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A NEW PRE-PROCESSING TECHNIQUE FOR COMPUTATIONAL OF
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ABSTRACT. This paper presents a new composition of stereo vision algorithm
for disparity map measurement from matching process. Stereo colour images
obtained are consists with noises due to undesirable weather and illumination
conditions due to it taken under inadequate or non-uniform light. The algo-
rithm begins with pre-processing stage to enhance the colour image quality us-
ing combination of CLAHE, AGCWD and guided filter. Then, the matching cost
computation are done using the Census Transform that has a strong advantage
in radial distortion and brightness changes. The third stage will produce the ag-
gregated cost from matching process utilizing fixed-window and guided filter
technique. At the fourth stage; disparity optimization stage, the disparity map
is optimized with a common local technique, Winner-Take-All (WTA). Then, for
final stage, the process continues with post processing that is Left Right (LR)
consistency checking. Weighted Median (WM) filter is that applied to secure the
final disparity map for noise reduction and smoothening to the disparity map.
Based on Middlebury Standard Benchmarking Dataset, the proposed algorithm
has 23.35% accuracy for nonocc error and 31.65% accuracy for all error, which
yields a better accuracy compared to some works in the evaluation dataset.
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1. INTRODUCTION

One of the key topics in computer vision is a stereo vision that signifies a
system to measure depth estimation from 3D information extraction from dig-
ital stereo images pair. The framework to obtain the disparity map is called a
stereo matching algorithm, widely studied by researchers concentrating to the
improve disparity accuracy [1]. Disparity map represents the depth measure-
ment of map that can be used for several applications, such as 3D image re-
construction, medical image processing, 3D entertainment and many more [2]].
Traditional taxonomy to produce disparity map consists of matching cost compu-
tation, cost aggregation, final disparity selection and disparity refinement. In a
stereo vision, the optimization of each disparity map taxonomy mainly grouped
into three methods; local, global and semiglobal [|3]. These methods can be
classified based on the way how the disparity is estimated. The local method
provides a simple cost computational due the method uses comparing pixel pro-
cess that from only information of nearby pixel each other thus make it involves
shorter processing time. Whereas global method mostly delivers high dispar-
ity map accuracy by identifying all the disparities in the system through energy
function minimization at the same time. However, the trade-off of this method
are making it requires longer processing, complex and cost expensive. Another
of method is the semiglobal that is the integration of both local and global ap-
proach, mostly produce balance result and varies depending on the composition
and approach applied.

In this work, a new composition of local method of stereo vision algorithm is
proposed to enhance the disparity accuracy of local method. The algorithm used
the image pairs form Middlebury Stereo Vision database, a standard benchmark-
ing dataset as the stereo images input [4]. Furthermore, fifteen sets of stereo
images were processed, which are then work on the proposed stereo algorithm
for final disparity maps. While the traditional stereo vision taxonomy started
with the matching process, this algorithm proposed a pre-processing stage to
enhance the stereo images before the matching process. The pre-processing
stage used two different approaches; CLAHE and the AGCWD with combination
of guided filter to smooth the surface the same time enhance the low texture
and edge regions. The matching cost computational process apply the Census
Transform (CT). The CT reduces the effects from radiometric changes in RGB
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colour space, and they are used to generate feature points and to calculate the
cost of the corresponding matching points between reference and target im-
ages. Candidate matching selects the candidate points, and propagation uses
the result of the candidate matching to produce a rough disparity map. The cost
aggregation stage uses combination of fixed window and guided filter. Then, a
Winner-Take-All (WTA) approach is utilized for disparity selection which require
less processing time, complexity and cheaper. Finally, the post processing tech-
nique in disparity refinement stage consists of left-right consistency check and
Weighted Median Filter (WMF) are applied to remove, reduce and smoothening
the noises in disparity map. The accuracy result of the stereo vision algorithm is
assessed by submitting to the online Middlebury standard benchmarking dataset
for qualitative and quantitative result. The evaluation of the result is based on
the image quality parameters, overall bad pixel error and non-occluded error.

2. ENHANCEMENT ARCHITECTURE

The information of colour image is richer compare with the gray images. In
recent years a lot of researcher applying the colour images in several studies
for application such as visual surveillance, electronic consumer and traffic anal-
ysis. However, in real practical application, colour images obtained are con-
sists with noises due to undesirable weather and illumination conditions [5].
These images that taken under inadequate or non-uniform light contribute to
low brightness, blurred local details, poor contrast and colour fidelity and noise
from sudden changes in light make it problematical to analyse and obtain the
information.

2.1. Contrast Limited Adaptive Histogram Equalization. Despite the jargon,
the framework of CLAHE is straightforward, starting with image decomposition
into rectangular blocks [6]. The second step is adjusting to each histogram
block, including creating, clipping, and distributing the histogram. The third
step is to obtain the cumulative distribution function (CDF) and the probabil-
ity density function (PDF) of the clipped histogram. Finally, the equalization
mapping done by the bi-linear interpolation is executed amongst the blocks to
eliminate potential block artefacts and avoid visibility of region boundaries. The
bins are established at 180 after a series of segmentation and histogram shape
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distribution specified as Rayleigh to create a bell-shaped histogram. This tech-
nique improves conventional HE by controlling the contrast utilizing a clip point
to chop off the histogram peak value in each block. Therefore, the clip point is
an essential factor in terms of the contrast factor that avoids the image’s over-
saturation precisely inhomogeneous areas. The clipped pixels are redistributed
to each gray level. The clip point Equation is calculated as follows [7]:

M
2.1) B=(—(1+ O‘(ls(%”)

),

where M represents each block number of pixels while N represents the dynamic
block range. « is the clip factor, and S is the maximum slope. The critical
factor is the clip point in the contrast enhancement adjustment. The clip limit
for this experiment is adjusted to a value of 0.009. The equation of mapping
function used to remap the image blocks gray levels is based on the CDF and
PDF provided from the clipped histogram as in Equation and (2.3),

1
(2.2) CDF(I)=)Y PDF(I)
k=0
(2.3) Trnap(I) = CDF(I) X Ingq,

where Tmap(l) is the remapping function while I is the gray level pixel, and
Imax is the block maximum pixel value. In general, this is attractive because it
is very fast to compute for different mapping functions based on the CDF of his-
togram redistribution for each block. The remapped of pixel p using the bilinear
interpolation in the equalization mapping step as follows Equation (2.4):

Tnap(p(2)) = m.(n.To, p(i) + (1 = n).Tp.p(i)) + (1 —m).(n.Te.p(z))

(2.4) + (1 —n).Tup(i).

The p is the arbitrary pixel surrounding the four blocks while points a, b, ¢, and d
are the four blocks’ center pixels. T (-) denotes the remapping function, whereas
p(i) is the value of an arbitrary pixel i with coordinate (x, y). This interpolation
step is essential for making the method feasible for a low computational cost for
image enhancement, and the stage also removes blocking artefacts.
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2.2. Adaptive Gamma Correction Weighted Distribution. The AGCWD tech-
nique has been used extensively to solve the problem of manually gamma value
adjustment for image enhancement [|8]. The weighted distribution function in
AGCWD will improve the algorithm to obtain the values automatically. The
straightforward formula of the transform-based of gamma correction is derived
by Equation (2.5]). The proposed AGCWD algorithm is expressed as follows:

(2.5) To(I) = Lo 1 )1-CDE()

Ima:v

and

PDF(I)— PDFpn .,

PDF, 0 — PDme) ’

where PDFmax and PDFmin are the maximum and minimum PDF of the sta-
tistical histogram from histogram analysis, whereas « is the weighted adjusted
parameter. In this experiment, the « is manual adjusted to 0.5. This approach

PDF,(I) = PDFpau(

requires that an optimal solution be reached using the Recursively Separated
and Weighted Histogram Equalization (RSWHE) method. The next step is to
calculate the approximation CDF as follows in Equation (2.6):

Y ymaxPDF,(I)

(2.6) CDF,(I) S PDF

2.3. Guided Filter. In this experiment, a guided filter setup was implemented
to aid in developing and testing these techniques to smooth the image enhance-
ment. As well as being simple, the method is practical and thus is suitable for
better preserves the sharpness of image edges. The guided image filtering is
applied to each channel independently of the colour images. The guided image
filter local linear model in Equation of the multi channels as follows [9]:

2.7 ar = (3 +eU) (S Iy —

(2.7) K (Zk: ) (wgw% Pi — 1)

is the 3 x 3 matrix identity and ), is the 3 x 3 matrix co-variance. It appears
that this filter generally produces better results to preserve edges that are not
apparent on grayscale. Thus, the experiment value of the degree of smoothing
on the filter is 650.25, which indicates a soft threshold on variance for the given
neighbourhood.
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FIGURE 1. Block diagram for proposed algorithm.

3. METHODOLOGY

The proposed stereo vision algorithm has been processed through five stages
and the block diagram of the algorithm is presented in Figure |1l The algorithm
begins with pre-processing stage to enhance the colour image quality using com-
bination of CLAHE, AGCWD and guided filter. Then, the matching cost compu-
tation are done using the Census Transform approach. Census Transform has a
strong advantage in radial distortion and brightness changes. The third stage
will produce the aggregated cost from matching process utilizing fixed-window
and guided filter technique. At the fourth stage; disparity optimization stage,
the disparity map is optimized with a common local technique, Winner-Take-All
(WTA). Then, for final stage, the process continues with post processing that
is Left Right (LR) consistency checking. Weighted Median (WM) filter is that
applied to secure the final disparity map.

3.1. Pre-processing. This stage provides the method to implement the colour
image enhancement algorithm based on CLAHE and AGCWD with guided fil-
tering as shown in Figure |2l The dataset stereo pair images are from The Mid-
dlebury Stereo Vision Page that provides 15 stereo pair images in training sets
with different resolutions, disparity level, height, width, image size, and camera
calibration parameters [[10]. A comprehensive explanation of each stage for the
developed techniques is given in the following sub-sections. The Block diagram
of the developed methods is shown in Figure 2| The experiments have been con-
ducted to be comparable for the visual quality with quantitative analysis within
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FIGURE 2. Proposed pre-processing method (a) CLAHE and
guided filtering (b) AGCWD and guided filtering

five categories; 1. Original image, 2. CLAHE, 3. AGCWD, 4. CLAHE + GF, and
5. AGCWD + GF.

3.2. Matching cost computation. Census Transform is a non-parametric local
transform that based have characteristic of local intensity relationship between
center pixel with neighbour pixels within a census window [11]]. The census
window can be presented as (2m+ 1) x (2n+ 1) so the transform can be defined
as Equation (3.1):

(3.1) T(r,y) = @i, @it _, §I(w,y), I(x 414,y +1)),

where the intensity for pixel (x,y) represents by I(x,y) and the operator of ®
denotes a bit wise catenation.
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3.3. Cost Aggregation. The correspondence of a pixel can be determined from
CT matching cost by computing the window costs for all candidate in the ref-
erence image to the target image. The target image provide the best window
cost to corresponding of the reference image. In the cost aggregation step, a
square-fixed-window implemented using box filter technique [4]. The window
size is set to (2r + 1) x (2r + 1) so that the aggregated cost can be determined

using Equation (3.2)) and (3.3):

T

. 1
(3.2) T (u,v,d) = 1 ng . C(u+m,v,d)
T 1 -
(3.3) Al puare(u,v,d) = 5 1 g Clu,v +n,d),

n=—r
where Tr is the cost matrix holding the intermediate results. It is assuming that
the stereo images are rectified, which means that the corresponding epipolar
lines are horizontal and on the same height. Then, the aggregated cost value
will be smoothed with guided filter.

3.4. Disparity selection. To obtain the local approach’s accurate disparity map,
this work computes the final disparity by selecting a minimum aggregated cor-
responding value for each pixel using the WTA strategy. The utilization of the
WTA strategy for local algorithms can reduce the computational complexity as
implemented by [12]] and [13]. However, through their findings, the disparity
maps attained at this stage still having errors in the occluded or low texture
areas. The WTA equation is given by Equation (3.4).

(3.4) d = argmingeq, A u,v,d),

square
square

where the disparity associated with the minimum aggregated cost d at each pixel
is chosen. The A’ (u, v, d) means the cost aggregation volume from Equation

square

(3.3) and represents the range of allowed disparity values in an image.

3.5. Disparity refinement. The final stage of the proposed algorithm consists
of post-processing steps. It comprises several consecutive processes: occlusion
handling and invalid disparity detection, invalid fill-in disparity, and filtering
process. The occlusion and invalid disparity locations are detected by the Left-
Right consistency checking process. This process is performed from the left
reference disparity map image that coincides with the right reference disparity
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map. The output is the invalid disparity locations, which do not have the con-
sistent value of disparities between the two maps. Therefore, using the same
approach used by [14] and []15], the location for disparity validation map do at
point p is determined by Equation (3.5):

d(](u,’lj) _ {17 1f |dLR(U,U) — dRL(“,D)l g TLR

3.5
(3.5) 0, otherwise

)

where dLR denotes the left reference and dRL is the right reference of disparity
maps. This map contains the invalid (i.e., 1=outlier) and valid (i.e., O=inlier)
disparity locations. Following the same setting with [15]], in this work the 7L R is
set to zero. This is to get the minimum error in the disparity map. To remove the
noise, the weighted median filter using B(p;q) is utilized. The weighted median
filter was implemented in [[16]. Their approaches achieved high accuracy on
noise removal. According to this, from Equation (3.5)), the weighted of B(p, q)
is changed to a summation of histogram h(u,v, dr), which produces Equation

(3.6):
(3.6) hu,v,d,) = > Blu,v,q),

q€wp|d(q)=dr
where dr denotes the disparity range (i.e., dr €[disparity range]), and wp is
the window size with the radius r x r at centered pixel of p or at the coordinates
(u,v). The final disparity value d’ is determined by the median value of A (u, v, dr)

given by Equation (3.7):
(3.7) d' = medd|h(p,d,).

3.6. Performance parameter and evaluation. Each technique’s performance
is compared to qualitatively and quantitatively through image quality param-
eters of Entropy, MSE, PSNR and histogram calculation, and visual inspection
evaluation [17]]. Entropy is also referred to as the overall amount of informa-
tion details in the image and expressed in bits, and describes the amount of
uncertainty gray levels measurement in the input image. The formulated of the
Entropy based on Shannon is given below Equation (3.8):

(3.8) E(p) =Y P(k) xlog P(k),L =1,k =0,

where P(k) is the probability of gray levels with intensity 1 and L is the total
number of gray levels present in the image. Additional, two typically employed
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measurements are PSNR and MSE. The MSE and PSNR between the two images
are as follows Equation ([3.9) and (3.10):

1 M N
= — . 2
N=1M=1
MSE
(3.10) PSNR = 101og,y =5~

where S is the maximum value of pixel. The higher the PSNR, the better the
quality of the image contrast enhancement. Both of these parameters are used
to compare image enhancement quality. It is vital to measure the performance’s
variability apart from that qualitative evaluation to review developed image en-
hancement performance [18]. The visual quality evaluation technique has been
included. For quantitative evaluation and qualitative analysis of the stereo algo-
rithm performance, the Middlebury Vision Benchmark Dataset for stereo match-
ing will be utilized for measuring the bad pixel error percentage. Middlebury
dataset was developed by [[10] which consists of 15 training images.

4. RESULTS AND DISCUSSION

The anticipated result of this research effort are to produce a new composition
of stereo matching algorithm consists of a new pre-processing step with the over-
all stereo matching algorithm. It is competent to enhance the edge-preserving
properties in the disparity map produced and strong against the repetitive and
low texture regions. The final output of this algorithm is the disparity map and
the performance is compared to other stereo matching approach around the
world through standard online benchmarking system.

4.1. Pre-processing quality evaluation. Several quantitative parameters are
used to analyse data for image contrast enhancement performance by calcu-
lating the Entropy, MSE, PSNR, and histogram distribution. Most data used
in the study have been obtained from algorithm execution, and the compara-
tive analysis of average value in each category have been presented in Table
Experimental results reveal the AGCWD offers performance advantages on pro-
viding the maximum Entropy which is almost equal to Entropy of original input
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images and greater than that of Entropy of other techniques; CLAHE as tabu-
lated at 101.3% for AGCWD and 101.1% for AGCWD + GF whereas CLAHE only
contributed 100.2% and CLAHE + GF at 99.9% still good for the enhancement.
However, entropy evaluation for several individual images under AGCWD and

TABLE 1. Average Entropy, MSE and PSNR.

Parameter Entropy MSE PSNR
Imege Type | Original | CLAHE | AGCWD CL’;}FE - ’\GCG\;D T | CLAHE | AccwD CL’;I;E o AG‘S;D 7| cLAHE | AccwD CLZ];E - AGC;;D ¥
Adirondack | 73397 | 72671 7703 7239 7732 75855 1976.10 LTl 1969.15 2502 1518 03 5.0
AL TGS | 16608 7810 766 75 6451 150635 EbY] 148870 p757) %38 750 G5
Tadeplamt | 74367 | 75155 75366 74836 75432 39139 590.02 559.62 39203 2041 2042 2043 2041
Motorcycle | 78242 | 17562 79332 THAR TR ESES) 130045 1083 129020 20 ] BT [§L5)
MotorcycleE 7.6946 7.6645 7.8738 7.6497 7.6048 61528 163335 621.84 1637.20 2047 16.04 2041 16.09
Frano TS | 75399 7612 T8 77158 GEEH 31041 51275 5002 N5 854 70.36 1853
PianoL 75365 | 15N 77638 75384 77568 6832 138737 35780 38118 7060 1696 2061 1698
Fipes TATS | 75957 77761 75720 78185 EEERI 164585 =738 61325 2087 597 2084 1605
Playroom | 7527 | 7788 77939 77652 78117 33685 57700 8857 CIpRY] 2065 35 2038 827
Playtable 7.7822 7.7893 7.7662 77451 7.7672 388.16 935.61 39193 92314 2224 1842 220 18.48
PlaywbleP | 7773 | 7.78%6 73673 77399 77685 386,36 94250 39034 93952 n% FEES) nn 545
Recycle 75399 | 7429 75386 TAIs 75355 68131 107170 161 107105 1980 783 1980 78
Shelves 75270 | 74300 77682 74027 7.7509 17933 172295 183.90 1717.05 2561 577 3550 5.8
Teddy T8 | 753 78558 TE9H TE6S ESERY] 115410 FSEL] 116230 3191 731 7188 748
Vintage 70895 | 73150 53670 TASH 6.0802 538,36 36038 96041 [eExT JEXES) 21.30 1§31 FTEN]
g TA%61 | 75996 76819 TETE 7.6681 0197 57 0510 1208.00 746 761 FIRE] 1762

AGCWD + GF, especially for low texture images, show a slightly lower entropy
result at 85.8% compared with the original images. One of the most critical find-
ings relates to the MSE and PSNR results for CLAHE. CLAHE techniques provide
a significant performance increase in comparison to AGCWD in PSNR at 21.9%
for CLAHE with AGCWD and at 21.6% for CLAHE + GF with AGCWD + GF
linking to lower MSE at 41.3% for CLAHE to AGCWD and at 41.8% for CLAHE
+ GF to AGCWD + GF. This is an exciting finding, and it could be hypothesized
that the CLAHE technique has better enhancement compare with the AGCWD
based on the original images.

4.2. Stereo matching performance. The experiments are carried out on the
platform of Window 10 on desktop PC with 3.2GHz processor and 8GB memory.
To evaluate the accuracy, the experimental images are using a standard online
benchmarking dataset from the Middlebury. The accuracy is measured from the
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bad pixel percentage of non-occluded pixel (nonocc) and all pixels (all). Figure
shows the 15 training images, ground truth and the disparity map results after
submitted to Middlebury online platform.

Based on the final results of disparity maps, the scene objects situated at in-
creasing depth are assigned step by step to disparity values from nearer to fur-
ther based on the colours assignment. Table |2| show the quantitative results of
the Middlebury dataset. It shows that the proposed work is more accurate than
the Census Transform (i.e., with the weight average difference nonocc=3.1,
all=2.9). The achievement of the proposed work has been analysed with other
local algorithms in Middlebury Dataset. Based on the results, the proposed al-
gorithm is among the lowest of average errors which indicates the competitive
achievement of the proposed work.

TABLE 2. The comparison results of nonocc error and all error
using Middlebury dataset.

Image GT SED MTS CLAHE + CT | AGCWD+CT
Type nonocc all nonocc all nonoce all nonoce all nonoce all
Adiron 26.3 30 23.7 251 17.2 19 19.1 234 19.1 234

ArtL 6.16 243 15.6 17.1 1 7o) 225 9.78 274 10.8 2T
Jadepl 51.1 72.4 106 123 107 123 42.6 64.5 48.3 69.6
Motor 132 19.6 18.3 20.6 14.8 175 9.09 16.8 10.5 18.1
MotorE 11.8 19.2 17.7 19.7 18.3 20.7 9.27 17 10.7 18.3

Piano 18.7 23.2 17.7 18.1 12.4 13 16.8 213 18.1 22.5
PianoL 29 32.7 29.7 29.5 32 32 30 334 31 344
Pipes 17 30 28.5 341 224 204 12.5 26.3 14.9 28.3

Playrm 28.9 43.5 21.3 228 21.9 26.9 242 395 243 39.6
Playt 374 42.6 18.2 18.8 25.9 274 316 37:3 332 38.7
PlaytP 16.2 226 15.9 16.5 10.3 12 1857 20.3 15.1 215
Recyc 20.5 23.8 16.2 16.8 16.4 155 153 19.2 18.9 22.4
Shelvs 28.2 29.9 14.4 15.1 | 11.47 F 253 272 256 27.4
Teddy 8.96 17.6 6.65 7.26 6.96 8.11 7.68 16.5 0.89 18.6
Vintge 72.2 755 31.6 338 25.2 27.2 70.3 73.8 722 754
Weight
Ave

25.6 33.8 254 27.9 24.0 27.2 225 30.9 24.2 324
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FIGURE 3. Disparity map evaluation using Middlebury training dataset.
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In the preliminary experiments, the aim is the integrating the Contrast Limited
Adaptive Histogram Equalization (CLAHE), including Adaptive Gamma Correc-
tion Weight Distribution (AGCWD) with Guided Filter (GF) for contrast en-
hancement for stereo pair images in the processing stage. These methods are
expected to preserve the maximum entropy and the over enhancement con-
trol, and quantitative analysis is performed to measure the enhancement perfor-
mance. These techniques have demonstrated a marked improvement in stereo
vision images’ quality more efficiently than the original images. Based on the
Entropy, MSE, PSNR, and histogram evaluation, better results and better visual
enhancement of the images can be applied to the stereo matching algorithm
matching cost computation. After the pre-processing stage, the enhanced image
is used in the stereo matching algorithm framework. The algorithm can reduce
the errors and increase the accuracy based on the Middlebury dataset. The com-
bination of pre-processing and matching costs in the framework is robust against
the radiometric difference, identifying the regions with different brightness. Ad-
ditionally, the GF can increase the efficiency and preserve the edges of an object.
The results of disparity maps have demonstrated that the framework increases
the accuracy compared with other stereo matching algorithms.

5. CONCLUSION

This paper presents several techniques used in the pre-processing step for
stereo vision algorithm. The proposed CLAHE and AGCWD techniques are im-
plemented with the combination of a guided filter for image smoothing. The
CLAHE technique consisted of assigning the frequency and probability func-
tion, calculation of PDF and CDF, and equalization mapping. In contrast, the
AGCWD consists of histogram analysis, weight distribution, and gamma cor-
rection. These techniques have demonstrated a marked improvement in stereo
vision images algorithm accuracy and quality efficiently compared with the sev-
eral stereo vision methods. Based on the quantitative and qualitative evaluation,
better results and better visual enhancement of the images were applied to the
stereo vision algorithm. Future developments are intended to improve this al-
gorithm even more with the idea of a hybrid technique for the pre-processing
step and the implementation of histogram aggregation strategy.
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