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Abstract—Multiple modalities for stereo matching are beneficial for robust path estimation and actioning of autonomous
robots in harsh environments, e.g. in the presence of smoke and
dust. In order to combine the information resulting from the
different modalities, a dense stereo matching approach based on
semi-global matching and a combined cost function using crossbased support regions and phase congruency shows a good performance. However, these computationally complex algorithmic
steps set high requirements for the mobile processing platform
and prohibit a real-time execution at limited power budget
on mobile platforms. Therefore, this paper explores the usage
of graphic processors for the parallelization and acceleration
of the aforementioned algorithm. The resulting implementation
performs the computation of phase congruency and cross-based
support regions at 68 and 5 frames per second for [960 x 560]
pixel images on a Nvidia Quadro P5000 and Tegra X2 GPU
respectively.
Index Terms—multimodal, stereo, matching, GPU, cross-based
support regions, phase congruency

I. I NTRODUCTION
The combination of RGB and thermal imaging has already
proven to be useful in the field of robotics, especially in
search and rescue scenarios. In presence of dust, smoke or
difficult lighting situations, thermal imaging has shown to
be a robust supplement to traditional RGB imaging, since it
still provides usable images even then. However, as shown in
[1], RGB imaging provides more image features in ordinary
situations compared to the number of detectable features in
the more uniformly looking thermal images. Furthermore,
the features extracted from thermal images suffer from high
ambiguities. Therefore, the use of both imaging modalities
combines the advantages of feature count, matching quality
as well as robustness.
Using this sensor combination, [2] has shown that visual
odometry based on multimodal imaging can drastically improve the robustness against partial, unimodal sensor failure
as it can occur in situations including smoke or challenging
illumination. Furthermore, [3] and [4] utilize this combination
for dense stereo matching. Since in [2] the scale of the resulting trajectory is estimated based on different assumptions,
its accuracy depends on the validity of these hypotheses. A
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combination with the approach of [3] or [4] could therefore
increase the robustness of this step. Unfortunately, due to
the algorithmic complexity of the solution, the multimodal
dense stereo matching approach is not suited for use in mobile
robotic applications, when only a CPU is available.
Consequently, in this paper we present a GPU-enhanced
implementation, to make the idea of [4] usable for a wider
range of applications. The computationally most complex
algorithmic parts of cross-based support region construction
and phase congruency map computation represent ≈ 70% of
the total runtime. Using different GPU-oriented optimization
techniques regarding parallelization and optimized memory
accesses, the runtime is drastically improved.
The remaining article is structured as follows: Section II
reviews existing implementations of algorithmic components
on graphic processors. In Section III the multimodal dense
stereo matching algorithm is presented, which is optimized
and migrated to the GPU in Section IV. The performance is
then evaluated in Section V. Finally, Section VI concludes this
paper.
II. R ELATED W ORK
The previously named computationally expensive parts of
the proposed multimodal dense stereo matching algorithm
have been partly accelerated in the following related publications on GPUs. A performance of corresponding 3.33 ms
for stereo images with a resolution of [450 × 375] pixels for
cross-based support region computation has been achieved on
a Nvidia Geforce8800 GTX GPU using shared memory [5]. In
[6] the support region computation and aggregation consumes
≈ 70 % of the total runtime; it could be improved from
15 s (Core2Duo 2.20GHz CPU) to 0.095 s (NVIDIA GeForce
GTX 480). In [7] a significant speed-up using a NVIDIA
GeForce 7900 GTX GPU was reached in comparison to the
3.2 GHz CPU. For a stereo scene with resolution [384 × 288]
pixels and 16 disparity levels, the total speed is about 17 f ps
(numbers for support-region construction were not provided).
Phase congruency is used in different medical applications
and is accelerated on a GPU in [8]. A frame-rate of 15 f ps
was reached for frames with a resolution of [720 × 576]
pixels. However, these implementations partly benefit from
approximate support regions, different support construction

