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Abstract
In this paper, we proposed a novel framework to perform fast depth map computation for a stereo endoscopic image pair.
Conventional stereo matching approach performs slowly when it runs on CPU. To resolve this problem, we implement the
GPU version of the method. However, naïve GPU implementation encounters speed limitation due to slow global memory
access and non-parallelizable algorithm. It is observed that the bottlenecks are the cost computation and cost aggregation
steps due to large number of computation based on the number of disparity labels. Thus, optimized GPU implementation is
introduced to overcome the limitation. Experimental results show that the proposed method can achieve much faster
performance than CPU and naïve GPU implementations.

1. Introduction
For the last few decades, computer vision techniques
have been utilized by various medical hardware. One of the
examples is DaVinciTM Surgical system which utilizes
surgical robots to minimize invasive surgery. It is useful to
reduce the incision site and the pain compared to the
conventional surgery. Thus, patients can obtain faster
recovery speed and shorter hospitalization period. The
system captures image through the endoscopic camera and
displays it on the monitor to be observed. However, the
information is limited due to the narrow vision. To obtain
more information, a stereo endoscopic camera is utilized.
Therefore, 3D information of human organ can be obtained
accurately. Using the 3D information, we can build the 3D
model of human organ so that each doctor can do some
rehearsal before performing real surgeon to minimize the
human error.
First, we implement the stereo matching method on
CPU to confirm the depth accuracy. We follow the
framework in [1] as the guidance. Note that the stereo
matching framework consists of four steps: pre-processing,
cost computation, cost aggregation, and post processing [3].
Method in [1] has achieved real-time performance on
FPGA so that we believe that the method is suitable for
parallelizable on GPU. Note that we utilize CUDA library
as the parallelization toolkit. CUDA has been known as the
state-of-the-art toolkit for GPU implementation for
NVIDIA hardware. After the CPU implementation, we
refine the performance by implementing the naïve GPU
implementation. It is observed that there are bottlenecks on
cost computation and cost aggregation steps, especially due
to slow memory access, large number of disparity label, etc.
Thus, we optimize those steps so that we can achieve faster
performance. Experimental results show that the proposed
method overcome the performance on both CPU and naïve
GPU implementations.

2. Proposed Method
In the proposed framework, the stereo matching
consists of four steps. At the beginning, bilateral filter is
performed to remove the noise in the images captured in
the real world environment. For matching cost computation,
we utilize AD-Census model which is the mixture of
Absolute of Difference (AD) and Census data costs. As the
cost aggregation, modified information permeability filter
is chosen [1]. To obtain the disparity map, Winner-TakeAll (WTA) is performed. Several post-processing methods,
such as left-right consistency check, subpixel enhancement,
and adaptive median filter, are used to refine the current
disparity map. As the bottlenecks are the cost computation
and cost aggregation, we optimize those steps as described
in the following subsections.

2.1 Cost Computation Optimization
To optimize the GPU implementation, we do some
optimization scenarios. The first scenario is to find the
thread block size used for the GPU implementation. It is
important to find the best thread block size that results in
the fastest computational time. To find the best size, we
evaluate the computational time for each candidate and
select the fastest one empirically. It shows that 64 x 1
thread block size obtains the fastest computational time.
Then, we utilize shared memory and register memory to
reduce the computational time. Both memories are known
to be faster than global memory on GPU device but their
size is limited. Thus, we should design the usage well. To
utilize the register memory as much as possible, the
number of local variable used inside the GPU kernel
should be reduced. Note that the local variable should be
called many times so that it is saved in register memory for
temporary period.
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(a)
Fig. 1. Overview of modified cost aggregation method
While we cannot explicitly use the register memory, we
can utilize the shared memory freely. To obtain the best
performance, both memories should be fully utilized.
When there is a variable inside an global memory array
that is called many time, it is recommended to use the
shared memory. On the other, register memory is used for
a local variable. To improve the performance, we reduce
the number of insufficient computation by ignoring
boundary pixels and loop unrolling. It removes branching
(IF) computation that takes high computation. After the
optimization, we reduce the computational time from
0.0934 ms (naïve) to 0.046 ms (optimized).

2.2 Cost Aggregation Optimization
On the beginning, we utilize the optimization scenario
as described in Subsection 2.1. However, it does not
improve the performance as much as the cost computation
step because there is sequence dependency in the modified
information permeability filter [1]. Note that the algorithm
is an iterative algorithm that is not parallelizable friendly.
Therefore, we modify the cost aggregation by removing
insufficient computation instead of optimizing the CUDA
kernel. We observe that by removing the cost addition
computation, we can reduce the computational by half. In
addition, we found that the quality of the disparity map is
not different. Fig. 1 shows the overview of the original and
modified cost aggregation method. The computational time
is reduced from 0.485 ms (naïve) to 0.224 ms.

3. Experimental Results
The proposed algorithm is implemented on Intel core
i7-6700 processor @ 3.4 GHz. We use a dataset that is
provided in [2]. The dataset consists of two different
images: 3D printed human organ models and actual organ
of a pig. Fig. 2 shows the qualitative result of a 3D printed
human organ model. To confirm the flexibility of our GPU
implementation, we perform the evaluation on two different
GPUs: NVIDIA GTX 980M (1536 CUDA cores) and
NVIDIA GTX 1080 (2560 CUDA cores).
Table I show the computational time comparison
between the CPU implementation and two GPUs. Even
though the GPU implementation has additional computation
on GPU memory allocation and memory free, it shows that
the performance still much faster than CPU implementation.
This is due to high load on cost computation and cost
aggregation. GTX 1080 achieves faster computational time
than GTX 980M because it has more CUDA cores denoting
that it can perform more computation in parallel.

(b)
(c)
Fig. 2. Results of the proposed framework. (a) Input stereo
endoscopic image; (b) Ground truth; (c) Output depth map.
Table I. Comparison of computational time
GPU Memory
Allocation
Pre-Processing
Cost Computation
Cost Aggregation
Post-Processing
GPU Memory Free
Total Time

CPU

GPU
[GTX 980M]

GPU
[GTX 1080]

0

0.049

0.0449

1.374
16.573
10.621
0.845
0
29.413

0.0153
0.1654
0.2773
0.0968
0.0039
0.6077

0.006
0.046
0.224
0.032
0.0298
0.3827

4. Conclusion
We introduced a stereo matching framework on GPU to
achieve fast computational speed. Our framework dealt
with stereo endoscopic camera. GPU optimization were
done on cost computation and cost aggregation step
because it has high computational complexity.
Experimental results show that the proposed framework
can obtain faster speed than CPU implementation.
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