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In this paper, we present a method for obtaining a high-
quality 3D depth. The advantages of active pattern 
projection and passive stereo matching are combined and 
a system is established. A diffractive optical element 
(DOE) is developed to project the active pattern. Cross 
guidance (CG) and auto guidance (AG) are proposed to 
perform the passive stereo matching in a stereo image in 
which a DOE pattern is projected. When obtaining the 
image, the CG emits a DOE pattern periodically and 
consecutively receives the original and pattern images. In 
addition, stereo matching is performed using these images. 
The AG projects the DOE pattern continuously. It 
conducts cost aggregation, and the image is restored 
through the process of removing the pattern from the 
pattern image. The ground truth is generated to estimate 
the optimal parameter among various stereo matching 
algorithms. Using the ground truth, the optimal 
parameter is estimated and the cost computation and 
aggregation algorithm are selected. The depth is 
calculated and bad-pixel errors make up 4.45% of the 
non-occlusion area. 
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I. Introduction 

Research on obtaining 3D depth information has constantly 
progressed in the computer vision field owing to the various 
types of applicability and importance, for example, a human-
computer interface (HCI) [1], human-robot interaction, 
surveillance [2], and 3D reconstruction. 

The methods for obtaining distance information are passive 
and active types. Stereo matching, which is a passive method, 
finds the correspondence point between more than two images 
and calculates the 3D depth information using trigonometry [3], 
[4]. When the texture is low or repeated in a scene to obtain the 
depth information, the stereo matching has difficulty acquiring 
the exact depth. In addition, when the illumination is low, many 
noises are generated from the obtained image. The difference 
between textures is decreased, and it is therefore difficult to 
obtain the depth. An active method can overcome the limit of 
stereo matching and obtain more accurate depth information. 
Time of flight (TOF) and structured light are the available 
active methods. TOF is not influenced by the existence or 
nonexistence of the texture and illumination conditions of the 
scene and can obtain the distance information accurately. 
However, the distance information at high resolution cannot be 
obtained. The structured light method projects the pattern of a 
visible light band or non-visible light band [5]. The structured 
light method obtains the distance information using the 
projected image. According to the kind of pattern, single or 
multiple patterns are projected, and the distance information is 
obtained through triangulation. Representative patterns include 
stripes, phase shifts, and grids. A very exact result of the high 
resolution can be obtained. However, it is difficult to apply to 
alignment problems of the camera and projector (for example, 
errors from the reflectivity of the object) and to mobile objects. 
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A combination of the passive and active methods described 
above exists [6]. The pattern is projected using a projector. 
Stereo matching is performed after obtaining the image in the 
stereo camera. The defects of the passive and active methods 
can be supplemented. However, it is difficult to use the HCI 
and other devices when using a projector.  

Using this method, the exact distance information of the high 
resolution is obtained under various environments. In addition, 
in this paper, the method for projecting a pattern using the 
diffractive optical elements (DOEs) and traditional stereo 
matching is proposed. 

The DOE was developed to project a pattern. A pattern is 
projected using a laser in the infrared (IR) range. The image in 
the projected pattern is obtained in the stereo camera. A 
correspondence point search is performed between the images 
in the projected pattern using a passive stereo matching method. 
Additionally, the distance information is calculated through 
triangulation, and 3D distance information with high accuracy 
is obtained. 

This paper is composed of five sections. Section II describes 
the overall items of the proposed system. Section III describes 
the hardware organization of the proposed system. Section IV 
describes the proposed algorithm. Section V describes the 
experiment results based on the ground truth and algorithm 
performance. Finally, some concluding remarks are given in 
section VI. 

II. Overview 

Figure 1 shows the general flow of the proposed system. A 
pattern is projected using an 830-nm IR laser and DOEs. The 
pattern image is obtained using a stereo camera. In addition, an 
image without a pattern is obtained. Stereo matching is then 
performed. 

The cost is calculated from the left and right images 
projecting the pattern. Next, the cost is aggregated using the left 
and right images without a pattern. Using the aggregated cost, 
the disparity is determined. Finally, the left-right consistency 
check is performed to remove occlusions and mismatched 
pixels. 

III. System Description 

1. Pattern Projection  

First, the pattern needs to be designed to make the pattern 
projection. To design the pattern, a simulation is performed 
using a beam projector with the various patterns, including De 
Brujin [7], pseudorandom, and Kinect patterns. Figure 2 shows 
20 patterns created for the experiment. The pattern is projected  

 

Fig. 1. Overall process of approach. 
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Fig. 2. Patterns used for simulation.  
 

 

Fig. 3. Pattern projector: (a) DOE and laser and (b) projected
pattern. 
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with a beam projector. Stereo matching is performed after 
obtaining an image in which the pattern is projected in the 
stereo camera. The difference in the performance is much more 
affected by the brightness of the pattern and density than by the 
form or uniqueness of the pattern. 
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A pattern is made with a DOE, which is a special optical 
element that can design the desired pattern using a laser, and 
the light source of the pattern uses an 830-nm laser in the IR 
band. The output power of the IR laser is 100 mW. About 60% 
of the output is decreased while the IR laser penetrates the 
DOE. The projection pattern uses a pseudorandom pattern, 
which can easily make a DOE, and 14% of the whole area of 
the first-order pattern is designed by considering the brightness 
of the pattern and density as much as possible. Figure 3(a) 
shows a pattern projector in which a DOE is mounted.   
Figure 3(b) shows an image in which a pattern is projected on a 
wall and captured. 

2. Stereo Image Capturing 

The IR-CUT filter is removed from the camera to collect an 
IR pattern of the IR range. Generally, the IR-CUT filter is 
mounted in the camera on the image sensor, and the IR-CUT 
filter is removed from the DSLR camera (Canon EOS650D) 
used in the experiment. The image sensor location is adjusted 
according to the IR-CUT remove filter to prevent the focus 
from warping. 

IV. Stereo Matching Algorithm 

The stereo matching algorithm [4] comprises the cost 
computation, cost aggregation, and disparity computation. We 
cannot use the existing stereo algorithm directly because the 
proposed system uses an active pattern. In particular, in the cost 
aggregation when calculating the weight, the pattern projected 
onto the image is treated as noise. For this reason, cost 
aggregation is abnormally used.  

To prevent this problem, we suggest a two-method system. 
First, Fig. 4(a) shows the cross guidance (CG) of the pattern 
projection system emitting a pattern periodically. The stereo 
camera synchronizes with the pattern projection system and 
captures the image. The image captured with the pattern is used 
in calculating the cost. The captured image without a pattern is 
used in calculating the weight for the cost aggregation. Next, 
Fig. 4(b) shows that the auto guidance (AG) of the pattern is 
always turned on, and the images are obtained continuously. 
The cost is calculated in the pattern image. The weight for the 
cost aggregation is calculated after removing the pattern from 
the pattern image. To remove the pattern, we use a 5×5 median 
filter. 

1. Cost Computation 

In stereo vision, the two methods for calculating the cost are 
the parametric method and the non-parametric method [8], [9].  

 

Fig. 4. Overall flow of stereo matching algorithm: (a) CG and (b)
AG. 
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The parametric method uses the pixel value itself. The non-
parametric method uses the ordering of data between the center 
pixel and the neighboring pixels. It expresses the correlation 
between correspondence points at more than two images. In 
the case of the non-parametric method, it can operate robustly 
even when a difference of the brightness value of the stereo 
image is caused by the camera settings or the external lamp 
used. In the parametric method, absolute intensity difference 
(AD), truncated absolute intensity difference, and so on are 
used. In the non-parametric method, the rank, census, and so 
on are used. Combining the costs, a performance improvement 
is obtained [10], [11]. We apply the AD-Census algorithm. In 
this paper, three cost computation algorithms are used: AD, 
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Census, and AD-Census. 

A. AD (Absolute Intensity Difference) 

Pixel dissimilarity is computed as the absolute difference in 
intensity values: 

 Color

{ , , }

( ) ( ) ,d c c
c R G B

C p I p I p d


          (1) 

where Ic(p) denotes the intensity of pixel p and d is a disparity 
value. 

B. Census 

A census transform (CT) converts the local image structures 
with the ordering relative to the intensities of the pixel. A CT is 
conducted on the image. The transformed correlation of the 
correspondence point between images is calculated based on 
the Hamming distance. The CT-based stereo matching 
algorithm is robust against various illumination conditions. 

    Census , ( ) .dC p HammingDistance CT p CT p d   (2) 

C. AD-Census (AD + Census) 

The performance is improved when combining AD and 
Census [11], [12]. AD-based cost function  Color

dC p  and 
Census-based cost function  Census

dC p are calculated as 
follows. 

 Color
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          (3) 

      Census , .dC p HammingDistance CT p CT p d   (4) 

The final cost is obtained by 

     Color Census(1 ) ,d d dC p C p C p           (5) 

where α balances the color and Census term. 

2. Cost Aggregation 

The cost aggregation is a correction process used to raise the 
discriminative of the raw cost calculated in the cost 
computation [13], [14]. This is expressed as a multiplication of 
the support weight w(p, q) and cost Cd(q), as in (6). 

   , ( ),
p

d d
q

p w p qC q C


               (6) 

where p is the pixel for estimating the depth, q is the 
neighboring pixel, and p  is the window of center pixel p. 

Support weight-based cost aggregation has problems, 
including computational complexity and execution time. Thus, 
various methods that reduce the computational complexity and 
operate rapidly were proposed [12], [15]. Herein, we use four 

cost aggregation methods: Adapt Weight, Cost Filter, 
InfoPermeable, and DT Aggregation (DTAggr).  

A. Adapt Weight 

The Adapt Weight [16] is defined as follows: 

( , ) exp .pq pq

c g

C g
w p q

 

   
        

        (7) 

Here, pqC shows the color difference of two pixels, pqg  
shows the Euclidean distance between two pixels, and c and 

g  give the weighted values among the color difference and 
pixel distance. 

B. Cost Filter 

The filter weights [10], which are derived from a color 
guidance image, are defined as follows: 
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(8) 
In the image, the covariance matrix of the center of window 

k  is ,k a  the mean vector is k , | |  represents the 
pixels in the window, and   is the smoothness parameter. 

C. InfoPermeable 

Here, ∆R, ∆G, and ∆B represent the difference value of two 
adjacent pixels, and  is the smoothness parameter [12]. 
Equation (10) is performed to spread the weight horizontally 
(left and right) and vertically (top and bottom). 

min , , ,
R G B

e e e  
  

   
  

 
             (9) 

       C 1 1 .R x
d d R dx C x x C x           (10) 

D. DT Aggregation 

In the image, dX and dY are the horizontal gradient and 
vertical gradient, respectively, and s and r are the spatial 
parameter and intensity range parameter, respectively [15]. 

1
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The cost aggregation is performed in the horizontal direction 
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(left to right, right to left). Using the results from the horizontal 
direction, the cost aggregation is performed in the vertical 
direction (top to bottom, bottom to top): 

   , , ,C C [ 1],xgL L
d y d y d yx C x a x           (13) 

     1
, , ,C 1 ,xgR L R

d y d y d yx C x a C x          (14) 

     , , ,C 1 ,ygT R T
d x d x d xy C y a C y           (15) 

     1

, , ,C 1 ,ygB T B
d x d x d xy C y a C y          (16) 

where B
dC  is the result of the cost aggregation. 

3. Disparity Computation 

Since the cost is calculated with each cost aggregation 
method, winner-take-all (WTA), which is a local minimization 
method, is applied to find the minimum cost on a pixel-by-
pixel basis. 

    arg min C ,
d

dd S
d p p


             (17) 

where Sd is the set of all possible disparities, and  Cd p  is 
the aggregated cost. 

4. LR Consistency Check 

A consistency check is performed with the left and right 
disparity maps. It is determined that the calculated disparity 
pixel is occluded or mismatched if the difference of the 
matched value exceeds 1. 

V. Experiment Results 

As in an indoor domestic environment, the experiment 
environment includes such items as a sofa and a narrow table 
and is composed as shown in Fig. 5. In addition, the gesture 
interface is assumed and an upper body dummy is set up. The 
objects are located 2.7 m from the stereo camera. The 
minimum distance is affected by such aspects as the baseline 
and the focal length. The depth can be calculated from 1.5 m 
on the current configuration. The maximum distance is 
approximately 4 m. A range longer than 4 m is influenced by 
the surface of the object, material, and illumination condition. 
To perform an objective algorithm comparison, as in the 
Middlebury stereo image set [17], such objects as a plaster bust, 
brush, and book are arranged. 

1. Resolution of Image 

An image of 5,184 × 3,456 pixels is obtained through a  

 

Fig. 5. Our experimental environment.  
 
stereo camera. The size is resized to a screen resolution of 
1,280 × 854 to have the same horizontal width as the HD 
standard definition of 1,280 × 720. The disparity calculation is 
performed with a screen resolution of 1,280 × 854. 

The cropping image used in the evaluation has a WSVGA 
(1,024 × 600) screen resolution. The reason for performing the 
image cropping is to remove occlusions on the left and right of 
the disparity image. When creating the ground truth, care is 
taken to remove an invalid section generated at the top and 
bottom ends. 

2. Rectification 

To perform rectification, we use the Caltech [18] method. 
Using a 45-image checker board, right and left images are 
obtained at various locations. Figure 6(a) shows one of the 
checker board image sets. Figures 6(b) and 6(c) show the 
original rectified and pattern images. 

3. Ground Truth 

The ground truth [19] is created using the space time to 
evaluate the algorithm. The ground truth uses 110 kinds of 
images made of 20 × 2 stripes, 18 × 2 squares, 5 line scans, 20 
random noises, and black, white, and gray colors. A total of 110 
images are projected with the beam projector, and the images 
are obtained in the stereo camera as shown in Fig. 7. The beam 
projector location is changed, and a total of three captured 
images are made to remove the occlusion area by the shadow 
shown by the beam projector. The ground truth is made after 
rectifying 330 right and left images. 

As shown in Fig. 8, the top and bottom are the sections in 
which the pattern is not projected, owing to the viewing angle 
of the beam projector. When evaluating the disparity using the 
ground truth, the top and bottom are excluded. 
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Fig. 6. Rectification: (a) checker board, (b) rectified original
image, and (c) rectified pattern image. 
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Fig. 7. Images projected in beam projector pattern.  
 
4. Pattern Projection 

The DOE pattern is projected for the pattern projection with 
an IR laser. In the CG method, the on/off function of the laser 
diode is provided to obtain the image. 

5. Evaluation 

The matched results of disparity and ground truth are 
compared based on the pixel, and an evaluation is performed. 
In the case that a ground truth and disparity difference exceeds 
1, the pixel is regarded as bad, and the error is calculated. 
Various experiments are performed according to the algorithm 
to estimate the optimum parameter combination.  

 

Fig. 8. Ground truth.  
 

 

Fig. 9. CG: results of parametric estimation by cost aggregation
algorithm. 
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6. Parameter Estimation (Cross Guidance) 

Figure 9 shows the parameter estimation procedure of the 
CG. According to the cost computation algorithm and cost 
aggregation algorithm, the parameter is estimated. Table 1 
shows the optimum parameter value according to the algorithm 
combination. In Census, by applying the window size from 
5×5 to 13×13, the parameter optimization is performed. It is 
optimized in 9×9 window size in the case of applying AD-
Census to Adapt Weight. The window size optimized in the 
other algorithm combination is 11×11. 

7. Parameter Estimation (Auto Guidance) 

Figure 10 shows the parameter estimation procedure of the 
AG. The parameter is estimated according to the cost 
computation algorithm and cost aggregation algorithm. Table 2 
shows the optimum parameter value according to the algorithm 
combination. The Census window size optimized in AD-
Census + Adapt Weight is 9×9 and the other case is 11×11. 
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Table 1. CG: optimal parameter for each algorithm. 

 AD Census  AD-Census 

Adapt Weight 
{γc, γg} 

={7, 17} 
{winsz}={11×11} 

{γc, γg}={7, 13} 

{, winsz} 
={0.2, 9×9} 

{γc, γg}={7, 12} 

Cost Filter 
{r, eps} 

={6, 0.012} 

{winsz}={11×11} 
{r, eps} 

={5, 0.012} 

{, winsz}= 
{0.2, 11×11} 

{r, eps}={5, 0.012}

InfoPermeable {σ}={14} 
{winsz}={11×11} 

{σ}={12} 

{, winsz} 
={0.2, 11×11} 

{σ}={11} 

DTAggr 
{σs, σr} 

={10, 0.09} 

{winsz}={11×11} 
{σs, σr} 

={10, 0.065} 

{, winsz}= 
{0.2, 11×11} 

{σs, σr}={10, 0.055}

 

 

 

Fig. 10. AG: results of parametric estimation by cost aggregation
algorithm. 

12

11

10

9

8

7

6

5
0 5 10 15 20 25 

Adapt Weight - proximity 

P
er

ce
nt

ag
e 

of
 b

ad
 p

ix
el

s AD 
Census 
AD-Census  

60

0 2 4 6 8 10
Cost Filter - r 

P
er

ce
nt

ag
e 

of
 b

ad
 p

ix
el

s AD 
Census 
AD-Census 

50

40

30

20

10

0

80

70

60

50

40

30

20

0
0 5 10 15 20 

InfoPermeable - sigma 

P
er

ce
nt

ag
e 

of
 b

ad
 p

ix
el

s 

AD 
Census 
AD-Census 

10

0.05 0.1 0.15 0.2
DTAggr - sigma_r 

0 

35

P
er

ce
nt

ag
e 

of
 b

ad
 p

ix
el

s 

30

25

20

15

10

0

AD 
Census 
AD-Census 

(a) (b) 

(c) (d) 

 

Table 2. AG: optimal parameter for each algorithm. 

 AD Census  AD-Census 

Adapt Weight 
{γc, γg} 

={6, 21} 
{winsz}={11×11} 

{γc, γg}={6, 20} 

{, winsz} 
={0.2, 9×9} 

{γc, γg}={5, 22} 

Cost Filter 
{r, eps} 

={6, 0.012} 

{winsz}={11×11} 
{r, eps} 

={4, 0.012} 

{, winsz} 
={0.2, 11×11} 

{r, eps}={3, 0.012}

InfoPermeable {σ}={14} 
{winsz}={11×11} 

{σ}={12} 

{, winsz} 
={0.2, 11×11} 

{σ}={11} 

DTAggr 
{σs, σr} 

={10, 0.055} 

{winsz}={11×11} 
{σs, σr} 

={10, 0.03} 

{, winsz}= 
{0.2, 11×11} 

{σs, σr}={10, 0.035}

 

 

Fig. 11. Percentage of bad pixels in non-occluded regions: CG
and AG. 
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Fig. 12. CG DTAggr disparity map: (a) AD, 6.52%; (b)
CT{winsz 11×11}, 4.67%; and (c) ADCT{winsz
11×11, 0.2}, 4.45%. 
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(c) 

 
Figure 11 shows the algorithm performance when applying 

the optimal parameters. The performance of the algorithm 
when applying the CG is superior. The lowest bad-pixel error 
algorithm is ADCT + DTAggr + WTA: {, winsz, σs, σr} = 
{0.2, 11×11, 10, 0.055}. Figure 12 shows the disparity map of 
the DTAggr+WTA algorithm according to four cost 
computation algorithms. There is a tendency for CT and 
ADCT of the window-based algorithms to show better 
efficiency than with the pixel-based cost computation  
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Fig. 13. Performance evaluation of noise: (a) blur and (b)
Gaussian noises. 
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algorithm.  

8. Performance Evaluation of Noise 

Figure 13 shows the algorithm performance according to the 
addition of external noise. In the present system, image 
capturing is conducted using a DSLR camera having a large-
scale image sensor for the simulation, and the algorithm is 
performed. However, if we assume that it is implemented as an 
actual system, the image sensor size decreases. The noise can 
be generated in the obtained image. As shown in Fig. 13, the 
CG performance is excellent when the Gaussian and blur 
noises are generated. However, when implementing the CG, a 
pattern on/off has to be done and a high frame rate sensor has 
to be used. On the other hand, in the case of AG, the 
performance is relatively decreased. However, constructing the 
system simply can have an advantage. 

9. Comparison with Kinect 

To compare the proposed algorithm with Kinect, each 
camera is set up with the same view angle, and the depth image 
is obtained and the objects compared. The objects are set up 
about 1 m in front of the camera because the view angle of 
Kinect is wider. As shown in Fig. 14, our proposed algorithm is  

  

Fig. 14. Comparison of results: (a) proposed algorithm and (b)
Kinect for window.

(a) 

(b) 

 
 
compared with Kinect, and it can be confirmed from the results 
that the proposed algorithm is more delicate. Kinect robustly 
operates for a wide object in which a pattern can be sufficiently 
formed, such as a background. However, the depth cannot be 
calculated on a thin object, such as a finger or brush. On the 
other hand, for the proposed algorithm, when combining an 
active pattern and passive stereo, the operation is robustly 
possible in a region in which a pattern does not form.  

VI. Conclusion 

In this paper, we proposed a stereo matching system using 
patterns. A DOE was made, and to project a pattern, an IR 
range 830-nm IR laser was used as the light source. Using an 
active pattern, the proposed system is robust in low texture 
regions. In addition, the effect of the illumination is decreased.  

We suggested a two-method system. The first method is CG, 
in which the pattern projection system emits the pattern 
periodically. The stereo camera synchronizes with the pattern 
projection system and captures the image. An image captured 
with the pattern is used in calculating the cost. A captured 
image without a pattern is used in calculating the weight for the 
cost aggregation. For the second method, AG, the pattern is 
always turned on and obtains the image continuously. The cost 
is calculated in the pattern image. 

Using the space time stereo matching, the ground truth was 
made to estimate the optimum parameter. The various cost 
computation and cost aggregation algorithms were applied. 
Bad pixels made up about 4.45% of the non-occlusion area 
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through the algorithm parameter optimization. Our active 
stereo system showed a superior performance to that of Kinect, 
which is the most widely used depth sensor in the world. 

As future work, the algorithm will be implemented with 
hardware FPGA, and the system will obtain a high-resolution 
depth on a real-time basis. The pattern projection system, 
which is a projected pattern synchronized using a stereo 
camera obtaining the image on a real-time basis, will be built. 
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