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Abstract:  Stereo matching process is attracted numbers of
study in recent years. The process is unique and difficult due to
visual discomfort occurred which contributed to effect of accuracy
of disparity maps. By using multistage technique implemented
most of Stereo Matching Algorithm; taxonomy by D. Scharstein
and R. Szeliski, in this paper proposed new improvement
algorithm of stereo matching by using the effect of Adaptive
Weighted Bilateral Filter as main filter in cost aggregation stage
which able contribute edge-preserving factor and robust against
plain colour region. With some improvement parameters in
matching cost computation stage where windows size of sum of
absolute different (SAD) and thresholds adjustment was applied
and Median Filter as main filter in refinement disparity map’s
stage may overcome the limitation of disparity map accuracy.
Evaluation on indoor datasets, latest (2014) Middlebury dataset
were used to prove that Adaptive Weighted Bilateral Filter effect
applied on proposed algorithm resulted smooth disparity maps and
achieved good processing time.

Index Terms: Bilateral Filter, Disparity map, SAD, Stereo
matching

I.  INTRODUCTION

Disparity map or depth map from a pair of stereo (or more)
image was one of popular research topics in computer vision.
As we acknowledge, computer vision is one of the fields of
image processing and computer vision. The important of
disparity maps and depth map are it can produce many
applications such as autonomous navigation [2],
three-dimensional (3D) reconstruction, 3D tracking, 3D
scanning and 3D mapping. Researchers mostly focusing on
3D mapping study area to get most accurate and low
computational cost also low computation time in stereo
visions’ disparity map. The idea of stereo vision is to use two
(stereo) cameras which its installed parallels to acquire the
depth of the scene and capture high resolutions images that
can be uses for other applications [3]. The same scene point
produced by the camera planes are been used to make the
matching process. This corresponding prediction of stereo
cameras result process called stereo matching. Development
of image matching is important to achieve good result of
stereo matching [3]. The result of stereo matching process is
disparity map where the mapcontains the depth data of the
stereo images for reconstructed the 3D image. Coordinates
from each pixel of the images (input image and reference
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image) contribute the disparity maps’ corresponding

estimation. These four steps taxonomy of stereo matching

algorithm proposed by Scharstein and Szeliski [4] mostly

been used are:

e Step 1: Matching cost computation (process for
matching each pixel from input and reference image).

e Step 2: Cost aggregation (process of aggregate initial
cost over support region).

e  Step 3: Disparity optimization (optimize the function of
disparity level).

e Step 4: Disparity refinement (refine the final disparity
map result)

The most popular disparity map algorithm used are
global, semi-global or local methods. Its depend on the
algorithm and how the algorithm is calculated [4].

In global optimization disparity map algorithm, the
disparity assignment problems treated as predefined
minimization of global energy function. From McMillan,
global method’s main advantage is by using global approach
of Z-buffering mechanism in disparity computation [5].
Global method usually extra computational expensive and
less sensitive to local individualities. The algorithm results
measurement to smooth the neighbouring pixels from global
data [6]. Local method of disparity map algorithm, it is
focusing on local support window. The process of this local
method by using correspondence of disparity between gray
value or patterns within this local support windows. This also
called as windows-based or area-based methods which
include fixed windows, multiple windows, adaptive window
[7] and segmentation based [8][9][10] for window based
method. The advantages of this methods are it require low
computational and low execution runtime. The characteristic
of local method is by choose every pixels of disparity map
and associated with the minimum cost value at the
computation of final disparities [5] also known as
winner-take-all (WTA) that optimization will be perform at
each pixel of disparity map. The final disparity map
algorithm is semi-global (SGM) method, this method
consists of Mutual Information pixel matching and
combination of 1D constrains with 2D smoothness 2D
constrain in global approaching [11]. In other words, the
process is finding the correspondence pixels between input
and reference image (stereo images). Mostly, the idea of
semi-global is the combination of local and global method
approach of stereo matching algorithm in the main four steps
discussed earlier (i.e. use local method at matching cost and
global method for cost aggregation). In that case, SGM
required more space of temporary memory because it operate
on both numbers of pixels and the disparity range of stereo
vision [8].
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I. RELATED WORK

As mentioned stereo matching algorithm step in
Introduction, the stereo matching block diagram for this
algorithm as proposed shown in figure 1. For Matching Cost
Computation process, sum of absolute (SAD) method were
used together with some threshold element adjustment. The
cost aggregation part, Adaptive Weighted Bilateral Filter
technique used because this filter have effects of smoothing
images and edge-preserving filter [12]. Then, for disparity
optimization process, winner-take-all (WTA) strategy been
used. The minimal aggregated corresponding value for each
disparity pixel were absorbs with WTA strategy. The bad
pixels or invalid pixels (i.e. occlusion or untextured areas)
still occurred at this stage, these pixels can be detected by
left-right (LR) consistency checking process [13]. To correct
or minimize the invalid pixels, median filter was used in last
step which in disparity refinement process. The advantages of
median filter are extensively in smoothing and de-noising of
images [12].

Stereo Images: Left image and Right image

Step 4: Disparity
Refinement

Step 3: Disparity
Optimization

Final disparity map

Figure 1: Stereo Matching Algorithm Framework
development [14]

A. Matching cost computation

The matching cost computation is a process where a pixel
from same from stereo input (left and right) images
corresponded at the same point. In other words, this process
defined where left and right images values parallax with each
other at same point [15]. In this stereo matching algorithm,
Sum of Absolute Differences (SAD) used for this stage. The
SAD algorithm [16] defined at (1), the sum of absolute
difference intensity between each pixel at references block
(left image) and corresponding pixel at targeted block (right
image). It calculated the minimum pixel value over right
image (reference image) row and selected the best matching
value. This process produced disparity map. Form (1), the
SAD (p,d) is sum of absolute difference and sum of
differences intensity between the both left image (I;) and
right image (1,.). While (p) represented coordinate (x,y) of
the pixel and d is represent disparity value and g represent
the window size of SAD method.

SAD (p.d) = ) Ih®) — L -l (1)

PEW
SAD, (p,d) = BSAD (p,d) )

At this stage, some threshold adjustment is introduced, this
new algorithm is given in (2). The threshold is represented by
Tsap,, the constant value to adjust the threshold value.
Equation (3) is the condition while the final sum of absolute
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different applied. The final matching cost function
Csap(p, d) is given by equation (4).

,  (Tsan, if SAD,(p,d) > Tsap
SAD'(p,d) = {SAD (p,d), otherwise. ®
Csap (p,d) = SAD' (p,d) )

B. Cost aggregation

The important stage for stereo matching is minimizes the
matching uncertainties. This related work under Cost
aggregation step. In this work, Adaptive Weighted Bilateral
Filter is proposed to reduce the noise and produce high
accuracy of disparity map with the edge preserve by the filter.
The left image selected as reference image for this whole
algorithm. The equation of Adaptive Weighted Bilateral
Filter is given by (5) where B(p,q) represent Adaptive
Weighted Bilateral Filter, p is the location of disparity which
need to filter using weight of the neighbouring pixel. The o
indicated for spatial adjustment parameter and o, represent to
the disparity similarity parameter. The o represent spatial or
disparity similarity. The cost aggregation equation is given
by (6) where Cg,4p (p, d).

_gl? A — d(a)?
B(p,q) = exp <_ |PU—ZQ|> exp <— M) )

CA(p,d) = Csup (p,d). d' (6)

C. Disparity optimization

Winner-Take-All strategy is introduced to increase the
accuracy of the disparity map. It works by selecting the
minimal aggregated value for each disparity pixel value.
Based on (7) d represent disparity associated with the
minimum aggregated cost, p for coordinate (x,y) of the
pixel and d is represent disparity value and CA(p, d) means
the cost aggregated volume.

d(p) = argmin CA(p,d) (7

D. Disparity refinement

The final step is Disparity Refinement where Median Filter
as the main filter to refine the disparity map output to achieve
high accuracy. The (8), d'(p) is equation for disparity
refinement where the input of disparity map from disparity

optimization d (p) will be filtered with median filter.

d'(p) = med {d(p)} ®)

Il.  EXPERIMENTAL RESULT

On Step 1, the value p = 11 obtained the good result and
produce average error on all 19.2% and 11.9% of nonocc
average error. When some contras threshold was adjusted at
Tsap = 0.8 the error reduces to 18.8% and 11.2% for all and
nonocc attribute respectively. As referred to (1) and (2) is the
lower tgap value will produce lower noise than intensity
feature.On Step 2, g, value of 17 indicates that the 17 pixels
radius emphasis within the range referred to (3) while for
value of g, = 0.3 indicate the
range of Bilateral
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Filter disparity difference which is less than 0.3. Referring to
(4) enough histogram sample on size of w;, = 19 X 19.0n
Step 4, the value of in this steps’ parameter are follow the (8)
and Equation 3.15 for fill in process while for Median Filter
process, window size, W for 5x5 result lowest error which is
17.4%. The summary of proposed algorithm includes the
usage of parameter and its values in this thesis are shows in
Table 1. These final parameters value will be used for entire
experiment images.

Table 1: Summary of the parameter values used in proposed

algorithm.

Step Parameter
Step 1 B=11and tgap = 0.8
Step 2 :};22112 t;c 1290.3, and
Step 3 WTA
Step 4 W=5x5

E. Disparity map

The disparity map result of proposed algorithm shows in
Figure 2 where Middlebury training dataset were used and
the other methods of disparity map and Figure 3, the disparity
map of test dataset from Middlebury.

Recycle

Shelves

Teddy

Vintage

Figure 2 The dlsparlty map of proposed algorlthm W|th
disparity map of others method from Middlebury training
dataset.
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Figure 3: The disparity map of proposed algorithm from
Middlebury test dataset.

F. Processing time

In Table 2, comparison proposed algorithm processed time
with 1.05 second of average processed time. It followed by
Glstereo, with 1.20 second and MCSC with 2.21 second. The
whole process of execution time for proposed algorithm in
Figure 4 and Figure 5. Figure 4 is processed time for training
dataset from Middlebury and Figure 5 contained result of
processed time for test Middlebury dataset.

Table 2: Performance comparison of quantitative evaluation
results based on processing time from the Middlebury

Agorithm | Adiron | Ar | Jadegt | Motor | Motorf | Piano | iangl | Pipes | Play | Playth | Playthp | Recyde | Shehves | Teddy | vintage | AV
Time
i _ 116 028 | 133 126 15 a1 113 119 113 102 02 114 12 0.44 141 105
Algorithm
Glstereg 128 045 | 183 124 14 114 137 129 18 17 1156 118 115 0.62 e 120
MCSC 238 065 | 329 54 4 211 234 236 37 216 22 217 238 103 38 w
IMR 454 241 45 478 476 453 42 an 45 438 408 487 476 287 436 428
DSGCA 10.6 67| 135 668 67 579 573 536 115 559 59 55 574 73 167 102
@ I
» . T T D IO - T o e
S N T - T R T S A S R S S 9
ST ST RS ST SIS R St
Y As o < A N \a < o7 ¥ 7 o O A
& ST & © QY A AN WY TS
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v = g°

Figure 4: Processed time for proposed algorithm on
training Middlebury dataset.

. PROCESSING TIME (SECOND)

Figure 5: Processed time for proposed algorithm on test
Middlebury dataset.
G. Quantitative measurement

From training set of Middlebury dataset, average error of
all attribute of proposed algorithm is 17.4%.
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DSGCA and DoGGuided produced 18.7% and 22.3% of
average error followed DF and SED which produced 22.7
and 28.7 respectively. For nonocc attribute, proposed
algorithm produced 9.62% of average error followed by
LS-ELAS 9.66%, DSGCA for 9.75 and DoGGuided and DF
for 12% and 23.3%. The details of average error shows in
Table 3. In Table 4, error of greater from two (BAD 2.0) for
all and nonocc attribute which produce 38.6% and 31.1%
respectively.

Table 3: Performance comparison of quantitative evaluation
results based on all error from the Middlebury dataset.

algoithm | pdion | ArL | Jadept | Motor | WotorE | Piano | Fiznol, | Pipes | Play | Playth | Paythp | Recyde | Shehes | Teddy | Vintage | AV
weight
ns 139 627 il 25 .08 27 2L1 | 27 95 575 718 14 94 168 174

Propased
Agorithm
DSGCA 768 n7r 45 105 104 1ns M5 199 | 46 us s 756 173 12 43 pL)

DogGuided | 201 2 | 565 | 138 | 168 | 134 | 373 | 28| 23| 28 3 513 19 | Be| 26 23

DF 4 | 224 | w2 [ 221 | 381 [ 937 | 302 [ 56301 129 | 11 B4 | 125 | 631 | 12 567

SED 1 | ;71| 123 | 06 [ 197 | 181 | 295 [ 241 | 28| 88 | 165 | 168 | 151 | 7 | s 87

Table 4: Performance comparison of quantitative
evaluation results based on nonocc error.

agorton | agion |t | st | wotor | miga | piano | pangt | s | vy |t | piap | Reowe | shehes | reddy | vintage | 2

631 |98 | 318 | 4N 639 | 668 | 284 | 106 |908| 509 | 518 386 97 | 38 | 107 | 98

LSELAS B46 | 383 411 BBv] 38 554 857 744|876 | 4 iy 693 826 26 131 966

DSGCA | 325 | 595 | 189 | 36 34 |77 | ma | 733|936 B4 | T 38 w7 | 3m | 397 | 97

DogGuided | 152 | 957 [ 71 | se4 | 831 | a0y | 324 | 957 [ 14 | w5 | s: 556 62 | 415 15 n

DF ns | n e 1 s % 04 134 | 234 L5 151 mwr ns 51 1 n1

Table 5: The results of the Middlebury dataset based on
the percentage of disparity errors that are greater than
two pixels (bad 2.0)

Mgorithm | Adiron | Arfd | Jadept | Motor | MotorE | Piano | Piamel | Pipes | Play | Playth

Playibp | Recyle | Shelves | Teddy | Vintage | AV
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11l.  CONCLUSION

In this work, new stereo matching algorithm proposed. It
contained Adaptive Weighted Bilateral Filter, edge preserve
function filter as main cost aggregation filter followed SAD
method for matching cost, WTA as disparity optimization
and Median Filter as disparity refinement. The experimental
used Middlebury dataset as standard stereo matching
benchmark. This proposed work is able to reduce error of
disparity map and produced very short processed time with
high accuracy result. For future work, GPU implementation
is proposed for real time application of stereo matching.
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