EV 2.88 .80 EV 2.92 .60 
IE 3.06 .85 IE 2.96 .63 

AFC 3.17 .73 BD 3.00 .64 
BD 3.19 .85 DL 3.11 .75 
DL 3.19 .90 AFC 3.16 .69 
IM 3.29 .95 IM 3.18 .63 

AFM 3.45 .68 AFM 3.25 .55 
GL 3.37 .84 GL 3.31 .68 

F(9, 350)=3.777; p=0 F(9, 350)=3.406; p=0 
 

The Spatial Presence dimension means scores have an 
identical ranking for the six VEs with lowest scores (see 
Table X). However, the ranking of the other four VEs do not 
match between the 11-item and 14-item versions. The 
original 14-item version detected that SE virtual 
environment Spatial Presence score is significantly lower 
than AFC, BD, GL, DL, IM and AFM environments. The 

final 11-item version detected the same significant mean 
differences for SE. In addition, Bonferroni tests showed that 
IE means score is significantly higher than SE and AFC 
mean score is significantly higher than EV. For the 6 
significant mean differences detected by 14-item version, 8 
significant mean differences were detected by the 
psychometrically enhanced 11-item version. 

TABLE X.  MEAN SCORES FOR SPATIAL PRESENCE, ORDERED BY 
SCORE MAGNITUDE 

IPQ Spat Pres. Final IPQ Spat. Pres. Initial 
 M SD  M SD 

SE 2.97 .72 SE 2.98 .76 
EV 3.24 .77 EV 3.22 .79 
PL 3.35 .74 PL 3.35 .74 
IE 3.54 .65 IE 3.48 .65 

AFC 3.61 .69 AFC 3.59 .68 
BD 3.63 .68 BD 3.61 .59 
GL 3.65 .67 AFM 3.66 .50 
DL 3.69 .65 GL 3.67 .66 
IM 3.76 .64 DL 3.67 .66 

AFM 3.79 .59 IM 3.72 .68 
F(9, 350)=5.32; p=0 F(9, 350)=4.575; p=0 

 
The only difference between the rankings of VEs based 

the Overall IPQ score are the second and third highest 
scored items, as given on  Table XI. Significant mean 
differences are observed between the SE significantly lower 
than BD, AFC, DL, GL, AFM and IM, as well as EV 
significantly lower than GL, AFM and IM. The same 8 
significant mean differences were detected by the 11-item 
version and initial 14-item version using IPQ Overall score. 

Since our factor analytic approach is different, the 
indicators of validity and model fit cannot be compared with 
the previous studies numerically. The initial 14-items based 
did not fit the model suggested for IPQDEU and verified for 
IPQPOR, due to the small magnitudes of loadings on several 
items.  

TABLE XI.  MEAN SCORES FOR OVERALL IPQ, ORDERED BY SCORE 
MAGNITUDE 

IPQ Overall Score Initial IPQ Overall Score Final 
 M SD  M SD 

SE 2.87 .69 SE 2.89 .62 
EV 3.06 .68 EV 3.06 .59 
PL 3.26 .76 PL 3.23 .68 
IE 3.34 .58 IE 3.28 .49 
BD 3.41 .62 BD 3.32 .49 

AFC 3.45 .61 AFC 3.43 .56 
DL 3.53 .63 DL 3.48 .56 
GL 3.65 .63 AFM 3.50 .44 

AFM 3.66 .51 GL 3.58 .55 
IM 3.67 .61 IM 3.58 .51 

F(9, 350)=6.457; p=0 F(9, 350)=6.182; p=0 

V. DISCUSSION 
As we eliminated these items, the first one was the 

REAL3, which has an identical wording with the item 
REAL1 but different wording on anchors. The opposite 
anchors of “about as real as an imagined world” and 
“indistinguishable from the real world” could have been 
complicated to understand for the participants, as the 
concepts of “imagined world” and “real world” might have 
been confusing. Considering that they are not native English 
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speakers, the long wording of the items might have been 
another issue that has caused the measurement defect.  

TABLE XII.  RELIABILITY COMPARISON WITH PREVIOUS STUDIES 

 
 

Spat. Pres. Involv. Realism 

Cronbach’s 
α 

French  .78 .75 .54 

German 
IPQDEU 

.8 .68 .64 

Portuguese 
IPQPOR 

.66 .53 .83 

English 
14-items 

.65 .54 .45 

English 
11-items 

.77 .68 .65 

Composite 
Reliability 

Portuguese 
IPQPOR 

.728 .314 .823 

English 
14-items 

.789 .699 .703 

English 
11-items 

.85 .816 .81 

 

Of the remaining items, we also had to drop the item 
INV3 worded as “I still paid attention to the real 
environment” with the anchors “fully disagree - fully 
agree”. As this item requires a reverse coding, agreement 
with this item verifies that participant’s is focused on the 
outside world rather than the virtual environment. However, 
the anchors are worded identical to most of the other items. 
Similarly, the item removed on the third round of analysis, 
SP2 “I felt like I was just perceiving pictures” has the same 
“fully disagree - fully agree” anchors, which also exposed a 
measurement problem. Although one of the retaining items, 
“REAL1 - How real did the virtual world seem to you?” has 
anchors that needs to be reversely coded for analysis, these 
anchors which are worded as “completely real - not real at 
all” does not led to a misunderstanding. In addition, the 
reverse coding of this item might have led to “false answers” 
on the identically worded REAL3, as the participants had 
responded the same questionnaire not only once, but 12 
times, unlike the other evaluation studies. As a result, 
participants might have read the questions superficially after 
a several times, as they were already familiar with the items. 
This might have also led to more frequent “false answers” 
on the reversed items. 

The reliability indices obtained based on our dataset 
reveals that 11-item version is the best solution in order to 
achieve the highest reliability but the 14-item solution also 
provides results that are comparable to values reported in 
the IPQPOR, as given in Table XII. It should be noted that 14-
item English version revealed lowest Cronbach’s alpha 
value for Realism, compared to other values reported by 
Vasconcelos-Raposo et al. [23] based on their own data and 
the datasets available online. On the other hand, they 
reported a very low value of Involvement for the more 
liberal composite reliability indicator. It should be noted that 
11-item version is also highly consistent with IPQDEU study 
in terms of the magnitudes of Cronbach’s alpha values. The 
significant correlations between the evaluations of the same 
VE by the same participant imply test-retest reliability.  

The Involvement scores are significantly higher for the 
second engagement with the same stimuli, compared to first 
engagement. Although it can be assumed that users might 

lose their interest on their second engagement to the same 
content, our results are contradictory, showing that users 
had a higher interest on their second experience with the 
environment. We also observed slightly higher scores for 
Realism and Spatial Presence on the second interactions but 
the difference is very low, which can be suggesting that 
users are more interested when they visit a familiar virtual 
environment, but their perceived spatial presence and 
judgement of realism is not affected by their prior 
experiences. 

Inspecting the consistency between the order of the 
score magnitudes of VEs for 11-item and 14-item versions, 
we provided evidence that English version is capable of 
detecting the different “levels” of presence, which could 
have been due to graphical style, design fidelity or users’ 
personal interest to the content domain. The inspection of 
these reasons are beyond the scope of this study, but we 
provide evidence that IPQ applied in English language 
provide different measurements for different VEs, as it is in 
IPQPOR and IPQDEU. 

VI.  CONCLUSION 
Analysis of our dataset revealed that English version of 

I-Group Presence Questionnaire does not provide a 
unidimensional measurement model. This issue was fixed 
by eliminating 3 items which are not loading strongly on 
their intended factors or other factors. By doing this, we 
achieved a better psychometric quality for the measurement 
model, with a better convergent validity indicated by AVE, 
and higher composite reliability and Cronbach’s alpha 
values, while preserving the discriminant validity of the 
scale and with minor changes on its sensitivity to assess 
differences between virtual environments. 

We think that we made a very few modifications on the 
original items and the item structure of IPQ when adapting 
to English, compared to the Portuguese and Persian 
language adaptations. Our model evaluates the Overall 
Presence as a second-order latent construct that drives the 
G1 observable as well as first-order latent constructs of 
Involvement, Realism and Spatial Presence. Other 
adaptations employ the G1 variable as an indicator of the 
Spatial Presence construct. 

One of the major limitations of our study is the sample 
size. The PLS-CFA method can be executed with small 
samples. On the other hand, the sample in this is small for 
the number of participants, but large enough to execute any 
factor analytic methods, since each participant evaluated 12 
experimental sessions engaging with different 10 VEs. As 
the main purpose of the IPQ is evaluating the VE 
experiences rather than evaluating inter-personal 
differences, we think that our methodology is concrete. On 
the other hand, we are aware that sense of presence is 
affected by personal traits and our sample of 36 participants 
is not adequate for representing the general population, 
neither for their demographic variation nor for different 
personal preferences and attributes. Future studies should 
focus more on the diversity of the participants than the 
diversity of applications, in order to investigate the 
sensitivity of the scale to interpersonal differences. 

Furthermore, being non-native English speakers, our 
choice of participants can be criticized, for the assessment 
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of an English language scale, as some items which were not 
clearly understood by them had to be dropped out in order 
to achieve psychometric criteria. On the other hand, it 
should be remembered that many researchers employ 
English language scales in their studies even their subjects 
are not native English speakers. Future studies may recruit 
native English speakers to identify possible differences 
native language on the scale. 

We suggest researchers to use the 14-item version of 
IPQ in English, but report the results for both the 11 and 14 
item versions. We also ask them to share their data openly, 
which they collect with IPQ English version, in order to 
provide a larger sample for further analysis, with a more 
representative group of participants and different immersive 
techniques and technologies. Considering the problems in 
the reverse coded and identically worded items reported in 
our study, we also suggest researchers to carefully use the 
other versions of IPQ, if they are using it in a within-subjects 
research design of repeated measurements within the same 
participant group. Inverting the anchors of these items may 
be a solution. 

SUPPLEMENTARY MATERIAL 

We provide our dataset on Mendeley Data which can be 
accessed online at doi.org/10.17632/77tdmnmnr2. 
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Fig. 4. Upper left: Pottery sherd illuminated with a single light source (ground truth). Upper right: RTI visualization in 2nd order HSH. Bottom row: Impressions 
shown in detail using the specular enhancement. 

 
Fig. 5. The comparison of reflective inclusions in the paste (mica) with HSH-2nd order (left) and 3rd order (right) fitting. 

 
Fig. 6. Top row, left to right: (a) Rock monument recorded with a flash light, (b) without a flash light, (c). Bottom row left: RTI visualization derived from 
original images. Right: RTI visualization derived from subtracted images
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The images taken with an external light source carried an 
odd number (being the first image), and the ones without an 
even number. This idea led the post-processing to be faster 
during the image subtraction step as it was possible to 
automate it using macros. In this work, the freely available 
scientific imaging software ImageJ was used for the image 
subtraction step. After acquiring the results, both dataset were 
processed separately for the RTI visualization. 

The comparison of estimated normal maps generated from 
both dataset clearly shows the impact of ambient light on the 
final result (Fig. 7.). The overall purplish/blue representation 
(the vectors pointing to the viewer direction) in the normal 
map with ambient light (Fig. 8 Left) was enhanced, and the 
directionalities of pixels, and consequently the surface 
geometry, became visually more evident (Fig. 7. Right). As a 
result of this, reflectance transformation was also improved 
and the details on the object are more emphasized compared 
to the first method (Fig 6. Bottom Row). However, it should 
be noted that, in free-form RTI, the quality of the normal map 
is dependent on many factors. In this example, the location, 
available space for the image acquisition as well as the size of 
the object put limitations on the final quality.  

 
 

 

 

 

 

 

 

 

 

Fig. 7. Estimated normal maps. Left: Estimated normal map with ambient 
light Right: Estimated normal map without ambient light. 

V. MULTIPLEXED ILLUMINATION 
 The theory of multiplexed illumination (MI) was 
introduced [7] to enhance the quality of digital images by 
activating multiple light sources simultaneously based on 
specific binary patterns. In the traditional approach in 
computational photography or computer vision, a scene is 
illuminated by a single light source to obtain the reflectance 
values. However, problems such as low efficiency of light 
power, self-occluding areas, poor angular sampling of 
illumination areas, increased dynamic range or a need for 
longer exposure times may occur [7]. 

MI has been implemented to overcome such problems by 
exploiting the radiation deriving from multiple light sources, 
thus increasing the overall irradiance falling on the object. The 
main advantage of MI is that the signal-to-noise-ratio (SNR) 
is improved by √n/2, and the exposure times are also 
shortened by the same factor [7]. The special light patterns in 
MI are based on the so-called S-matrices, which are then 
demultiplexed (reconstructed) by applying the corresponding 
inverse S-matrices. 

A. The S-Matrix 
 An S-matrix is a square matrix which is derived from a 
Hadamard Matrix. This is a special matrix, whose values 
consist of -1 or +1. In binary terms, the values can be 
represented as 0s (lights off) or 1s (lights on). 

The first row and column of an S-matrix based on 
Hadamard patterns is comprised only of 1s. Since having all 
the lights on is not relevant, the first row and column is 
cropped out in order to get the resulting n x n matrix, in which 
n becomes an odd number. For instance, when we remove the 
first row and the column of S(2!), the resulting matrix would 
become S(2! − 1), forming a 7x7 matrix as shown in Eq. 1. 
By doing so, an S-matrix is created in the form that each row 
and column holds (2n/2)-1 number of  0s, and (2n/2) number 
of 1s.  

          S(23-1) = 

⎣
⎢
⎢
⎢
⎢
⎢
⎡
1 0 1 0 1 0 1
0 1 1 0 0 1 1
1 1 0 0 1 1 0
0 0 0 1 1 1 1
1 0 1 1 0 1 0
0 1 1 1 1 0 0
1 1 0 1 0 0 1⎦

⎥
⎥
⎥
⎥
⎥
⎤

                     (1) 

B. The Inverse S-Matrix 

 After acquiring a set of images with MI, an inverse S-
matrix has to be applied for the demultiplexing step. The 
equation for demultiplexing for an inverse S-matrix of the 
form S-1(2n-1) is: 

         I = [S]-1 [N]                               (2) 

where I is the set of de-multiplexed images, S being the S-
matrix, and N is the number of MI measurements. 

 

Fig. 8: The reflective sphere captured by three subsequent LEDs in the light 
dome (Note the color variation due to different spectral properties of each 
LED). 

C. Multiplexed Illumination Using The Light Dome 

 Schechner’s suggestion of the special case of 
“Multiplexed Lighting using three light sources” [7] has been 
applied in this work as a starting point. If a scene is illuminated 
individually by three light sources, the measurement matrix 
would be: 



29

                   '
ı!̂
ı̂"
ı̂#
* = 	 '

1 0 0
0 1 0
0 0 1

* '	
a!
a"
a#
*              (3) 

where a"#! are the acquired measurements, and		ı"̂#! denotes 
the estimated image irradiance under single light sources.  

To illuminate the scene again with three light sources, 
however, this time by activating a combination of two of them 
simultaneously in three consecutive acquisitions, the 
following measurement matrix would apply: 

               			-
a",%
a%,!
a",!

. = 	 -
1 1 0
0 1 1
1 0 1

. -	
i"
i%
i!
.              (4) 

In the first case, 1/3 of the total light sources, and in the 
second case 2/3 of the light sources are exploited. Illuminating 
the scene by two light sources results in increased irradiance 
(Fig. 9.), and as a surplus provides the advantage of reduced 
gain (or ISO values) as well as shortened exposure time during 
the capturing process.  

 
Fig. 9: Reflective sphere illuminated with the measurement matrix as shown 
in Equation 3. Top Left: Light sources 1 and 2. Top Right: Light sources 2 
and 3. Bottom: Light sources 1 and 3. 

 In order to reconstruct the illumination of a single light 
source from acquired MI, a demultiplexing (reconstruction) 
step has to be performed. This is achieved by using the inverse 
of the S-Matrix. In the case of S(2% − 1), images are decoded 
by applying the inverse of it; S#"(	2% − 1): 

																											'
ı̂!
ı"̂
ı#̂
* = 	1/2 '

   1 -1  1
   1  1 -1
		-1  1  1

* '	
a!
a"
a#
*                       (5)                                

  

 
Fig. 10: Left. Comparison of the ground truth image illuminated with a single 
LED (as seen in Fig. 8. Top Left). Right. Demultiplexed result. Please note 
the badly recovered specular reflection on the left demultiplexed image due 
to the close proximity of the light sources to each other, and their intersecting 
specular highlights. 

 The minimum number ofn to generate an S-matrix is 2. 
When n = 3, the new matrix would then compose a 7x7 square 
matrix (Eq. 1.), as demonstrated in the previous chapter. In 
this work, the results of n=3 have been put forward and 
exemplified on the pottery sherd. 

Four light sources were illuminated at the same time in 
seven different patterns to perform multiplexed illumination 
using the light dome. Since the light dome is a hemisphere, it 
had the advantage of  choosing any kind of directionality for 
the light sources, and different illumination sources were 
experimented. Only the results of the first 7 light sources, 
which are the lowermost LEDs inside the dome, has been put 
forward. 

After acquiring the respective images, they were 
demultiplexed in a similar fashion described above. The use 
of MI added more ambient light to the scene, the shadowed 
parts became more apparent, and the acquisition time were 
practically shortened. On the contrary, demultiplexed results, 
in our tests, reduced the overall brightness. Additionally, less 
emphasis were observed on the reflective components on the 
object (Fig. 12.). The demultiplexing step was also time 
consuming, and the gained time from short exposure time 
during the acquisition step were given back in this step.  

CONCLUSIONS  
Analyzing pottery sherds using RTI has resulted in better 

visual accuracy and objective evaluation of the surface 
properties as well as inclusions in the paste. Our tests have 
exemplified that the use of RTI in recording and analyzing 
pottery sherds can enhance the interpretation process. 
Especially for the analyses of clay inclusions, it can provide 
an overall idea, and a rough percentage of some specific 
components given the fact that the original material is not 
physically accessible. This does not signify, however, that 
solid arguments based only on RTI should be made to 
understand the properties of the paste; instead it should be a 
supportive add-on for analyses. Additionally, the relatively 
short acquisition and post-processing time indicates that such 
a framework can be established at excavations for on-site 
investigation as well as for publishing the material digitally on 
online platforms. 

The elimination of ambient light in reflectance imaging 
significantly enhanced the resulting normal map. It allowed 
the details to become more apparent. According to our results 
and experience, it is suggested that ambient light elimination 
should be the preferred method for the analysis of immovable 
material culture, especially if they are exposed to any sort of 
ambient light. 

The application of MI using the light dome was intended 
as an initial experiment to observe its potential on RTI. It has 
been observed that, demultiplexing the images is not a fast 
solution. The time that was saved with shorter exposure times 
returned back during the reconstruction step. Additionally, the 
compressed dynamic creates the same effect as if the scene 
had an existing ambient light. As our study showed in the case 
of the rock monument, the estimated normal map holds more 
information with increased dynamic range. In can only be 
concluded that, further research needs to be carried out to 
evaluate the suitability of multiplexed illumination in RTI. 
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Fig. 11. Upper Left: Image with a single light source. Upper right: Image with multiplexed illumination. Bottom: Demultiplexed image. All the images have 
been enhanced with the same factor for visual clarity in the publication. 

 
Fig. 12. An in-detail comparison of the highlighted area in Fig. 11. The   loss of highlights in the inclusions of clay is to be noted. All the images have been 
enhanced with the same factor for visual clarity in the publication.
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Abstract—In this work, we developed a Barycentric shading
process for creating dynamic paintings in the contemporary
Fauvist-Expressionist style. Both Fauvist and Expressionist move-
ments are known for the expression of feeling through intense,
bold, and clashing colors along with distorted forms and per-
spectives. The exaggerated colors and shapes of the Fauvist-
Expressionist style paintings make them difficult to emulate using
processes based on common modeling and rendering approaches.
Barycentric shading provides a powerful alternative to emulate
such non-photo-realistic artworks with a simple process.

To demonstrate the efficiency of our Barycentric shading
process, we turned two paintings of Anne Garney into time-lapse
animated artworks. Garney is one of the leading contemporary
Fauvist-Expressionist painters. Her work always includes strong,
vivid colors and bright outlines typical in Fauvist paintings.
Moreover, she also includes painterly reflections throughout her
work. These aspects of her paintings are particularly critical to
demonstrate the power of our rendering process. Our process for
recreating her artworks as dynamic scenes reflects Garney’s style,
while providing animated illumination, shadows, and reflections.
We also added new elements to her scene that are still consistent
with the original style.

Index Terms—non-photorealistic rendering, shading, fauvism,
expressionism

I. INTRODUCTION AND MOTIVATION

Fauvism and Expressionism were two of the earliest avant-
garde art movements, centered on the expression of feeling
through intense colors with distorted forms and perspectives.
The Fauvist and Expressionist paintings were primarily made
to convey ideas, places, or people through the manner of the
artists’ style, which consequently elicit a variety of reactions
from the audience. Additionally, they tend to create distorted
connections in the mind of the viewer, allowing them to
perceive space and three-dimensional objects from an unusual
point-of-view in a two-dimensional medium.

Our goal in this work is to develop a simple, yet effective
process to create animated versions of Fauvist and Expres-
sionist paintings for further accentuating perception and im-
mersion of the viewer. Unfortunately, most common physically
based modeling and rendering approaches are not useful for
emulating such non-realistic styles. Even non-photorealistic

approaches require specialized solutions that can be hard for
novice users. Barycentric shading provides a generic approach
that can be directly applied to a wide variety of styles with
simple modifications in a general modeling and rendering
process [1].

In this work, we created a process for Fauvist and Ex-
pressionist styles based on the general Barycentric shading
process. Using this method, we have created painterly dynamic
environments based on the works of the artist Anne Garney.
Her artwork is classified as representational and contemporary
Fauvist-Expressionist. While representational simply means
that her artwork represents something (therefore giving it
identity), the contemporary FauvistExpressionist label has a
few more parts. Expressionism generally refers to the practice
of conveying emotions and sensations through work. These
emotions can often be split into two definitions, with one
denoting the feelings of the artist during the creative process,
and the other meaning the feelings of the viewer while
observing the completed work [2]. The other two parts of her
style, Contemporary and Fauvist, designate being modern and
utilizing vivid, non-naturalistic use of color, respectively.

The extreme painterly characteristics make Garney’s art a
perfect candidate to evaluate the power of shader approaches in
emulating a variety of styles. In this work, we have developed
a method to emulate Garney’s paintings, while demonstrating
the power of Barycentric shading. Using this process, we
obtained Garney’s style through the use of camera projections
as well as ways to compute dynamic lights, shadows, and
reflections in each scene.

The most important contribution in this particular process
is the implementation of Barycentric shading as a Barycentric
compositing process. This approach clearly differentiates the
rendering and shading processes. Our second contribution is to
include reflections into the Barycentric compositing process.

II. PREVIOUS WORK

Non-photorealistic rendering (NPR) has emerged as a sub-
field of computer graphics during 1990s to produce computer
generated images that invoke the appearance of being created



33

(a) Start of animation: Noon. (b) Afternoon.

(c) Evening. (d) End of animation: Sunset.

Fig. 1: Example frames of animated recreations of Anne Garney’s ”’Le Dolce Vita’ Burano, Italy.” These images demonstrate
reflections in moving water as well as dynamic changes in illumination. We obtained permission from Anne Garney to recreate
her paintings.
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(a) T11(1): Full sun illumination at noon. (b) T01(1): No direct illumination at noon.

(c) T10(0): Full sun illumination during sunset. (d) T00(0): No direct sun illumination during sunset.

Fig. 2: Four control images used to compute Barycentric shading for the recreation of ”’Le Dolce Vita’ Burano, Italy.” Note
that the reflections of these control images do not exactly match since the water is moving. The boats also move with the
water’s motion. On the other hand, humans are static.
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”by hand” [3], [4] by emulating broad artistic styles such as
outlines and silhouettes [5], technical illustrations [6], pen and
ink drawings [7], [8], impressionist [9] and cubist paintings
[10]–[12], Chinese painting [13], [14], charcoals [15], [16],
and stippling [17]; as well as artistic tools and mediums
such as brush strokes [18]–[21], watercolor [22]. Convolution
Neural Networks has turned out to be effective for style
transfer [23], [24].

In recent years, there has also been growing interest to turn
specific paintings into dynamic computer generated images
with moving lights and cameras. These paintings can have
non-realistic components. For instance, Murphy developed a
non-photorealistic approach for matching shapes and colors of
the artwork of Disney background painter Eyvind Earle who
use non-realistic shadows [25]. ”Atelier des Lumières” group
developed large scale video projections of many of the Vincent
van Gogh’s well-known works [26]. Liu created 3D version
of a Jiangnan water country painting be the contemporary
Chinese artist Yang Ming-Yi as the primary visual reference
[14]. Justice created dynamic time-lapse animations based on
some of the works of Edgar Payne, using Barycentric shading
as the core of his procedure [27] (see Figure 3a). Subramanian
obtained painterly reflection, refraction and caustics with a
classical wine and glass still life painting [28] (see Figure 3a).

Creation of such dynamic paintings requires in matching
shapes and colors in complete control, both of which can
be non-realistic. One of the key problems when emulating
specific paintings is that the geometry must match non-realistic
shapes and perspectives in paintings. It was shown that such
non-realistic shapes and perspectives can be best represented
by anamorphic bas-reliefs [29], [30]. Barycentric shading was
initially introduced to solve color matching problems using
Barycentric equations that interpolate or approximate control
images [1]. Over the past few years, Barycentric shaders have
been used in emulating a wide variety of styles [14], [27],
[28], [31]. In this work, we also used Barycentric shaders
with anamorphic Bas-reliefs to time-lapse animations with
reflections in the Fauvist-Expressionist style.

III. PRELIMINARIES

In Barycentric shading, shader operators are restricted to
be of the Barycentric form for each shading point, such that
shaders guarantee that solutions stay inside of the convex hull
defined by the control images. To create time-lapse paintings
with no reflection and refraction, a simple Bilinear Barycentric
shader with two shader parameters that interpolates four static
control images is sufficient [27]. In this work, we will also use
Bilinear Barycentric shaders to obtain time-lapse paintings.
However, our four control images will be dynamic and ren-
dered for every time step. This is necessary to handle dynamic,
reflective elements such as moving water.

Let I(t) denote an image of dynamic animation and
I(t, u, v) denote the color of a pixel (u, v) of I(t), where
u and v in [0, 1] represent pixel positions and t represents
time. We usually ignore (u, v) to simplify presentation. For
the Bilinear Barycentric shader, we will use two shader

parameters, which are images denoted as S(t) and F (t) as
I(t) = P (S(t), F (t)) where P is the Barycentric shader.
The shader parameter S(t) is the percentage of sunlight that
can reach to a given shading point that corresponds to (u, v).
S = 1 means the shading point is fully illuminated by sun and
S = 0 means the shading point is in shadow, i.e. there is no
direct illumination that can reach that particular shading point.
The second shading parameter F (t) is the animation frames
normalized as a number from 1 to 0. In our case, F = 1, i.e.
white image, corresponds to noon time and F = 0, i.e. black
image, corresponds to sunset, the beginning and ending of our
animations.

Now, based on these definitions, we can introduce a Bilinear
Barycentric shader, which is given by the following formula:

P (S(t), F (t)) = T00(t)(1− S(t))(1− F (t)) +

T01(t)(1− S(t))F (t) +

T10(t)S(t)(1− F (t)) +

T11(t) S(t) F (t). (1)

The bilinear formula P (S(t), F (t)) interpolates four control
animations, T00(t), T10(t), T01(t), and T11(t), as its end-
points. For a painting that does not have any dynamic elements
such as moving water, these control images are static, i.e. they
do not change with time [27]. In our case, since we have
moving water that reflects the environment, they need to be
rendered for any given time using proxy geometry. Similarly,
S(t) and F (t) have to be computed by a renderer also using
the same proxy geometry. An advantage of computing all the
components of the equation separately is that equation 1 turns
into a compositing equation, which can be computed in the
post-processing stage.

One additional advantage of this formulation is that some
global illumination effects, such as sky illumination coming
from scattered sunlight or ambient occlusion, are already
embedded in all control images. Moreover, change of color of
the sky is also embedded with the time term F (t). Therefore,
we only need the sun’s position along with proxy geometry to
compute all images that are the elements of P (S(t), F (t)).

IV. PROCESS

Based on this framework, the Barycentric shading processes
to create dynamic paintings with moving reflective surfaces
is not the same the process in [27], although we still use
a Bilinear Barycentric shader. Since we need to render four
control animations, the process of creating time-lapse animated
paintings now consists of six stages: (1) Creation of Four
Control Textures; (2) Creation of Proxy Geometry; (3) Pro-
jection of Control Textures to Proxy Geometry; (4) Rendering
Four Control Animations; (5) Rendering Shadow Images; and
(6) Compositing. Any 2D artist with minor training in 3D
modeling and animation can produce such time-lapse animated
paintings using this process.

A. Creation of Four Control Textures
Control textures are static and correspond to diffuse regions

of the four control animations. The diffuse parts of four
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(a) Three frames from a time-lapse animation of an Edgar Payne Painting for different times of a day [27].

(b) Three frames from an animation of Vine & Glass painting that demonstrate reflection, refraction and caustics [28].

Fig. 3: Examples of previous works that use different forms of Anamorphic Bas-Reliefs and Barycentric shading to obtain
dynamically changing shadows, reflections and refractions with moving light sources.

control animations do not change with time. We render four
control animations using these static control textures. Since
they correspond to the parts of the control images that are
not changing with time, they can be created as in [27]
from available paintings using color transfer [32]. During the
process, we simply ignore dynamic objects and create textures
only for objects that do not move. In these particular cases,
we first created two control paintings at noon, such as the
ones shown in Figures 2a and 2b, by making one completely
in shadow and another completely illuminated using color
transfer from one part of the image to another part of the
image.

In this particular case, one problem was that we did not have
example sunset colors. To create sunset colors, we improvised
using sky colors during sunset. We estimated how much hue
and value must be shifted to create sunset images and changed
the color of each texture based on our estimation. As a
result, we obtained two more control images as shown in
Figures 2c and 2d. This provides us with four static and “un-
illuminated” control textures from which we can obtain control
images. This process does not require any specific software.
In this work, we created “un-illuminated” texture images by
putting each object of the original painting into their own
layers (separating illuminated and in-shadow components)

using ”Match Color” in Adobe Photoshop. An important detail
is that to create sunset control textures, it is better to change
colors of texture images of each individual object in slightly
different way. Despite this being a bit more time-consuming,
it ultimately created a better looking final result as opposed to
only changing the color of the full illumination image.

B. Creation of Proxy Geometry

An important simplification of this process comes from
our observation that we do not have to be exact to construct
proxy geometries. The most critical issue is that the boundaries
of proxy geometry have to match the object boundaries in
the images. The internal structure of the proxy geometry
only needs to preserve the internal boundaries since these
shape discontinuities correspond to discontinuities in shadows.
Although in this example we build a polygonal mesh, the
proxy geometry can even be a height field as shown in
Figure 5a. This process also does not require any specific
software. An artist can quickly create such 3D proxy geometry
in any modeling software by matching boundaries. In this
work, we used Autodesk Maya. The only requirement of the
depth is that it must be a monotonically increasing function
of the original depth [29]. However, there is a need to make
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(a) Original orientation of the water surface. (b) Improved orientation of the water surface.

Fig. 4: Two images that demonstrate the need for a reasonably good orientation for water surface. Note that the reflections of
the boat is unusually large in the original reflection.

(a) Depth Map. (b) Perspective View.

Fig. 5: Proxy geometry that was used for the recreation of ”’Le Dolce Vita’ Burano, Italy.”

some improvements in orientation of mirror surfaces as shown
in Figure 4.

C. Projection of Control Textures

The texture mapping of four control images to proxy geom-
etry is simply a camera projection since the proxy geometry
was already created with matching boundaries as shown in
Figure 5b. In these particular animations, we do not animate
the camera position. However, minor camera motion is still
possible since the projection separates the objects.

D. Rendering four Control Animations

We added only subtle motion to the water surface to obtain
a similar visual appearance to ”Le Dolce Vita’ Burano, Italy.”
In our case, the reflections are physically correct. In other
words, for each of the four control texture images, we find
the corresponding reflected shading points and we create four
images that include reflections. These four images are used as
control images in the Bilinear Barycentric equation given in
Equation 1. This process does not need a light since reflection
directions are functions of only eye direction and surface
normals. This is also a simple operation that can be computed
in any rendering software.

E. Rendering S(t) Images

To render S(t) images, i.e. shadow & shading images, we
only need a light source position that is sufficient to compute
both shading and shadows. We also need to compute reflec-
tions of shading and shadows. As shown Figure 7, without
reflections of shadow and shading, our bilinear equation will
not provide shading & shadow in reflection regions. This part
of the process is also straightforward to implement by using
any rendering software.

F. Compositing

Once all animations are rendered, creating final animated
paintings is simply a compositing process. This can be done
in any image manipulation software that allows compositing of
animations. In this work we used Adobe AfterEffects. Figure 6
shows frames from another animated painting that was created
with the same process. As demonstrated in Figures 1 and 6,
this process provides creative control to obtain stylistic time-
lapse animated paintings.

V. CONCLUSION

We have displayed our process for efficiently recreating
and rendering dynamic scenes based on the artwork of Anne
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(a) Start of animation: Noon. (b) Afternoon.

(c) Evening. (d) End of animation: Sunset.

Fig. 6: Example frames of animated recreations of Anne Garney’s ”Fusion At Playa del Carmen.” In this case, we also added
new objects, the ball and sailboat, into the original painting to demonstrate that we can obtain visually consistent results.

Garney. With her unique style’s visually pleasing colors, subtle
shadows, and reflections, we believe her paintings are perfect
candidates for testing the efficiency of rendering and shading
processes to emulate a wide variety of styles. We think that this
work provides additional evidence that the Barycentric shading
approach can help to develop simple processes to create
stylistic images and animations that are visually reminiscent
of paintings.
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[26] C. des Arts, Van Gogh, La Nuit Étoilée: Atelier des Lumières. Paris:
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Abstract—Human motion capture data is a digital 
representation of a three-dimensional human motion structure 
and exhibits its complexity both temporally and spatially. With 
the rapid development of motion capturing technologies and the 
more common use of motion capture data in the field of 
computer graphics and animation, methods for the reuse of the 
recorded motions in a database are gaining in importance both 
for efficiency and cost reasons. As a result, identifying and 
extracting similar motions within some data set is fundamental 
to data-driven approaches. Considering motion expression is an 
essential basis of constructing motion databases for purposes of 
efficient and effective motion capture data organization, 
classification, analysis, and retrieval, we propose physics-based 
human motion features consist of joint torques. We utilize these 
discriminative and low-dimensional physics-based features with 
kd-tree data structure to search for similar motion poses. Using 
spatial and temporal alignment methods of motion data, we 
expand searching for similar motion poses to searching 
similarities in motion capture data. 

Keywords—motion capture, similarity, retrieval, character 
animation, data-driven animation, physics-based animation 

I. INTRODUCTION 
The rapid development of motion capture technologies has 

led to the use of human motion data in many different areas, 
such as computer animation, sport sciences, medicine, and 
security. In sports science, motion data is used to analyze and 
optimize the performance properties of athletes. In medicine, 
motion capture technologies are employed for determining the 
success of rehabilitative treatments. In particular, the 
production of high-quality computer games and animations 
requires an expensive and time-consuming synthesis of 
motions. It is necessary to reuse motions recorded in a 
database to make animation and game production more 
efficient. Because of this reason, motion retrieval techniques 
aim to find out similar motion sequences in a database given 
a query motion. 

In human motion databases, efficiency and accuracy are 
very important to search similar motion. The most primary 
factors for these are motion expression, matching algorithm, 
indexing structure, search space, and more.  

For motion expression, it is necessary to create an 
abstraction over motion capture data in the form of human 
motion features. In this approach, we use physics-based 
human motion features consist of joint torques and 
magnitudes  of  joint  torques.  For  some  main joints. Physics- 

Fig. 1.  General flow chart of the proposed approach 

based features implicitly include the gravity, ground reaction 
forces, and some knowledge of the remaining body parts. 
These features are discriminative and low dimensional 
representation of a human motion that preserves the original 
high dimensional data's information. 

The main contribution of this work is a two-step method 
proposal that extracts the physical properties of the motion to 
search similarities in motion capture databases. The general 
approach of the proposed system is summarized in Fig. 1. 
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First, joint torques and centers of mass are extracted as 
physics-based properties from the data in the motion database. 
These physics-based properties are defined for each pose of 
the motion. The kd-tree structure is built using all poses in the 
motion database. Physics-based properties, namely joint 
torques and centers of mass, are also extracted from the 
queried motion. With the created kd-tree structure, similar 
poses are found separately for all poses corresponding to the 
queried motion. The motion parts to which the closest poses 
belong to each pose in the queried motion have occurred as 
motion candidates that may be similar to the queried motion.  

Second, the temporal and spatial alignments are made 
separately between the set of the query motion and similar 
motion candidates. As a result, the closest similar motions are 
obtained by using similarity metrics between candidate 
motions and query motion.  

The proposed technique is tested in CMU, HDM05, and 
MIDAS human motion capture databases. Besides, joint 
torques and centers of mass, as well as joint positions and joint 
angles, are compared as feature vectors based on physics. 

II. PREVIOUS WORK 
A large amount of human motion capture data have been 

gradually recorded and used in computer animation, computer 
games, and virtual reality applications. Motion capture data is 
no longer a rare and expensive product due to the widespread 
use of motion capture technology and the ability to retrieval 
more databases. For this reason, making the existing motion 
databases usable has become a critical problem. Fast searching 
of content in large motion databases serves as a fundamental 
basis for these motion databases applications.  

It is essential to define the appropriate similarity measure 
for similar motion retrieval and classification processes in 
motion databases. Here, the concept of "similarity" required 
to compare different motions is a widespread expression and 
varies according to its definition. First of all, two different 
motion data can express temporally or spatially different 
characteristics of the same action. For example, even when 
comparing two walking motions, variations may arise 
depending on many parameters such as direction, speed, style, 
and body size. Besides, for example, a walking and a running 
motion can be described as similar, ignoring the spatial 
differences that exist and the highly observed temporal 
differences. 

The complexity of the motions varies with different styles. 
For example, walking motion may differ in performance, such 
as disruption, using fingertips, advancing appropriate steps. 
Given the emotional expression and mood, it can be divided 
into cheerful, sad, angry, shy. In addition, it may change with 
the physical and characteristic features of the person 
performing the action. 

Intuitively, two motions can be considered similar even if 
they show very different variations of the same action. This 
concept is defined as “logical similarity”. Here the variations 
may concern the spatial as well as the temporal domain. 
Besides, logically similar motions need not be numerically 
similar as they can vary significantly spatially and temporally. 
On account of, logical similarity may lead to incomplete and 
insufficient retrieval results when using similarity measures 
based on a numerical comparison of spatial coordinates. 

The searching methods in motion databases are divided 
into three groups as sample-based [1, 2, 3, 4, 5] and control 

set-based [6, 7, 8, 9], and user-centered [10, 11, 12]. In 
sample-based retrieval, a complete sample motion is 
submitted for the query, and all similar motions are intended 
to be extracted from the database. On the other hand, in control 
set-based retrieval, sparse or incomplete motion data is used 
as a query, and it is aimed to retrieval the corresponding full 
motion data on the motion base. In user-centered retrieval, the 
user must browse the database for the desired motion and set 
specific criteria. 

In order to make animation and game production more 
efficient in the field of computer graphics, it is necessary to 
reuse the motions that are already in the database. For this, 
motions in the database can be expressed manually or 
automatically using textual descriptions [13, 14, 15]. 
However, textual descriptions may not always adequately 
express the desired motions, and the search may be restricted 
to certain motion classes only. 

For sample-based retrieval to motion databases, Kovar and 
Gleicher [1] look for numerical and logical similarity in the 
motion capture data. They precalculate the locally optimal 
time alignments for all motions in the database. For this, they 
create structures called "match webs" on dense distance 
matrices. When part of the motion dataset is given for query, 
their systems automatically find and extract similar motion 
parts, i.e., motion parts representing variations of the same 
motion. Their methods contain three basic ideas. The first key 
idea is the multi-stage search. Logically similar motions can 
have very different skeletal poses. In a large dataset, some 
logically similar motions are likely to be numerically similar. 
Therefore, they find more motions by using similar motions 
they find as new queries. The second key idea is that they use 
a time match to describe the similarity. The last basic idea is 
precomputation interaction practices. To provide interactive 
speed, they precompute a "match web" that is an efficient 
searchable representation of similar motion parts. Hence, their 
technique requires a lot of preprocessing time for large 
databases. 

Forbes and Fiume [2] showed that clustering and size 
reduction processing for sample-based retrieval in motion 
databases improves time in dynamic time alignment based 
methods. 

Chiu et al. [3] perform clustering using a self-organizing 
map and indexing individual body parts (e.g., arms, legs, 
body) to make timely improvements in sample-based motion 
data retrieval methods based on dynamic time alignment. 

Müller et al. [16, 17, 18] achieve significantly rapid 
content-based searching in large motion databases by 
representing poses with their binary geometric properties. In 
their approach, they define various kinds of qualitative 
features describing geometric relations between specified 
body points of a pose and show how these features induce a 
time segmentation of motion capture data streams, such as the 
left hand is in front of or behind the body. They create efficient 
indexing methods by adding spatial-temporal invariance to 
geometric properties to allow flexible and efficient searching 
for huge motion capture databases. They also implement an 
effective preprocessing strategy for the time alignment of 
logically similar motions that accelerates the cost-intensive 
classical dynamic time warping techniques. Although binary 
geometric features are well suited to describe concepts of 
logical similarity of motions and find "patterns of motion", 
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they are not suitable in contexts requiring close numerical 
similarity of motions. 

Keogh et al. [4] observe cases where general dynamic time 
warping is not required in the method they applied for sample-
based searching in motion databases. They also provide a fast 
retrieval algorithm for motions that can be well aligned using 
uniform time scaling. 

Kruger et al. [5] present an efficient approach for sample-
based retrieval in motion databases, suitable to large 
databases. They prioritize reducing complexity while 
applying their techniques, so they gain their methods relevant 
to large databases. They develop a rapid plan for general 
similarity investigations using the kd-tree based neighborhood 
queries. They use feature sets ranging in size from 15 to 90 for 
nearest neighbor searches based on the kd-tree. Thus, they 
make it practical to define similar regions locally in human 
motion data for large databases. They additionally improve k-
nearest neighbor search methods and use them efficiently for 
numerical and logical similarity searches. 

Hsu et al. [7] introduce a dynamic programming technique 
that combines the best gestures using a reduced marker set for 
control set-based retrieval in motion databases. 

For control set-based searching in motion databases, Liu 
et al. [8, 9] preprocess the motion database using hierarchies 
of local linear models to retrieval a character pose in a sparse 
marker set quickly. They further try to identify a particular 
subset of markers that provided the most information for 
correct pose searching. 

Sakamoto et al. [10] designed a visual interface to provide 
search to desired motions for user-centered retrieval in motion 
databases. In this interface, the user defines key poses 
according to the motion desired to search using a map of the 
poses. 

For control set-based retrieval in motion databases, Chai 
and Hodgins [6] provide a fast nearest neighbor search using 
neighborhood graph structures for motion database 
preprocessing. They convert the low-dimensional control 
signals obtained from only a few markers into a full body 
animation with the system they developed. For this, they built 
a set of local models from the human motion capture database 
at runtime and used them to fill in the possible motion 
information that could not be captured by pointers. 

In this work, it is aimed to give a similar motion definition 
by masking the spatial and time differences. If the two motions 
differ in time, such as between running and walking motions, 
these are distinguished and perceived as different. 
Additionally, the two different walking motions are defined as 
similar, although they differ in speed and style. Besides, the 
spatial difference of the two motions is evaluated by 
disregarding the body dimensions and initial direction and 
orientation of the motions. 

III. PHYSICS-BASED AND KINEMATIC MOTION PROPERTIES 
The crucial point in searching similar motions in human 

motion databases is decreasing the dimensionality of motion 
data by using feature vectors. Normally, motion features are 
summarized to describe the characteristics of a motion 
sequence. However, the motion features are for speeding up 
the searching procedure without loss of information in results. 
In this work, the following physics-based features are 
determined to express motion capture data: 

• 𝐶𝐶!: Center of mass  
(3 dimensions) 

•  𝑇𝑇": Magnitudes of joint torques of 4 end-effectors and 
head 
(5 dimensions) 

• 𝑇𝑇#$: Magnitudes of joint torques of 4 end-effectors and 
head, as well as the 5 positions of the elbows, knees 
and one chest joint  
(10 dimensions) 

• 𝑇𝑇#": Joint torques of 4 end-effectors and head  
(15 dimensions) 

• 𝑇𝑇!$: Joint torques of 4 end-effectors and head, as well 
as the 5 positions of the elbows, knees and one chest 
joint  
(30 dimensions) 

The human body is a complex articulated body in which 
the dynamics resulting from the forces and torques. The 
human body's net force must be explained by internal forces 
such as joint torques and external forces such as gravity and 
contact. In order to obtain physics-based properties, the work 
presented by Brubaker et al. [19] is utilized. For the extraction 
of physics-based features, the three-dimensional articulated 
human body model used consists of 12 body parts and has a 
total of 26 degrees of freedom (DOFs). Three types of joints 
are used to connect body parts: hinge (degree of freedom 1), 
saddle (degree of freedom 2), and ball and socket (degree of 
freedom 3). The root part of the body's position and orientation 
are given in the general coordinate system with the spherical 
joint with 6 degrees of freedom. It is taken at the appropriate 
length for all body parts. Body part lengths, mass, and inertia 
parameters are taken the same for all actors and motions. 

Now consider an articulated human body with 𝑁𝑁 degrees 
of freedom and consisting of 𝑃𝑃 body parts. The body's root has 
6 degrees of freedom.  The remaining (𝑁𝑁	 − 	6) joint angles 
are defined according to the upper body part's coordinates to 
which it belongs. Then, using the Lagrange formula, the 
structure of the body 𝑞𝑞 ∈ ℝ%  is expressed by 𝑁𝑁 generalized 
coordinates and 𝑁𝑁 quadratic differential equations of  

ℳ(𝒒𝒒)�̈�𝒒 = ℱ(𝒒𝒒, �̇�𝒒) + Å(𝒒𝒒, �̇�𝒒)                      (1) 

where, �̇�𝒒 and �̈�𝒒 are the first and second order derivatives of 𝒒𝒒, 
respectively. Additionally, ℳ is the generalized mass matrix, 
ℱ  denotes the generalized vector of forces acting on 𝑁𝑁 
degrees of freedom, and Å  is the remaining conditions 
containing the restrictions required to force joint constraints. 
These equations are created using the TMT method [20, 21]. 
The aim is to obtain (N −6) parts of internal torque 𝜏𝜏& from N 
generalized acceleration values. The force F is denoted by the 
equation 

ℱ(𝒒𝒒, �̇�𝒒) = 𝐴𝐴&𝜏𝜏& + 𝜏𝜏'(𝒒𝒒, �̇�𝒒).                      (2) 

Here 𝐴𝐴&  matrix takes joint torques to 𝑁𝑁  generalized joint 
vectors. Gravity and ground contact forces are taken as 
external forces. 

Besides, the following kinematic features used in previous 
studies [1, 5, 6] were used to compare physics-based features: 

• 𝑃𝑃#": Positions of 4 end-effectors and head  
(15 dimensions) 



43

• 𝑃𝑃!$: Positions of 4 end-effectors and head, as well as 
the 5 positions of the elbows, knees and one chest joint 
(30 dimensions). 

• 𝐽𝐽#": Angles of 4 end-effectors and head  
(15 dimensions). 

• 𝐽𝐽!$: Angles of 4 end-effectors and head, as well as the 
5 positions of the elbows, knees and one chest joint  
(30 dimensions). 

IV. POSE-BASED HUMAN MOTION DATABASE INDEXING 
STRUCTURE CONSTRUCTION 

The extraction of the feature vectors is pose-based 
according to the defined feature vectors. Let 𝐹𝐹 represent the 
set of motion features corresponding to all poses in the human 
motion capture data with reduced size, normalized to root joint 
position, and orientation. In this case, the motion database 
feature set 𝐹𝐹  may be defined by one or more motion 
properties. At this stage, the kd-tree structure is constructed 
using the Euclidean metric on the set 𝐹𝐹. 

V. FROM POSE-BASED SIMILARITY SEARCH TO MOTION-
BASED SIMILARITY SEARCH WITH SPATIAL AND TEMPORAL 
ALIGNMENT 

In terms of physics, human motion is the change of a 
body's position and location over time. Human motion capture 
data are represented as a time-dependent sequence of poses. 
Poses are defined as a set of three-dimensional coordinate 
vectors belonging to each joint in a particular keyframe. 
Therefore, since human motion capture data may have 
different lengths in time, problems arise when distance 
functions are to be used to compare data. To be more precise, 
the same motion may be performed with a different speed.  For 
this, it mutually matches all poses of two given motions with 
time alignment methods to discover the correspondences 
between the frames of one sequence to another. The temporal 
alignment problem becomes more complicated when motion 
changes dynamically. Besides, in the applications that process 
and use the human motion capture database, it is necessary to 
eliminate the effect of the variability of the person performing 
the motion, namely the variety of body and skeleton 
measurements. For this, canonical correlation analysis is used 
to perform spatial matching by learning the shared subspace 
between two high-dimensional features. 

Let 𝑄𝑄 be the set of motion features corresponding to all 
poses in the query motion 𝑀𝑀 of length 𝑇𝑇. By performing k 
nearest neighbor search in the kd-tree structure using 
Euclidean metric on the set F, for each pose 𝑡𝑡 ∈ 	 [1: 𝑇𝑇] of the 
query motion M, that is, for each pose-based feature in the set 
𝑄𝑄, k similar poses are found in the database. 

Let 𝐴𝐴 denote the set of motions containing 𝑘𝑘 similar poses 
obtained for each query motion pose. In 𝐴𝐴, each 𝑌𝑌 motion is 
again represented by the feature vector. Let 𝑋𝑋  denote the 
feature vector representation corresponding to the entire 𝑀𝑀 
query motion. In this case, the motion set A consists of feature 
vectors of candidate motions that may be similar to the query 
motion. 

Now let the length of the motion feature vector 𝑌𝑌 
corresponding to the query motion be denoted by 	𝑇𝑇(, and the 
length of the motion feature vector 𝑋𝑋  corresponding to a 
motion candidate for similar motion is denoted by 𝑇𝑇). In this 
case, physics-based motion properties are expressed as  

𝑋𝑋 = 𝑋𝑋#:+! = [𝑥𝑥#	𝑥𝑥, 	⋯	𝑥𝑥+!],                     (3) 

𝑌𝑌 = 𝑌𝑌#:+" = [𝑦𝑦#	𝑦𝑦, 	⋯	𝑦𝑦+"]                      (4) 

where 𝑥𝑥- and 𝑦𝑦- are the joint positions, namely human action 
pose at temporal index 𝑡𝑡.  

First, these motion features are temporally aligned with the 
dynamic time warping algorithm. The optimal alignment path 
𝑤𝑤 = [𝑤𝑤#	𝑤𝑤, 	⋯	𝑤𝑤+] ∈ ℝ, × 𝑇𝑇  between the motions 𝑋𝑋#:+! 
and 𝑌𝑌#:+" 	is calculated by minimizing the Euclidean distance 
function  

𝐷𝐷J𝑅𝑅) , 𝑅𝑅(L = 𝐿𝐿,J𝑋𝑋#:+!𝑅𝑅)+ , 𝑌𝑌#:+"𝑅𝑅(+L               (5) 

where 𝑤𝑤- = [𝑡𝑡)	𝑡𝑡(]+  for 𝑡𝑡 ∈ [1: 𝑇𝑇] , 𝑇𝑇  is the length of the 
aligned path, 𝐿𝐿,(∙)  is the Euclidean metric between two 
motion sequences, 𝑅𝑅) = O𝑟𝑟-,-!

) Q ∈ {0, 1}+ × 𝑇𝑇)  and 𝑅𝑅( =
O𝑟𝑟-,-"

( Q ∈ {0, 1}+ × 𝑇𝑇( are binary selection matrices. A couple 
of alignment path 𝑤𝑤- = [𝑡𝑡)	𝑡𝑡(]+  is chosen from binary 
selection matrices where  𝑟𝑟-,-!

) = 𝑟𝑟-,-"
( = 1 which means 𝑥𝑥-! 

corresponds to 𝑦𝑦-" at step 𝑡𝑡. 

In order to find optimal alignment path 𝑤𝑤 by minimizing 
the function (5), the temporal aligning matrix 

𝔸𝔸 = O𝑎𝑎-#,-$Q
+!×+"

                          (6) 
is builded with 𝑎𝑎-#,-$ which is the 𝐿𝐿,  metric between the 
feature vectors of 𝑥𝑥-#  and 𝑦𝑦-# . The optimal path on the 
temporal aligning matrix gives the optimal alignment path 𝑤𝑤. 
Hence, the resulting 𝑋𝑋W#:+! = 𝑋𝑋#:+!𝑅𝑅)+  and 𝑌𝑌W#:+" = 𝑌𝑌#:+"𝑅𝑅(+ 
motion features are temporally aligned. 

To apply spatial alignment after temporal alignment, first, 
a pose at time 𝑡𝑡 ∈ 	 [1: 𝑇𝑇] is arranged as the pose  

𝑝𝑝- = Y
𝑝𝑝-## … 𝑝𝑝-#

|1|

𝑝𝑝-,# … 𝑝𝑝-,
|1|

𝑝𝑝-!# … 𝑝𝑝-!
|1|
[ℝ!×|1|                  (7) 

represented by the matrix 𝑝𝑝- = \𝑝𝑝-#, ⋯ , 𝑝𝑝-
|1|]

+
∈ ℝ!|1|×#, with 

the three-dimensional coordinates 𝑝𝑝-
2 = J𝑝𝑝-#

2 , 𝑝𝑝-,
2 , 𝑝𝑝-!

2 L of the 
𝑖𝑖th joint in ℝ!, where |𝐽𝐽| is the number of joints. In this case, 
to calculate the distance function 

𝑑𝑑3(�̅�𝑥- , 𝑦𝑦W-) = 𝐿𝐿,J�̅�𝑥-+𝑣𝑣)+ , 𝑦𝑦W-+𝑣𝑣(+L                   (8) 

for spatial alignment to be minimum, the spatial alignment 
matrices 𝑣𝑣)+  and 𝑣𝑣(+  are found by canonical correlation 
analysis. 

Finally, for temporally aligned motion features 𝑋𝑋W#:+! and 
𝑌𝑌W#:+", the distance function  

𝑆𝑆(𝑋𝑋#:+! , 𝑌𝑌#:+") =
#
,
∙ J𝑆𝑆#(𝑋𝑋#:+! , 𝑌𝑌#:+") + 𝑆𝑆,(𝑋𝑋#:+! , 𝑌𝑌#:+")L (9) 

is used to measure the distance between motions with 

𝑆𝑆# = ∑ 𝑑𝑑3(�̅�𝑥- , 𝑦𝑦W-)+
&4#                           (10) 

and  

𝑆𝑆, = ∑ 𝑑𝑑3(�̅�𝑥- − �̅�𝑥-5#, 𝑦𝑦W- − 𝑦𝑦W-5#)+6#
&4# .            (11) 

By comparing the query motion and the set of motions 
containing k similar poses obtained for each pose, all the 
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motions in A are compared with this distance function, and the 
closest motion to the query motion is found. 

VI. EXPERIMENTS AND RESULTS 

A. Database Construction 
All experiments for the results of the presented technique 

of physics-based similarity searching in the motion capture 
database are performed on CMU [22], HDM05 [23], and 
MIDAS [24] motion capture databases 

First, the pose-based size reduction is applied to decrease 
the number of frames to 20% of the raw motion data. Thus, a 
low-resolution motion capture database is created from the 
original ones. 

Second, all motion data is subjected to normalization 
according to the root joint position and orientation. The 
purpose of this process is to detect similar motions with 
different starting positions or orientations. 

Motions in the HDM05 [23] database usually involve 
more than one type of action, as they are performed on a 
specific scenario. Additionally, a set of short motion capture 
sequences that have been cut out of the takes are provided.  
These short motion sequences used in this work consist of 
2343 pieces and were performed by five actors. Since motions 
are converted into lower resolution datasets, the total number 
of frames of the motions is 187527, with frame rates of 30 Hz. 
These motions include 12 different classes in walking, 
running, sitting, jumping, turning, kicking, punching, 
clapping, cartwheeling, throwing, rotating arms, and workout 
with approximately 130 different subclasses. 

Some of the CMU [22] database motions contain a single 
action type, while some have more than one action type. The 
total number of frames of the CMU database motions used in 
this work is 244257, when reduced to frame rates of 30 Hz. 
The motion parts include 12 different classes such as walking, 
running, sitting, jumping, kicking, punching, clapping, 
cartwheeling, climbing, basketball, football and waving. For 
example, the basketball motion involves subclasses such as 
dribbling, shooting forward, or sideways. Since therefore, the 
short motion pieces contain approximately 140 different 
subclasses. 

Motions in the MIDAS [24] database usually contain a 
single action type. These motion pieces are 209, and all belong 
to 15 actors. The total number of frames is 148538, with the 
number of frames per second of the original motions being 
120 Hz. Since motions are converted into lower resolution 
datasets with frame rates of 30 Hz, the total number of frames 
of the motions is 37211. The motion parts include seven 
different classes, such as walking, capoeira, karate, boxing, 
catching the ball, waving hand, and jumping rope. For 
example, the karate class includes subclasses such as kicking, 
blocking, punching. These subclasses also have many 
different subclasses, such as right or left reverse round 
kicking, right or left-back kicking, high block, right or left 
pressed block, right or left forward punch, right or left round 
hook punch. In this way, the motion parts contain 
approximately 80 different subclasses. 

In these databases, the performance of our system is 
evaluated from two aspects; (1) pose-based (2) motion-based 
similarity searching. 

B. Pose-Based Comparison of Motion Features and Results 
First, the described motion feature sets were compared to 

test the pose-based comparisons. The average computation 
times for searching 16 and 64 nearest neighbors using physics-
based and kinematic feature sets on motions of CMU (964231 
frames at 30 Hz), HDM05 (746046 frames at 30 Hz), MIDAS 
(148538 frames at 30 Hz) are shown in Table 1 and Table 2. 
Since the selected feature vectors are of low dimensional, fast 
results are obtained. It is possible to search efficiently for all 
feature vectors. The results show that the defined feature 
vectors are suitable for large databases. 
Table 1. Average computation times (in milliseconds) for searching 16 and 
64 nearest neighbors using physical-based feature sets on motions of CMU 
(964231 frames at 30 Hz), HDM05 (746046 frames at 30 Hz), MIDAS 
(148538 frames at 30 Hz). 

DATABASE #NN 
Feature Sets 

𝑪𝑪𝟑𝟑 𝑻𝑻𝟓𝟓 𝑻𝑻𝟏𝟏𝟏𝟏 𝑻𝑻𝟏𝟏𝟓𝟓 𝑻𝑻𝟑𝟑𝟏𝟏 

CMU 
16NN 0.13 0.15 0.25 2.12 6.24 

64NN 0.23 0.25 0.49 4.11 23.82 

HDM05 
16NN 0.11 0.13 0.22 2.08 6.18 

64NN 0.21 0.25 0.41 3.97 23.32 

MIDAS 
16NN 0.08 0.09 0.18 1.33 3.76 

64NN 0.15 0.17 0.34 2.16 16.23 

 

Table 2. Average computation times (in milliseconds) for searching 16 and 
64 nearest neighbors using kinematic feature sets on motions of CMU 
(964231 frames at 30 Hz), HDM05 (746046 frames at 30 Hz), MIDAS 
(148538 frames at 30 Hz). 

DATABASE #NN 
Feature Sets 

𝑷𝑷𝟏𝟏𝟓𝟓 𝑷𝑷𝟑𝟑𝟏𝟏 𝑱𝑱𝟏𝟏𝟓𝟓 𝑱𝑱𝟑𝟑𝟏𝟏 

CMU 
16NN 2.23 6.36 2.08 6.18 

64NN 4.13 24.12 4.03 23.56 

HDM05 
16NN 2.18 6.35 2.06 6.15 

64NN 4.03 24.01 3.89 23.21 

MIDAS 
16NN 1.48 3.78 1.28 3.74 

64NN 2.32 16.41 2.11 16.14 

 

Fig. 2 shows the result of searching 64 nearest neighbors 
of a pose taken from the motion named “Capoeira - Au” in the 
MIDAS (148538 frames at 30 Hz) motion capture database by 
using 𝑇𝑇#"  physics-based motion features. Here the query 
motion pose is shown in (a). Among the resulting 64 similar 
motion poses, the 16th, 32nd, and 64th similar poses are 
shown, respectively (b), (c), and (d).  

Similarly, Fig. 3 shows the result of searching 16 nearest 
neighbors of a pose taken from the motion named “Capoeira - 
Ginga” in the MIDAS (148538 frames at 30 Hz) motion 
capture database by using 𝑇𝑇#"physics-based motion features. 
Here the query motion pose is shown in (a). Among the 
resulting 16 similar motion poses, the 1st, 4th, and “16th 
similar poses are shown, respectively (b), (c), and (d). 
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Here, it is clear that the physical-based motion feature sets 
𝐶𝐶!, 𝑇𝑇", and 𝑇𝑇#$ protect the search information less than the 
physical-based motion feature sets 𝑇𝑇#"  and 𝑇𝑇!$  and, on the 
other hand, speeds up the searching procedure. 

The results also show that in the nearest neighbors 
searching for the given query pose, the same actor's poses are 
closer to the query pose, while poses performed by different 
actors are farther from the query pose. 

C. Motion-Based Comparison of Motion Features and 
Results 
Confusion matrices that are created by using physical-

based motion features 𝑇𝑇#", 𝑇𝑇!$, 𝑃𝑃#", 𝑃𝑃!$, 𝐽𝐽#", 𝐽𝐽!$are shown 
in Fig. 4. For this, from CMU, HDM05, MIDAS motion 
capture databases, ten different actions (30 walking, 20 
running, 20 side jumping, 30 waving, 30 boxing, 30 forward 
bending (with hip), 30 forward bending (with knees), 30 
forward jumping, 30 sit-downs, 30 cartwheels) are used.  

The confusion matrices are calculated by averaging the 
distances between each motion according to classes. Here, the 
diagonal area of the confusion matrix is expected to have the 
smallest variations, so it will be shown in the darkest color. As 
a result, it shows the effectiveness of the similarity function 
(9). On the other hand, for example, the darkest colors in row 
3 and column 8 of the matrix, "side jumping" and "forward 
jumping" motions indicate that they have similarities in their 
motion. It is observed that these motions are logically similar. 
Similarly, “bending forward (knee)” and “sit-down” motions 
may be considered somewhat logically similar, and the same 
results are seen in the confusion matrices. 

 

                    
(a)                                                    (b) 

                                      
(c)                                                    (d) 

Fig. 2. Pose-based similarity searching for "Capoeira - Au" motion in 
MIDAS motion capture database by using 𝑇𝑇!"  physics-based motion 
features. (a) Query motion pose. (b) 16., (c) 32., and (d) 64. similar motion 
poses  

         
(a)                                                    (b) 

         
(c)                                                    (d) 

Fig. 3. Pose-based similarity searching for " Capoeira - Ginga" motion in 
MIDAS motion capture database by using 𝑇𝑇!"  physics-based motion 
features.  (a) Query motion pose. (b) 1., (c) 4., and (d) 16. similar motion 
poses obtained by searching 16 nearest neighbors. Conclusions 

VII. CONCLUSION 
In motion capture database, in similar motion retrieval 

methods, motion expression, reduction of motion data size, 
comparison of motions, and searching structures are the most 
critical factors affecting the accuracy and efficiency of the 
results. In the presented method, the use of low-dimensional 
physical properties of the motions and the construction of a 
pose-based structure instead of temporal and spatial alignment 
during the database organization have provided a rapid 
response time. As a result, the physics-based method 
presented for similar motion search in the database has 
provided effective results in large motion capture databases. 

Conversely, in the results obtained, it is observed that the 
knowledge of motion and its characteristic features are 
preserved with physics-based features. Another advantage of 
physics-based features is that it includes information about 
gravity and ground reaction forces indirectly. Besides, specific 
kinematic features of motion are used to compare the 
efficiency of physics-based properties. For this, joint positions 
and joint angles are extracted from motion capture data. 
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Results were tested in CMU, HDM05, and MIDAS motion 
capture databases. The method of retrieval of the motion 
worked takes into account content-based and numerical 
similarity. As a result of this, for example, a jumping motion 
was perceived as different motions with the right foot, left 
foot, bipod, jacks. 

On the other hand, for this work, the motions in the 
database are initially processed as separate motions rather than 
as a whole. Namely, all motions include a single action such 
as walking, boxing, jumping. Therefore, the presented similar 
motion search system is not suitable for use in a database that 
contains a sequential record of full motions. 

 

 
                         (a)                                             (b) 

 
                         (c)                                             (d)                         

 
                         (e)                                             (f) 
Fig. 4. Confusion matrices that are created by using physical-based motion 
features (a) 𝑇𝑇!# , (b) 𝑇𝑇$" , (c) 𝑃𝑃!# , (d) 𝑃𝑃$" , (e) 𝐽𝐽!# , (f) 𝐽𝐽$" . Motions from 
CMU, HDM05, MIDAS motion capture databases: (1) walking, (2) running, 
(3) side jumping, (4) waving, (5) boxing, (6) bending forward (hip), (7) 
bending forward (knee), (8) forward jumping, (9) sit-down (10) cartwheel.  
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Abstract—This study proposes a labelling method that provides
resources for machine learning studies for 3D road modelling
from satellite images assuming 2D polygonal road paths are
provided in available online sources such as OpenStreetMap
(OSM). In such sources, the roads are roughly known as line
segments without actual size information, i.e., the width of
the road. Therefore, efforts are made to extract the missing
information accurately. We propose a simple interactive user
interface for quickly labelling the roads over satellite images.
Using our approach, regions with different road characteristics
can be possibly generated after quickly training a subset of the
road segments.

Index Terms—City Modelling, Satellite images, Open-
StreetMap, Labeling, Machine Learning

I. INTRODUCTION

In this study, using the rough 2D information provided, it is
aimed to label the boundaries of the roads, in which the width
information will be extracted, to automatically determine the
boundaries of the roads on satellite images using machine
learning methods. This approach allows precise modelling of
roads in a reconstructed 3D city model.

Recently, 3D city modelling and simulation studies have
gained more interest following the technological advances for
capturing and processing data. It is possible to access 2D
road networks from online sources such as OpenStreetMap
(OSM). In such networks, roads are defined as polygonal path
chains. This information can be used in various studies to
reconstruct cities or traffic [1], [2]. One shortcoming of these
sources is the lack of precise road widths. However, they
are still useful by providing prior information for automatic
extraction of roads from satellite images. In this study, we
present a quick labelling method to feed machine learning
studies. With the proposed study, satellite images of road
segments are presented to the user such that they are always
directed upwards and the user can easily specify road width.
The labelled data will facilitate generating precise 3D road
modelling later. After obtaining the roads, it is also possible
to extract the parked or moving vehicles over the roads for an
accurate traffic simulation.

We used Unity 3D game engine to show satellite images to
the user in an intended manner. Linear line segments extracted
from OSM data directs the camera to move over the roads and
the system presents the roads to the user who can pick either
side of a road segment before moving to another segment. In

the remaining part of the paper, first, we present the related
works before explaining the details of the proposed approach.

II. RELATED WORK

Recently, road segmentation, 3D modelling and smart cities
have attracted great interest. In this study, we aim to provide
a labelling method for facilitating automatic segmentation of
roads which forms our longer-term aim. Therefore, this section
also includes road extraction and generation studies.

Dai et al. [3] propose the method of high-resolution optical
satellite image strip levelling for road extraction. The proposed
method not only ensures the accuracy of the lane level guid-
ance but also greatly increases the automation of the guidance.
Azimi and Fischer [4] proposed a study where the elaboration
of public transport is based on the creation of smooth road
maps and lane-based models. It contributed to overcoming
the difficulties associated with the semantic strip marking
segmentation of aerial imagery. The first high-quality data set
used in experiments involving a wide range of situations and
lane marking classes representing today’s transport systems is
presented. On the other hand, there is a productive system
[5] that can be operated to any planned or unpaired location
region that produces a street labelling solution. An algorithm
is created that generates meaningful addresses for locations
that do not have street names or addresses and do not match.
An automated algorithm is provided to perform this task using
machine learning and computer vision approaches from satel-
lite images. Also in a study to find solutions to the problem
of city travel with artificial intelligence, OpenStreetMap was
used as a source and information and results about the map
were examined [6].

To achieve their goals, and addressing system [7] is provided
to generate addresses compatible with the routeing topology.
They provided an approach for developing world maps with
aerial imagery. Contextual models utilizing maps are very
effective for many recognition and localization tasks. It is
recommended to use aerial images to develop existing world
maps. OpenStreetMap is used, parameterized in terms of
the location and width of the path segment centerlines, and
formulated as an inference problem in random space. Bacher
and Mayer [8] offer an automatic road extraction approach.
The areas where water makes agriculture possible and the
areas dominated by desert and dried mountain areas are
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modelled. The results of the study demonstrate the validity of
the approach. Kocaman and Zhang et al. [9] 3D city modelling
with high-resolution satellite images was studied. It shows
that different software and approaches are available for the
creation of 3D city models. 3D city models can be created
with CyberCity ModelerTM software package. The ability to
provide multi-image terrain coverage in a flight mission or
satellite orbit, the multi-image matching approach, has been
reported to cause reduced problems due to occlusions, multiple
solutions, surface discontinuities, and higher measurement
accuracy.

Y. Wang et. al. Y. Wang et. al. [10] use urban roads.
This article focuses on the automatic extraction of ways in
urban areas from high-resolution satellite imagery. For road
detection, several methods have developed in recent years.
Redmon et. al. [11] studied on an application of Convolutional
Neural Network (CNN) to detect with YOLO. As mentioned
in this study, the algorithm and method are thought to be
shaped around CNN. This study, it is directed to object
recognition, not road detection. in the master thesis of Sirefelt
[12] implementing this using NVIDIAs compute unified device
architecture with CUDA. 416 × 416 used the pictures. It used
a maximum of 640 × 640 image size from Google Maps.
Deepan et. al. [13] studied on this The process of dividing
the RGB image into four blocks of 250x250 pixels in a
similar studied. YOLO or TensorFlow used. Lane detection
is important for the development of smart vehicles. Problems
such as low detection of traditional methods and real-time
poor performance of deep learning-based methods have been
addressed. A lane detection algorithm has been proposed for
intelligent vehicles in complex road conditions and dynamic
environments. Cao and Song et al. [14]. Besides, Malladi
used object detection in his study to detect objects in satellite
imagery with supervised and unsupervised learning methods
[15].

Xu and Zhang et. al. [16] [17] studied on it took results
using Incremental Learning, Machine learning and deep learn-
ing. These studies use some state-of-the-art improving the
performance segmentation of semantic comparisons Qualita-
tive methods for semantic segmentation of remote sensing,
eg a fully curved network (FCN). Taşpınar [18] used CNN
in his study. He also used R-CNN, Fast R-CNN and Faster
R-CNN neural networks. These neural networks detected the
presence of objects in the images and returned the bounding
boxes of the object. There are neural networks that can perform
segmentation tasks, which determine which object the pixel in
the image belongs to. J. Wang et. al. [19] studied on use deep
convolutional neural networks (DCNN). This algorithm used
has been examined. Also Xia et. al. [20] studied. It shows that
the proposed solution successfully identifies road networks
from complex situations with an overall accuracy of more than
80 per cent in distinguishable areas. W. Wang et. al. [21] this
article focuses on the automatic way in urban areas from high-
resolution satellite imagery. It focuses on features that reflect
the proportion of bright areas, the directional consistency
of the edges, and the road characteristics of local binary

patterns. AdaBoost is adopted to select the most effective
features from these features. Paths are detected with a sliding
window with learning results and the path link is validated by
merging. Experimental results on real Quickbird images show
the effectiveness and robustness of the method used.

III. OVERVIEW

We are proposing a quick road labelling method as part of
a larger aim of auto-generation of roads from satellite images.
We are also planning to generate 3D roads that are usable for
traffic simulation. The steps of the whole pipeline are shown
in Figure 1. In this study, we are demonstrating the first two
steps highlighted with red borders in the figure.

Fig. 1. Overview of the general aim, red bordered part is presented in this
study.

In this study, given the geo-coordinates of a region, available
data is acquired from online available sources as the initial
step. This data includes OpenStreetMap data: providing textual
descriptions of 2D plans of buildings, roads, and additional
information; and satellite images of the same region which is
acquired from Google Maps in our case. Using the available
sources we provide a quick user interface for the users to
specify borders of road segments. The acquired information
is kept to be used as labelled data to train neural networks in
the later steps.

Later steps, which are currently ongoing and have not
been presented here include using machine learning with
the labelled data for automatic extraction of the roads from
satellite images. After segmenting out the roads in a detailed
manner, this information can be used to generate detailed 3D
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roads by also employing the elevation information. The last
step is to use the generated roads for traffic simulation or other
similar applications such as games. An additional planned
study is detecting the vehicles in the extracted road segments
and utilizing that information in the simulation application.

IV. OBTAINING AVAILABLE DATA

Relevant resources are explored to find path widths in 3D
road modelling. The OpenStreetMap image of the selected
place is taken as the source as in Figure 3. OpenStreetMap
is used for 2D city data, where each building and other closed
areas are expressed with polygons. It is also possible to access
geographic coordinates for each corner of these polygons.
Although two dimensions of buildings can be created with
OpenStreetMap, more information is needed to create their
height and visual texture. To obtain a 2-dimensional plan of the
area to be modelled, data is downloaded from Openstreetmap,
where each building, roads and similar areas are created by
users in the form of 2-dimensional polygons and lines. This
data consists of an XML file with the extension .osm. An
example field definition is shown in Figure 2. In the example,
the way includes the polygon that forms the 2D boundaries of
the relevant building and optional information such as name,
address, number of floors. Each vertex of the polygon consists
of a node (nd) and these nodes contain coordinate information.
2D polygons created by reading the .osm file containing the
modelled region can be raised from the ground and converted
into simple 3D models [22].

Fig. 2. An example from the osm file

Then Unity real map roads are created as shown in Figure
4. Unity was used as an application. Unity Satellite image
example is created as shown in Figure 5.

It focuses on how the data set is used in practice and how
to choose roads. The codes will be reviewed and developed.

Existing pictures are used in the figures below, but new ones
are needed. If possible, it is desired to use free resources such
as OSM. Google Maps, on the other hand, allows semi-free
or paid use. If required, this can be preferred.

Fig. 3. OpenStreetMap view of Ankara Yıldırım Beyazıt University

Fig. 4. Unity real city roads

In practice, a city is created in Unity using OSM data. In the
created city, the marked paths will be removed. Afterwards,
to improve the city’s roads, the user is made to select the
paths from the images to tag them. The selected paths are
saved and labelled data is provided for machine learning to be
trained later.

By reorienting the satellite images, road segmentation prob-
lem is reduced to find the width of the road. The main problem
is understanding the size of the paths at hand. Then, by using
the labelled resources of the desired city, the dimensions of
the roads are found with machine learning. In this way, the
final result is the automatic creation of the city’s roads.

V. QUICK LABELING METHOD

Several tasks have been undertaken to clarify the study by
using several OSM and Unity tools, libraries, and frameworks.
The tasks in this study include the following steps:

1) Creation of virtual city with Unity Video game engine
and analysis for labelling management.

2) Loading of the city using the high-resolution map im-
ages provided.

3) The camera focuses on the roads on the map.
4) The camera’s view through all the roads on the map, the

bird’s eye view and the way the road is centred on the
screen.

5) Move through on the map with the left/right arrow keys
on the computer keyboard. S key is used for saving and
R key is used for reset.
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Fig. 5. Google Satellite image example

Fig. 6. Unity real city model

6) With the help of the mouse paths is selected. A line is
drawn between two selected points.

7) Saving the selected path with a screenshot. Also, the
coordinates of the selected path are saved in the text file.
Labelling image and text file names are unique way IDs.

8) In addition to the x1, x2 coordinate, two separate outputs
are taken as bounding box labels x1, y1, x2 and y2 for
use as needed. Here y1 is assigned the upper left corner
0 value, and y2 the lower right 1 value.

These steps were followed sequentially in our tagging
management. Let’s detail all the steps taken, starting with the
definition of OpenStreetMaps.

OpenStreetMap (OSM) is a joint mapping project that
provides data for thousands of websites, mobile applications
and hardware devices built on geographic data in the world
where a free editable map is created. OpenStreetMap rep-
resents physical properties on the ground, such as roads or
buildings, using tags attached to its data structures. This tag
describes a geographic attribute of the feature represented by
the particular node, path, way id, tag, or relationship. Here the

node represents a specific point on the earth’s surface defined
by its latitude and longitude. The way is used to represent
linear features of roads. And it has a unique id. A relation is
a multi-purpose data structure that documents a relationship
between two or more data items, such as nodes, ways, and/or
other relationships. Tags that each type of data item has, define
the meaning of that item to which they are attached. [23].

During the creation of the virtual city with the Unity Video
game engine, analyzes were made to examine and integrate the
OSM infrastructure and data. In line with these data, the city
was created where high-resolution satellite images are used as
textures. The satellite images are obtained from Google Maps
API. Therefore, we use two different sources of data where
OSM related road geometry is rendered onto Google’s satellite
images. Having an accurate alignment of those two sources
are crucial for the proposed method. Figure 7 visualizes the
alignment of the roads and satellite images. As seen from this
figure, the two sources are sufficiently well aligned while only
for a minority of regions there are misalignments.

While the city is being loaded, the Camera is focused on
the roads on the map. The camera has a bird’s-eye view of all
the roads on the map and the path is centred on the screen.
Roads have always been considered as linear line segments.
Bezier curves or b-spline algorithms can be applied in case of
problems for curvy sections of the road.

For labelling, the user is asked to select the path with the
mouse. A line is drawn between the two selected points. The
user uses the left / right arrow keys to move on the map and
uses S to save, and R to reset. The coordinates of the selected
path are saved in the screenshot and text file with the same
unique way id name.

In the text file, in addition to the x1, x2 coordinate, the
bounding box labels x1, y1, x2 and y2 are saved as two
separate outputs with their images to be used when needed.
Here, as seen in figure 11, Where x1 and x2 are the selected
line coordinates, y1 is assigned the upper left corner 0 value
and y2 is assigned the lower right 1 value.

Fig. 7. Alignment of the OSM Roads and Google Maps Satellite images

VI. RESULT & DISCUSSION

In this study, we have presented our quick road labelling
method for a given geo-location. In our experiments, Ankara’s
Etlik district is integrated as a virtual city and we have
performed road labelling on this region. The results are as
follows. The roads were pre-drawn with texture. The screen
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Fig. 8. Road texture drawn

Fig. 9. Road non-textured

for the user to choose is in Figure 9. Here comes the unselected
and non-textured roads.

To improve the paths, the later path textures were made
invisible from Figure 8. In Figure 10, you can see the line
drawn after selecting it. When the user labels and saves, the
line is drawn on the screen disappears and becomes the same
as in Figure 9, so the screenshot is saved.

Users choose the path on this screen. If necessary, reset and

Fig. 10. Path selection and line for output

Fig. 11. Content of the saved file for road border specification.

the selected image with the new selection. And the following
results are obtained;

1) Coordinates with the name way id are saved as a text
file.

2) It was saved with the same name as the screenshot in
the image.

The screen image of the road without the tags on it and
the coordinates as follows will be taken as output. It is shown
in Figure 11. As explained and detailed in step 8 in the V.
Method section, the file name is given according to the way
id and node. only selected points x1, x2 in the first label. On
the second label, y1 is assigned the upper left corner 0 and y2
is assigned the lower right 1 value, and the x1, x2, y1 and y2
points are specified. These outputs can be shaped according
to the machine learning algorithm to be used.

With the proposed approach, a user can quickly specify
road borders. In order to test the efficiency of the proposed
labelling method, we have observed four subjects while they
perform labelling. According to our observations, it takes 10-
15 minutes for an average user to specify the borders of 100
road segments. Also, the subjects choose to label 74% of
the presented road segments while skipping the rest of them.
The reasons for skipping several cases include not having
well defined borders of the road segment, e.g., a junction;
invisible road segments due to occlusion and shadows from
tall buildings or trees; or misalignment of the two sources
of data (OSM and Google Maps). In general, the provided
method allows users to label road segments in a simple and
efficient manner.

The broad goal of our study is to create the roads of any city.
To achieve that, using the proposed labelling method, users can
label a small portion of the road segments by defining their
widths. This labelled data can be used by machine learning
methods to automatically extract the rest of the road segments.
This approach enables separately training road segmentation
methods for cities with different visual characteristics.

VII. CONCLUSION & FUTURE WORK

This study was used to select paths and find widths for data
provided for the 3D road model. The project aims to model
the path with road width data on the map. To do this, it is
necessary to create a data set and learn machine with these
data. As a result, data is provided for intelligent city simulation
and roads in the city are improved. The aim is to model the
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roads in the city close to the actual width as in Figure 12
below.

Fig. 12. Road Building

In the future, many different adaptations, tests and exper-
iments will be carried out and the application will continue
to be developed. Deeper analysis will be made and more
meaningful data will be provided to the machine learning
work. Using the same application on different roads and
extracting appropriate data to find the correct path widths as
a result of machine learning.
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[18] A. Taşpınar, “Using convolutional neural networks to detect features in
satellite images,” Ataspinar.com, 2017.

[19] J. Wang, J. Song, M. Chen, and Z. Yang, “Road network extraction:
A neural-dynamic framework based on deep learning and a finite state
machine,” International Journal of Remote Sensing, vol. 36, no. 12, pp.
3144–3169, 2015.

[20] W. Xia, Y.-Z. Zhang, J. Liu, L. Luo, and K. Yang, “Road extraction
from high resolution image with deep convolution network—a case
study of gf-2 image,” in Multidisciplinary Digital Publishing Institute
Proceedings, vol. 2, no. 7, 2018, p. 325.

[21] W. Wang, N. Yang, Y. Zhang, F. Wang, T. Cao, and P. Eklund, “A review
of road extraction from remote sensing images,” Journal of traffic and
transportation engineering (english edition), vol. 3, no. 3, pp. 271–282,
2016.

[22] A. Bulbul, “3d city modeling from accessible online sources,” pp. 315–
326, 2019.

[23] wiki openstreetmap, “About openstreetmap,” wiki.openstreetmap.org,
2020.



53

SHORT 
PAPERS



54

An Interactive Health Game Using Machine
Learning: A Prototype

Esra Ay

Department of Computer Engineering,
Faculty of Engineering,

Mugla Sitki Kocman University
48000 Mugla, Turkey
esraaay123@gmail.com

Burak Eken

Department of Computer Engineering,
Faculty of Engineering,

Mugla Sitki Kocman University
48000 Mugla, Turkey

burakeken96@gmail.com
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Abstract—Abstract—According to World Health Organization
(WHO) 2016 report, there are over 650 million obese adults and
more than 2 billion overweight individuals in the world and
it is estimated that this number will reach 2.7 billion in 2025
[1]. A sedentary lifestyle with low physical activity is considered
to be one of the most effective environmental effects leading to
various chronic disease phenotypes such as obesity and metabolic
syndrome. On average, every 1 out of 3 people over the age of
20 in Turkey are known to have struggled with the metabolic
syndrome [2]. Our project aims to apply the concept of “serious
gaming”, to entertain people, play games, socialize and exercise
in parallel to increase the ratio of the healthy individuals in our
society. In this project, we applied machine learning techniques
to integrate real-life accelerometer and gyroscope sensor data ob-
tained from mobile phones to develop an interactive mobile based
exercise game which does not require any external device such as
smart watches. To our knowledge and research, our game is the
first mobile-only interactive serious game that integrates machine
learning techniques and an encouraging virtual environment to
the individuals in need of exercise.

I. INTRODUCTION

Inadequate knowledge of the society about the long term
consequences of physical activity for health implications and
the adoption of an increasingly sedentary modern lifestyle
had been one of the most important factors leading to higher
incidences of chronic diseases such as obesity, cardiovascular
diseases, hypertension, and diabetes. The negative effects of
technology as well as the urbanization and scarcity of the suit-
able places for their physical activities have triggered physical
inactivity. In this project we delved into this problem and to
encourage people to exercise by developing a serious game to
let users enjoy exercise without searching for a comfortable
physical venue or companion. Serious games in healthcare
are focused on four main areas; 1) games for rehabilitation
providing a fun environment to improve patients’ cognitive
and motor skills by using simulations and virtual reality envi-
ronments during rehabilitation 2) games for health promotion

and education raising awareness of the target population in
aspects of diet, exercise, hygiene, and social abilities. 3) games
for training physicians and healthcare professionals providing
a simulated environment to reduce medical errors and subse-
quent healthcare costs[3,5] 4) games for distracting patients
during painful procedures for focusing a patient’s attention
away from the pain caused by their treatment with the famous
example of the virtual reality game Street Luge shown as an
effective and suitable pain relief mechanism[3,6]. The games
for interactive exercise most similar to our product we found
so far are ”Pokemon Go”, ”Zombies, Run!”, ”Superhero Ex-
ercise”, ”Walking”, ”Geocaching”, ”SpecTrek”, ”BallStrike”,
”Jump, Jump, Froggy” [4] . However the games listed in the
four categories above and the other serious game examples
we found either required an external device such as smart
watch, a pen, a game-specialized virtual reality (VR) console
or a connected computer all of which limit our main goal to
reach- out to wide masses without any financial obligations
like membership fees or equipment costs. Although the first
FDA approved mobile game EndeavorRx [7] similarly uses
the mobile device sensors, EndeavorRx specifically aims the
cognitive improvement of the Attention Deficit Hyperactivity
Disorder (ADHD) patients and does not aim to encourage an
increase in the physical activity of the general population as
our program.

II. METHODS

A. Design Phase

Canvases and game screens prepared by each game are
prepared by the authors. Game login and logout screens are
created using the Unity launcher screen. The purpose of
creating basic screens is to collect sensor data as well as check
and test various ML algorithms in the game. The prototype
screens required for the game were created by purchasing the
required assets, a player avatar and a city simulation in which
to exercise was created.
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1) Game Canvas: We designed our character and game
map on the game canvas. The map we created was designed
as a straight road going to infinity around a relaxing landscape
(Fig. 1). Our character accompanies the user and runs on this
road along with the mobile user for a certain time. For the
map we prepared, assets were purchased from the unity asset
store. Our character is taken from the unity asset store and
placed in our game (Fig. 2).

Fig. 1. Map of game

Scale and rotation are adjusted while adding the player to
the designed map. Light and camera settings have been defined
for the player who will run backward. Thanks to these settings,
the camera will follow the player and the player will be able
to be displayed continuously on the game screen.

Fig. 2. Player of game

The animation controller panel has been created for ani-
mations that vary according to the player’s speed level (Fig.
3). In this way, the player whose speed level drops, can stop
suddenly while running or start running while walking.

Fig. 3. Controller Design

Animation controls for our character have been prepared
and integrated into the player. Thus, our character will change
its animation according to the speed of the user (Fig. 4).

Fig. 4. Player animations; IDLE, WALK and RUN

2) Main Menu and Control The Sensors Canvas: Ac-
celerometer and gyroscope are needed to collect data in the
background of the game and predict the speed level. While the
accelerometer is found in almost every device, the gyroscope
is a rarer sensor. For this reason, whether the device has a
gyroscope or not is checked on the home screen of the game.
If the device does not have a gyroscope, the user is informed
and the game is closed (Fig. 5).

The name of the game and the inside of the game were used
to design an image entry screen (Fig. 6). Added to meet the
user in the game login screen in case of a gyroscope. Also,
a button to launch the game and an information button that
guides the user to an informative note indicating that our game
is supported by TUBITAK 2209A program has been placed.

Fig. 5. There is no gyroscope error Fig. 6. Main menu and Information about
project

3) Pause Game Canvas: During the game, we switch to
this screen with the pause button in the upper right corner.
Thanks to this screen, the user can return to the main menu,
leave the game, resume the game, or restart (Fig. 7).

4) End Game Canvas: At the end of the game, the user
encounters this canvas (Fig. 8). On this screen, the user
displays the score collected. There are also two buttons to
return to the main menu and start the game again.
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Fig. 7. Pause screen Fig. 8. Game over screen

B. Machine Learning Phase

Accelerometer and gyroscope are two main mobile sensors
used in our game. Accelerometers in mobile phones are used
to detect the orientation of the phone. The gyroscope, or gyro
for short, adds an additional dimension to the information
supplied by the accelerometer by tracking rotation or twist
movements. An accelerometer measures the linear acceleration
of movement, while a gyro on the other hand measures the
angular rotational velocity. Both sensors measure the rate of
change; they just measure the rate of change for different
things. In practice, that means that an accelerometer will
measure the directional movement of a device but will not
be able to resolve its lateral orientation or tilt during that
movement accurately unless a gyro is there to fill in that info.

Two different studies were carried out to determine the
classification algorithm to be used in the game and to integrate
it into the game. The first stage was implemented experi-
mentally using Rstudio. Mobile sensor data were normalized
and, trained using different classification algorithms, and their
success rates were valuated.

After determining the algorithm with the best performance,
a script was prepared to collect the sensor data within Unity.
For Unity, the data set was created again as the sensor
values received in Unity needed to be raw and Unity already
normalized the input values. At this second stage of data
collection, the mobile phone was connected via cable to
the computer and data was collected for each speed level.
The collected data were classified by passing through the
KNN algorithm prepared in C# programming language using
Collections, Generic, Linq, IO, Threading.Tasks libraries, and
user testing was performed by printing the speed level on the
screen.

1) Experiments Using Mobile Sensor Recorder Application:
In the experimental stage, gyroscope and accelerometer data
to be used for classification were collected with an android
sensor recorder application. While doing this, a treadmill and
speed stages were used on it. Separate data were collected
for each speed range on the 8-speed treadmill, and it was
collected by moving the phone in the playing position at all
speed stages. Then, a large data set was created by combining
the data labeled according to each speed stage. RStudio was
used for data classification and preparation. By combining all
the obtained data into data frames, a function was written
to normalize the data to calculate the average values of

the physical activity performed in small time intervals as
normalized data was required for the classification algorithms.

Classifications were implemented in RStudio using the
created train dataset. Firstly, imputation was performed on the
data and the dataset was split as train (70%) and test (30%).
Three models based on KNN, Naive Bayes, and Decision Tree
were prepared with the training dataset.

According to the accuracy and other results, successful
classifications were made with the data set as can be seen in
the graph Fig.9. Then prediction was made according to the
models created using an independent test dataset. Although
Naive Bayes is a successful model, the sensitivity value was
found less than the rest of the algorithms. It is determined that
the classifications that will best match our game are KNN and
Decision Tree. All the classification codes are dumped as a
report with RStudio in .rmd file format.

Fig. 9. Accuracy and Sensitivity of Classification Algorithms

During classification, the normalized values, maximum-
minimum values, and standard deviations of the collected data
are taken into consideration. Features that are important in
classification are created by processing the data collected with
the Sensor Recorder. Classification is performed by analyzing
the gravity and the accelerometer data. Some functions are
very helpful in classification with their differences according
to speed limits.

Fig. 10. Variable Importance

In the Variable Importance chart Fig.10, we observed that
some features are more important than the others. This is due
to the existence of specific value ranges and properties for
each speed level.
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Fig. 11. Analyzing Most Important Features

When we examined further (Fig. 11), while the maximum
value of acceleration in the Z-axis is an ineffective variable
for many speed levels, it can be decisive for 8 and 12-speed
levels. Acceleration, which is important for all velocity levels,
takes place on the X-axis. When the maximum values and
standard deviations of the values on the X-axis due to gravity
and taken from the accelerometer are examined, we can say
that they change in direct proportion to the velocity level.

2) Classification in Unity: This task was completed in
Unity to predict the user’s movement speed. Same application
has been re-implemented in Unity due to the data set difference
in Unity. While this small application is running, it also creates
the data set. The same treadmill and speed levels were used
on the treadmill as in the original experiment. To collect the
data the application is started on the computer connected to
the mobile device with a cable, and the data received from the
mobile device is tagged and recorded. To increase the actual
performance of the game, the readymade plugins were omitted
and several learning algorithms were compared. As a result
of our research, the most suitable classification codes were
determined [8] . All permissions and rights of the classification
codes were obtained from Mr. Zevedei Lonut who prepared it.
A c# script has been prepared for dynamically collecting and
processing the sensor data that can classify the dynamically
collected data according to the pre-prepared train data in the
KNN algorithm. The KNN scenario has been integrated into
the game.

III. RESULTS

As a result, the goals set to complete the project were
achieved. It was realized using machine learning and game
programming skills following the purpose of the machine in
real life. With the budget provided by Tubitak 2209A program,
missing device deficiencies are completed and in-game assets
are purchased. In this way, the design has been carried to an
advanced level. Thanks to the classification algorithm applied,
the user speed data set was reduced to 8 levels. The we found
out that determined speed level matched well with the in-
game animation. As a result, a mobile game prototype has

been successfully developed that synchronizes the real-time
sensor data along with the incorporation of the remaining
screens and proper detection of the right move of the player.
In our project, we aimed to encourage the user for a more
fun exercise environment where the user can self-improve
gradually and break their own personal goals, and incorporate
physical exercise as a part of daily life.

IV. CONCLUSION

Our serious gaming project has the potential to minimize
the lack of physical activity that has become a major problem
in the western world. While doing this, our primary goal is to
enable our users to exercise in the environment they prefer and
thus encourage them for more exercise. Our game is available
for all Android mobile devices accessible to any age audience.
For future work, we are going to provide the user the option to
select among multiple background environments and exercise
in a multiplayer environment where the users will be able to
exercise with their friends/partners living far away. Due to its
easy accessibility through everyday mobile devices without
any external hardware requirement, our mobile application
has the potential to become a part of users’ daily life and
increase the physical activity of the general population. As
the next step of our prototype, our game will be extended to a
multiplayer and multi language platform. After the multiplayer
option is going to be deployed, the actual goal of our project
of motivating the user’s physical activity by social interaction
will be actualized, thus can be assessed objectively . For this
reason, immediately after our multi-user option deployment,
we are planning to formally assess our game’s effectiveness
via user satisfaction survey.

V. SOFTWARE AVAILABILITY

Our game APK is available at
https://github.com/esraay/RunOn/tree/master/APK. It will
be publicly available from Google Play upon acceptance of
our manuscript.
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[5] Makhlysheva A, Årsand E, Hartvigsen G. Review of serious games for

people with diabetes. Handbook of Research on Holistic Perspectives in
Gamification for Clinical Practice. 2015 Sep 1:412.

[6] Primack BA, Carroll MV, McNamara M, Klem ML, King B, Rich M,
Chan CW, Nayak S. Role of video games in improving health- related
outcomes: a systematic review. American journal of preventive medicine.
2012 Jun 30;42(6):630-8.

[7] https://apps.apple.com/us/app/endeavorrx-adhd/id1458156758
[8] https://github.com/zeved/KNN/tree/master/KNN



58

An Interactive Virtual Fire-Fighting Environment
with Real Equipment for Training Security

Personnel
1st Ulas Gulec

Department of Software Engineering
TED University

ulas.gulec@tedu.edu.tr
Game and Simulation Group

Simsoft Information Technologies
Ankara, Turkey

ulas.gulec@simsoft.com.tr

2nd Ertugrul Erdogan
Game and Simulation Group

Simsoft Information Technologies
Ankara, Turkey

ertugrul.erdogan@simsoft.com.tr

3nd Veysi Isler
Department of Computer Engineering

Hasan Kalyoncu University
Gaziantep, Turkey

veysi.isler@hku.edu.tr
Game and Simulation Group

Simsoft Information Technologies
Ankara, Turkey

veysi@simsoft.com.tr

Abstract—Fire is a fatal natural disaster which causes a high
damage in both natural and production environments. In order
to decrease the negative effects of fire to the environment, the
first success action to fire is a critical issue. Hence, training of
the individuals who are responsible for fire-fighting plays a key
role to increase the success rate of the preventing fire events. For
this reason, this study aims to develop a fire fighting training
simulator, in which individuals can be trained in an operational
level against to A, B and F class fires. In this environment, they
have a chance to live the virtual A, B and F class fires in a very
similar environment to the real environment by using the real fire
tube. Therefore, it is aimed to increase the level of experience of
the individuals about the fire events without having actual risks.
To further understand the realism of the virtual environment, a
group of security personnel (N = 12) have tested the developed
system. For this evaluation, some of the questions from Presence
Questionnaire (PQ) were selected and asked to the participants in
order to figure out how much they have immersed in the virtual
environment. The findings of the tests show that the developed
virtual environment is evaluated as 70 percent similar to the
real fire environments. Therefore, according to the results of the
study, the virtual fire environment can be effectively used in the
training of security personnel for fire-fighting.

Index Terms—virtual worlds, training, visualization, computer
animation, strategical thinking

I. INTRODUCTION

Fire disaster is one of the most frequently occurred natural
disasters encountered by humanity [1]. Moreover, the case
number of this undesirable disaster also increases year by year
as the world population grows [2]. This increment endangers
individuals’ lives by emerging in many different areas such
as car accidents [3], construction areas [4], shipyards [5] and
industrial regions [6]. When the fire incidents occurred in
these areas are analyzed, it is observed that individuals have
lost their lives in most of the cases [7]. In order to prevent
such undesirable cases, governments allocate large amounts of
budgets to purchase effective equipment used in extinguishing
fire and to increase the number of people working in this
field [8]. In addition to the governments, firms also give a

large attention to this issue by organizing fire drills in several
times to raise the awareness of employees about the fire
accidents [9]. However, although both the governments and
firms aim to decrease the number of fire accidents and to
prevent this kind of events before they occur, the desired
results could not be achieved since individuals are getting more
flurried during the fire-fighting events so that they cannot make
correct decisions to prevent the fire [10].

Experience plays a very critical role to make correct de-
cisions under the stressful conditions [11]. One of the main
reason that makes people flurried during the fire-fighting
events may be the lack of experience [12]. Hence, individuals,
especially fireman candidates and the workers who work in in-
dustrial places, need to gain experience about the fire-fighting
incidents to make an effective first action. However, gaining
experience about the stressful conditions is a very challenging
task in real-life since there are lots of bad results at the end of
these events. At this point, Virtual Reality (VR) technology can
be considered as a beneficial solution that provides a virtual
environment, in which people can face the real problems in a
very similar environment to real environment [13]. Therefore,
individuals have a chance to gain experience without taking the
real-life risks. Due to this property of VR, this study aims to
develop a fire fighting training simulator, in which individuals
can be trained in an operational level against to A, B and F
class fires. In order to achieve the indicated aim, this research
tries to answer the below research questions:

RQ 1: Can this simulator provide a real fire-fighting
environment?
RQ 2: Does using real fire tube increase the realism of
the environment?

The overall structure of the study is formed as follows:
Section 2 shows the literature review of the study. In Section
3, the research methodology and the design of the virtual envi-
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ronment are explained. Then, Section 4 presents the conducted
experiments and the results obtained from these experiments
in detail. Finally, the last section illustrates the conclusions
and future works of the study.

II. BACKGROUND AND RELATED WORKS

VR is a beneficial technology to increase both the level of
knowledge and experience of the individuals in the specific
domains [14]. It can accelerate the learning process of the
individuals who are working especially in life-threatening jobs
such as soldier [15], pilot [16] and fire-fighter [17] since it
enables workers to gain experience about real-life events in
a similar environment to the real environment without having
actual risks. As a result of this accelerated learning period, the
number of undesired events, such as death, can be decreased.

Due to positive effects of the VR in training, there are lots of
VR applications in the literature to increase the abilities of the
individuals in different domains. In the first study, Didehbani
et al. [18] developed a VR environment to increase the social
abilities of the children with Autism Spectrum Disorders. 30
children between the ages 7-16 diagnosed with Autism Spec-
trum Disorders were selected to validate whether the system
is useful for them. During 5 weeks, they have completed some
social activities such as creating a friendship, getting lunch,
doing some sports with other children and etc. in the VR
environment. As a result of this study, it can be observed
that such VR environments are beneficial for the children
diagnosed with Autism Spectrum Disorders. In the other study,
Hashimoto et al. [19] completed a study to prepare residents
for the Fundamentals of Endoscopic Surgery examination by
developing a VR environment. This environment contains six
modules which reflect the each part of the exam. In order to
figure out the efficiency of the system, 28 endoscopists have
participated to the study. The results indicate that developed
VR environment increases both the level of knowledge and
skills of the endoscopists. Another study completed by Gulec
et al. [20] has a VR environment to train the soccer referees
in a similar place to real stadium. This system has soccer
match scenarios, which consist of some important positions
that the referees have to make decisions, in a virtual stadium.
According to the results obtained this study, VR technology
can be used to increase the abilities of the soccer referees
about the rules of the soccer game.

As it can be seen from the above studies, there are a lot
of different VR applications in different domains. When VR
applications developed for fire fighting are examined, there
also are many different studies developed for this field in
the literature. An example study in this field completed by
Tao et al. [21] contains a VR environment to increase the
level of the crew fire-fighting training. In order to increase
the reality of the environment 3D models of fixed water fire
extinguishment system, fixed carbon dioxide extinguishment
system, and fire-fighting garment model were placed in the
environment. The user tests have been completed with the
experts and the results obtained from these tests indicate that
VR technology is a beneficial tool to improve the abilities of

crew about fire fighting. In another study, Clifford et al. [22]
used the VR technology to develop a training environment
for wildfire fire-fighting since the environmental conditions
prevent the efficient training in real life. The aim is to increase
crucial skills of the fire-fighters by using different display
types. The developed platform has tested with 36 participants.
According to the results, the VR technology can be beneficial
in the training of fire-fighters. The other study completed by
Zhang et al. [23] has a VR environment which tries to increase
the level of knowledge of students about fire safety. Due to
the properties of the designed environment, students have a
chance to convert the theoretical information about fire safety
to the practice. In order to figure out whether the system is
useful, it was tested with 60 students. The results illustrate
that the system provides a useful training environment for
students. In the other study, Moreno et al. [24] developed a
VR application to show the fire spread in both forest and urban
environments by applying different algorithms. The aim is to
teach participants how they can prevent spreading of the fire
in a realistic environment by applying correct technique. As
a result of this study, it was found that a realistic fire spread
can be obtained by using VR technology.

III. DESIGN AND IMPLEMENTATION

Virtual fire-fighting environment is designed for security
personnel to receive operational level training against class A,
B and F fires in different scenarios such as kitchen, office
and electrical panel. In the system, security personnel are
responsible for completing fire-fighting tasks in the scenarios.
First of all, the security personnel needs to login to the
system in order to play fire-fighting scenarios. After entering
the system, a list of scenarios appears on the screen. The
security personnel should select one of the scenario in the
list in order to play a fire-fighting scenario. After selecting
a scenario, the security personnel starts the scenario at the
starting point and to complete the tasks in the fire-fighting
scenarios. Only one user can receive training at the same
time in each scenario. For use by security personnel, the
simulation room includes a computer, the HTC Vive Virtual
Reality system and a tracking device. The security personnel
should use one of the HTC Vive controller in order to walk
around the fire-fighting environment. In addition, the security
personnel can also interact with materials such as windows,
doors, fuse boxes, fire tubes before seeing and responding to
the fire by using the trigger on the back of the HTC Vive
controller.

In addition to the above properties of HTC Vive Virtual
Reality System, a 6 liter empty fire extinguisher is also inte-
grated in the system as shown in Figure 1 in order to increase
the sense of reality on the users in the fire extinguishing
scenarios created. In order to follow the fire extinguisher in
the application, a tracking device is placed on the latch. In
addition, one of the HTC Vive controller is mounted on the
hose end with a newly developed connection kit. When the
security personnel wants to use the fire tube to interfere with
the fire, s/he first takes the fire tube with the control handle
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in her/his hand. After s/he handles the actual fire tube, s/he
starts to intervene in the fire using fire tube’s latch.

Fig. 1. User Tests

IV. TESTS AND EVALUATION

A group of security personnel (N = 12) was randomly
selected in order to evaluate the efficiency of the fire fighting
training simulator. The selected security personnel were from
Antalya, Turkey, with experience levels in security range
between 1 and 3 years.

A quantitative research methodology was proposed in order
to illustrate the effect of the developed system on the security
personnel. In order to complete the qualitative measures, some
of the related questions in Presence Questionnaire (PQ), which
is a valid measure in order to figure out how much the
participants were immersed in the virtual environment [25],
were selected as:

Q1: How realistic were the events you encountered in
the virtual environment compared to real life?
Q2: How realistic were your interactions with the virtual
environment?
Q3: How much did the visual aspects of the environment
involve you?
Q4: How much did the auditory aspects of the environ-
ment involve you?
Q5: How aware were you of events occurring in the real
world around you?
Q6: How realistic was the movement of objects in the
virtual environment?
Q7: How consistent was your experience in the virtual
environment with your actual experience?
Q8: How well could you move or manipulate objects in
the virtual environment?
Q9: How involved were you in the virtual environment
experience?
Q10: How much delay did you experience between your
actions and expected outcomes?

First of all, the participants have used the system in 3
different fire-fighting scenarios, which are a fire in kitchen, in
office and in electrical area. The total duration of the system
usage was between 30-40 minutes in average. After each VR
session, the above questions were asked to participants and
it was expected from them to give a score between 1 and 7
for each question. In this evaluation scale, 1 means that the
participant does not agree to the question in negative way and
7 means that the participant highly agrees to the question in
positive way (except the fifth and tenth questions since they
have opposite meanings).

When the results are normalized over 100 in order to obtain
the percentage success, there are 7 participants who satisfied
70 percent success and 2 participants who satisfied 80 percent
success as it can be seen in Figure 2. The total PQ scores of
the remaining 3 participants were 55.7, 62.9 and 64.3. The
general average of the total PQ scores of the participants is
70.1.

When the normalized results are analyzed as question-based,
all questions except the fourth and tenth questions have passed
70 percent success. The average in the fourth question is 44
and the average in the tenth question is 48.4.

Fig. 2. Total PQ Scores of the Participants

V. CONCLUSIONS

Fire is one of the most dangerous natural disasters which
causes a lot of cases with a high number of deaths. Such
undesirable events mostly occur in the production environ-
ments such as factories, electricity areas and etc. In these
environments, the first response to fire plays a critical role in
reducing the damages of fire. Hence, training of the security
personnel who are responsible to make the first response to
fire is an important issue to increase the number of successful
fire prevention cases. Although there are different ways to
train the security personnel for fire-fighting, most of these
techniques cannot provide the similar environment to the real
fire environment which is an essential factor that directly
affects the learning process of the individuals in a positive
way. Hence, this study aims to develop a fire fighting training
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simulator, in which security personnel can increase their ex-
perience levels about fire-fighting without having actual risks
since experience plays a very critical role to make correct
decisions under the stressful conditions. In this simulator, the
security personnel have a chance to experience A, B and F
class fires in different fire scenarios by using the real fire
tube. In order to assess the developed environment, 12 security
personnel were randomly selected. They have used the system
almost an hour in different scenarios. Then, some questions
selected from PQ were asked them in order to measure their
presence levels in the environment. The results obtained from
the tests illustrate that the developed fire environment impress
the security personnel in 70 percent. Therefore, they have felt
themselves in the real fire environment in 70 percent.

Although the results obtained from the tests seem as
successful, the efficiency of the virtual environment can be
increased by improving the quality of the sounds used in the
environment which was indicated as a missing point from the
participants during the VR sessions. For the future work, high
quality sounds related with the fire will be firstly integrated
to the system. In addition, the background of the smoke
producer will be improved in order to affect the participants
more. In addition, some new achievements such as removing
flammable materials from the environment and putting a phone
in the environment which enables participant to call fire
department will be added to strengthen the game play of
the environment. After adding the new properties to virtual
fire-fighting environment, a comparison between HTC Vive
controller and real fire tube will be completed in order to figure
out the presence levels of the participants in two different
interaction techniques.
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[17] Ü. Çakiroğlu and S. Gökoğlu, “Development of fire safety behavioral
skills via virtual reality,” Computers & Education, vol. 133, pp. 56–68,
2019.

[18] N. Didehbani, T. Allen, M. Kandalaft, D. Krawczyk, and S. Chapman,
“Virtual reality social cognition training for children with high func-
tioning autism,” Computers in Human Behavior, vol. 62, pp. 703–711,
2016.

[19] D. A. Hashimoto, E. Petrusa, R. Phitayakorn, C. Valle, B. Casey,
and D. Gee, “A proficiency-based virtual reality endoscopy curriculum
improves performance on the fundamentals of endoscopic surgery ex-
amination,” Surgical endoscopy, vol. 32, no. 3, pp. 1397–1404, 2018.

[20] U. Gulec, M. Yilmaz, V. Isler, R. V. OConnor, and P. M. Clarke, “A 3d
virtual environment for training soccer referees,” Computer Standards
& Interfaces, vol. 64, pp. 1–10, 2019.

[21] R. Tao, H.-x. Ren, and X.-q. Peng, “Ship fire-fighting training system
based on virtual reality technique,” in Asian Simulation Conference.
Springer, 2017, pp. 249–260.

[22] R. M. Clifford, H. Khan, S. Hoermann, M. Billinghurst, and R. W.
Lindeman, “Development of a multi-sensory virtual reality training sim-
ulator for airborne firefighters supervising aerial wildfire suppression,”
in 2018 IEEE Workshop on Augmented and Virtual Realities for Good
(VAR4Good). IEEE, 2018, pp. 1–5.

[23] K. Zhang, J. Suo, J. Chen, X. Liu, and L. Gao, “Design and implemen-
tation of fire safety education system on campus based on virtual reality
technology,” in 2017 Federated Conference on Computer Science and
Information Systems (FedCSIS). IEEE, 2017, pp. 1297–1300.
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Abstract—Generating realistic avoidance motions for virtual
humans in computer animation applications, especially video
games, is a complicated problem. Most of the avoidance motions
in real time applications are simply restricted to big jumps or
extreme bendings, which fall short to reflect the motion variety of
real humans. The literature includes a number of approaches for
synthesizing the appropriate avoidance motion by using a large
database of motion capture data in real time, but these often
involve costly processes and usage of large amount of system
resources. In this paper, we present an approach for training a
policy with deep reinforcement learning which generates realistic
avoidance motions in real time without relying on motion capture
data. During training, spherical objects are thrown to the random
parts of the human model from random positions. Physically
plausible avoidance motions that avoid the thrown spheres in
a natural way are generated through this learned policy. We
evaluate the naturalness of the learned motions with several user
tests.

Index Terms—avoidance, deep reinforcement learning, virtual
human animation.

I. INTRODUCTION

Virtual human models are frequently used in computer
animation applications, whose realism is an important criterion
for the quality of the application. For a virtual human model
to look realistic, it must successfully imitate the movements of
real people. Motion capture technology is widely employed to
achieve such successful imitations. Even if the tools and appli-
cations for motion capturing are somehow provided, capturing
and processing the motions and selecting the appropriate one
for the intended tasks are quite laborious.

Generating realistic human motions is still a hot topic of
computer animation literature. Approaches that utilize motion
capture data by editing, concatenating or imitating, take up
a large space in the literature [1]–[3]. Recently, with the
development of machine learning methods and the increase
of today’s computer performances, motion generation studies
using machine learning methods have also become quite
common [4]–[9].

Generating avoidance motions is also a complicated prob-
lem in the literature, as the action to be taken must be shaped
according to the unpredictable nature of the perturbation to be
avoided. For example, the movement of a virtual human model
in a fighting game for getting rid of his opponent’s fist depends
on many variables such as the speed of the fist, its volume, and

the body area it targets. By using a limited amount of motion
capture data, most of the attacks can be avoided by taking
large steps, jumps and leaning on the ground for all incoming
hits. However, in a situation where it is possible to get rid of it
with a little effort, doing such exaggerated movements distorts
realism. In addition, making the same avoidance movements
constantly causes a monotonous appearance.

In this paper, we present a system for generating realistic
avoidance motions for a simplified virtual human model.
We aim to learn generating motions from scratch without
relying on motion capture data. For this, we handle the mo-
tion generation problem as a reinforcement learning problem.
We designed the observations and rewards of the learning
algorithm based on several criteria for generating realistic
avoidance motions. As a result, we train a policy, which
enables the virtual human model avoid spheres thrown from
random positions to random parts of the body. We conducted
user tests for evaluating the realism of the generated avoidance
motions.

II. RELATED WORK

There are various approaches in the computer animation
literature for generating realistic avoidance motions.

Zordan et al. [10] propose an approach for learning avoid-
ance motions with Support Vector Machine. The proposed
system generally generates succesful results where character
avoids attacks while keeping balance. Shum et al. [11] use
motion capture data for generating not only evasive motions
but also other motions of two characters in mutual combat.
Another approach utilizing motion capture data for generating
avoidance motions is by Oshita et al. [12]. In their work,
the captured motions are segmented such that the avoidance
part is a single piece and a motion graph is set up with
these submovements. In another study, Oshita et al. [13]
have developed a method that enables collision avoidance by
deforming a given animation. In this method, the input motion
is enclosed in a lattice, and the lattice is deformed by warping
techniques according to the space-time volume of the collision.
The success of all of these aproaches in the literature is highly
dependent on the number and quality of the utilized motion
capture data.
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III. VIRTUAL HUMAN MODEL AND SYSTEM OVERVIEW

The proposed system consists of a kinematic virtual human
model and a spherical object. The virtual human model is
designed as a simplified imitation of the real human body. It’s
composed of rectangular prisms and spheres as body parts,
connected with spherical or hinge joints (see Figure 1). The
human model is initially posed in a standing position with all
its joint angles set to zero. The feet of the model are fixed
on the ground and their position or direction doesn’t change
in any way. The model’s limbs can perform various rotational
movements by using the wrist, knee, hip, waist and neck joints
in a way that does not contradict the physiological structure of
the human body. The bodyparts of the human model are ranked
according to their vulnerability under external perturbances as
in [10](see Figure 1). This ranking is utilized in reward design
of the learning algorithm, as explained in Section IV-B.

Fig. 1. Virtual human model with specified joint degrees of freedom (left),
and vulnerability ranking of bodyparts. Vulnerability decreases from red to
yellow

The main aim of the offline learning system is to train a
policy that generates natural avoidance motions with deep
reinforcement learning. In this system, the spherical object
is thrown towards the virtual human model from random
positions, with random direction and speed. If any body part
of the virtual human model touches the object or the object
passes it without touching, one training episode is completed
and the virtual human model returns to the starting pose for
the other episode. In the online motion generation phase of the
system, the object is thrown towards the user-selected area
of the virtual human model and the reaction movement is
generated in real time according to the policy learned by the
offline system.

IV. OFFLINE LEARNING WITH DEEP REINFORCEMENT
LEARNING

This section explains the main part of our work, where the
observations, actions and rewards of the deep reinforcement
learning algorithm are designated to learn a natural avodiance
motion generation policy.

We determined the following criteria for natural avoidance
motions that guided us through this design process:

• The movements of the body parts of the virtual human
model should not violate the axis and angle limits of the
real human joints.

• The generated motion should keep the character in bal-
ance.

• Avoidance should be accomplished with minimum move-
ment of the body parts.

• The virtual human model should move with a reasonable
speed, superhuman speeds should be avoided.

• The generated motions shouldn’t be identical or very
similar to each other, for reflecting the uniqueness of
human motions.

A. Observations

To determine the right observations is quite important for
efficiency and success of the learning process. It’s impossible
to train a successful policy with insufficient observations,
while unneccesary observations can increase the training time
excessively. As a result of the trial and error tests we made
to balance the performance efficiency and policy success, we
decided to use the observation values explained below for our
problem.

• Crouching amount
• Change in torso and neck orientations
• Position of the body center of mass
• Distance and speed of the spherical object

B. Rewards

We examine the rewards under two categories as step
rewards and terminal rewards. The step rewards consist of the
small value rewards given according to the movements made
in each step and the current situation. At the end of each
episode, much bigger terminal rewards are given as explained
below.

Step Rewards Since one of the basic criteria for realism is to
produce movements that require minimum effort, we set the
step rewards to negative to prevent unnecessary movement.
With this, we also avoid excessive joint speed and acceler-
ations. We use the equation below for calculating the step
rewards so that the sum of these rewards does not suppress
the terminal rewards.

R =
e

α
100

100
(1)

The values explained below are substituted as α in this
equation.

• Crouching amount It’s not natural to crouch completely
in a situation where the collision can be avoided with
only a little movement. For this reason, special attention
has been paid to ensure that the negative reward chosen
for the crouching movement is not too small. The reward
is calculated by giving three times the total angle of the
upper leg around the x axis as the α value in Equation
1. No negative reward is given if the virtual human
model has never crouched. This prevents the model from
crouching unnecessarily.

• Torso angle Since rotating the torso from the waist makes
it possible to avoid the collisions with less effort, real
human tend to avoid collisions with torso movements
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when possible. To achieve this, selecting torso movements
is rewarded less negatively than leg movements in situa-
tions where avoidance is possible with both crouching and
torso movements. The reward is calculated by substituting
the angle between the torso and waist as the α value in
Equation 1.

• Neck angle Neck movements are essential for avoiding
objects that directly target the model’s head. In addition,
the movement of the head while performing other avoid-
ance movements provides a more realistic appearance
than standing still. Therefore, the least negative reward is
given to the head movements. The reward is calculated
by substituting half of the angle between the neck and
the body as the α value in Equation 1.

• Position of the body center of mass In order to keep the
virtual human model in balance, a negative reward is
given in proportion to its distance from the equilibrium
position. The negative reward is calculated by substituting
the distance between the center of mass of the foot
support polygon and the projection of the center of mass
of the virtual human model on this polygon as α value
in Equation 1. This reward is given at every step, not just
when there is a movement, in order to enforce the model
to make movements that will stabilize it.

Terminal rewards
• If the sphere hits the virtual human model, this means a

strict failure and a big negative reward is feeded to the
learning algorithm. The amount of this negative reward
is calculated proportional to the vulnerability rank of the
bodypart hit by the sphere.

• When the center of mass projection of the model is
out of the foot support polygon, the training episode is
terminated as unsuccesful and a negative reward of -5 is
given.

• The episode is accepted as succesful and terminated when
the sphere passes the human model without touching. A
positive reward of 5 is given in this case.

C. Actions

We use continuous action space in our training. The joint
rotations necessary for crouching as well as torso and neck
movements are taken as actions. The action values consist of
one axis and one angle value for spherical joints and one angle
value for hinge joints.

V. IMPLEMENTATION AND RESULTS

All training and simulations in the scope of this work have
been performed on a computer with i7-7700HQ processor and
6GB external Nvidia GeForce GTX 1060 graphics card. The
training has been performed on a GPU using Cuda. The five
million-step training has been completed in about a day.

We trained the policy with Unity MLAgents [14]. We used
the Proximal Policy Optimization as the deep reinforcement
learning algorithm. During training, 14 scenes have been run
simultaneously which update the same policy. In this way,
training time is shortened.

In the online motion generation phase, user marks a region
in the virtual human model and the sphere is thrown to this
marked section.

A. User Tests

We have conducted user tests to evaluate the naturalness
of the generated avodiance motions. For the test scenes, the
sphere was launched towards the virtual human model in a
total of 17 different ways by selecting one of the body parts
and sphere positions marked in Figure 2. A video clip was
recorded for each of the movements made by the virtual human
model against the launched spheres. At the beginning of each
clip, the target area of the body and the direction where the
sphere will be launched (right, left, or front) is indicated by an
arrow. Figure 3 displays some example scenes from the user
test environment.

Fig. 2. Body areas and sphere initial positions selected for the test movements.

Fig. 3. Scenes from the user test environment, consecutive frames display the
poses before and after the avoidance motion for each scene. The yellow arrow
indicates the sphere launching direction. Motion17(lower-right) is scored
lowest in both of the user tests.

User tests were conducted with 10 users aged between 13
and 70 years. It was indicated to the users that the arms of
the virtual human model don’t move and its feet are fixed
on the ground, in order to avoid any low scores because of
these artifacts. Before each recorded movement was played,
the users were asked to estimate an avoidance movement by
looking at the starting position of the sphere and the marked
body part. After that, the avoidance motion generated by our
system is displayed to the users. The users were asked to
score both the similarity of the generated movement to their
estimation as well as its realism over 10 points. Figure 4
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displays the results of the user tests. According to the users,
the generated motions are %90 realistic and %89 similar to
what they expected, in average.

Fig. 4. User test results that evaluate the realism(up) and the similarity with
the expected motion(down) of the generated avoidance motions

As seen in the results, Motion 17 has the lowest score for
both of the tests. In this scenario, the sphere is thrown from
the left into the lower-middle part of the body, which is a very
difficult configuration for avoiding (see Figure 3). Although it
is a physically correct movement for the virtual human model
to bend the knees and torso in a high amount, it will not
be easy for an ordinary person to do, so the testers found
it difficult to predict such a movement and found its realism
lower than the other movements.

VI. CONCLUSION

In this paper, we presented a system for generating natural
avodiance motions for a simplified virtual human model. The
motions are generated by using a policy trained with deep
reinforcement learning. The observations and rewards of the
learning algorithm are designed according to several criteria
determined for a natural avoidance motion.

The proposed system has also some limitations. The high
number of observations and movements and the use of con-
tinuous motion space lead to high number of steps required to
determine a correct policy. Moreover the search space of the
learning algorithm is high due to the random choice of initial
sphere position and body part wtihin a wide range of values.
These all cause the training take too much time. Although the
obtained system successfully generates avoidance motions, the
arms do not move in the current situation. Also, the feet of the
virtual human model are fixed on the ground. Shielding the

arms to more important body parts according to the direction
of the sphere and making small steps when necessary could
increase the realism of the resulting motions. In addition to
these, the proposed system is not generalizable over different
virtual human models of different body part sizes. Considering
these, we plan some improvements on the existing system as
future work. The most important of these is to enhance the
learning algortihm so that the virtual human model learns to
protect more important body parts with its arms. Moreover, the
naturalness and applicability of the motions can be improved
by generating motions with small protective steps. With the
learned policy, the human model can avoid the spheres thrown
at itself. Therefore avoidance movements in mutual fights of
virtual human models with spherical punches or kicks can be
produced by using the existing policy without the need for
a new training. Finally, the system will be ready to be used
in fighting games as the model learns to avoid objects with
different geometries.
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Abstract—Gait, a particular way or manner of moving on
foot, it’s a premium biometrics feature that can be recognized
at a distance. Gait recognition is applicable to many applications
such as person identification, criminal investigation and social
security. Most of the existing gait recognition methods take
appearance silhouettes or body joint model as gait feature. These
schema will lead to the degradation of recognition performance
due to the change of some complex variables, such as view
angle, walking speed, carrying and clothing. To solve this issue,
we propose a novel model named gaitset-based temporal-spatial
network(GSTSN) to extract the temporal-spatial features, which
is more robust to the clothing and carrying variations. Our
method not only regard gait as set to extract temporal information
but also extracting the dynamic information from gait image
sequence. Experiments evaluated on the CASIA-B dataset, under
normal walking conditions, this method achieves an average rank-
1 accuracy of 97.52%. On various complex situations, our model
achieves accuracy of 89.6% and 76.3% on CASIA-B under bag-
carrying and coat-wearing walking conditions. These result show
our method demonstrates superior performance to the state-of-
the-art performance and computational efficiency.

Index Terms—Gait recognition GSTSN network Temporal-
Spatial features

I. INTRODUCTION

Like other biometrics features such as face, fingerprint and
iris, gait is also an unique physical characteristics that can
recognize the identity of a person. Gait has the advantage
that it can be recognized at a distance and it’s difficult to
camouflage.Therefore, it has abroad application in person iden-
tification, criminal investigation and social security.

The core of gait recognition is extracting gait-related feature
from the video frames of a walking person, it suffers from
complex factors such as person’s walking speed, clothing,
carrying condition and cameras viewing angle. Most methods
of gait recognition are categorized into two types: appearance-
based and model-based methods. The first category such as
Gait Energy Image(GEI) [10] directly extract gait representa-
tions from videos. The advantage of this category is that its
good compromise between accuracy of recognition and cost
of computation [1], [5], [17], [21]. However, the appearance
depend on the view angles, clothes variations and the carrying
conditions. The second category which employs body skeleton
after performing pose estimation. It achieves higher accuracy
of those conditions but more higher computational cost [16].

There are some other recognition methods such as GaitSet
[6], it regards gait as a set of gait silhouettes and uses an
operation named Set Pooling to preserve spatial and temporal
information of the gait set. GaitSet method considers order
information of gait sequence is not necessary and directly
extract temporal information from gait set.

Many gait recognition studies have proved that human can
recognize familiar people by the appearance of pedestrians
and the movement of their joints with time [14], [20],in
particular, the motion characteristics of limbs over time can
distinguish individual differences.Thus, our view is that the
message of gait temporal feature is also important. In order to
better preserve more abundant spatial and temporal information,
we design a new model called GaitSet-based temporal-spatial
network(GSTSN). And CNN has not yet been show to be
effective in capture dynamic information, the Long Short-
Term Memory can effectively preserve dynamic information
but it has not enough capacity to preserve static information.
Therefore, we use multi-layer Long Short-Term Memory to
improve the GaiSet model to obtain the two types temporal
features and spatial features. The input of our model is a set of
gait video frames. First, a CNN is used to extract frame-level
features and Image Pooling are used to extract shallow-temporal
features from each frame. Second, Set Pooling is used to change
the frame-level features into set-level feature and multi-layers
Long Short-Term Memory is used to extract sequence-temporal
features from shallow-temporal features. This operation not
only save the temporal-spatial information from gait set but also
preserve temporal features from gait sequence. Third, mapping
the set-level feature and the sequence-temporal features into a
more discriminative space to obtain the final representation by
Horizontal Pyramid Mapping. The contributions of this work
are the following:

1)We use multi-layer Long Short-Term Memory to improve
the GaitSet model, the result shows more robustness to view-
ing angles and carrying conditions, especially to the clothes
changing.

2)In our model, the representation of each sample needs to be
calculated once. Although we add the multi-layer Long Short-
Term Memory in the model, our method has reduced the time
by 20%.
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Fig. 1. The first line of the images are taken from the 001-NM-01-000 in the CASIA-B dataset, and the second line are taken from the 001-NM-02-000 in the
CASIA-B dataset. It can be clearly seen that the gait of the same person at different times has similar appearance, Therefore, it can be proved that human gait
is a group of regular periodic movement. So it is possible to identify a person we are familiar with based on the temporal information of limb movements.

II. RELATED WORK

In this section, we will give a overview about gait recogni-
tion, gaitset and gait recognition on Long Short-Term Memory.

A. Gait Recognition

Gait recognition are based on two types. In appearance-based
methods, such as gait energy image (GEI) [10] or gait entropy
image (GEnI) [3] extract silhouette mask from videos. Gait
energy image is most popular in gait representations because
of its briefness and effectiveness. However, there are so many
conditions influence the human silhouettes such as clothing,
carrying, walking speed and viewing angles. Simultaneously, in
wild environment many silhouettes appear incomplete due to
illumination changes. The second category of gait recognition
approach is model-based methods [2] which modeling of walk-
ing human body and extract kinematic features such as 2D body
joints. Although these methods are robust to certain covariates
such as clothing and speed, they need a comparatively higher
image resolution for high-precision pose estimation and the
computational costs are also higher.

Relatively speaking, our approach learns the representation
of gait instead of measuring the similarity between a pair of
gait appearance or model, therefore, the representation of each
sample needs to be calculated only once. The most relevant
work to ours is [6], compared to it, our model has the advantage
of extracting more richer temporal information and gain a
higher recognition rate, especially at the clothing conditions.

B. GaitSet

Gaitset algorithm based on deep learning on unordered set
and the researches find that the silhouette in each position has a

unique appearance, they presume the appearance of a silhouette
has contained its position information. The researches consider
that order information of gait sequence is not necessary and
directly regard gait as a set to extract temporal information, they
proposed an end-to-end deep learning model named GaitSet.
The input of the model is a set of gait silhouettes. First, a
CNN is used to extract frame-level features from each silhouette
independently. Second, an operation named Set Pooling is used
to aggregate frame-level features into a single set-level feature.
This operation can preserve spatial and temporal information
because of it is applied on high-level feature maps instead of
the original silhouette. Third, a construction called Horizontal
Pyramid Mapping (HPM) is used to map the set-level into
another space to obtain the final representation. GaitSet employ
Multilayer Global Pipeline (MGP) to collect various-level set
information because of different layers of a convolutional
network have different receptive fields. The final feature map
generated by MGP will also be mapped into HPM. Compared
to previous methods, GaitSet algorithm is more flexible and
faster, it also has higher generalization ability to large datasets.

C. Gait Recognition on Long Short-Term memory

In recent years, more and more researches [4], [16], [26]
agree with that gait is a process with a series of movement , it is
nature to consider to extract the dynamic information from the
walking sequence. Thus, the models based on Long Short-Term
memory (LSTM) have a wider range of application. Battistone
et al. [4] reported a model named Time based Graph Long
Short-Term Memory (TGLSTM), it jointly exploits structured
data and temporal information through a deep neural network
model able to learn long short-term dependencies together with
graph structure. Rijun Liao et al. [16] proposed a method called
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Fig. 2. We propose a novel framework, named GSTSN, to aggregate spatial and temporal features from walking persons. The model is based on the GaitSet
network [6] to increase the extraction of gait temporal features. Trapezoids represent convolution and pooling blocks and in the same area have the same
configurations. ’TFE’ represents Temporal feature extract, ’SP’ represent Set Pooling, ’LSTM’ represents Long Short-Term Memory layers and HPP represents
horizontal pyramid pooling [22].

pose-based temporal-spatial networks (PTSN), it use LSTM to
extract the temporal features from gait pose sequences and use
Convolutional Neural Network (CNN) to extract the spatial
features from static gait pose frames. Ziyuan Zhang et al.
[26] propose a novel AutoEncoder frame-work to explicitly
disentangle pose and appearance features from RGB imagery
and the LSTM-based integration of pose features over time
produces the gait feature.

D. Long Short-Term Memory

Long Short-Term Memory (LSTM) is a special recurrent
neural network (RNN) architecture used in the field of deep
learning, It proposed by Hochreiter & Schmidhuber (1997)
[13]. LSTM can process single data points (such as images),
but also entire sequences of data (such as speech or video), it
gets well performance in classifying, processing and making
predictions, since there may be a lag of unknown duration
between important events in the time series.

To tackle gait recognition task, researchers consider when
the human body walks in a natural state, there is a certain
timing relationship between posture movements, this help us
to recognize people we are familiar with even if we don’t
need to see each other’s faces. So in recent years, many
researchers have applied it to the field of gait recognition,
such as Feng et al. (2016) proposed using LSTM can learning
effective gait features [9], Ding et al. (2018) developed a gait
phase recognition algorithm based on long short-term memory
(LSTM) and trained it with phase-labeled data [8], Zhang et
al. (2019) introduce long short-term memory (LSTM) units as

the temporal attention model to learn the attention score for
each frame, e.g., focusing more on discriminative frames and
less on frames with bad quality [25]. Since LSTM has better
performance than CNN in processing temporal information, we
use it to improve the GaitSet model.

III. PROPOSED APPROACH

In this section, we introduce the implementation details of
our model for how to get three different types of features from
a set of gait images. The model structure is shown in Fig. 2.

A. Model

Let us start with a simple concept of regarding gait as a
set and a sequence. [6]has successfully verified that gait can
be regarded as a set of disordered sets, and has achieved
good results. However, A study by Professor Mark Nixon of
the Department of electronics and computer science at the
University of Southampton in the United Kingdom has shown
that, a person’s gait cannot be camouflaged for a long time
because there are subtle differences in muscle strength, tendon
and bone length, bone density, visual sensitivity, coordination,
experience, weight, center of gravity, degree of muscle or bone
damage, physiological conditions, and individual walking style.
Under normal circumstances, gait is a group of periodic regular
movement. As long as observe it for a period of time, can
clearly distinguish the difference of gait among individuals.
Therefore, we believe that the features of gait on the timeline
are also the important information for identification and gait can
also be regarded as an ordered sequence. As shown in Figure 1,
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the same person has the same appearance and body movements
at the same angle in different states. So, we decided to use gait
set features and gait sequence features to join together to form
new gait features.

Our proposed method is based on the fusion of gait set
features and gait sequence features, and the input of the model
is a video frame. Under the set assumption, the gait set
model is used to extract set-level features. under the sequence
assumption, we extract sequence-level features in three steps,
formulated as

gi = H(L(R(χi))) (1)

where χi is a tensor as a common input of set-level features and
sequence-level features with four dimensions,R is an operation
aims to reduce the dimensions of χi, when gait is regarded as
an ordered sequence, the set dimension of the image is not
needed, just keep channel dimension, height dimension and
width dimension. L is a 2-layer LSTM which the tensor after
dimension reduction is fed into it and the purpose is to extract
temporal feature. The function H is same as the set assumption.

B. Image Dimensionality-Reduction
In order to extract another temporal information, the gait

images are regarding as sequences. Thus, we only need image
channel dimension, image hight dimension and image width
dimension. Inspired by Set Pooling operation, we adopted a
process named Image Dimensionality-Reduction (IDR). The
formula is

O(c, h, w) = Q(S(χi)) (2)

where S is a statistical function,including one or more of
max(�), min(�), median(�). In this situation, median(�) is
the best choice, the reason will be explained in Table.3, Q is
the squeeze(�) function of the tensor dimension operation in
pytorch, the purpose is to remove the dimension of size 1.

C. Multi-layer LSTM
Under normal circumstances, human gait is a continuous

process. In real life, gait must last for a period of time before
familiar people can be recognized through it. If the time is
too short, it is easy to cause false recognition. So, gait has
a strong temporal correlation, extract its temporal features are
also an important process. Even when GaitSet algorithm takes
into account the extraction temporal information, the method
which combined by CNN and SP preserves spatial and temporal
features only better than gait template, it is not good enough.
We want to look for the regular and distinguishing features
in a person walking pattern. Therefore, modeling the temporal
change is necessary. Inspired by [16] and [26], we consider the
architectures like the recurrent neural network (RNN) or long
short-term memory (LSTM) work best.

In this part, we use a multi-layer LSTM structure to extract
spatial information which means the shape of a walking per-
son and mainly, temporal information which means how the
trajectory of a walking person’s body parts changes over time.
The output (γi) of operation called IP are feed into a 2-layer
LSTM. This process is formulated as

ht = LSTM(γ1
i , γ

2
i , ...γ

t
i ) (4)

where ht is the output of the LSTM at the time step t, which
is accumulative after feeding t input γi into it. The feature
generated by 2-layer LSIM is fed into pooling layer because
of it is more conducive to three types features fusion.

D. Horizontal Pyramid Mapping

In person re-identification task [19], splitting feature map
into strips is generally used. [22] propose Horizontal Pyramid
Pooling (HPP) to deal with person re-identification and Gait-
Set algorithm improve HPP to make it adapt better for gait
recognition, the structure named Horizontal Pyramid Mapping
(HPM). Since this structure is easy to operate on feature fusion,
we continue use this method to map the features into more
discriminative space.

Pyramid pooling can generate fixed-length output regardless
of input size. And the multi-scale spatial pooling operation
can increase the robustness to target deformation. In semantic
segmentation, the use of pyramid pooling can increase multi-
scale local information and increase the robustness and expres-
siveness of pooled features. We divide the feature map obtained
by the convolutional network on 4 scales, first use the Global
Max Pooling and Global Average Pooling operations on the
obtained horizontal features in the horizontal direction, and
then add to obtain the local horizontal features, and then use
the convolutional layer for dimensionality reduction Operation,
and finally use local features for multi-classification. During the
test, 3×

∑K
k=1 2

k−1 256-dimensional local feature vectors are
connected as features to make predictions,where 3 represents
three different feature types, K represents the number of scales
split by HPM, k represents scales k ∈ 1, 2, ...,K

E. Loss Function and Testing

Like GaiSet model, we continue to use Batch All (BA+)
triplet [12] to train the network. The batch size is formulated
as p×k, where p is the number of persons and k is the number
of training samples each person has in the batch. But our model
is not fed with the set composed by silhouettes gathered from
arbitrary sequences, but is actually composed by gait images
sequences which is the frames clipped from videos.

We also preserve the testing part of GaitSet model, a query
Q is first fed into network in order to produce multi-scale
features, temporal and spatial features are spliced into a final
representations FQ. The aim is to search all the sequences with
the same identity in gallery sequence G, the process which is
applied on Q is employed on each G to get FG . Then, using
Euclidean distance to calculate Rank 1 recognition accuracy
between FQ and each FQ.

IV. EXPERIMENTS

Our experiments mainly composed of three parts. The first
part compare GSTSN with other state-of-the-art methods on
CASIA-B gait dataset [24], specially compare with GaitSet
algorithm. The second part is a compare experiment use gait
image sequences or silhouettes. The third part is the compara-
tive experiment under multiple wlaking conditions.
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Abstract—This study explores the realistic illumination for
outdoor Augmented Reality environments and examines how
this realistic illumination can be achieved on a 3D object on
outdoor Augmented Reality environment concerning sun position
and its light intensity. For this purpose, we have utilized several
information sources that can be possibly acquired over a typical
Android mobile device. These sources include GPS, compass and
movement sensors of the mobile device as well as the Internet.
Using all these data, the current sun azimuth is calculated and the
outdoor light intensity is estimated for realistically illuminating
the synthetic objects placed over the real world view imagery on
real-time. We have tested the effectiveness of the proposed system
by comparing the views of a real object and its reconstructed 3D
replica.

Index Terms—Augmented Reality, Illumination, Realistic Ren-
dering, Shadows

I. INTRODUCTION

Realistic viewing is very important for Augmented Reality
(AR) applications. The feeling of realism can be increased
with the realistic illumination of the objects in applications.
A perceptible difference between the illumination of the real
environment and the synthetically placed objects disturbs the
seamless integration required for AR applications. To achieve
realistic illumination, lighting parameters such as light posi-
tions and intensities should be identified. In this study, we
aim to provide realistic illumination for the outdoor cases and
we need the following information: The direction of the Sun,
Sunlight intensity, and the illumination of the sky. GPS data
and compass on devices are used for finding Sun azimuth.
Equinox and tropic periods, geo-location of the user and
time information are used for calculating Sun direction. This
information - except equinox and tropic periods information
- is taken from online sources for achieving calculation of
Sun direction. Atmosphere thickness and exposure value of the
sky are calculated on Sky-Box material for providing realistic
illumination to the 3D application for rendering synthetic
objects. The device camera is used to capture the real world
view on which the renderings are applied. To fixate the 3D
object over a real-world position, an image target is used. To
assess the effectiveness of the proposed method, 3D model of
a real object is created with 3D Reconstruction methods and
this 3D model is observed with the calculated illumination
conditions while comparing it to the real object side by side.

This study enables realistic Augmented Reality experiences
for the users.

A. Related Works

There are several studies for outdoor Augmented Reality.
One of them is done by Seo et al. [1]. They describe RGB color
channel to handle the problem of color difference between real
object and virtual object when virtual light source is applied.
These RGB color channel is constituted by real light source
which is outdoor light source and it’s generated by analyzing
colors. After that, they reduce the this difference by applying
each RGB color channel to virtual light source. This research
gives an idea for optimising illumination on virtual object and
the study can give a addition idea for illumination of virtual
object for our research.

Another group of studies aims at providing realistic illu-
mination for indoor Augmented Reality. Grosch et al. [2]
investigates indoor Augmented Reality. Sun light creates in-
directional lighting in rooms and they measured indirect light
on room. This study add for indoor illumination idea and if
it is improved also as outdoor illumination, it will be more
useful. Another study related to indoor Augmented reality is
proposed by Jiddi et al. [3]. They present a new method for re-
alistic illumination of virtual object. Their algorithm provides
realistic shadows on the object and appropriate illumination.

Rohmer et al. [4] proposes a method for illumination of
virtual object on AR environment without delaying. Low
computational power of mobile devices causes difficulty in
calculating complex illumination in real-time. Their method
utilizes a stationary PC to decrease the computational load
on the mobile device. Eem et al. [5] study gives two method
for realistic illumination. One of them the methods is about
analyzing images captured from front-side camera of mobile
device and they can extract intensity and lightning direc-
tion.They used mobile sensor. This method can strengthen with
Rohmer’s study.

Erum et al.[6] presents a method which changes the material
appearance of an object and it provides a new property to
photo editing software.

Krononder et al.[7] presents a survey that includes esti-
mation of illumination of environment by using images and
videos. Also, Capturing of lighting in a real scene is included
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on this study and they uses invasive measurements, such as
omnidirectional High Dynamic Range (HDR) images.

II. OUR APPROACH

A. Overview

In the proposed system, we aim to match real-world il-
lumination. Therefore, in addition to estimating the lighting
conditions of the real world, the device used to perform
AR visualization needs to be aware of its own state, i.e.,
information regarding the device’s self position and orientation
is crucial. To implement the above steps and obtain realistic
outdoor illumination, we have used the Unity 3D game engine
and Easy AR which is an AR software development kit (SDK)
for mobile devices and it can be used on Unity.

B. Locating the device

Device location is necessary for calculating the orientation
of the Sun according to the user. Also, weather conditions can
be queried from the Internet according to the geo-location of
the user. Geo-location is obtained in a straightforward manner
using the GPS service.

C. Identifying East Direction

Directions need to be decided concerning the device’s
location and orientation. For finding East direction, device’s
Compass is used. This can be done by using Location Service
System class on Unity which is for accessing Android devices’
location.

D. Calculating Elevation Angle of Sun

We obtain the Sun’s elevation angle on a specific parallel
in the Northern hemisphere. This calculation depends on a
geographic formula and includes equinox and tropic periods
as a parallel value. Tropic periods are Tropic of Cancer and
Capricorn. Change of Sun direction can be observed on 7
different periods for northern hemisphere which are:

• Between September and time of Capricorn Tropic
• Time of Capricorn Tropic,
• Between Time of Capricorn Tropic and time of March

Equinox,
• Time of March Equinox and Time of September Equinox,
• Between Time of March Equinox and time of Cancer

Tropic,
• Time of Cancer Tropic,
• Between Cancer Tropic and Time of April Equinox
Geographically, Sun direction is changing 1 degree for every

4 days. One degree of increase or decrease is applied according
to the current period of the time of observation which is one
of the mentioned periods above.

E. Calculation of Intensity

Firstly, the RGB values of every pixel on AR Camera frames
are read. Then the average luminosity value is calculated for
the entire image. Luminosity (L) is calculated from the red,
green, and blue channels of a pixel as follows:

L = 0.21∗Colorred+0.72∗Colorgreen+0.07∗Colorblue (1)

Finally, light intensity is estimated as follows:

Intensity = Laverage/100 (2)

F. Calculation of Sky’s Exposure
To calculate the sky’s exposure, a procedural Sky-Box ma-

terial is created in Unity. Exposure value is adjusted according
to the temperature and sky’s cloudiness rate which are obtained
from online sources. After that, based on our observations, the
exposure value is estimated with the following formula:

Exposure = (3/145.9f) ∗ (Temp) + 89.2f) (3)

where Temp is the current weather temperature at the device
location. This formula is adjusted considering the highest
air temperature (57°C) and lowest air temperature (-89.2°C)
measured in the world [8].

G. Calculation of Sky’s Atmosphere Thickness
Sky Box material’s atmosphere thickness is changed reg-

ularly concerning time of the day. Maximum atmosphere
thickness is empirically chosen as 2. After that, the atmosphere
thickness (AT ) is determined as follows for the morning times:

AT = (1/(TAfternoon − TEndofNight)) ∗ TDiff (4)

where Diff represents time passed after the end of night
time in seconds. In the afternoon, this calculation is used
instead:

AT = 1 + (1/(TEvening − TAfternoon)) ∗ TDiff (5)

where Diff is the time passed after midday in seconds.

H. Calculating Azimuth Angle of Sun
The azimuth of the Sun depends on the East direction and

the angle of the arrival of the sun. This position is calculate
with these formulas:

xrotation = 180− CurrentSunDirection
yrotation = East+ CurrentSunDirection
zrotation = 0

(6)

In addition we add 180o to the yrotation in the afternoon times.
Current Sun direction is calculated differences between morn-
ing and afternoon time of the day and differences between Sun
direction for morning time and Sun direction for afternoon
time until afternoon time. The increasing value of the Sun
direction is decided with this formula:

directiondiff = directionafternoon−directionmorning (7)

T imediff = T imeafternoon − T imemorning (8)

Increase = directiondiff/T imediff (9)

After afternoon time these equations are valid:

directiondifference = 175− directionafternoon (10)

T imedifference = T imeevening − T imeafternoon (11)

Increase = directiondifference/T imedifference (12)
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III. RESULTS AND DISCUSSION

Using the explained method, virtual sun direction is linked
with the current sun direction. Also, the exposure value of
the sky and the cloudiness rate of the sky, which affect the
brightness of an object, are adjusted. The proposed method is
evaluated by a side-by-side comparison of a real object and
its virtual replica. To achieve that, we have generated a 3D
model of the real object shown in Figures 1-5 using Structure
from Motion technique provided in VisualSFM tool[9].

Figures 1-5 show sample results over different hours and
environmental conditions. In each figure, the real object and
its virtual counterpart are shown side-by-side. There is a planar
virtual surface under the virtual object. This surface also
demonstrates the cast shadow of the virtual object. Ideally,
both objects should seem identical, which is difficult to achieve
in practice. Note that the virtual object has a texture, gener-
ated from the real photos. This texture inherently includes
dark/shaded parts as a result of the illumination and self-
shadowing of the real object. When the virtual objects are
rendered under the simulated lighting conditions, they get
additional shadows on top of the apparent shadows within the
textures. Thus, it is not actually possible to observe identical
virtual and real objects; however, improvement methods [10]
are proposed which can be employed. In Figures 1-5, top parts
of the images show the estimated sky view. Actual intensity
value is on the left of the scroll-bar on the picture. Measured
intensity value from pixels is on the right of the scroll-bar and
measured sun direction is above the measured intensity value.

As shown in the figures, the proposed method can success-
fully provide realistic lighting conditions. Light direction and
intensity fairly match the real object in outdoor environments.
There is still room for improvement though. White places on
camera view affect light intensity estimation negatively as they
cause a massive increase in intensity. Also, rendered shadow
quality can be improved.

IV. CONCLUSION AND FUTURE WORKS

We have proposed a method for realistic illumination in
outdoor augmented reality applications. As demonstrated in
the Results part, the method performs fairly well and enables
rendering virtual objects to be illuminated similar to real
objects. Using realistic illumination is very significant for de-
veloping augmented reality applications where the additional
content is perceived as if they are part of the real environment.
The proposed study is an important step towards achieving
more effective AR applications.

Currently, light intensity estimations are partially based
on empirically determined formulas and constants. We are
planning to improve this part by a user study where man-
ually adjusted illumination parameters for various outdoor
environments will guide the system to automatically adjust
light parameters to match the sun intensity.

We are also planning to perform more detailed evaluations
and investigate how people perceive the provided illumination
and whether they can identify the real and virtual objects in a
controlled environment. Employing HDR imaging in this step

Fig. 1. Sample result 1

would also be helpful [11]. Another future direction can be
applying the proposed study for indoor environments also.
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Fig. 2. Sample result 2

Fig. 3. Sample result 3

Fig. 4. Sample result 4

Fig. 5. Sample result 5
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Abstract— One of the main obstacles encountered when it 
comes to location-based systems with augmented reality was the 
location accuracy of the placed object. With the improved GPS 
systems, mobile devices can obtain location information with an 
accuracy of up to 2-3 meters. These developments also allow the 
objects to be placed in AR-based systems to be positioned more 
accurately. However, since the GPS's accuracy value is not 
stable, reusing the GPS information to destroy and recreate the 
created object causes the object to be created at a different point. 
In this research, the object placed with an acceptable accuracy 
is tried to be re-placed in the exact same place when the user 
exits from the specified area and re-enters. Experimental results 
demonstrate that the proposed system is both efficient and 
effective in order to create a more realistic user experience. 

Keywords—Augmented Reality, Geo-location. 

I. INTRODUCTION  
There has been considerable improvements in systems that 

offer mobile interfaces. A mobile user can easily get instant 
location information as well as search for and inquire into a 
variety of particular places from their phone. Currently, there 
are various online mapping services, such as Google Maps, 
Yandex Maps, Yahoo! Maps and Bing Maps, that provide 
location information. However, since these kind of services 
use personal location data to improve their accuracy, in 
unknown or uninhabited places accuracy is too low to get 
meaningful information to use on realistic AR based 
applications[2]. To get more accurate location information in 
such places, GPS system built in most mobile phones can be 
a better choice.  

Motivated by the aforementioned specifications, in order 
to place object based on a high accuracy location rate and re-
place the object in the exact same place when the user re-
enters the specified area, this paper integrates mobile GPS 
with ARCore and developed a geo-location based AR system.  

The remainder of this paper is organized as follows. 
Section 2 introduces related works in detail. Section 3 provide 
insight into the architecture of this system with GPS and AR 
sub-sections. Section 4 details the experimental results with 
examples. Finally, the paper is concluded in Section 5. 

II. RELATED WORK 
The integration of AR technology with location-based 

systems in the last 10 years has attracted the attention of the 
industry. Many studies on the use of location-based AR in 
cultural fields yielded useful and effective results [5,10]. 
Cultural places were introduced with location-based AR 
simulations that might attract the attention of tourists. In 

application, where cultural areas were shown with live maps, 
tourists were able to get information about the area with the 
questions and informative texts on their screens, and also had 
the opportunity to see 3D models of these places on their smart 
phones [3]. Another research was carried out on the 
integration of location-based AR technology and drone. The 
users have a chance to observe the ancient roman baths from 
aerial view using the GPS, gyroscope and camera on the drone 
[2]. Another research which is in education area is an AR 
system designed to show the cosmic radiation dose rates on 
flying aircrafts in real life [4]. Thanks to the instant plane 
location data which is obtained from the server, the students 
had the opportunity to examine which plane has how much 
cosmic radiation dose rate value through the smart devices 
they use.  

However, there are problems faced by location based AR 
systems [8]-[9]. One of these obstacles is location accuracy. 
Efforts were made to increase location accuracy in order to 
create the objects exactly in the desired location and to provide 
a more realistic user experience [5,6]. Although more precise 
location accuracy rate can be obtained thanks to the studies 
conducted, GPS accuracy rate is not sufficient due to 
technology restrictions 

III. THE SYSTEM ARCITECTURE 
The system starts when the phone receives the location 

information via GPS. It measures the distance from a 
previously determined target object. If the distance is less than 
5 meters and the GPS accuracy is less than 3 meters, it stops 
the GPS and uses the distance vector to place the object.  

After this stage, the AR system is activated and the object 
is tracked with ARCore. At the same time, the user's 
movements are obtained by monitoring the environment. In 
the next step, the instant distance between the object and the 
user whose locations are determined in the virtual world is 
measured. If the distance exceeds 5 meters, the object is 
destroyed. Although the object is destroyed, the 
environmental analysis continues and the virtual world matrix 
is stored in the system. The purpose of this is to recreate the 
object in the exact same place using virtual world coordinates 
if the user approaches the target again. 

A. GPS System 
The system starts with obtaining GPS information from 

the mobile phone. The distance between target object and user 
is measured using the Haversine formula with the latitude and 
longitude data received from the hardware. At the same time, 
if accuracy value meets the sufficient conditions and the 
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distance value is less than 5 meters, a vector is created between 
the object and the user. The resulting vector is added to the 
position of the camera and the object is created at the new 
position. Finally, the GPS system stops working to save 
energy. The height value of the object in the coordinate system 
is determined and set in the AR system, not in the GPS system. 

B. AR System 
When the AR system is triggered, the first thing to do is to 

adjust the height of the created object to the environment’s 
ground. For this requirement, the ARCore system generates a 
ground map using ray casting technology. It sets the height of 
the ground map to 0 and correlates the height of the object to 
the desired value. The next step is to track the object in 
synchronization with the user's movement. At this stage, 
ARCore's motion track technology is activated. ARCore 
defines every movement of the user in 3 dimensional 
coordinate system and translates real world movements into 
virtual world data. Thus, the location information of both the 
target and the user is obtained by the system. Since GPS is 
disabled, the AR system takes over the calculation of the 
distance between the object and the user. If the user moves 
away from the object, the object is destroyed. However,  
ARCore continues to work on the coordinate system and 
distance value is updated simultaneously. If the user enters the 
circle again, the object is recreated in the exact same place.  

IV. EXPERIMENTS 
A fully operational prototype which implements the ideas 

described in previous sections, is built by Unity version 
2019.3.9f game development engine. The experiments were 
carried out using smartphone, GPS and digital compass 
measurements. 

The first experiment was done on the operation of the GPS 
system. What is expected from the created system was to 
obtain the user's location information with a certain accuracy 
and to create the object with an accuracy of 3 meters when the 
user gets close to the target object. The mobile data of the 
smartphone is turned on and phone is connected to the 
wireless access point to get a more accurate GPS prediction. 
In the experiments performed for this scenario, the location 
information of the user was checked every two seconds. With 
this information, the distance between the target object and the 
user was monitored every second. In 17 of 20 different 
locations where the tests were conducted, the target object was 
created at the desired point with a 3 meter radius accuracy. In 
3 of the experiments, the GPS accuracy did not fall below 2 
meters because the communication signals of the phone with 
the operator were too low, and therefore the object could not 
be created. 

The second experiment was performed on the AR system 
to determine the height of the target object. The expected 
result in the tests was that ARCore detects the surface and set 
the target object’s height according to this data. As a result, 
the system was able to detect the surface and create a ground 
map accordingly, except for patterns where the surface is very 
bright and the same color pattern continues such as full-white 
surfaces. Thanks to ground map, object’s placement on 
surface can be achieved accurately.  

The last experiment conducted was on the object tracking 
of the AR system and creating a virtual world map. The 
purpose of testing was to destroy the object when user was far 
from the object and to recreate the object in the exact same 

place when the user re-entered the area. As a result of the 
experiments, as long as the user's environment was not 
completely empty, the AR system tracked the user's 
movement and created a virtual map accordingly and created 
the object in the exact same place every time the user re-
entered the specified area. If the user moves further than 5 
meters, the object is destroyed and when the user approaches 
again, it is recreated in the exact same place. 

V. CONCLUSION 
In this paper, a geo-location based mobile AR system has 

been developed. The object, which was placed in the desired 
location with the GPS data, was recreated at the exact same 
place when user was outside the area and re-entered. In order 
to evaluate the performance of the proposed system, 
experiments in different locations were performed by smart 
phone, GPS and digital compass measurements. Experimental 
results demonstrate that the proposed system is both efficient 
and effective in order to create a more realistic user 
experience. Although AR technology is sufficient in the 
system created in this paper, future developments in GPS 
technology will greatly benefit to geo-location-based systems. 
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Abstract—Procedural modeling is a method that determines
production rules and allows for developing effective structural
design in architecture. Fountain (Shadirvan) is an important
component of Turkish architecture and having a symmetrical
structure and distinctive elements makes fountains suitable for
procedural modeling. In this study, we propose a procedural
method to design different fountain models similar to ones that
exist in Turkish architecture. We specify the parameters by
looking at the texture, shape, and quantity of observed fountain
images for production rules. Based on the selection of parameters,
different fountain models are generated in a procedural manner.
We present several different models, determining parameters,
and parameter values.

Index Terms—procedurel modeling, symmetry, L-systems,
fountains

I. INTRODUCTION

Fountain (Shadirvan) as an architectural term is a place that
is usually covered with a dome to take ablution mostly in
mosque courtyards. Water flows from the taps around the pool
in the middle and the sprinklers in the middle. According to the
type, generally, the fountain consists of arches, pools, columns,
poles, domes, and pyramidal cones. There are fountains that
only have a pool with an open top. Others are covered with
a dome or pyramidal cone. The pool of the fountains can be
planned as square, rectangle, circle, and polygonal (6, 8, 12
sided). In construction, materials such as stone, marble, wood,
lead, and metal are used.

In this paper, the fountain model is formed using symmetry
information of objects and procedural modeling. In order to
achieve this, we have observed fountains that have historical
or architectural importance and have different characteristics.
According to the observations, we have identified the pa-
rameters. The procedural fountain model can be created by
determining parameters from a single image similar to Cengiz
and Bulbul [1]. Alternative models are offered with parameters
that provide different configurations. Models are created with
parameters such as shape, texture, and feature, etc via the
provided interface. While currently the parameter selection is
done manually, we are planning to automate this process by
detecting the parameter values directly from an input image.

II. RELATED WORK

L-systems [2] and procedural modeling can be used to
compose 3D models including 3D building models. An L-
system is a parallel string rewriting mechanism based on a

set of production rules. L-systems are used initially to create
plant geometry in computer graphics. Later, Parish et al. [3]
generated geometry using L-systems and created road patterns
and large cities with this geometry.

Müller et al. [4] used procedural modeling and proposed
shape grammar to generate buildings. Later they developed
CityEngine which is a software that procedurally creates 3d
city models. 3d models and textures are created from a set
of rules with procedural modeling. This tool is widely used,
for instance, Singh et al. produced a 3D model of a university
campus by using CityEngine and they concluded that it is a
good and low-cost tool to create a photorealistic 3-D model
of a building [5].

Symmetry is one of the most common properties of natural
or manmade objects and provides an additional constraint for
the 3D model. Jiang et al. presented a method to build high-
quality architecture models from a single image by exploiting
constraints derived from symmetry. They calibrate the cam-
era from a single image by exploiting symmetry. A set of
3D points is recovered according to the calibration and the
symmetry [6].

Cengiz and Bulbul [1] composed 3D models of fountains
from a single image. With the Convolutional Neural Networks
method(CNNs), the fountain is detected and labeled on an
image. Graph Cut technique segmented out the fountain. The
shape of the 3D model is estimated using the contour of the
object. Finally, the 3D model is completed by applying the
texture of the input image. This method is flexible to model
various types of fountains with a single image; however, there
may be major geometry flaws. In the proposed study, we offer
a method that can generate better defined and more usable 3D
models.

III. METHOD

A. Fountain Parameters

There is a great variety of fountains, for instance, Bursa
Ulu Mosque Fountain, Kadırga Sokullu Mehmed Paşa Mosque
Fountain, Fatih Mosque Fountain, and Ayasofya Mosque
Fountain (Figure 1). We have observed 15 fountain models.
The fountain has architectural elements like an arch, dome,
pool, column, tap. According to our research, these elements
are determined as parameters from real fountains and shown
in Table I. Table II also demonstrates parameter values that
can be selected and parameters.
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Fig. 1. (a) Bursa Ulu Mosque Fountain (b) Kadırga Sokullu Mehmed Paşa
Mosque Fountain (c) Fatih Mosque Fountain (d) Ayasofya Mosque Fountain

TABLE I
FOUNTAIN PARAMETERS

Fountain Name
Parameters Fatih M. F. Ayasofya M. F.

arc no 8 pointed arch
dome material bullet semi-circle dome

shape pointed cone 6 edge roof
material bullet

column 8 columns 8 columns
material marble material marble
shape circular

pool material marble material marble
shape 16 edge shape circle

tab 16 taps bronze tap

B. Modeling of Fountain

According to our observations, We implement procedural
modeling using parameters as production rules in Unity. Fig-
ure 2 shows samples from the generated 3D fountain models.
On the average, it takes 5 seconds to generate 3D model
of a fountain by manually determining different parameters.
Cube, square, cylinder, and circle are created in primitive
types. Pyramids, hexagon, arch, and octagon are parametrically
created. Mesh class is used to generate them in Unity. Vertices,
triangles, and texture coordinates are assigned for building a
mesh model. Vertex positions are determined with cosine and
sine functions for flexibility. Textures are downloaded from
the Internet. Every shape is covered with a selected texture.

TABLE II
PARAMETERS/VALUES

Fountain Values
Parameters Value Value Value Value
Arch Texture stone marble wood

Column Texture stone marble wood
Dome Texture lead stone

Sub Dome Texture lead stone wood
Pool Texture stone marble

Ground Texture stone marble
Seat Texture stone marble wood

Arch Number 4 6 8
Column Number 4 6 8
Column Shape cubic cylinder

Pool Shape square hexagon octagon
Dome Shape circle four-edged six-edged eight-edged

pyramid pyramid pyramid
Ground Shape square hexagon octagon

Position number
Size number

Fig. 2. Samples from the generated fountains models.

IV. DISCUSSION AND CONCLUSION

This paper has introduced that 3D models of the fountains
can be built with procedural modeling. Near-realistic foun-
tain models are produced with the specified parameters. We
demonstrate the produced fountain models that are formed by
different values of parameters. It is possible to generate a great
variety of fountains.

In the future, we are planning to improve our current model.
More realistic fountain models can be created using parameters
such as columns with muqarnas, tap styles, and more defined
decorative elements. We aim to provide a procedural method
that is capable of modeling most of the real fountains with
high fidelity and varying levels of details. Consequently, it will
be possible to make a 3D reconstruction of a fountain after
detecting the parameters from an image. Similar to Cengiz and
Bulbul’s study [1], such an approach will enable generating
a 3D fountain model from a single image and the resulting
model will be more functional and well defined to be used in
a 3D game and virtual reality applications.
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