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Abstract

The sensoshifted stereo camera provides the mechanism fairobg 3D information in a wide field of vie
This novel kind of stereo requires a simpler matghprocess in comparison to convergence stereadditior
to this, the uncertainty of depth estition of a target point in 3D space is defined by $patial quantizatis
caused by the digital images. The dithering apgrdaca way to reduce the depth reconstruction waicey
through a controlled adjustment of the stereo patars that shift the spatial quantization levisishis papera
mathematical model that relates the stereo setigmpsers to the isdisparities is developed and used for d
estimation. The enhancement of the depth measutemeenracy for this kind of stereo througbpdying the
dithering method is verified by simulation and plgé experiment. For the verification, the uncertpiof the
depth measurement using dithering is compared thi¢h uncertainty produced by the direct trianguh
method. A 49% improvement of the uncertainly in degth reconstruction is proved.
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1. Introduction

Advanced technologies may help people to extendr thbility to process visual
information. This raises the demand for autononsyssems with high performance sensors.
This paper is concerned with a stereo camera amdapplications in human activity
monitoring. The Intelligent Vision Agent System, A8, is a vision and information
processing system used in these kinds of applitaf{ib, 2] and [3]. The IVAS gathers data in
order to reconstruct 3D information that can bedusehealth care, security and surveillance
applications. The system focuses on an interegi@amgof the scene by dynamic control of the
stereo image. Such a system requires high accuracthe reconstruction of the 3D
information in order to guarantee high performance.

The human activity field is a 3D world, where tloedtion of each point is represented by
X, y andz coordinates. However, a camera can only captuveoalimensional image where
each point is represented kyndy coordinates. The stereo system provides the meshan
for acquiring the vitak coordinate [4]. In this case, theoordinate is referred to as the depth,
and the process of acquiring the depth from thegtsystem is called depth reconstruction.

The stereo system captures two images in the 3Mdwbhe reconstructed point needs to
have a projection in each image, and this can bafypen when the point is located in the
common field of view (FoV) of the camera pair. T@dble to reconstruct 3D information, the
system needs to first implement a matching protedsd the corresponding points in the
two images of the same view.

However, a digital camera quantizes the image piatoean array of pixels that forms the
digital image. Because of this, the projection poiare approximated and assumed to be
located in the centers of the pixels. The diffeeehetween the reconstructed depth estimated
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from the exact and the discretised projectionseierred to as the depth reconstruction
uncertainty. The depth reconstruction uncertaistyelated to the pixel size of the camera
sensor. The selection of an optimal sensor pixel isi discussed in [5].

Regarding the image resolution, the limitationo# pixel size is overcome by combining
the information from slightly different low-resolah images of the same scene into a higher-
resolution image. This way of enhancing the imagegolution is called super-resolution
reconstruction [6]. In a similar way, two pairsiofages taken by a stereo system with two
slightly different setups can be used in combimatio reconstruct the depth with enhanced
uncertainty. The two different setups can resuimfra readjustment of one of the stereo
parameters. This method is referred to as thertith@pproach [7]. The dithering technique
is commonly used to overcome the true color iskae éxists in colored image printing [8].
The effect of the dithering on the estimation @& #ine wave amplitude is studied in [9].

In many cases, the camera has to be rotated toreagtertain view that is initially outside
the camera FoV. This rotation causes distortiothefshapes in the captured images. Hence,
further processing is required to overcome thidodi®n. Instead of rotating the whole
camera, professional photographers use a techriglled a sensor-shifted camera that
applies a millimeter shift between the camera lm$ the sensor [10]. This shift provides an
effect similar to the rotation, so that it captuttes wanted view while avoiding the distortion.

Francisco and Bergholm have proposed the use ehsosshifted camera in the stereo
setup where the sensor has a controlled micro-merefi1]. This kind of stereo system is
referred to as the skewed-parallel stereo cameithalk paper, the authors discuss the benefits
of using this kind of camera in a stereo systerteaw of the vergence movement used in the
general stereo setup. When compared to the comegeamera stereo setup, the skewed-
parallel camera setup requires simpler reconstmicgirocessing. In addition to this, the
skewed-parallel camera setup offers a wider comfigbeh of view than the parallel camera
stereo setup. A similar camera was used by Ben-&zah to minimize the motion blur in the
reconstruction of super-resolution images of awisignal [12].

After an introduction and a summary of the relatexks, the problem statement and the
main contributions are provided in Section 2. Irctiée 3, the geometric model of the
skewed-parallel stereo camera is described folloethe derivation of the dither signal for
this stereo system. Section 4 discusses the impi@tnen of the dithering algorithm along
with the conducted synthetic and physical validatexperiments, and their results. The
prototype of the skewed-parallel camera used impthesical experiment is also described in
this section. Finally, a conclusion and a recommaénd for future work are provided in
Section 5.

2. Problem statement and main contributions

The concern of this paper is to improve the deplasarement uncertainty through the use
of the dithering algorithm for a specific setup tbe skewed-parallel stereo camera. The
uncertainty of the depth measurement can alsoeeel by decreasing the pixel size but the
drawback of this method is that this will also reeluhe signal-to-noise ratio. Therefore, we
propose the application of the dithering methodhasmple and robust way to improve the
reconstruction uncertainty. The modeling of the tdegeconstruction using the dithering
algorithm for this kind of stereo system, and i&idation through simulation and physical
experiment, are the main problems that need te$a&ved before applying the method to real
measurement.

This paper contributes to current research by:

— Developing a mathematical model of the depth memsant using the skewed parallel
stereo system.
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— Developing and implementing the dithering algorithiased on the depth measurement
model.

— Configuring a prototype for the skewed-parallel eaansetup.

— Validating the depth reconstruction enhancementthef dithering algorithm for the
skewed-parallel camera stereo setup through siraaland physical experiment.

3. Problem analysis and modelling
3.1. The skewed-parallel stereo geometric model

In our approach, we use the pinhole camera model.s€tup of the skewed-parallel stereo
camera in the—-z plane is shown in Fig. 1 [13]. The center of tberdinates is in the middle
of the baselineB. The baseline is the distance between the odeosks’ centersy ando,
of the left and the right cameras respectively. $&esors lie on the same horizontal line, and
the sensor centers are denoted,andc; for the left and the right cameras respectivelye T
shift of the sensor is defined as the horizontatatice between the optical center and the
sensor center and it can be different for each canide shifts of the sensors of the left and
the right cameras are denotedSaandS respectively. In our notation, the shifts are posi
for a movement of the sensors to the right, andhtineg for an opposite direction. The focal
lengths of the two cameras are assumed to be the aad are denoted fas

The angle between the optical axis and the prinzedig, which is defined as the line
passing through the sensor center and the centbedéns, is called the convergence angle
and it is denoted ag; and a; for the left and right cameras respectively. Thavengence
angle exists as a result of shifting the sensote@tkewed-parallel stereo cameras. This shift
has the same effect as rotating the stereo paie stnintroduces a fixation poingp, and
widens the common FoV. Using trigonometry, the @@gence angle of the left camera can

be derived as:
el S -
a, =tan 3 for '!l/zs S< '!l/z, (1)

wheremis the length of the sensor plane.

For any point in the spack, with the depttZ, the projections of the point on the left and
right sensors along theaxis arex; andx; respectively (the coordinates of each sensor cross
the sensor middle). Considering the quantizatiéecefthese projections are approximated by
the pixel centers, and denotedxgsandxq, for the left and right cameras respectively. lis th
case, the quantized depthof the point can be found through:

_ fB _
Zq(n)_(nAD+(S—S)) for nAD+(S -S)> 0 (2)

with
X, X
n =1~ = |35] = |55 .

whereAD is the length of pixeln is an integer number representing the target digpand

the symbo Il denotes rounding to the nearest integer.
The depthZ, of the fixation point,Py, being a cross section of the primary axes, can be
foundby settingn to zero in Eq. (2). Theandz coordinates of the fixation point are:
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Fig. 1. Anx-zview of the skewed-parallel stereo camera schendé&gram.

The disparity is the displacement of the correspung-axis projections of a certain point
in space on the left and the right images. From ®¢}. it can be seen that the depth
reconstruction is inversely proportional to thepdisty. For each disparity, there exists a
corresponding iso-disparity surface that represdmsdepth of all the points that have the
same disparity [7]. The iso-disparity surfaces ap@e lines in th&-z plane as seen in Fig. 2
for the red lines. The interval between the isgdigy surfaces represents the depth
reconstruction quantization uncertainty, which rsoalinear function oh.

3.2. Application of the dither signal

The idea behind the dithering technique is to addsen to the signal prior to the
quantization process in order to slightly change statistical properties of the quantization
[2]. The quantizers in this model are the camenakthe quantized signals are the target point
projectionsx andx; for the left and right cameras respectively. Udimg dithering technique
to reduce the uncertainty of the depth reconswuadtr the parallel stereo setup was proposed
in [7]. In that paper, authors proved that the utagety is reduced by half by applying the
two stage discrete binary dither signal. To accashpthis reduction, a dither signal adjusts
the stereo setup for a secondary measurementdit@i$ the initial one, and the depth can
then be estimated from all these measurements.

In this paper, we use a two-stage discrete bindingidsignal for each camera. This means
that we make use of four images to calculate tipghdef the target. This allows us to estimate
the depth with a reduced quantization uncertaiitythe parallel stereo setup, the depth
reconstruction uncertainty is halved when the dittgealgorithm is applied. The optimal diter
signal makes the target projection move from iiginal position by a distance that is equal to
half a pixel size [7].This means that the dithgnsi shifts the iso-disparity line so that it lies
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in the middle of the two consecutive iso-dispalites n; andn+1 between which the target
Is present. This shift reduces the uncertaintyddf; h

For the skewed-parallel stereo camera setup, gall®), the difference between two
consecutive iso-disparity lineAZ;, which represents the depth reconstruction uniogytacan
be found to be:

BfAD
NAD+(S - §)|[( p+1)A Dr( 5- |9

wheret refers to a specific iso-disparity lime

To estimate the dither signal, generated by a giifone sensor, that affects the iso-
disparity linen; to move exactly into the middle AZ;, we should first determine the depth in
the middle by:

AZ, = | : (S)

AZ, Bf
2 nAD+(§-9)+A

Z+ (6)

where AS is the shift introduced to one sensor that movesisb-disparity surfaces to the
middle of the two consecutive iso-disparity limgandn:+1.
Calling (2) and (5), the dither signaly, can be mathematically proven to be:

(nAD+(S - §))A D

2(n+1AD+(S - §)+AD v

AS =

To verify the dither signal obtained by (7), Matl@b[14] and the Epipolar Geometry
Toolbox [15] are used. In the verification scenaadarget in the common FoV that belongs
to a specific iso-disparity line; is chosen. Then, the dither signal is applied tockhtbe
movement of the iso-disparity lines. For the sirtiala the baselin® is set to 100 mm, the
focal lengthd are 25 mm each, the pixel lendd® is 8.33um and the target is assumed to be
in the disparity liney, = 178.
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Fig. 2. Iso-disparities obtained by simulation wefand after applying the dither signal. Red licese from
the primary and green lines were obtained afteditier signal. b) Zoomed-in area (inside the bab).

Fig. 2a shows the iso-disparity lines in 2D. Re@di denote the iso-disparity lines between
1200 mm and 2000 mm of depth for the original setuple the green lines denote the iso-
disparities after introducing the dither sign®g, to both cameras. In this cad& is found to
be -4 um approximately, which is equal to 0.5 pixelsisT$hows that the skewed-parallel
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stereo camera has the same property as the pataliteb camera regarding the dither signal
[7]. To place the new iso-disparity surfaces inrhiddle of the old ones, it is required that the
projection of the target feature is shifted hatfixeel.

Fig. 2b shows a zoomed area around 178. From calculation, before applying the dithe
signal, the depth for the specified disparity candietermined to 1686 mm and 1696 mm for
the next disparity level. After applying the dithegnal, the depth for the same disparity
n. =178, is found to be 1691 mm, which falls in theldle between the above-mentioned
depths

4. Implementation and validation
4.1. | mplementation of the dithering algorithm

From the description of the dithering algorithn{7ih, and the description of the estimation
of the dither signal for the skewed-parallel stemomnera in Section 3.2, the dithering
algorithm can be defined. By applying the dithegnal AS which controls the sensor
positions of the left and right cameras, four insagee obtained; two images before dithering
and two images after dithering. For the disparéjcalations, we can combine those four
images into six pairs of images. In practice, hosvesince the dither signal moves the
camera sensor a very short distance and the digpérihe two pairs of images taken by the
same camera is too small to be useful to extrgathd@formation from this pair. Therefore,
only four pairs are considered.

The quantized projections of the target point ofgdifrom the right and left images can be
used to create the projection matrizggsand xq for the right and left cameras respectively as

follows:
%o Xora 11
XQ’_[—l —1}""”%"[@ xo} ®

wherexgr1 andxgr2 are the quantized projections of the target onrigjiet image before and
after applying the dither signal respectively, whih; andxq are the respective projections
on the left image.

From the projection matrices, the dithering mattirgt contains the disparities of the four
considered pairs, can be obtained by:

d=Xg Xg- (9)
The dithering algorithm can be then implementedugh the four following steps:

1. Preliminary estimation of the depth from thepdisty of the initial pair of images using
Eq. (2).

2. Estimation and application of the dither sigist, (7) to shift the sensors of the two

cameras.

Secondary estimation of the four depths cornedipg to the four disparities h (9).

Calculation of the depth of the target pointagraging the four depths from step 3.

how

4.2. Synthetic experiment

The synthetic experiment was performed using Maflaand the Epipolar Geometry
Toolbox [15]. The simulation environment is a 30asp, with two pinhole skewed parallel
cameras. The target is assumed to be 1500 pomi®may distributed in a cubic area with
the dimension 300 mm 300 mmx 300 mm. The cubic center is set to be (0, 0, 160R)YZ
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coordinates. The target points fall in the commoW ef the stereo camera. Fig. 3 shows a
perspective view for this setup in 3D space.
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Fig. 3. The simulation setup: The points in theicaivea (red dots) are the targets.

The setup of the stereo camera is: the bas8&liiee100 mm, the focal lengthis 25 mm,
and the pixel siz&\D is 8.33 um. The simulation scenario is to measiueedepth of each
point, where the initial shifts of the two came® set to zero, using the direct method
through Eg. (2), and using the dithering algoritkescribed in Section 4.1. The results
present a comparison between the two methods ierota illustrate how the depth
reconstruction uncertainty can be improved by titleedng algorithm for this kind of stereo
system.
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Fig. 4. Top view of the depth reconstruction of thiginal target points (in red). The green ponggresent
the reconstructed points by the direct method;dscdbes the reconstructed points by the dithering
algorithm as black points.

Fig. 4 shows the top view of the target pointshairt original positions and in their
reconstructed positions after the depth measurerfoenthe two methods. The figure
shows the points within the zoomed range frebd mm to 15 mm along thé-axis, and
from 1585 mm to 1615 mm along tBeaxis. In Fig. 4a, the red dots represent the oaigi
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target points while the green dots represent tighdestimations for these points using the
direct reconstruction method. The black dots in Blyrepresent the depth estimations for
the same target points using the dithering algaritifhe black dots form new iso-
disparity surfaces with different intervals thatrespond to the reconstruction uncertainty
of the method when applying the dithering algorithm
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Fig. 5. Histograms of the normalized depth recatsion error a) for the direct triangular methodi )
after applying the dithering algorithm.

4.3. Skewed-parallel Camera Prototype

To physically implement the dithering algorithm ftivre skewed-parallel camera, it is
necessary to make use of a camera with a sendoistbapable of moving in a controlled
horizontal movement in relation to the lens. Taséatthis requirement, a prototype can be
built by separating the camera body, which conttiessensor, from the lens that is normally
attached to that body. Additionally, to control thevement of the camera sensor, the camera
body needs to be attached to a micro-movement maialevice such as ampositioner or
a DC motor.

Following the above design considerations, a skepardllel camera prototype was built
to be used for the experimental needs [11]. Thasopype was reconfigured for the purpose of
this project. The camera prototype contains founmamponents that are: a camera module,
a linear stage controlled by a DC motor, a lens andhetal stand that holds all the
components. In Fig. 6, the prototype containings¢heomponents along with a target grid
pattern that is used for the experiment part ofoduger are shown.

The camera module is connected through a cabldréoree grabber card that is installed in
a computer where the pictures are stored and pede3his module contains a CCD sensor
that represents the shifted sensor in the skeweradlglacamera model. The Sony XC-555P
camera module is used in this prototype. The camm&@ule is a color video camera with a
1/2 type sensor [16]. The captured image resoluiaio8 (H) x 576 (V) pixels.

In order to provide the horizontal shift of the aaa module, the prototype uses a linear
stage with a DC motor. The linear stage movemesiadce is up to 25 mm with a resolution
of 0.06pm/count (motor step) [17]. This resolution is stitnt to provide the required micro-
movement capability of the sensor.

To configure this camera prototype as a stereo @ntehas to be placed in two different
positions where the distance between the two positrepresents the baselBef the stereo
camera. The prototype has been attached to adtmmsll stage with an accuracy of 1 mm,
allowing an accurate implementation of the position
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The Tamron 23FM25SP lens model is used in thisopype. The lens is a C-mount type
with a focal length of 25 mm. The focus of the lex@ be adjusted for objects that lie
between 0.15 m and from the front of the lens [18].

[ Ui

Lens

Target grid
Holder 9etg

Camera modulgEiaats
Linear stage.

DC motor — \g

Translational Stage

Fig. 6. A side view of the camera prototype showitagomponents and the experiment setup.

4.4. Physical experiment

To validate that the dithering algorithm enhandesdepth reconstruction for the skewed-
parallel camera, we designed a physical experifie®it The setup of the experiment is
shown in Fig. 6 whereas the camera prototype isriesl in Section 4.3. The targets have
been represented as points in a pattern consistiaggrid of lines with a distance of 5 mm
between the lines. The pattern has been pastedaobt@rd that can be easily positioned in
front of the stereo camera along the optical axis.

In [7], a way to validate the enhancement of thatlieeconstruction is proposed. The idea
is to measure the differential depths, which is the distance between two targets altweg t
optical axis, instead of the absolute depth. Theéhote provides more accurate validation
because it avoids measuring the distance betweetest target and the center of the lens,
something which is difficult to determine.

The reconstruction uncertainty of the differenttldpth, AZxs, represents a difference
between the reference value &fs and the reconstructed value by the stereo visystes.
The probability distribution function, PDF, of thigferential depth quantization uncertainty
Is described as the convolution of the depth qaahtin uncertainties at the two target points:

p(AZ,e) = p(8Z,) 0 p(AZe), (10)

whereAZ, andAZg are depth reconstruction quantization uncertanditethe target point
and B respectively and] denotes convolution. The PDF of the depth unaastaiZ is
defined as [20]:
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2
8D (nzreap + Bf) , Az, <A7 <0

S

(Bf)
2
p(az)=4- ?8%2 (AzrfAD - Bf) ,0SAZ<AZ_ (11)
0 , elsewhere

whereAZ, is the maximum depth reconstruction uncertaintyesponding the to the interval
between iso-disparity surfaces.

According to (10), the range of the differential pthe reconstruction quantization
uncertainty is the sum of the depth quantizatiocewainty ranges of the two corresponding

points.
b)

Target Pattern
4

2y

Reference
Line

Fig. 7. The target grid positioning: a) front viel;top view.

To implement the validation method, it is requiteddefine a pair of target point8,and
B, with a reference differential depth. If the targgid pattern is placed parallel to the
baseline A andB will have a zero differential depth. However, li{irtg the pattern with the
anglea, as shown in Fig. 7a and 7d differentreference differential depth is obtained. The
tilting angle,a, is adjusted with respect to a reference line ithparallel to the baseline of the
stereo system. If the distance between the twotpan the gridL, and the angle: are
known, the reference differential deiks can be directly obtaindaly: Zag= L X sin (@).

The experiment was conducted for three differemias of the tilting angle: 0°, 26.6°
and 45°. In addition to this, two target pairs wased. The distance between the two target
points on the gridc was set to 100 mm and 150 mm for the first and sbeond pair,
respectively. The two target pairs were in the camiireld of view of the stereo system.

The baseline B is equal to 100 mm, and the gri@duafets is at a distance of approximately
1600 mm from the baseline. For the camera prototijgseribed in 4.3, the length of the pixel
size has been calibrated to 8.33 um, and the nuwiberotor steps required to shift the
camera module half a pixel size is found to be &@omsteps. The focal length is 25 mm.

Table 1 presents the results of the validation expnt for the two pairs of target points
with the three different titling angles. The refece differential depth for each pair at each
angle is compared with the reconstructed one byaiskoth the direct method and the
dithering algorithm. The absolute error of the eléintial depth reconstruction for each
method with respect to the reference differentegtt is also listed for each case. This error
can be estimated as a convolution of quantizatroor® of the target pair where these errors
depend on the distance of each target point froenlthseline. The distances cannot be
measured exactly but it is possible to determieentimimum distance value to be 1560 mm.
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From this measure, it is possible to estimate tthmguantization error of the target pairs is
at least 4.7 mm which correspondsnteg 253. Then, the maximum absolute error is at least
9.4 mm for the reconstructed differential depththug direct method in this setup, and 4.7 mm
for the reconstructed differential depth by thénering method.

From Table 1, it can be noticed that the reconstmcerror by the use of the dithering
method is about half of that of the direct methtde mean of the absolute reconstruction
errors for each method, calculated from the talde5.1 mm for the direct method, and
2.6 mm for the dithering algorithm. The improvemanthe depth reconstruction accuracy in
this experiment is thus 49%.

Table 1. Results of the differential depth recardton showing errors by the direct method andditieering
algorithm for the target pairs.

Reference The direct reconstruction method The ditheringhoe
Angle Line differential | _ ructed  Absolute | o uct Absolute
[degree] length [mm] | depth distance ez(j) F;":ﬁc €A reconstruction e;o?;r:%c €1 reconstruction

Z[mm] error [mm] m error [mm]

0 100.0 0.0 7.4 7.4 3.7 3.7

150.0 0.0 7.3 7.3 3.7 3.7

6.6 100.0 447 47.7 2.7 43.5 1.2

' 150.0 67.1 61.0 6.1 63.9 3.2

45 100.0 70.7 68.8 2.0 71.7 1.0
150.0 106.1 111.2 51 109.9 2.8

5. Conclusion

This paper introduces the use of sensor-shiftececasnn the stereo system instead of the
conventional cameras and applies the ditheringrighgo to improve depth reconstruction.
Both the synthetic and the physical experimentsfyéat applying dithering reduces the
depth reconstruction uncertainty by half when comgavith the direct method.

It is verified by simulation that the dither signaduses the iso-disparity surfaces of the
skewed-parallel stereo camera to shift with respetheir initial positions. The new position
is the middle of the iso-disparity intervals befapplying the dither signal. This can be
interpreted to mean that dithering can be appliedréaduce the depth reconstruction
uncertainty by half through a multi-stage measurgme. the dithering algorithm.

It is also found that the dither signal is equah#if the pixel size of the camera sensor
regardless of the first estimation of the depthhef target. Thus, it can be concluded that no
primary measurement is needed for the ditheringralgn, which in turn means that it
significantly simplifies the use of this kind ofrnara when determining depth.

In the synthetic experiment, the enhancement waBectusing computer simulation. The
depth reconstruction of the test target points gisthe dithering algorithm shows
improvement of the uncertainty since the reconssaof the points forms iso-disparity lines
with interval widths reduced by half for the ditimgy algorithm when compared to the direct
method. This improvement can be confirmed by compgarthe histograms of the
reconstruction error produced by both methods. Tohismparison shows that the dithering
algorithm reduces the span of the error distributm half the range obtained with the direct
method. The depth reconstruction improvement can bé observed in the 48.6% reduction
in the standard deviation of the reconstructiooreior the simulation targets by the dithering
algorithm.
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The results of the physical experiment also shavenstruction improvement for all the
test targets with an average of 49%, which is clmse¢he theoretical value. For higher
experimental accuracy, the differential depth of thrget pairs was used in the validation
experiment instead of the absolute depth of a sitagiyet.

The proposed method can be applied to measuretla oepbjects with structural surfaces.
Furthermore, the dynamics of the measured objectsnited by the speed of the camera
movement. However, it can be extended by usingriabla opacity optical attenuation mask
directly in front of a camera lens [21].

For further research, the dithering approach camapied with more steps in order to
reduce the uncertainty to less than half.
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