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Abstract. Many machine vision applications deal with depth estimation in a 
scene. Disparity map recovery from a stereo image pair has been extensively 
studied by the computer vision community. Previous methods are mainly  
restricted to software based techniques on general-purpose architectures, pre-
senting relatively high execution time due to the computationally complex algo-
rithms involved. In this paper a new hardware module suitable for real-time 
disparity map computation module is realized. This enables a hardware based 
occlusion-aware parallel-pipelined design, implemented on a single FPGA de-
vice with a typical operating frequency of 511 MHz. It provides accurate dis-
parity map computation at a rate of 768 frames per second, given a stereo image 
pair with a disparity range of 80 pixels and 640x480 pixel spatial resolution. 
The proposed method allows a fast disparity map computational module to be 
built, enabling a suitable module for real-time stereo vision applications. 

Keywords: FPGA-hardware implementation, occlusions, real–time imaging, 
disparity maps, color image processing. 

1   Introduction 

An active area of research is the so-called correspondence problem. It comprises the 
detection of conjugate pairs in stereo image pairs, i.e. to find for each point in the left 
image, its corresponding in the right image [1]. The candidate matching points should 
be distinctly different from their surrounding pixels. Even two identical cameras have 
different sensor parameters, which introduces pixel intensity value variations for the 
same scene point. Thus, suitable feature extraction should precede stereo matching. 
The two major categories of feature extraction algorithms are: area-based [2, 3] and 
feature-based [4, 5]. Area-based algorithms use local pixel intensities as a distance 
measure and they produce dense disparity maps, i.e. process the whole area of the im-
age pair. On the other hand, feature-based algorithms rely on certain points of interest. 
These points are selected according to appropriate feature detectors. Comparing the 
strengths and weaknesses of these two major categories, the main advantage of fea-
ture-based compared to area-based algorithms, is that they produce more accurate re-
sults. The disadvantages are that they are much slower and produce sparse disparity 
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maps [4]. This makes area-based algorithms suitable for real-time applications [6]. A 
major problem though with area-based algorithms is that the computed disparity map 
contains an amount of false matched points due to uncertainty during the disparity se-
lection stage, especially within featureless regions or at occlusion boundaries. This 
uncertainty cannot be easily handled by dense stereo algorithms. The occlusion prob-
lem in stereovision refers to the fact that some scene points are visible to one camera 
but not the other, due to the geometry of the scene and camera setup geometries. 
Many researches have focused on detecting and measuring occlusion regions in stereo 
imagery, and recovering accurate depth estimates for these regions, as evaluated  
in [7].  

In our later work [8], a three-stage module addressing the stereo vision matching 
problem aimed at real-time applications was proposed and implemented in hardware. 
It employed an adaptive window constrained search as well as a Cellular Automata 
(CA) approach, as a post-processing step, for efficient false reconstructions removal, 
improving the accuracy of the resulting disparity maps. The work was further ex-
tended [9], implementing a Fuzzy Inference System (FIS) hardware structure, as a 
post processing step for performance and accuracy improvement. 

In this paper, a novel three stage real-time hardware implemented disparity map 
computation module is proposed, extending our previous work [8, 9], both from quali-
tative and quantitative terms, concerning the quality of the produced disparity map 
and the frame rate output of the module. The proposed module can efficiently deal 
with speed demanding applications since disparity maps are computed at a rate of 768 
frames per second for a 640x480 pixel resolution stereo pair. Its main advantage 
compared to previous algorithms is its high processing speed, which is crucial in real-
time practical applications such as three-dimensional modeling, vision-guided mobile 
robots, object recognition and navigation, biometrics and many more. To eliminate 
false correspondences, an occlusion-aware module was implemented, concerning both 
left-right and right-left disparity consistency information. The above requires the ini-
tial computation of two disparity maps, in order to retrieve the inconsistent disparities, 
which comprise to occluded areas. 

The paper is organized as follows: the proposed algorithm is described in Section 2, 
the proposed hardware structure is presented in Section 3, experimental results are 
shown in Section 4 and conclusions are provided in Section 5. 

2   Proposed Algorithm  

The disparity maps are initially generated with the use of Sum of Absolute Differ-
ences (SAD). Afterwards, the occluded areas and other false matched points are ex-
tracted from the previously calculated maps, to finally refine and obtain the resulting 
disparity maps. All three steps are fully implemented in hardware on an FPGA device. 

2.1   Color SAD Window Based Technique 

A color SAD window based algorithm was used for the disparity map generation. As 
in our later work [8, 9], this choice was made to increase speed. Sum of squared  
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differences, correlation, or image moments, could also be used, but were not selected  
after considering speed issues, since greater computational complexity is involved in 
these metrics, enhancing their required processing times compared to SAD. More-
over, the SAD can be directly implemented in hardware, due to its simplicity. The 
SAD equations used can be seen below: 
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where w is the square window size fixed to 7x7 pixels, Il and Ir denote the left and 
right image pixel grayscale values, d is the disparity range, and i, j, k are the coordi-
nates (rows, columns, color component) of the center pixel of the window for which 
the SAD is computed. 

Once the two SADs are computed for all pixels and for all disparity values, a simi-
larity accumulator has been constructed for each pixel, for each consistency, which 
indicates the most likely disparity. A search in the SADs for all disparity values,                       
(dmin up to dmax), is performed for every pixel, and at the disparity index where the 
SADs are minimum, these values are given as the corresponding pixel values for the 
left-right and right-left disparity maps: 
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2.2   Occlusion and False Matching Detection 

There are three main classes of algorithms for handling occlusions: 1) methods that 
detect occlusions [10, 11], 2) methods that reduce sensitivity to occlusions [12, 13], 
and 3) methods that model the occlusion geometry [14, 15]. Considering the first 
class, left-right consistencychecking may also be used to detect occlusion boundaries. 
Computing two disparity maps, one based on the correspondence from the left image 
to the right image, and the other based on the correspondence from the right image to 
the left image, inconsistent disparities are assumed to represent occluded regions in 
the scene. Left-right consistency checking is also known as the “two-views con-
straint”. This technique is well suited to remove false correspondences caused by oc-
cluded areas within a scene [11]. Due to its simplicity and overall good performance, 
this technique was implemented in many real-time stereo vision systems [16-18]. 

Disparity maps are usually corrupted due to false correspondence matches. There 
might be occluded areas in the scene, leading to false disparity assignment. Using the 
left-right consistency checking, valid disparity values are considered, only those that 
are consistent in both disparity maps, i.e. those that do not lie within occluded areas. 
A pixel that lies within an occluded area will have different disparity value in the left  
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disparity map, from its consistent pixel in the right disparity map. For example, a non-
occluded pixel in the left disparity image must have a unique pixel with equally as-
signed disparity value in the right disparity map according to the following equations:  

Dleft-right (i,j) = Dright-left(i,j-d), (d= Dleft-right(i,j)) , (4) 

Dright-left (i,j) = Dleft-right(i,j+d), (d= Dright-left(i,j)) . (5) 

The same applies, for false matched points not exclusively due to occlusions, but 
due to textureless areas or sensor parameter variations. These points are assigned with 
a false disparity value during the disparity map assignment stage described by equa-
tion (3), since there might be more than one minimum SAD value for a given pixel, 
which leads to false disparity value assignment for that pixel. Thus, the disparity 
value assigned to some pixels does not correspond to the appropriate correct value.  

Performing this consistency check, the occluded pixel along with the false matched 
points within the scene can be derived. These are depicted in Figure 1, (a) for left-
right and (b) for right-left disparity map respectively. 

2.3   Disparity Refinement 

Once the occluded areas along with the false matched points have been extracted, the 
disparity maps are refined in order to improve their resulting quality. Considering the 
occluded and false matched pixels in the left-right disparity map, their value is being 
replaced by one of their neighboring pixels in the range (i,j-5) up to (i,j-1) according 
to which approximates best equation (4), after being crossed-checked with right-left 
disparity map corresponding pixels. In the case that the neighboring pixels are un-
matched, disparity refinement cannot be performed for the given pixels. The proposed 
method thus yields semi-dense disparity results. The neighborhood size has been se-
lected after a series of tests under various size configurations, to obtain adequate per-
formance [19]. The right-left disparity map is refined in the similar manner according 
to equation (5). This improves the resulting disparity maps accuracy, since uncertainty 
can be eliminated by an appropriate disparity value assignment. 

3   Hardware Description 

The module implementation relies on the use of an FPGA device. Considering  
their flexibility in terms of reconfigurability and ease of use convenience, FPGAs  
 

  
       (a)                                                 (b) 

Fig. 1. Occluded and false matched pixels 
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have become very popular in digital systems synthesis, providing high performance at 
a reasonable price on digital system design [20]. The module was implemented in 
parallel pipelined architecture, realized on a single FPGA device of the Stratix IV 
family of Altera Devices. The typical operating clock frequency was found to be 511 
MHz. The block diagram of the proposed module can be seen in Figure 2. 

SAD calculation is required for a 7x7 pixel size window, throughout the whole im-
age. 24-bit color depth images are used as inputs. The calculated disparity values are 
7-bit binary words, since the proposed module was designed to operate for up to 80 
disparity levels, (27= 128 different levels). 

Two serpentine-type input register arrangements are used to temporally store the 
left and right image working windows. The serpentine input blocks are considered in 
order to increase the processing speed of the proposed module, since overlapping pix-
els usually exist between adjacent windows in window-based operations. This archi-
tecture is used to temporarily store overlapping pixels in order to reduce the clock  
cycles needed to load image pixels into the module. After an initial latency period 
which depends on the image size, output is provided once every clock cycle. 

Two similar sets of registers are used to store dmax 3x7x7 working windows for 
the left and right image R, G and B components. The number of the registers con-
cerning the image inputs, is proportional to the number of the disparity range; i.e. for 
a disparity range up to 80 and a working window of 7x7, [7x7 + ((80-1)x7)] = 602 
registers are needed for each color component for each image input. A disparity se-
lection input pin is used to enable the required number of registers according to the 
given disparity range, to increase the speed performance when operating at smaller 
disparity ranges, concerning the time needed to initially fill the required registers 
sizes with the image pixel values. The SADs for left-right and right-left disparity 
maps are computed according to equations (1) and (2). The disparity value, (dmin up 
to dmax), for which the SAD is minimum for each pixel, equation (3), is selected as 
the corresponding pixel value for disparity map, which is then fed to the occlu-
sion/false match detector circuit. 

A range of dmax disparity values is required by the occlusion/false match detector 
module. This is due to the fact that consistency checking is performed for all possible 
horizontal displacements according to equations (4) and (5). Therefore, for the case of 
an operating range of 80 disparity levels, for the left-right disparity map check, the 
Dleft-right(i,j) disparity value is checked against its unique consistent match which lies 
in the Dright-left(i,j-80 up to j) range. Every pixel is checked against its consistent 
match, and if equations (4) and (5) are not satisfied, the pixel is marked as occluded 
or false assigned. To enable such operation a set of 80 registers is used for each map, 
to store the necessary disparity values calculated from previous module stages.  

Finally the disparity map refinement is performed by obtaining the occluded and 
false assigned pixels from previous stage and replacing their values considering the 
neighboring (i,j-5) up to (i,j-1) pixel range. A set of registers is used to store the data 
required to perform the disparity value replacement. A total of 5x7 bits are required 
from each consistency, which are fed into the disparity map refinement unit from the 
previous stage. Once the refinement is performed, the final 7-bit disparity value for 
both left-right and right-left consistency is obtained at the module output. 
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Fig. 2. Block diagram of the proposed module 

The architecture presented in Section 3 has been implemented using Quartus II 
schematic editor by Altera. It has been then simulated to prove functionality, and once 
tested, finally mapped on an FPGA device. The analytical specifications of the target 
device are shown in Table 1.  

4   Experimental Results 

The proposed occlusion and false assignment detection provides satisfactory im-
provement in the accuracy of the resulting disparity maps, while preserving all the 
necessary details of the disparity map depth values. The resulting disparity maps are 
presented in Figure 3 along with original image pairs for (a) Tsukuba and (b) Cones. 

The hardware implemented module enables an appropriate method in real-time 
demanding applications. The relationship between the number of frames processed 
per second and the processed image size, for an operating range of 80 disparity levels, 
is presented in Table 2. As it can be observed, the module presents real-time response 
even for high resolution images. 

Compared to existing methods in terms of speed, it presents higher processing 
rates. Quantitative results of the proposed module under various configurations can be 
seen in Table 3, and compared to our previous methods [8, 9] and other existing 
methods [21-25], in Table 4. Compared to [8, 9,21-25], our method proves its per-
formance, as it can be seen in Table 4. The Acc (accuracy) term, shown in Tables 3 
and 4, states the ratio of the pixels given a correct disparity value (as compared with 
the ground truth) to the total assigned pixels, where the Cov (coverage) term states the 
percentage of the image total pixels, for which a disparity value has been assigned. 
The total accuracy (Tot Acc) term, shown in Table 4, is the percentage of the image 
total pixels, for which a correct disparity value has been assigned. The standard Non-
occ, All and Disc parameters, that appear in Middlebury stereo evaluation webpage 
(http://vision.middlebury.edu/stereo/), were not followed since they correspond to 
dense disparity maps metrics, whereas the proposed method yields semi-dense results. 
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(a) 

   
(b)  

Fig. 3. Resulting disparity maps along with original image pairs for (a) Tsukuba (b) Cones 

Table 1. Specifications of target device 

Device Block memory bits (%) Registers ALUTs (%) LABs (%) Pins (%) 

EP4SGX290 
HF35C2 

<1 
(192/ 

13,934,592) 
15,442 

59 
(143,653/ 
244,160) 

74 
(9,036 

/12,208) 

10 
(70/660) 

Table 2. Frame rate output of realized module 

Disp. levels 80 

Image size 

(pixels) 
320x240 640x480 800x600 1024x768 1280x1024 

Frames / sec 2042 768  550 375 251 

The accuracy achieved by the proposed method along with the speed performance 
under various levels of disparity, enable an efficient module that can perform ade-
quately enough in stereo vision applications, regarding less than 10% decrease in ac-
curacy and more than a hundred times faster processing speed compared to previous 
algorithms [21-25], Table 4. Moreover, the proposed module exhibits real time speed 
response preservation even at practical stereo vision large disparity ranges, while 
other methods [21-25] present an exponential rise in time needed to compute larger 
disparity ranges. This can be seen in Table 4. 

Compared to other FPGA-based approaches, with practical stereo image data, the 
proposed method presents higher processing rates. In [26], an FPGA-based module 
reaches 10 frames per second for a sub-sampled 640x480 pixel resolution image with a 
disparity range of 30 levels. In [27], a 3D-vision system implemented for tracking peo-
ple, reaches 30 frames per second for a 512x480 pixel resolution image pair with 52 



728 C. Georgoulas and I. Andreadis 

levels of disparity. In [28], an FPGA-based system achieves 19 frames per second for a 
640x480 image pair resolution with 80 levels of disparity. Additionally in [29], a per-
formance of 600 frames per second is reported, for a 450x375 pixel resolution image 
pair with a disparity range of 100 levels. The proposed method performs higher proc-
essing rates compared to [26-29], reaching 768 frames per second for a 640x480 pixel 
resolution image pair with 80 levels of disparity, as it can be observed in Table 2.  

Finally, it must be noted that the proposed module results to semi-dense disparity 
estimation. The depth information loss due to the semi-dense results can be ade-
quately balanced by the high output rate, since much more depth estimations are be-
ing carried out, and more importantly in real-time speeds. On the other hand, dense 
stereo algorithms are designed to perform better in the accuracy term, and to present 
much slower output rates. This occurs due to their design architecture complexity, 
that involves composite calculations and to their sometimes required repetitive behav-
iour to reach such highly accurate results.  

Table 3. Quantitative results of the proposed module under various configurations 

Tsukuba Venus Cones Teddy 

 Acc 

(%) 

Cov 

(%) 

Acc 

(%) 

Cov 

(%) 

Acc 

(%) 

Cov 

(%) 

Acc 

(%) 

Cov 

(%) 

Initial Disparity Map 94 77 93 75 99 80 98 77 
Refined Disparity Map 95 91 95 92 94 93 92 95 

Table 4. Quantitative results of the proposed module compared to previous algorithms 

Tsukuba (384x288 ,  

disp. levels = 16) 

Venus (434x383,  

disp. levels = 20) 

Cones (450x375,  

disp. Levels = 60) 

 Acc 

(%) 

Cov 

(%) 

Tot 

Acc  

(%) 

Time 

(ms) 

Acc 

(%) 

Cov 

(%) 

Tot 

Acc 

(%) 

Time 

(ms) 

Acc 

(%) 

Cov 

(%) 

Tot 
Acc 
(%) 

Time 
(ms) 

[8] 88 51 44.88 1.3 92 69 63.48 1.97 72 56 40.32 2 
[24] 99.64 75 74.73 6,000 99.84 73 72.88 13,000 - - - - 
[25] 99.68 76 75.76 62 99.82 73 72.87 156 99.21 55 54.56 328 
[9] 89 92 81.88 0.8 92 90 82.80 1.21 99 93 92.07 1.26 
[21] 99.7 85 84.75 42 99.79 86 85.82 109 - - - - 

Proposed 95 91 86.45 0.29 95 92 87.40 0.44 92 95 87.4 0.33 
[23] 99.47 93 92.51 178 98.91 93 91.99 216 95.02 78 74.11 293 
[22] 99.76 95.2 94.97 4,400 99.91 92.9 92.82 11,100 - - - - 

(-) Not Provided 

5   Conclusions 

This paper presents a hardware implemented three-stage module, addressing the stereo 
vision matching problem aimed at real time applications, which extends our previous 
implemented algorithms [8, 9]. An SAD window based technique using full color RGB 
images as well as an occlusion detection approach to remove false matchings are  
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employed. The architecture is based on fully parallel-pipelined blocks in order to 
achieve maximum processing speed. Depending on the required operational disparity 
range, the proposed module can be parameterized, to adapt to the given configuration. 
Both from qualitative and quantitative terms, concerning the quality of the produced 
disparity map and the frame rate output of the module, a highly efficient method deal-
ing with the stereo correspondence problem has been proposed. Real-time speeds rated 
up to 768 frames per second for a 640x480 pixel resolution image pair with 80 dispar-
ity levels, are achieved, which enable the proposed module for real stereo vision appli-
cations. The proposed module maintains almost constant frame rate output, even for 
large disparity ranges, considering that disparity levels in most practical stereo vision 
applications range from 60 up to 100.Its maximum disparity operating range is de-
signed up to 80 levels, but it can be straightforwardly implemented even further, to en-
able even larger disparity ranges.  

Additionally, the proposed module design was targeted on a single Altera FPGA 
device. As a result, it could be applied to enable an efficient system including three-
dimensional modeling, vision-guided mobile robots, object recognition and naviga-
tion, biometrics and many more. The proposed analysis and results confirm that semi-
dense disparity maps can be efficiently calculated at real-time rates, whereas other 
methods have proved that the improvement in the disparity map quality results in 
speed reduction. This trade-off will always be present in this type of implementations. 
The proposed module can effectively be applied to practical real-time stereo vision 
applications due to its speed performance. 
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