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Abstract
3-D virtual environment is a computer generated experience which gives
us a feeling of presence in the environment. Objects displayed in virtual
environment unlike the real world have no physical depth. Due to
the distance between the eyes, the images formed on the retina are
different, this facilitates our perception of depth. In the range of
personal space, eyes converge at different angles to look at objects in
different depth planes, known as convergence angle. Since we cannot
get images of the scene viewed by the two eyes, the convergence angle
cannot be calculated by standard photogrammetry principles such as
triangulation. However, we can measure the point of focus(fixations)
of the eyes on 2-D display plane, by using eye tracker. Each eye gets a
different view of the virtual scene. Knowing the physical location of both
eyes and their corresponding fixations, we can calculate the estimated
depth using geometry. In this paper, first, we discuss the experiment
setup and 3-D virtual scene used for depth estimation. Second, we
evaluate the performance of the geometric model for depth estimation.
Third, we discuss a histogram based filtering approach, for improving
the performance of the geometric model. Results show that histogram
based filtering improves the performance of the geometric model.
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Introduction

A Virtual environment is a computer-generated three-dimensional visual experience
displayed either on a computer screen or a stereoscopic display. Due to their low cost
and the ability to simulate any real or imagined scenario, virtual environments have
assumed a leading role in training personnel such as pilots and fire-fighters to tackle
hazardous situations without risking their safety. Though the rendition of virtual
This paper was presented at the NIK-2010 conference; see http://www.nik.no/.

environments can be highly realistic, objects displayed in virtual environment are
different from their real world counterparts i.e., objects in 3-D virtual environments
have no physical depth. When optimizing virtual environments it is important to
be able to measure the user’s perceived depth of an object and correct for any
discrepancy between the measured value and that specified by the environment’s
designers. This need presents us with the challenge of measuring a non-physical
quantity namely: perceived depth.
In real or 3-D virtual environments, the two eyes view two different images of the
same scene and the brain fuses these images to give a perception of depth. Depth
perceived in virtual environment can be reported by the observer verbally. The
experimental evidence provided by Waller [11] states that verbal feedback from the
observer improves the accuracy of the depth in virtual environments. However, in
the absence of verbal feedback, we can estimate depth by other means, for instance,
eye tracking.
In personal space(see section 2), eyes converge to focus on the object at a certain
depth plane. It can be compared to a two camera system viewing a real world scene,
giving us two images, where a point in the first image has a corresponding point in
the second image. In photogrammetry the 3-D location of the correspondence point
can be calculated from orientation, focal length and location of the cameras. The
solution relies on the concepts of epipolar correspondence, for details on epipolar
geometry see Zhang [12], for details on triangulation see Hartley & Sturm [2].
Unlike the two camera system we cannot get the images captured by the two
eyes for correspondence. However, we can measure the point of focus of the eye on
the 2-D display, that is called fixation, using an eye tracker. Knowing the physical
location of eyes, the intersection of lines connecting the left and right eyes to their
fixations, extended behind the display can give us the estimated depth.
Estimated depth is calculated by intersection of two lines in 3-D. However,
experimental data shows that these lines do not intersect. In this paper, the method
used to resolve this issue is elaborated and its performance is measured.
The cues that influence our depth perception in both real and virtual world
can be classified as binocular and monocular. Binocular cues are: accommodation,
disparity and vergence. Monocular cues are: shading, shadow, linear perspective,
relative height, relative size, texture gradient, and motion perspective [9, 4, 1].
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Depth Perception Cues

Table 1 gives definitions of cues for depth perception. The effectiveness of the above
mentioned cues varies with space. The space around the observer can be divided into
three egocentric regions: personal space, action space, and vista space [1]. Personal
space is the zone surrounding the observer’s head, within an arms reach(≈ 1 m).
Action space is the circular region beyond the personal space and extending upto 30
meter. Vista space is the region beyond 30 meter. Cues that are effective in personal
space are: occlusion, binocular disparity, relative size, vergence, accommodation,
and motion perspective [1].

Depth Estimation using Vergence
Vergence, the simultaneous movement of eyes in opposite directions gives us precise
depth perception. In virtual environment we cannot track the 3-D gaze behind the

Table 1: Cues for depth perception
Cue
Accommodation

Aerial Perspective

Binocular Disparity

Linear Perspective

Motion Perspective

Occlusion

Relative Size

Relative Height
Shading

Shadow
Texture Gradient
Vergence

Definition
Ciliary muscles adjust the curvature of the lens, and
hence its refractive power, to bring images of objects
at a particular distance into clear focus [4, 3].
It is determined by the relative amount of moisture,
pollutants, or both in atmosphere through which one
looks at a scene. When air contains high degree
of either, objects in the distance becomes bluer,
decreased in contrast, or both with respect to objects
in foreground [1].
Eyes are about 6.5 cm apart, which gives two vantage
points. This causes the optic arrays and images of 3-D
object to differ in two eyes [5].
It combines different cues like relative size, relative
height, and texture gradient, Parallel lines that recede
into the distance appear to converge [1].
Relative motion of images of the object points at
different distances that is caused by motion of the
observer or of the object points [5].
When one object hides, or partially hides, another
from the view. This cue offers information on depth
order but not about the amount of depth [1, 3].
Size of any 2-D or 3-D object lying at a fixed angle to
line of sight varies inversely with distance of the object
along that line of sight [5].
Objects farther from the ground appear to be far as
compared to objects near the ground [5].
Variations in the irradiance from surface due to
changes in the orientation of the surface to incident
light or variations in specularity [5].
Variations in the irradiance from surface caused by
obstruction by an opaque or semi-opaque object [5].
Images of textured elements become more densely
spaced with increasing distance along the surface [5].
Movement of eyes through equal angles in opposite
directions to produce a disjunctive movement. Horizontal vergence occurs when a person changes fixation
from an object in one depth plane to one in another
depth plane [4].

display, so the problem becomes estimation of 3-D fixations based on the geometry
of two 2-D images of the virtual environment. 3-D fixation can be calculated if the
observer is looking at the virtual object in the scene. Observer was instructed to
look at the object during the experiment.
Figure 1 shows the scheme for estimation of depth based on vergence. In
symmetrical convergence, the angle of horizontal vergence, ø is related to the
interocular distance, a, and distance of the point of fixation, d, as in the following
expression [4],
a
tan(ø/2) =
(1)
2d

Figure 1: Vergence
Fixation marked by cross correspond to the left eye and fixation marked by circle
correspond to the right eye. Eye tracking cameras measure the fixations with respect
to the display screen. The lines from left and right eyes passing through the fixations
are extended behind the display. The intersection obtained by these lines is the 3-D
fixation [8]. The intersection of two lines in space is a trivial problem, However,
in the presence of noise these lines do not intersect. Therefore, we should find a
solution to intersect the lines.
Assuming two 3-D line segments P1 P2 and P3 P4 are joined by the shortest line
segment Pa Pb . Pm is the mid point of the shortest line between two lines, as shown
in figure 2. A point Pa on the line P1 P2 and point Pb on the line P3 P4 is given by
the following line equations:
Pa = P1 + µ(P2 − P1 )

(2)

Pb = P3 + η(P4 − P3 )

(3)

Truong et al. [10] states that the shortest line between the two lines can be found
by minimizing |Pb − Pa |. η and µ can be arbitrary real numbers.
Pb − Pa = P3 − P1 + η(P4 − P3 ) − µ(P2 − P1 )

(4)

Pa Pb is the shortest line segment between two lines, so it should be perpendicular
to the two lines P1 P2 and P3 P4 . Hence their dot product is zero.
(Pb − Pa ).(P2 − P1 ) = 0

(5)

(Pb − Pa ).(P4 − P3 ) = 0

(6)

[P3 − P1 + η(P4 − P3 ) − µ(P2 − P1 )](P2 − P1 ) = 0

(7)

[P3 − P1 + η(P4 − P3 ) − µ(P2 − P1 )](P4 − P3 ) = 0

(8)

Using equations 4- 6 we get

Expanding equations 7, 8 in (x,y,z) gives µ and η. After calculating Pa and Pb . We
get Pm , the mid point of shortest line by the following equation,
Pm = (Pa + Pb )/2

(9)

Pm is the estimated 3-D fixation and the z-component of euclidean point Pm gives
us the estimated depth.
An experiment was designed for testing the personal space, the details of which
are discussed in section 3.

Figure 2: 3-D Intersection
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Experiment

Figure 3(a) shows the 3-D virtual scene created by using Coin3d [6] library.
Figure 3(b) shows side view of the same scene. The dimensions of the scene are
472*296*400 millimeters (width*height*depth). In each virtual scene a spherical
object is displayed at a specific location in front of the checkerboard pattern. The
pattern is 400 mm behind the display. Sphere is moved to different locations in 3-D
to give 27 virtual scenes. These virtual scenes are shown to the observer, one at a
time. Observer is at a distance of 600 mm from the display. Since, the majority of
a person’s normal range of vergence is used with in one meter from the eyes [4],
the sum of distance from the eye and maximum extent of virtual scene is fixed at
(600+400) 1000 mm.
A real world model similar to the virtual scene was created and digital camera
was placed at a distance of 600 mm from the model. Digital images of the real
world model were used as a reference to accurately position the spheres in the
virtual environment similar to Pfeiffer et al. [8].
Figure 4(a) shows the observer wearing NVidia 3D Glasses, Arrington Research’s
eye tracking cameras are mounted below the glasses. Figure 4(b) shows the
experiment setup, head of the observer is fixed by using a chin rest. Samsung 2233RZ
3d display and NVidia Quadro FX 3800 graphics card are used for presenting the
3-D virtual scene.
5 Observers with no prior experience of 3-D environments performed the
experiment. Mean age of the group was 38 years, written consent was taken for
using the eye data. The experiment was performed in the following steps: First, the
observer’s head is fixed by using a chin rest such that the distance of the eyes from
display is 600 mm and the distance between the eyes is measured. Second, the eyes
of the observer are calibrated to the display using a standard calibration procedure.
In this procedure, the observer looks at a series of 16 points and eye tracker records
the value that corresponds to each gaze point. Third, observer is shown the virtual
scene and after viewing the scene, observer reports the depth of the sphere. This

procedure is followed for all 27 virtual scenes. As a reference measure, the depth
of the first sphere is told to the observer. Observer controls the switching of the
virtual scenes by pressing a key. The task of finding depth of the object forces the
observer to maintain the gaze on virtual object and thus maximizing the number
of fixations on the virtual object. The results from the experiment are discussed in
the next section.

(a) Front View

(b) Side View

Figure 3: Virtual Scene

(a) Front View

(b) Side View

Figure 4: Experiment Setup
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Results

27 virtual scenes were shown to 5 observers. Mean estimated depth(MED) for an
observer and a virtual scene is calculated by the following expression,
PN

M EDS =

G(j)S
N

j=1

(10)

N is the number of estimated fixations, G is the 3-D estimated fixation for a virtual
scene, S is virtual scene number.
Figure 5(a) shows the estimated 3-D fixations obtained by the geometric method
discussed in section 2. The actual location of the object is represented by the red
sphere, estimated gaze is represented by asterisk. Vergence eye movements result
in a number of depth estimates. The histogram of the depth estimates (in figure
5(b)) shows that mean value of depth estimates lies around -61 mm. Object is at
a depth of -100 mm, as specified by the design of virtual environment. So, there is
difference of 39 mm in the mean of estimated depth and actual position of depth.
Figure 5(a) shows the volume of data over which the mean is calculated. Noise
in the data can be contributed by a number of factors: inaccurate measurement of
distance between the eyes, device errors, slight head movements, inaccurate design
of environment. In addition to noise there are external factors, for instance, when
observer looks at parts of the scene, which do not contain the spherical object. A
filter is implemented to reduce such isolated 3-D fixations, as a result of noise and
external factors. It is assumed that observer spends most of the time looking at the
virtual object. Considering this, the region with maximum number of the estimated
fixations corresponds to the location of virtual object.
The filter operates as follows: First, the filter divides the virtual space into
cuboids of equal size and records the population of data for each cuboid region.
Second, the cuboid region with maximum population size is selected. Third, the
cuboid regions with size more than half the maximum size are selected and their
mean is calculated which gives us the estimated depth. Figure 6(a) shows the
distribution of the estimated gaze after filtering. Histogram of the filtered data
now lies around -64 mm. It represents one of the typical cases, the improvement in
accuracy is considerable as discussed in next section.

Comparison of Performance of Geometric Depth Estimates
The performance of the estimated depth can be measured by comparing it with the
depth specified by the virtual environment. Mean absolute depth error(MDE) is
calculated by subtracting the depth of the object specified by the design of virtual
environment from the mean of the estimated depth as follows,
DES = M EDS − ADS

(11)

S is the virtual scene number, AD is the euclidean Z value of virtual object defined
by the environment. Depth errors(DE) corresponding to all the virtual scenes
are calculated. Small depth error indicates a good correspondence between the
estimated depth and the depth specified by the design of the virtual environment,
whereas, a large depth error indicates otherwise.
Figure 7- 11 show the absolute depth errors for filtered data and unfiltered data.
The x-axis represents the virtual scene number. Clearly on the average, the depth
errors are reduced for the filtered data as compared to the unfiltered data. Thus,
histogram based filtering reduces the depth errors.
P27

|(DE)S |
(12)
27
MDE gives the absolute error between the actual z position of the object and
estimated z position for all 27 scenes. Table 2 shows the mean depth errors for 5
M DE =

S=1

(a) Estimated Gaze

(b) Histogram of Depth(Z)

Figure 5: Estimated Depth
observers. Histogram filtered data clearly reduces the depth errors, hence improving
the depth estimates for vergence.
Table 2: Comparison of Mean Depth Errors
Observer MDE(in mm) of Complete Data MDE(in mm) of Histogram Filtered Data
1
127.4
107.9
2
224.7
102.9
3
114.6
69.4
4
154.7
127.1
5
131.6
104.8
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Conclusions

Depth estimation via vergence for a virtual environment is possible, given that
the virtual environment is designed within the range of the personal space. The
depth estimate is calculated by taking the mean of estimated 3-D fixations. The

(a) Estimated Gaze

(b) Histogram of Depth(Z)

Figure 6: Estimated Depth after filtering

Figure 7: Absolute Depth Error for Observer 1
results obtained from the evaluation of the geometric depth estimation algorithm
are discussed in section 4, Results in table 2 show that histogram based filtering

Figure 8: Absolute Depth Error for Observer 2

Figure 9: Absolute Depth Error for Observer 3

Figure 10: Absolute Depth Error for Observer 4
improves the performance of the depth estimates. Mon-Williams et al. [7] suggests
that stereoscopic depth can be estimated by a combined signal provided by disparity
and vergence with weighting attached to either varying as a function of availability.
In future, we intend to investigate this issue.

Figure 11: Absolute Depth Error for Observer 5
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