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Abstract

In recent years, many scientific and industrial centres in the world developed virtual reality systems or
laboratories. At present, among the most advanced virtual reality systems are CAVE-type (Cave Automatic
Virtual Environment) installations. Such systems usually consist of four, five, or six projection screens
arranged in the form of a closed or hemi-closed space. The basic task of such systems is to ensure the effect
of user “immersion” in the surrounding environment. The effect of user “immersion” into virtual reality in
such systems is largely dependent on optical properties of the system, especially on quality of projection
of three-dimensional images. In this paper, techniques of projection of three-dimensional (3D) images in
CAVE-type virtual reality systems are analysed. The requirements of these techniques for such virtual reality
systems are outlined. Based on the results of measurements performed in a unique CAVE-type virtual reality
laboratory equipped with two different 3D projection techniques, named Immersive 3D Visualization Lab
(I3DVL), that was recently opened at the Gdansk University of Technology, the stereoscopic parameters and
colour gamut of Infitec and Active Stereo stereoscopic projection techniques are examined and discussed.
The obtained results enable to estimate the projection system quality for application in CAVE-type virtual
reality installations.

Keywords: virtual reality, projection systems, cave automatic virtual environment, Active Stereo projection,
projection of spectrum separation, Immersive 3D Visualization Laboratory.
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1. Introduction

The concept of virtual reality (VR) systems has been known for many years. The first attempts
to build such systems for military purposes were made during World War II, and even earlier [1].
But only the dynamic development of computer science and visualisation systems enables the
developers to create very realistic computer-generated worlds. In recent years, many scientific and
industrial centres in the world extensively work in this field, starting from pioneering works [2],
through analysis of development trends [3-5] and ending with advanced installations of virtual
reality [6-9].

An important part is also the research related to improving quality and experience of the
virtual world in various aspects (e.g. image quality and resolution, accuracy of tracking systems)
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as well as characterization of virtual reality systems [10—13]. A number of works concerns the
problem of motion in virtual reality systems [14—17]. Selected centres also deal with the issues
of modelling and data collection for the preparation of scenarios in the virtual world [18-20].

Generally, to obtain the best quality and experience of virtual reality, a combination of
three basic elements is needed: Interaction, Immersion and Imagination, often mentioned in the
literature as I° [5]. The capability to move freely and the depth perception are other factors that
influence the perception of virtual reality.

Nowadays, there are two main groups of tools — head-mounted devices and CAVE-type
(Cave Automatic Virtual Environment) installations, modern VR solutions based on a specially
configured set of projection screens (e.g. in the form of a cuboid, a cube, or a reconfigurable one)
[6-9, 21, 22]. The user inside the CAVE can freely look around, while in head-mounted devices
his field of view (FOV) is limited. It is the main advantage of CAVE-type installations.

One of the most important aspects of a VR laboratory is to provide the user with a high level of
immersion feeling [11]. This is achieved by combining many subsystems, but mainly by projecting
three-dimensional images (3D). Additionally, for interaction with the virtual environment and
better experience of “immersion” in such systems head tracking, there are often used body motion
tracking, a surrounding sound generator, a smell generator, or data gloves [7].

In virtual reality systems, one of three following techniques for projection of three-dimensional
images is usually applied: (I) active stereo projection, (II) projection with separation of polar-
ization and (IIT) projection with spectrum separation (Infitec) [7, 23, 24]. Although all these
techniques provide the user with 3D images, they vary in configuration, complexity, and principle
of operation, thus may result in different stereo parameters and quality.

A modern virtual reality laboratory, named Immersive 3D Visualization Lab (I3DVL), has
been opened at the Gdarisk University of Technology (Dec. 2014) [9]. In the author’s as well as
other users’ opinion, the I3DVL operates well. However, for the quantitative estimation of the
whole optical CAVE quality, it is necessary to determine the quantitative parameters. Previous
works on I3DVL characterization can be found in [12, 13].

This study concentrates on the properties of 3D projection techniques (systems) that were
applied in I3DVL. According to the author’s knowledge, I3DVL is the only six-sided CAVE-
type laboratory equipped with both Active Stereo and Infitec 3D projection techniques. Thus,
there is a unique opportunity to examine properties of the mentioned 3D projection techniques
in comparable conditions, e.g. using the same projectors (light spectrum, luminous flux) and
projection screens.

2. Immerse 3D Visualization Lab

Since its opening in 2014, Immersive 3D Visualization Lab (I3DVL) has been used by stu-
dents and employees for educational and scientific purposes, thus it is subject to continuous
development. Currently, it consists of three CAVE-type installations (named BigCAVE, Midi-
CAVE, and MiniCAVE, respectively) and a spherical walk simulator (Virtusphere). The most
advanced is BigCAVE that consists of six rigid square screens, with edges of about 3.4 meters
each, coated with a diffusing layer, arranged in the form of a cube [9]. The wall and ceiling
screens are acrylic, while the floor screen is glass-acrylic to provide adequate mechanical sta-
bility. A mechanism enabling to access the BigCAVE (the wall screen as a sliding door) is also
applied. Other CAVE-type installations were designed for development and the testing process
of new virtual reality applications and scenarios; they consist of 4 screens (MidiCAVE) and 4
computer monitors (MiniCAVE), respectively.
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I3DVL is also equipped with a spherical walk simulator. Placed on a special trolley it can be
moved into BigCAVE and this configuration enables unrestricted movement of the user, while
a scenario is displayed on the screens of BigCAVE. Alternatively, both BigCAVE and rotating
sphere (with Head Mounted Display) can work separately as two different virtual reality systems.
A more detailed description of I3DVL can be found in the literature [9, 13, 14, 25, 26]. Photos of
BigCAVE and the spherical walk simulator are presented in Fig. 1.

a) b)

Fig. 1. Views of I3DVL: a) BigCAVE, and b) thespherical walk simulator placed on a dedicated trolley.

In BigCAVE two techniques of 3D projection were implemented: (I) active stereo and
(II) a technique with spectrum separation (Infitec). The active stereo projection is based on
shutter glasses. Due to the synchronization with displaying, the shutter glasses pass only every
second image to each eye (separation in time). It requires a power supply of glasses, hence the
method is called active. The principle of active stereoscopy is presented in Fig. 2.

frames

shutter glasses

» time

Fig. 2. The principle of active stereoscopy (with separation in time) [26].

The method with spectrum separation is based on a “wavelength triplet” technology developed
by Infitec [23, 24]. In the human vision system, the colour impression is formed in the brain of the
observer as a combination of stimulated different receptors: red (R), green (G), and blue (B) [26].
According to the phenomenon of metamerism [24], the same colour impression can be obtained
by various stimulations, thus the images for the left and right eye are generated based on two
slightly shifted sets of primary colours: R{G;B; and RyG,B», respectively for each eye of the
observer.

Since the shift in the wavelength of both sets of colours is small, so the colour gamut for
each eye is almost the same. The two complementary images can be separated using lightweight,
inexpensive glasses with two sets of interference filters. The spectral characteristics of the light
flux ® (1) of projectors for the left and right eyes as well as the transmission characteristic of the
glasses are shown in Fig. 3.
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Fig. 3. The idea of the Infitec technique: examples of the light beam projector @ (1) characteristic
and transmission characteristics of filters for the left and right eye, respectively [23].

The applied projectors have an additional option — a built-in colour filter wheel with the men-
tioned two sets of interference filters. It can be remotely turned on or off (inserted or removed from
the optical path of the projector). This means that one projector could support both 3D projection
techniques. Additionally, for both techniques one projector could provide two complementary
images for the left and right eyes, respectively.

3. Metrology of 3D projection displays

The optical properties of stereoscopic techniques can be considered in two categories. The
first of them is related to the user’s subjective assessment (e.g. readability of the displayed content
or the impact on the user’s frame of mind). The second one is the objective parameters that can
be determined on the basis of measurements.

The objective parameters of metrology of displays, including parameters of stereoscopic tech-
niques as well as these of the measurement procedure and apparatus, are determined and described
in the measurement standards (Information Display Measurement Standard — IDMS) [27]. For
characterization of a 3D projection system the most important are the following quantities: a
stereoscopic extinction ratio and crosstalk (both black-white crosstalk and grey-to-grey crosstalk)
[28], a stereoscopic contrast ratio, a stereoscopic luminance and a luminance difference. Addi-
tionally, for characterization of colour reproduction, the colour gamut separately for each eye can
be determined.

The inter-channel crosstalk is a phenomenon, occurring in stereoscopic projection systems,
which consists in obtaining by one eye the information intended for another eye. The occurrence
of this phenomenon may lead to a situation in which either the user will not be able to correctly
view the spatial image or the image will be distorted. The black-white crosstalk X; for the left
eye and Xg for the right eye can be defined as follows [27, 28]:

_ Ligw — Likk _ Lgwk — Lrkx

Xr Xgr ey

- 9 - k)
Liwk — Likk Lrxw — Lrkk

where: Lyxw, Likk, Liwk, Lrxkw, Lrxk, Lrwk are the measured luminance; indexes refer to the
eye (L — left eye, R —right eye), the measured pattern for the left eye (W — white, K — black) and
the measured pattern for the right eye (W — white, K — black), respectively.
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On the basis of the same measurements of luminance, the stereoscopic extinction ratio Ciy,r,
for the left eye and Cyy,r for the right eye can be calculated from the following relationships:

19, NG P\ B 1391’51,

Liwk — Likx Cor = Lrxw — Lrxx
- 5 sysR — 7,

2)

CsysL =

9’ b
Ligw — Likk Lrwk — Lrkk

where: Lixw, Likk, Liwk, Lrxkw, Lrkx, Lrwk are the measured luminance, as in the previous
formula (1).

Additionally, the stereoscopic luminance Lj, Lg and the luminance difference AL can be
determined using the following formulae [27]:

Ly = Lyww — Ligw, Lgr = Lrww — Lrwk 3

and
_ _ILr~ LRl
min (L, Lg)’

while the stereoscopic contrast ratios Cr, and Cg of a stereoscopic display can be expressed as:

“)

_ Liww Cr = Lrww

Cr R )

Likk Lrgx

where: Liww, Lixw, Likk, Lrww, Lrwk, Lrxk are the measured luminance, where indexes refer to
the eye and displayed patterns, as in the formula (1); min(Ly, Lg) is the smaller of the determined
values Ly, Lg.

Determination of the stereoscopic grey-to-grey crosstalk is based on the measurement of the
crosstalk between the left and right eye channels for all combinations of grey levels. A set of 5 or
9 levels for each eye is recommended according to the IDMS standard. Based on the measurement
luminance, the grey-to-grey stereoscopic crosstalk Xy ;; (for the left eye) and Xg;; (for the right
eye) for any two grey levels can be calculated [27, 28]:

Li:i—Ly:: Lr:: — Lp::
( Lij Lu) XRij _ ( Rij Ru) ’ - j, (6)
(LRji - LRii)
where: Ly;;, Ly i, Lrii» LRij, Lrji, Lrii are the measured luminance for the left and right eyes
for i-th and j-th grey levels, respectively.

Finally, the average, standard deviation, and maximum of all the left eye crosstalk values Xy ;;
and all the right eye crosstalk values Xg;; should be calculated.

The above parameters refer to the measurements of luminance and are determined for both
black-white and colour displays. For better characterization of the latter ones, additionally the
colorimetric coordinates for primary colours and white balance are usually measured. The mea-
surements are carried out for the left and the right eyes, that enables to specify the colour gamut
for both display channels (eyes). Thus, it is possible to estimate the colour reproduction of the
examined stereoscopic display. The measurement results are usually presented in a colour space
chromaticity diagram (e.g. CIE 1931).

The IDMS standards contain also requirements regarding the measurement conditions. It
is recommended to use fixtures for the measurement device and attachments for holding the
eye-glasses as applicable, so that the instruments will be steady during tests (hand-held devices
should be avoided where possible). The recommended configuration of the measurement setup is
presented in Fig. 4 [27].
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Fig. 4. The recommended measurement setup for characterization
of 3D projection systems [27].

The sources of external lighting should be eliminated or minimized (including that of a
computer monitor), as well as any reflective or diffusive elements close to the luminance meter.
The standards recommend that the measurements be carried out in a perfectly black room and
the operator should be dressed in black. Finally, the measurement conditions, especially for
multi-screen displays, should be clearly indicated in the description of measurements.

4. Measurements and discussion

The taken measurements are related to the designed, operating BigCAVE “as is”. According
to the recommendation of IDMS [27], the measurement setup have been developed. As LMD
there was used a Konica Minolta luminance and colour meter (CS-200), supported by a portable
computer with dedicated software cs10w. Both the luminance and colour meter and the glasses
were placed on a table to ensure that the instruments would be steady during measurements.
Additionally, the glasses were mounted to a breadboard (Thorlabs) to improve mechanical stability.
The developed setup is presented in Fig. 5.

Fig. 5. A view of the measurement setup.

Moreover, CAVE is situated in a room which is painted black and absorbs most of optical
radiation. Also, all outside sources of light were eliminated or minimized. BigCAVE is a multi-
screen installation, but appropriate patterns were displayed on only one screen, placed just in
front of the measurement device.
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Based on the measurement standards, measurements for both stereoscopic projection systems:
Infitec (the technique of spectrum separation) and Active Stereo (the technique of time sequential
separation) available in the BigCAVE installation, were performed. The obtained stereoscopic
parameters are presented in Table 1 (black-white crosstalk and stereoscopic extinction ratio),
Table 2 (stereoscopic contrast ratio, stereoscopic luminance and luminance difference), and
Tables 3, 4 (stereoscopic grey-to-grey crosstalk).

Table 1. Results for black-white crosstalk and stereoscopic extinction ratio.

3D projection system Eye Inter-channel crosstalk [%o] Stereoscopic extinction ratio
Infitec left 0.984 101.7
right 1.309 76.4
left 1.393 71.8
Active Stereo ¢ 2
right 1.184 84.4

Table 2. Stereoscopic contrast ratio, stereoscopic luminance and luminance difference
for Infitec and Active Stereo 3D techniques.

Displayed Infitec 3D technique Active Stereo 3D technique
Eye pattern Measured | Stereoscopic | Stereoscopic | Measured | Stereoscopic | Stereoscopic
channel left/right luminance | luminance contrast | luminance | luminance contrast
eye L [cd/m?] Li,Lg ratio Cy, Cg | L [ed/m?] Li,Lg ratio Cr, Cg
white / white 2.86 5.79
left black / black 0.01 2.82 286 0.01 5.70 579
black / white 0.04 0.09
white / white 3.91 6.04
right | plack /black 0.02 3.80 196 0.01 5.96 604
white / black 0.11 0.08
luminance difference AL 34.75% 4.56%

It can be noticed that the values of inter-channel black-white crosstalk for both projection
systems are comparable, and the differences between them are relatively small. The obtained
results for grey-to-grey crosstalk have confirmed the previous observations. The average values of
crosstalk are small and comparable for both projection techniques and are in a range of 1 to 1.5%.

As it can be noticed, some measurements are non-monotonic, e.g. grey-to-grey stereoscopic
crosstalk of the right eye for Infitiec 3D (Table 3). This may be caused mainly by the method
of calculating crosstalk according to the formula (6). For small luminance values, even small
measurement errors may quite significantly affect the value of the calculated crosstalk. In this
case, as recommended in [27], the average value is reported.

Generally, the results obtained for inter-channel crosstalk are satisfactory. In the subjective
perception of crosstalk, it may be noticeable when displaying extremely different images for each
eye (e.g. white and black). In practical applications, there are no such different images displayed
to the left and right eyes. For this reason, the user will not notice the effect of an influence of one
eye channel onto the other.

The measurements showed that for the Active Stereo projection technique the values of the
measured luminance are higher than those for the Infitec projection technique, thus resulting also
in higher values of stereoscopic luminance and stereoscopic contrast ratio for the Active Stereo
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Table 3. Grey-to-grey stereoscopic crosstalk for Infitec 3D technique
for the left eye (X7.;j) and the right eye (XR;j).

left eye, X ;; right eye, Xg;;
Eye R Eye L
Gray level | ¢ 63 | 127 | 191 255 | Graylevel | ¢ 63 | 127 | 191 255
0 0% 0% |2.17% | 1.80% | 1.46% 0 0% | 5.56% | 1.20% | 0.49% | 0.77%
63 0% 0% |2.86% | 1.00% | 1.52% 63 5.0% 0% 0% | 1.08% | 1.10%
L 127 0% 0% 0% | 1.54% | 1.23% R 127 0% 0% 0% | 1.6% | 1.32%
191 0.91% | 1.00% | 1.54% | 0% 1.06% 191 0% 0.54% | 2.5% 0% 1.10%
255 | 2.42% |0.51% | 0.62% | 4.12% 0% 255 | 0.26% | 1.90% | 1.64% | 2.17% 0%
X average = 1.03% | 0 Xy, = 1.07% | X; max = 4.12% | X average = 1.13% | o0 Xy = 1.47% | X max = 5.56%

Table 4. Grey-to-grey stereoscopic crosstalk for Active Stereo 3D technique
for the left eye (X7.;;) and the right eye (Xg;;).

left eye, Xy right eye, Xg;;
Eye R Eye L
Gray level | ¢ 63 127 | 191 255 | Gray level 0 63 127 | 191 255
0 0% 0% |1.63% | 1.67% | 1.60% 0 0% 0% |1.55% | 1.28% | 1.18%
63 | 333% | 0% |2.13% |1.85% | 1.69% 63 0% 0% |1.02% | 1.41% | 1.24%
L 027 [ 163% [1.08% | 0% |1.69% | 1.78% | R [ 127 | 0.78% |1.02% | 0% |2.62% | 1.09%
191 | 2.33% |1.85% | 1.69% | 0% | 2.23% 191 | 1.28% |1.06% |1.09% | 0% | 1.08%
255 | 3.43% |4.04% | 1.78% |2.95% | 0% 255 | 0.68% |0.18% | 1.52% | 0.72% | 0%
X average = 1.62% | 0 Xy, = 1.14% | X max = 4.04% | X average = 0.83% | o Xy = 0.67% | X max = 2.62%

technique. In addition, in the case of Active Stereo technique, the luminance difference AL is
very small, while for Infitec technique it reaches higher values. This is mainly caused by the
fact that the left and right eye channels for the Active Stereo technique are fully symmetrical
(theoretically) while for the Infitec technique two different sets of interference filters are applied.
Moreover, the use of interference filters causes the just mentioned lower measured luminance
value. The luminance difference of the Infitec system is not noticeable by the user; however, it
may cause one eye to dominate and thus reduce the stereo effect.

In the next step, to characterize colour properties of 3D projection techniques, colour gamut
for the left and right eyes was determined. The measurements have been taken using five patterns,
including three primary colours: white, black and red, green, blue, respectively.

The measured data (luminance and colorimetric coordinates) are presented in Table 5 (Infitec
technique) and Table 6 (Active Stereo technique). Additionally, for better readability, the points
corresponding to white and three primary colours for both projection techniques are marked in
the colorimetric diagram (Fig. 6 and Fig. 7).

For Active Stereo projection technique only minor differences in the colour gamut for the left
and right eyes were observed. The chromaticity coordinates differ from each other by a value
less than 0.005 (that corresponds to the measurement accuracy of colour coordinates, given as
+0.002). This means that the glasses used for this type of projection enable a very good colour
reproduction (no noticeable differences for both eyes). Additionally, the colour gamut for this
projection technique is a bit wider than that for Infitec.
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Table 5. Colour gamut for the left and right eyes, Infitec technique.

Infitec 3D technique, left eye Infitec 3D technique, right eye
CIE 1931 CIE 1931
Displayed pattern | Luminance L colorimetric Displayed pattern | Luminance L colorimetric
left eye /right eye [cd/m?] coordinates left eye /right eye [cd/m?] coordinates
X y X y
white / black 2.85 0.303 | 0.332 black / white 3.88 0.342 | 0.320
red /black 0.63 0.636 | 0.346 black /red 1.15 0.676 | 0.312
green / black 2.18 0.310 | 0.578 black / green 2.92 0.284 | 0.601
blue /black 0.47 0.159 | 0.093 black /blue 0.67 0.192 | 0.090

Table 6. Colour gamut for the left and right eyes, Active Stereo technique.

Active Stereo 3D technique, left eye Active Stereo 3D technique, right eye
CIE 1931 CIE 1931
Displayed pattern | Luminance L colorimetric Displayed pattern | Luminance L colorimetric
left eye /right eye [cd/m?] coordinates left eye /right eye [cd/m?] coordinates
X y X y
white / black 5.76 0.345 | 0.367 black / white 5.92 0.340 | 0.364
red /black 1.46 0.668 | 0.328 black /red 1.53 0.668 | 0.328
green/black 3.8 0.285 | 0.670 black/ green 4.04 0.282 | 0.671
blue / black 043 0.144 | 0.079 black /blue 0.45 0.144 | 0.079

Fig. 6. A colorimetric diagram with marked red, green, blue and white points

1931 x,y chromaticity diagram

@ — left eye

A —right eye

for both eye channels for Infitec 3D technique.
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1931 x,y chromaticity diagram

@ — left eye

| A-—righteye

Fig. 7. A colorimetric diagram with marked red, green, blue and white points
for both eye channels for Active Stereo 3D technique.

Besides a slightly narrower colour gamut, Infitec projection technique is characterized by
much more differences of colours for the left and the right eyes. It is especially important for
the application where the colour reproduction plays the key role. These differences in the colour
gamut are caused mainly by interference filters for both eye channels. Theoretically, it should
be narrowband and a shift in the wavelength of both sets of colours should be small (Fig. 3).
However, due to the optical power budget, the spectral characteristics are much more wide and
differ from the ideal case. The characteristics of glasses for both eyes were measured and are
presented in Fig. 8.

-

Transmission

\ ! . . e,
ALk = U~ & e N L=
480 530 580 630 680 730 780

Wavelength [nm]

left == right

Fig. 8. Spectral characteristics of glasses (Infitec technique) for the left eye and the right eye.
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The measured spectral characteristics take into account just only the glasses’ filters, but not
the spectral characteristics of lamp and built-in filters of projectors.

To estimate the usefulness of the projection technique for I3DVL a possible configuration of
the laboratory should be taken into account. A special configuration occurs when the spherical
walk simulator is placed in BigCAVE and a scenario is displayed on the screens of BigCAVE.

The main threat to the projection quality is the possibility of light depolarization while
passing through or reflecting from the sphere, resulting in an increase of crosstalk. Therefore,
the projection with the polarization separation was rejected in the design stage of the laboratory.
However, most of the available glasses for the 3D time separation technique (e.g. Nvidia active
stereo glasses) use LCD shutters, so that they are also polarization-sensitive. Thus, for the special
configuration of I3DVL, the 3D projection technique with separation of spectrum (Infitec) seems
to be the most suitable.

9),'N3PUBE YL 1

5. Conclusions

Immersive 3D Visualization Lab is modern and one of the most sophisticated virtual reality
laboratories, mainly based on CAVE-type installations. The unique feature of the laboratory is
the capability of insertion of a spherical walk simulator in the CAVE that enables unrestricted
movement of the user. On the other hand, this solution imposes special requirements on the 3D
projection system.

The measurements of stereoscopic parameters and colour gamut were performed for both
implemented techniques: Active Stereo (with separation in time) and Infitec (with separation
of spectrum). The results obtained for inter-channel crosstalk are satisfactory and comparable
for both 3D projection techniques. The crosstalk is relatively small and in practical applications
is unnoticeable. The stereoscopic luminance for Active Stereo technique is greater and more
uniform for both eye channels than that for Infitec technique. Additionally, Active Stereo technique
is characterized by a better and more homogeneous colour reproduction. Thus, based on the
measurable technical parameters, Active Stereo technique seems to be the best 3D technique for
a “classic” CAVE.

On the other hand, the glasses usually applied in Active Stereo technique are based on an
LCD cell and are sensitive to light polarization. While the spherical walk simulator is placed
in the CAVE, this may cause non-uniformities of the observed images and decreased values of
stereoscopic parameters. Thus, for the special configuration of the laboratory, Infitec technique is
recommended.

The above presented conclusions are based on the measurable technical parameters. The
subjective parameters, e.g.an influence of flickering of active glasses on the user’s health and
frame of mind were not taken into account in this study and will be examined in the future
research.
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