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Abstract

Stereo matching is a procedure usually used to generate three-dimensional (3D) contents that are receiving
attention in the field of multimedia. The most important considerations in stereo matching are highaccuracyof
results and real-time performance. So, this paper proposes a vertical census transform with cost aggregation
(VCT)to reduce hardware cost while maintaining high matching accuracy. The proposed census
transformalgorithm uses one-dimensional vertical windows to calculate the partial cost of each pixel and
generates the final cost by aggregating the partial costs across horizontal pixels at the same disparity. The
experimental results show that the proposed algorithm reduces the hardware cost of stereo matching with higher
accuracy compared with the conventional census transform algorithm. Thus, the proposed algorithm is suitable
for real-time embedded multimedia systems.

Keywords:3D contents, stereo matching, census transform, vertical census transform, cost aggregation

1. Introduction

Multimedia is the use of text, graphics, animation, pictures, video, and sound to present information[1]. In
recent years, three-dimensional (3D) contents generation and display technologies have been attracting great
attention in the field of multimedia because these are used in various applications such as autonomous vehicles,
intelligent robots,3D broadcasting systems and mobile devices.

Stereo matching,which is usually used to generate 3D contents, is a vision technique to calculatepixel
disparitiesbetween the stereo image pair captured by a stereo camera and to acquire 3Dinformation by using the
disparity. Among the stereo matching procedures, the most important step is to accurately calculate disparity
from correspondence between stereo image pair. To find correspondence between pixels of stereo image pair,
census transform algorithmthat is mostly used in stereo matching computes pixel correlation based on the
relative ordering of pixel intensities within a window. The census transform is easy to implement and robust
with respect to radiometric distortion[2]. Therefore, the census transform is not only used as a kind of local
matching algorithm, but also used to calculate raw cost for global matching.

In the stereo matching for 3D contents generation, the most important considerations are accurate
3Dinformation and real-time performance. Besides, the optimization of hardware cost is also important for

embedded multimedia system. There are many researches about hardware optimization and real-time
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performance of stereo matching based on the census transform. [3] proposed a census transform based stereo
matching hardware architecture suitable for embedded real-time systems and [4,5] proposed modified census
transform algorithms for hardware cost minimization. However, these hardware architectures required alarge
amount of memory and theirhardware costs depend on the various factors such as image sizes, disparity search
ranges (DSR) and window sizes.

Thus, this paper proposes a new stereo matching algorithm based on vertical census transform(VCT) with
cost aggregation and a hardware architecture which helps the improvement of matching accuracy and reduces
hardware complexity by using verticalcensus windows and cost aggregation. The remainder of this paper is
organized as follows. Section 2 explains the conventional census transformalgorithm and proposes the VCT
algorithm, and section 3 proposes a hardware architecture of the proposed VVCT algorithm. Experimental results

are presented in Section 4, and the conclusions are drawn in Section 5.

2. Vertical Census Transform with Cost Aggregation

The census transform algorithm introduced by Zabih and Woodfill is one of non-parametric local transforms
[6]. The census transform algorithm is based on local intensity relationship between the center pixel and
neighbor pixels within a certain census window. When MxN is selected as the census window size, the

transformT is defined as

T(x,y) = @2, @12, LE(1Ge ), I + Ly +))), (1)
where 1(x,y) is the intensity of pixel (x,y), and the operator ® denotes a bit-wise catenation. The relationship
function ¢ is defined as

0, if pi <py,
spupd={y S @

The hamming distance is calculated by a hamming function which determines the number of differences
between two transformed census vectors. The hamming distanceCyis defined as

Cq(x,y) = Hamm(T,(x, y),T, (x — d, ), ©)
where Hamm is hamming function, and d is disparity, subscript | and r mean left and right respectively. After
the hamming distance is computed, the final disparityDginy is calculated using the winner-takes-all (WTA)
method, shown as

Dpinat (x, ) = argmingep Cy(x, y), 4

where Riis a set of all possible disparity values.

For highly accurate matching results of the census transform algorithm, a large window is required because
the matching accuracy of the algorithm strongly depends on the length of the census vector. However, the
amount of computation and hardware cost is proportional to the length of the census vector.To overcome this
problem, this paper proposes a VCT algorithm. It computes the hamming distance for vertical N-1 pixels instead
of all pixels within the census window (Figure 1) and aggregates hamming distances of adjacent windows in

rowdirection (Figure 2).
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Figure 1. Window configurations. (a)Full census window.(b)Vertical census window.

Vertical census window
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CondlP3) = ColP1) + CP2) + CP3) + Co(P4) + Cy(P5)

Figure 2. Cost aggregation of vertical census windows.

The transform Tand the cost aggregated hamming distance Ccaof the proposed algorithm are defined as

TCry) = &2y ,E(1Gy), 1Ge,y + ) ©)
and
Ceaa(x,y) = Zﬁw:/_ZM/z Cax+1i,y). (6)

After the Cca is computed, the final disparity of the proposed algorithm is calculated with Cca, as shown in
Dpinar (x,¥) = argmingegCepq (%, y). (7)
Because of the modified transform procedure, the computational cost of the transform is reduced to 1/Mof
that ofthe conventional census trasnform which uses the full window configuration. Also, during cost
aggregation, box-filtering [7] can be adopted to eliminate ovellaped operations between adjacent census
windows. For example, as shown in Figure 2, C;(P1), C;(P2), C;(P3), C;(P4) and C,(P5) are added for
the Cgqq(P3). Also,C,;(P2), C;(P3), C;(P4), C;(P5) and C,(P6) are added for the C., ,(P4). However,
by using the box-filtering, the C¢4 4(P4) can be calculated as

Ceaq(P4) = Cppq(P3) — C4(P1) + C4(P6). 8)

3. Hardware Implementation

The computational complexity of stereo matching based on the census transform is easily calculated. When
the size of window is MxN, the image size is WxH, and the DSR is R, the computational complexity are
O((MxN-1)xRxWxH) for computing the disparity in a frame. For an example, when the image size is 640x480,
the window size is 3x3 and the DSR is 64, more than 5 billion operations per second are required for a
processing rate of 30 fps. However, the proposed algorithm can reduce the computational complexity into O((N-
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1)xRxWxH).For the real-time performance, this paper proposes a fully pipelined hardware architecture that
cangenerate a final cost on every clock cycle by utilizingDSR-level parallelism (Figure 3). As shown in Figure3,
input camera pixels are stored in Image Buffer and vertical N pixels are sent to the Transform. The Transform
generates the vertical census vector by using vertical N pixels and the vertical census vectorsare stored in
Left/Right vertical census vector buffers. For DSR-level parallelism, it has a Left vertical census vector buffer
and R Right vertical census vector buffers. So the Vertical hamming function can computesR hamming
distances between left and right vertical census vectors on every clock cycle. The computed hamming distances
are storedinthe Delay buffersfor the cost aggregation and then final costs generated by cost aggregation are sent
to WTAsimultaneously. The WTA calculates a disparity by finding the optimal cost and the disparity is refined
by L/R cross check and Propagation.

Vertical census transform module

Left census
vector buffer

L/R cross
check

Left Camera Transform ]—.-

|

Image buffer WTA

Propagation

\

‘ Depth map

;L

| Right census
Right Camera Transform —b-| vector buffer

Hamming function

Figure 3. Stereo matching systemusingthe proposed vertical census transform with cost aggregation.
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Figure 4. Proposed vertical census transform modulewith the widown size of 1x15 andthe DSR of 64.

4. Experimental Results

To evaluate the performance of the proposed algorithm, we modeled the stereo matching processors based on
the VCT algorithm using C language and performed experiments with stereo image sets and their ground truth
images. In addition, to show the hardware cost, stereo matching processors based on the proposed VCT

algorithm and conventional census transform algorithm are implemented using HDL and verified on a FPGA-
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based platform. To investigate the matching accuracy of proposed algorithm, this paper performed experiments
using four types of Middlebury stereo datasets (Figure 5).

Left image Right image Ground truth Left image Right image Ground truth

(b)

)
B

First, this paper compared the matching accuracy of the proposed algorithm with that of the conventional
census transform algorithm with various window sizes (Figure 6). In the case of the proposed algorithm, the
window size means the size of one set of vertical windowsused for cost aggregation. As shown in Figure 6, the
proposed algorithm outperforms the conventional census transform algorithm at every image. The major reason
is that the final cost is generated by multiple windows. Each window has a center pixel repectively and this

leads to blurring effect in results. So, many errors of conventional census transform algorithmcan be removed.
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Figure 6. Comparison results of the matching accuracy between proposed algorithm and the conventional census
transform algorithm with various window configurations. (a) Tsukuba.(b) Venus.(c) Teddy.(d) Cones.
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Next, in order to demonstrate the advantages of proposed algorithm in terms of hardware cost, stereo
matching processors based on the proposed VCT algorithm and conventional census transform algorithmare
designedwith 3 different sizes of windows. The processors are designed using HDL and implemented on a
Virtex-4 XC4VLX200-10 FPGA from Xilinx. All of these processors are able to process up to 325 640x480
disparity maps per second running at 100 MHz clock frequency. Thus, the processing speed comparison of these
processors is meaningless and not discussed in the experiments.Figure 7 shows the comparison results of the
FPGA hardware implementation. According to the experimental results, the proposed stereo matching
processors use less than half hardware cost compared with the conventional census transform algorithm based
stereo matching processors. In addition, as the window sizeincreases, the differences of hardware costs are
rapidly increased. This is mainly because the hardware cost of stereo matching processors are proportional to the
length of the census vector. In the conventional census transform algorithm, the length of census vector is
proportional to MXN. However, the length of census vector in the VCT algorithm is propotional to 1XN.Thus,
the proposed VCT algorithm easily supports large window sizes and is more suitable for real-time embedded

multimedia systems.
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Figure 7. Synthesis results of theFPGA hardware implementationof the proposed algorithm and conventional
algorithm with various window configurations.(a)Number of slice flip flops.(b)Number of 4 input LUTSs.

5. Conclusions

Stereo matching is the most widely used 3D contents generation method for various multimedia. Among
stereo matching algorithms, the census transform is commonly used because of its characteristics. Many
researches and products of stereo matching are introduced but many problems still remain about matching
accuracy and hardware optimization. Thus, this paper presents VCT algorithm which helps the improvement of
matching accuracy and reduces hardware complexity. The proposed algorithm reduces hardware costs
dramatically by using the vertical window configuration instead of the full window configuration and improves
matching accuray by using cost aggregation of hamming distances of adjacent vertical census windows in row
direction. To evaluate the performance of the proposed method, this paper implemented the stereo matching
processors based on the VCT algorithm and conventional census tranform algorithm using C and HDL. The

results show that the proposed method generated more accurate results and consumed more than 50% fewer
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hardware costs than the conventional method. So the proposed method is suitable for real-time multimedia

applications using the stereo matching.
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