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Abstract We present a technique for calibrating display-camera systems from corneal reflections in the user’s
eyes. Display-camera systems enable a range of vision applications that need controlled illumination including 3D
object reconstruction, facial modeling or human computer interaction in everyday environments. An important
issue is calibrating the pose of the display with respect to the camera. Such a calibration may be achieved using
a planar mirror with attached calibration pattern or a spherical mirror of known size. However, all approaches
require additional hardware and user interaction. We propose an automatic way to recover display properties from
patterns that are reflected in the cornea, a mirroring device that naturally coexists in any display-camera system.
By applying this strategy we also obtain a continuous estimation of eye pose which may be used to calibrate eye
tracking systems and generally enhance human-computer interaction.
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ing display illumination to reconstruct lambertian surfaces

1. Introduction of static objects. Schindler [5] proposes a similar method

These days personal computers are turning more and more
into multimedia processing machines. Several peripheral de-
vices extend the I/O capabilities and can be considered an
integral part of the setup. One of these devices is a cam-
era, mostly used for video conferencing. However, it en-
ables a wide range of vision applications in everyday envi-
ronments, such as vision-based user interfaces tracking the
human body [1] or interaction devices [2].

Every computer system includes a TFT or CRT monitor.
Together with a camera, a display forms a controlled illumi-
nation system, enabling many further applications. Funk
and Yang[3] apply a photometric stereo technique [4] us-

which works in real-time on a notebook computer. Clark [6]
gives a theoretical proof that uniformly colored planar screen
patches can be used to imitate point light sources, a common
assumption for photometric stereo techniques. An interest-
ing property of displays is that they radiate the light of a
single pixel into a hemisphere of directions rather than into
a single direction like projectors do. This makes them es-
pecially useful for reconstructing specular and transparent
objects [7]. In that spirit, Francken et al. [8] achieve impres-
sive results extracting surface normals from specular objects.
Zongker et al. [9] introduce environment matting to compute
the light path through transparent objects.
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Many of the described systems for controlled illumination
need to know the pose of the display relative to the camera.
The geometric calibration can be achieved by displaying a
checkerboard calibration pattern and analyzing the corre-
spondences in the camera image. Things get more compli-
cated for the common case where display and camera are not
facing each other. Here, a mirroring device of known shape
and pose is used to reflect the calibration pattern back to-
wards the camera. Funk and Yang (3] use a planar mirror
and compute its pose from an additional pattern attached to
the mirror. The process is cumbersome as it involves a spe-
cially prepared mirror, many parameters and physical user
interaction. Francken et al. [10] propose a calibration tech-
nique using a spherical mirror of known size. The position
of the mirror can be uniquely determined from the camera
image. Further extracting the reflected corners from the dis-
play allows to compute the corresponding light rays towards
the screen. The screen position is found by intersecting rays
from a set of images while moving the mirror. However, these
technique still requires special hardware and user interaction.

Moving towards application in non-professional everyday
environments, we propose a calibration technique that does
not need any additional hardware and user interaction. Our
approach analyzes corneal reflections of display patterns to
estimate size and pose of the monitor from a set of images of
a moving user. To reconstruct pose and reflection character-
istics of the eye, we employ a simple geometric model. We
implemented the model and perform some basic experiments
using only off the shelf components to verify the general fea-
sibility of our approach.

Beside the described applications for display-camera sys-
tems, our technique further enables applications relying on
the relation between the user’s eyes and the display. The
proposed technique can be applied to calibrate eye tracking
systems [11] in a non-intrusive way. This enables applica-
tions relying on statistical analysis or machine learning. The
display-eye-camera system generally facilitates new user in-
terfaces for interactive applications [12]. Considering interac-
tion with 3D content, the display can be seen as a ”window”
to the scene which is rendered relative to the user’s pose
and gaze. Further 3D cues such as depth-of-field blur may
be used to increase 3D depth perception on normal displays
without additional hardware [13].

Corneal reflections have been analyzed in several other
contexts to obtain information about the environment.
Nishino and Nayar [14] introduce the eye-camera system as
a catadioptric imaging system consisting of the corneal re-
flector and the camera. They explain how to extract an en-
vironment matte from an image of the eye and perform face
relighting. Johnson and Farid [15] also analyze the direction
of a light source in an image of the human face. Their ob-
jective is the detection of digital forgeries. In the context of
confidential data security, Backes et al. [16] present an inter-
esting eavesdropping approach. They analyze the reflections
of content from an LCD monitor in the user’s eyes from far-
away locations by using a camera mounted with a telescope.

The remainder of this paper is organized as follows: Sec. 2.
introduces a geometric eye model and explains how to re-
cover its pose from an image of the eye. Sec. 4. specifies the
corneal reflection model and shows how to compute the di-
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1 (a) An outside view and (b) a cross section of the human
eye.

rection towards a light source from a corresponding corneal
reflection in the image. Sec. 3. introduces a display model
and describes its geometric calibration from multiple images.
Sec. 5. discusses experimental results on model applicabil-
ity and accuracy. Finally Sec. 6. shows interesting future
directions and problems to be solved.

2. Eye-Camera System

2.1 Geometric Eye Model

Fig. 1(a) shows an outside view of the a human eye. The
most distinctive components are the pigment-textured iris
with the pupil in its center. The iris is surrounded by the
white sclera. The cornea is more difficult to recognize. It
covers the iris and dissolves into the sclera at the corneal
limbus. It consists of submicroscopic collagen fibrils that are
arranged in a special lamellar structure which makes it trans-
parent. The external surface of the cornea is very ‘smooth
and coated with a thin film of tear fluid which explains its
mirror-like reflection characteristics. The cross section of the
eye in Fig. 1(b) reveals that its majority is located behind
the visible components.

The human eyeball is not a plain sphere. It can be subdi-
vided into two main segments: the anterior and the poste-
rior segment. Both can be approximated as two overlapping
spheres of different size. The smaller anterior segment covers
about one sixth of the eye and contains the components in
front of the vitreous humour including cornea, iris, pupil and
lens. The posterior segment covers the remaining five sixths.

For the proposed approach, we apply a 3D geometric model
of the human eye (Fig. 2, top) which is used (1) to es-
timate the eye pose from an image and (2) to calculate
light interaction at the eye. There are two main difficul-
ties related to such a model: (1) the eyeball has a com-
plex shape and (2) its anatomic parameters vary among hu-
mans. However, for most applications its sufficient to apply
the before-mentioned observation and approximate the eye
as two overlapping spheres. Nevertheless, parameter values
vary amongst related work (Fig. 2, bottom).

2.2 3D Eye Pose Estimation

The 3D pose of an eye describes the location and orien-
tation of the eye in a common coordinate frame. We fur-
ther refer to the camera coordinate frame, where the origin
O = (0,0,0) is placed at the camera pupil (Fig. 3). There
exist several methods to estimate the eye pose from an image
of the eye, mainly related to eye tracking. The methods can
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Optical Axis
Comea Corneal
Sphere
Eyeball
Sphere
(12 [14] [19] 200 [21] [22]
tC 0.55 0.45
LN 6.47* 550 6.15*/6.54* 6.19* 5.80 5.59
dAL 3.563*/4.15 218 3.00*/3.55 3.05 250 2.80/3.24*
dLC 417 5.30
dCE 4.70
193 770 7.80 7.80 780 7.80 7.26
E 12.50 12.50* 11.50

2 The geometric eye model with an overview of parameter
values used in related works. Entries marked with * were
calculated by applying the model. In case two values are
stated for day, the first one does not include the thickness
of the cornea.

be categorized by whether (1) they allow any camera place-
ment [14], [17], [18] or (2) assume a rigid setup with a head-
mounted camera [19],[20] and (a) whether they do passive
image processing [14], [17],[18] or (b) use active controlled
illumination [19], [20]. We adopt the method described by
Nishino [14] to fit our eye model. The method can be used
for the left and right eye in the same way. We assume the
internal parameters of the camera to be known. Further
mentijoned points are assumed to be in camera coordinates.

The cornea itself is a paraboloid that is cut from the
corneal sphere by the limbus plane. Assuming weak per-
spective bprojection, the 3D limbus circle projects to an el-
lipse in the image which can be described using five param-
eters. These are the center 1 = (u1,v1), the major and minor
radii "max and rmin and the rotation angle ¢. We estimate
these parameters by fitting an ellipse to approximate the iris
boundary.

The 3D location of the limbus center L can be estimated
from the detected ellipse.
plane and average depth plane is obtained as

f

Tmax

The distance d between image

d=rp (1)
where f is the focal length of the camera in pixels and 7y, is
the limbus radius specified by the eye model. Knowing the
distance to the image plane we estimate the coordinates of
the limbus center as

L= (d—"‘ ~ Yo gt ~ Yo ,d) ®)

where (uo,vo) are the coordinates of the principal point.
The gaze direction corresponds to the visual axis of the eye
eye

—Zeye. It is described by the rotation ¢4r, R (¢, 7) of the eye
coordinate frame centered in L from the camera coordinate

frame. The angle ¢ around y.y. is already known as the ro-
tation of the limbus in the image plane. The angle 7 around
Xeye corresponds to the tilt of the 3D limbus circle with re-
spect to the image plane. It is obtained from the shape of
the imaged limbus as

T = arccos (1"11> (3)
Tmax

In this method, 7 is always estimated as a positive angle
describing an eye looking up. Nishino [14] refers to an auto-
matic method resolving this ambiguity.

At this point, we are able to reconstruct the center of the
corneal sphere C located at some distance drc from the lim-
bus center L along Zeye as

eye L
C=L+dic camR(4,7) 7 (4)

Center C and radius r¢ describe the corneal sphere which en-
ables us to model the light reflection properties of the corneal
surface. Knowing the gaze direction, we can further con-
struct the eyeball sphere with radius 7 around the center

E. However, this is not necessary in our case.

3. Light Transport at the Eye

Light that is perceived by the human visual system passes
through several transparent components of the eye until fi-
nally reaching the fovea. Along the direction of incoming.
light, these components are cornea, aqueous humor, lens and
vitreous humor. At every transition, the light undergoes re-
flection and refraction. The light reflected at a particular
transition is called the n-th Purkinje image [12]. Here, we
only cope with the most prominent first Purkinje image P1
reflected from the outer surface of the cornea. We employ
the geometric eye model from Sec. 2. to develop a corneal
reflection model. This can be used to calculate the direction
of incoming light reflecting at the corneal surface into the
pupil of the camera.

3.1 Corneal Reflection Model

‘We capture a camera image of a human face I (u, v), show-
ing the reflection of a light source in the cornea of an eye
(Fig. 4). We then determine pixel s = (us,vs) as the center
of this reflection in the image. Knowing the internal param-
eters we reconstruct a 3D point S’ on the projection ray as

g - (us‘;uo,vs;voJ) ®)

We formulate point S on the corneal surface as

S =tir1 (6)

where r; = S’/||S’|| is the normalized direction vector. To re-
cover S we compute the intersection with the corneal sphere
for the scale parameter ¢; by solving the quadric equation

Is-cl*=r (7
Expanding and rearranging leads to
%12 — 241 (r3C) + C* 1} ®)

from where we construct the simplified quadric formula
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t1= (rIC) £4/(x3C)* — C2 + 1% 9)
The first intersection at the front side of the cornea is de-
scribed by the smaller value of ¢;.

At point S we compute the specular reflection
r; =2ns+n (10)

where ro = P — S/||P — S| is the normalized direction vec-
tor towards the position of a light source P which can be
expressed as a ray from S with

P =S +trs (11)
at an unknown distance t;.
4. Display-Eye-Camera System

Our controlled illumination system consists of three com-
ponents: (1) a raster display device which acts as a light
source, (2) the cornea of the human eye which reflects the
light from the display and (3) a camera which captures the
reflected light from the cornea. We assume a simple lightpath
where the light is reflected only once at the outer surface of
the cornea.

4.1 Geometric Display Model

A display can be modeled as a plane containing the pix-
els p = (4,5) where ¢ € [1,7z] and j € [1,ry] with rz and ry
denoting the resolution of the display. We want to describe
pixel p as point P = (z,y, z) in camera coordinates (Fig. 4).

Knowing at least three coplanar points P;, P, and P3
where two are linear independent, we can reconstruct the
display plane and its pose. The plane equation is defined as

n(P-P;)=0, n=P;-P)x(Ps—-P1) (12

where vector n is perpendicular to the plane. Knowing pixel
p = (¢,j) we obtain its corresponding point P as

z (1 —11) 8z
Ply |=Pi+| G—-d1)sy (13)
z z

where s; and s, are two scaling parameters depending on
the size of the display pixels. They can be computed as
" U 1" 7
- Y-y
Se = = = (14)

with i < i
y' and y” obtained from two linear independent points on
the plane. We can now completely describe P by solving the
plane equation for z as

, 4" < j" and corresponding coordinates z’, z”,

p= e (”’“”2;"“ Wow) (15)

The three basis vectors describing the orientation of the dis-
play with respect to the camera coordinate frame are given
as

P (p(1,0)
||P (p(l 0)
,1)

)

0,
0,

) =P (p(0,0))

)—P(p(0,0)

)—P(p(0,0)) (16)
IIP(p 01) P (p(0,0))

k=ix]j

4.2 Radiometric Display Model

We use a display lighting model similar to Funk [3] which
takes into account the attenuation effect of viewing angle
and distance. While the viewing angle might be neglected
for CRT monitors, it has a high influence on LCD monitors.

A particular pixel p = (¢, ) emits light over a hemisphere
of directions with radiance R (4, j, 0, ¢), that is described as

R(i,5,0,¢) = R (i,5) - f (6,9) (17)

where R’ (i,7) is the unattenuated radiance and f (6, ¢) is
the attenuation function. The corresponding irradiance at
some point S in space or on a surface depends also on its
distance to the display and can be modeled as

Is = B3, 95,?5) (18)

(§-P)

where the angles s and ¢s describe the location of S with
respect to the orientation of the screen.

4.3 Geometric Display Calibration

As explained for the geometric display model, we need to
know the 3D positions of some points P with k£ > 3 on the
display plane. Therefore we render a binary lighting pattern
as described in Sec. 5. where the corresponding positions
are represented as white circles with radius r centered in pg.
To simplify explanations, we continue for a single point P
without regarding its index k.

We capture a set of N images for a static pattern under

—118—



Display
Plane

Camera-
Display
yCam Tl'ansfonp_ PRt 4

4 The setup for computing the direction towards a lights source. The model is applied to estimate the pose and size of a 3D display
plane from a set of images showing corneal reflections of at least three planar light sources Py.

varying eye positions. For each image, we describe P as a
point on a ray reflected from the cornea by

P =S4ty (19)

as explained in Sec. 3. Computing the intersection of all
N rays leads to the position of P. However, generally the
rays do not intersect due to measurement errors and system
model simplifications. Thus, we define the ray intersection as
a least-squares problem where the sum of squared distances
d? between the rays and P should be minimal. A solution is
obtained by solving the linear equation system

Ax=Db

T
ra; z t21

Y =
z

(20)

T
raN tan

that is constructed from N > 3 different rays. The solu-
tion x = A~'b is obtained by computing the pseudo-inverse
of the coefficient matrix A as

A7l = (ATA) AT (21)

This leads to

N
1
P= i 2 (Si + tarar)
L (22)
d= 5 Y|P = (Si+tara)|

=1

where P describes the point with nearest average distance d
to the set of rays.

Knowing the points P and display resolution rz, ry, we
are able to describe the display size and pose with respect to
the camera coordinate frame.

5. Experiments

5.1 Setup
Our setup contains a 57 inch, 1280x 720 (16:9) Epson Liv-
ingstation LS57P2 TFT LCD display and a Point Grey Flea2

camera with 1024x 768 resolution. The intrinsic camera pa-
rameters are calibrated using a checkerboard pattern and
OpenCV functions. We use the display to simulate a range
of smaller rendered displays.

The camera is placed at varying distances dpc in front of
the display center with its optical axis aligned parallel to the
z-axis of the display. Test persons are seated facing the cam-
era with the center between both eyes at increasing distances
dcE in front of the camera (Fig. 5). For the experiments, we
simulate a range of rendered displays and capture the corre-
sponding face images. For each image, we find the limbi of
both eyes and estimate the pose of the corneal sphere. We
then extract the set of corneal reflections (CR) and compute
the rays towards the corresponding corners of the rendered
display. Since we know the distance between display and
eyes, we can reconstruct the 3D position on the display.

5.2 Lighting Pattern Architecture

We employ a binary pattern centered on the real display
showing the four corners of a particular rendered display.
Each corner is rendered as a white circle around point Vi
where k = 1...4 with radius r to approximate a point light
source (Fig. 6). In the ideal case, r spans only a single pixel.
However, it had to be set to some higher value to achieve
a measurable camera response. On the other side, r can
not be set too high so as not to overexpose CR regions and
invalidate the distant point light source assumption.

In the following, we show how to generate the pattern im-
ages. We assume known radius r, diagonal length d:, res-
olution rz, and ry, of the real display as well as diagonal
length d, and aspect ratio a, = wy/hy of the rendered dis-
play. The indices r and v denote parameters of real and
virtual rendered display. All resolutions are assumed in pix-
els, all lengths in the same unit.

At first, we retrieve the length of the edges of the real
display as

Wy = _d h*-wi (23)
" 1+1/a2” " Tar

where a, = w,/h,. In the same way, we calculate the length
of the edges of the rendered display w, and h,. The corners
V. of the rendered display are now defined as
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exhibiting corneal reflections of the pattern in both eyes.

(24)

TTr £ TTy TYr £ TYy )
V= (——r Jr— "9
* ( 2 T 2

where rz, = a,ry, denotes the resolution of the rendered
display.

Due to the orientation of the display, radiance attenuation
becomes a problem for correctly detecting a camera response.
Therefore, we have to use larger r for larger rendered display
sizes. For our setup, a linear increase of r is sufficient, with

T = Tmin + 8 ("max — Tmin) (25)

where s € [0,1] = dy — dymin/dvmax — dvmin is the scale.

5.3 Image Acquisition

‘We generate and display a series of patterns for increasing
rendered display sizes d, from 10 to 43 inch in steps of one
inch. We capture a data set of corresponding face images as
fast as possible. Though, the framerate is limited to 10 fps to
guarantee correct display-camera synchronization. To obtain
enough camera response, we capture at maximum aperture,
gain of 30 dB and exposure time of 100 ms, further limiting
the framerate. We assume the display is the only lightsource
in our setup. In the future, iris image separation [23] and
false CR detection might be used to compensate for this.

5.4 Light Source Estimation

The acquired images show both eyes of a test person with
CRs (Fig. 5). After detecting a particular limbus we extract
the CRs by segmenting four regions containing the highest
intensity values from its bounding box. We apply an adap-
tive threshold for background subtraction. Knowing the pix-
els corresponding to a particular region Ry, we compute its
intensity centroid si with subpixel accuracy as

u
Yumer, I (W:0)- ( v )
Sk =
> uyer, L W 0)

where k = 1...4. To increase the accuracy of the estimated
centroid value in the future, we have to consider the reflec-
tion from the display on a patch of the corneal surface. We
then estimate pixel sx from the 3D centroid of the patch.
We also have to find out if the measured reflected intensity
results only from corneal reflection or from an overlay with
iris and lens reflections.

5.5 Results

‘We took data sets for two test persons at increasing
camera-eye distance dog from 25 to 95 cm. At a fixed dis-
tance of 35 cm, the reflections of the rendered display span a

(26)

- dr
g
v4 v3
hv, hr,
dv yv yr
vi WV, XV v2
“j
i wr, rxr

(b) Pattern

(a) Pattern Architecture

X 6 (a) The display pattern architecture with (b) a particular
generated pattern.

range of 10 to 35 pixels (Fig. 7, top). Due to display attenu-
ation, the pattern circle radius r had to be linearly increased
from 0.5 to 3 inch. For higher rendered display sizes d., we
notice a distortion of the CR area resulting from the shape
of the cornea which might have an effect on centroid com-
putation. The impact of low resolution can be noticed for
increasing camera-eye distance (Fig. 7, bottom). The lim-
bus bounding box decreases from about 100 to 20 pixels. In
our setup, the visual axis of the eye and the optical axis of
the camera are aligned in parallel.
constant small elliptical distortion of the limbus where the
vertical axis measures only 92% of the horizontal axis, mean-

However, we detect a

ing that the limbus is not purely circular. CR extraction fails
for small rendered display sizes at distances between 65 and
85 cm and completely fails at distances higher than 85 cm.

We compare the estimated points to the ground truth on
the real display plane. We measure the position error as the
R? euclidean distance between estimated and ground truth
light source positions. We further measure the error in di-
agonal length as the signed distarice between estimated and
ground truth rendered display sizes. In the current experi-
ments, we manually detected the parameters of the imaged
limbus only once per data set. While capturing, we fixed
the heads of the test persons and asked them to gaze at a
small dark blue mark in the center of the display. However,
head position and gaze did not remain static which explains
the higher frequency variation in the experimental results
(Fig. 8). In this setup, only the error in diagonal length is
meaningful.

Fig. 8 shows experimental results for the accuracy of es-
timated 3D light source positions. (a) We measure highest
accuracy for a corneal sphere radius of 7.8 mm which is also
proposed in related work. Corneal shape and resulting sur-
face normals have the highest impact on accuracy among
all system parameters. (b) The accuracy variance increases
with camera-eye distance due to a higher impact of head-
movements and deviations in centroid extraction resulting
from low resolution. (c) We observe no particular variation
in model response between left and right eye. (d) We make
an interesting observation comparing the results for differ-
ent persons. While variation is small for the same person,
it is high among different persons, increasing with rendered
display size. We assume this to be related to anatomical
differences. Even with this simple geometrical eye model
under varying head positions, the error from estimated diag-
onal lengths and point positions does not exceed 20%. We
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7 The images show the iris and corneal reflections on the right eye of a test person. The top row exhibits the effects of an increasing
rendered display size d, (for fixed camera-eye distance dcg of 35 cm). The diagram shows the increasing average diagonal size
measured from the images in pixels. The bottom row exhibits the effects of an increasing camera-eye distance dog (for fixed
rendered display size d,, of 25 inch). The diagram shows the decreasing resolution of the limbus bounding box.

believe to obtain more accurate measurements with an im-
proved system in the future.

6. Conclusion and Future Work

With this work we want to lay the fundamentals for the
application of display-camera systems in non-professional ev-
eryday environments. We proposed a calibration technique
without special hardware and user interaction. Our tech-
nique relies only on corneal reflections. We introduced a
three-step approach: (1) detecting eye pose, (2) computing
light rays from corneal reflections and (3) estimating display
pose and size from multiple eye poses. We implemented a
simple geometric eye model and performed basic experiments
using only off the shelf components showing the general fea-
sibility of our approach.

This work is our initial step towards an applicable cali-
bration technique. Nevertheless, there are several things to
be done in the future: The first issue relates to the system
Further theoretical and practical accuracy evalua-
tion has to be done. We are planning more complex ex-
periments with varying eye poses. Different geometric eye
models have to be tested in order to better approximate the
eye shape. Strategies to automatically calibrate anatomic
parameter variation have to be investigated to minimize the
error along different users. We are further interested in com-
mon model parameter error variances and their effect on ac-
curacy and will create a framework for testing with synthetic
data. It is also interesting to consider a reorganization of the
system: eye parameters might be calibrated under known
camera and display parameters [24].

The next issue relates to the display pattern and extrac-
tion of the CRs. We have to model the effect of point light
source positions and sizes encoded in the pattern. It is nec-
essary to consider different pattern architectures (e.g. gradi-
ent, colored), pattern sequences and corresponding calibra-
tion strategies. It is also interesting to analyze the effect of

model.

complex light interaction at the eye.
As our aim is to apply the technique with off the shelf

hardware, we need to consider practical problems such as
image resolution, noise and ambient lighting. Moreover, ac-
curate automatic eye tracking [17] and pose estimation has
to be applied. Several users wear glasses or contact lenses.
Their effect on the light path has to be investigated [7].

Finally, we are considering more advanced geometric cali-
bration strategies involving both eyes. Applying epipolar ge-
ometry between two eyes [14] might enable a calibration from
a single frame. Moreover, calibration might be extended to
different parameters such as photometric properties.
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Experimental results showing the accuracy of estimated 3D light source positions. The calculation is done by extracting corneal
reflections from captured face images. The position of a particular light source is estimated at known display-eye distance along
the corresponding light ray. All diagrams show the accuracy for a range of display sizes (rendered patterns) from 10 to 43 inch.
(a) shows the results for an increasing corneal sphere radius 7¢. Small radii result in high errors and failing reflections at large
display sizes. A radius of 7.8 mm (as proposed in related works) achieves the highest accuracy and will be used for the following
results. (b) shows the results for an increasing camera-eye distance. Variance increases with distance because head-movements and
deviations in centroid extraction have a higher impact. (c) shows the variance for the diagonals between left and right eye. The
model responds similar for both eyes. (d) shows the variance between two test persons with two data sets per person. Variation
is noticeably higher between persons. (e) shows a comparison between accuracy of diagonal length and point estimation.
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