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Abstract :

Heterogeneous computing is a technology that utilizes different types of processors to perform parallel

processing. It maximizes task processing and energy efficiency by leveraging various computing resources such as
CPUs, GPUs, and FPGAs. On the other hand, edge computing has developed with IoT and 5G technologies. It is a
distributed computing that utilizes computing resources close to clients, thereby offloading the central server. It has

evolved to intelligent edge computing combined with artificial intelligence. Intelligent edge computing enables total data

processing, such as context awareness, prediction, control, and simple processing for the data collected on the edge. If

heterogeneous computing can be successfully applied in the edge, it is expected to maximize job processing efficiency

while minimizing dependence on the central server. In this paper, experiments were conducted to verify the feasibility

of various parallel programming models on high-end and low-end edge devices by using benchmark applications. We

analyzed the performance of five parallel programming models on the Raspberry Pi 4 and Jetson Orin Nano as

low-end and high-end devices, respectively. In the experiment, OpenACC showed the best performance on the

low-end edge device and OpenSYCL on the high-end device due to the stability and optimization of system libraries.

Keywords : Edge computing, Heterogeneous computing, Edge devices, Parallel programming model
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Fig. 1. Example of heterogeneous edge server and devices
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Table 1. Main specifications of experimental devices
Low-end device High-end device
Machine Raspberry Pi 4 Model B |Jetson Orin Nano Dev Kit
CPU model |4-core Cortex-A72 64-bit |6-core Cortex-A78AE 64-bit
CPU speed |1.5 GHz 15 GHz
GPU VideoCore VI, 1204-core Ampere,
250 MHz 625 MHz
Al accel. - 32 Tensor cores
FLOPS(FP64) [13.5 GFLOPS (CPU) 640 GFLOPS (GPU)
Memory LPDDR4 8GB LPDDR5 8GB
Networking |Gigabit Ethernet 1 Gbps |Gigabit Ethernet 1 Gbps
Storage 32G microSD 32G microSD
Power Input |5V, 15W 19V, 7W to 15W
Size (mm) [100 x 76 x 30 103 x 90.5 x 35
Release date|June 2019 March 2023
Price $35 $499
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Table 2. List of software on experimental devices

Low-end device High-end device
oS Ubuntu 20.04.6 LTS Ubuntu 20.04.6 LTS
Kemel 5.4.0-1069-raspi aarch64 |5.10.104-tegra aarch64
gcc/g++ 940 94.0
cmake 3163 3163
clang/llvm |12 12
OpenACC |Not specified Not specified
OpenCL 14 14
OpenMP 201511 201511
OpenSYCL |0.94 094
nvec Not installed cuda_11.4.r11.4
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Table 4. Bandwidth results measured on a low-end device
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Triad
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mOpen$fCL  mOpenCL Openlip OpenslC
Copy Mul Add Triad Dot
OpenSYCL 3383.777| 3374130, 3019.343| 3310.555| 1686.508
OpenCL 3589.839| 3588.305| 3356.826| 3410.185 888.057
OpenMP 3749.969| 3776.202| 3353.711| 3489.555| 3314.591
OpenACC 5443.040| 5466.124| 4699.787| 4698.746| 3902.857
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Table 6. Bandwidth results measured on a high-end device
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OpenSYCL 56815.57| 57617.92| 63622.76| 63611.99| 48296.08
CUDA 34523.00) 32233.27| 38338.03| 38175.59| 46929.70
OpenCL 35244.70) 34959.15| 3238142 3235373 2778.50
OpenMP 27485.45| 27461.16| 25150.16| 25146.92| 21806.62
OpenACC 13479.16| 13454.44| 11465.21| 11481.55 8875.74
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Table 5. Statistics of system calls by parallel programming frameworks on a low-end device
OpenSYCL OpenCL OpenMP OpenACC
System call illi illi illi illi
v % time i usec calls | % time i usec calls | % time i usec calls | % time i usec calls
sec. /call sec. Jcall sec. /call sec. Jcall
brk 0.0 0.03 5 5 0.0 0.37 14 25 0.0 0.03 11 3 0.0 0.03 11 3
clone 0.0 0.00 0.0 0.33 82 4 0.1 0.27 89 3 - - -
close 0.0 0.39 14 27 0.1 2.07 15 133 0.0 0.10 14 7 0.0 0.10 14 7
faccessat 0.0 0.00 0 1 0.0 0.33 41 8 0.0 0.00 0 1 0.0 0.00 0 1
futex 95.6| 544738 5284 1031 91.2| 27218 778 3496 10.1 27.6 42 649 0.0 0.03 15 2
getdents64 0.0 0.31 51 6 0.0 0.22 27 8 0.1 0.24 117 2 0.1 0.23 113 2
mmap 0.0 1.02 18 54 0.1 138 13 100 16 447 144 31 0.2 0.53 19 28
mprotect 0.0 043 16 26 0.0 0.78 15 50 0.1 0.33 21 15 0.1 0.27 22 12
munmap 42| 2405 6682 36 7.8| 2321 3934 59 86.9| 2384 14024 17 98.6| 227.2| 13366 17
newfstatat 0.0 1.19 18 63 0.0 1.08 15 68 0.1 0.39 24 16 0.2 0.36 22 16
openat 0.1 422 25 168 0.3 871 28 307 0.5 1.24 28 43 0.5 1.18 27 43
read 0.0 0.53 24 22 0.2 5.81 48 119 0.0 0.10 20 5 0.0 0.10 20 5
renameat - - - - 0.1 148 1482 1 - - - - - -
unlinkat 0.0 0.06 64 1 0.1 2.20 1101 2 - - - - - - - -
write 0.0 0.51 32 16 0.1 2.28 7 324 0.2 0.41 31 13 0.2 0.40 18 22
total 100| 5697.5 - 1504 100| 2983.2 -| 4816 100| 2743 - 820 100 230.5 - 165
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Table 7. Statistics of system calls by parallel programming frameworks on a high-end device

OpenSYCL CUDA OpenCL OpenMP OpenACC
System call | % milli | usec % milli | usec % milli | usec % milli | usec % milli | usec

. calls . calls | . calls | . calls | . calls

time | sec. |/call time | sec. | /call time | sec. | /call time | sec. | /call time | sec. | /call
brk 0.01| 021 6) 33| 0.23| 028 8 33| 0.02| 0.08 6 12 - - - -| 04| 0.012 4 3
clone 0| 007| 14 5/ 0.05| 0.06 56 1| 0.07| 025 42 6 - - - - - - -
close 0.23| 5.92| 10| 587| 3.39| 4.15 7| 587| 049 187 9| 207 0 0 0 9| 1.22| 0.037 4 9
connect - - - -| 0.03] 0.03 31 1 - - - - - - - - - - -
faccessat 0.01| 015/ 10 14| 0.05| 0.06 4 14/ 005 021 10 19 0 0 0 1 - - - -
fentl 0.14| 3.65 9 371 206| 253 6| 379/ 0.02| 0.06 7 8 - - - - - - - -
fstat 0.01| 034 8| 38| 0.11| 013 4 27| 0.03| 0.12 2 43 - - - -| 1.38| 0.042 4 10
futex 28.33|736.01| 20| 36134| 0.09| 0.12 9 11| 94.71| 359.34| 113| 3155| 86.87| 41.55 46| 885| 0.53| 0.016 5 3
getdents64 0| 012| 15 8| 0.03| 0.04 9 4/ 0.01/ 0.5 6 8 0 0 0 2| 1.09| 0.033 16 2
ioctl 1.08| 28.14| 20 1354|84.05| 103.1 54| 1889 0l 001 11 1 - - - - - - - -
Iseek 0.05| 1.26 9 133| 064| 078 5/ 137 0| 0.02 3 5 - - - - - - - -
mmap 0.08| 204| 13| 147, 12| 147 12| 118| 041| 154, 22 68 0| 0.001 0 33| 5.5/ 0.167 5 28
mprotect 0.03| 074 13 57| 0.26| 031 8 37/ 0.07| 025 5 44 448| 0.136 8 16
munmap 0.16| 4.20| 220 19| 362| 444 341 13| 187 7.09| 472 15| 13.12| 6.276] 896 7| 76.7| 2327| 332 7
newfstatat 0.02| 0.50 8 61| 0.06| 0.8 8 9| 0.02| 0.08 3 23 - - - - - - - -
openat 0.08| 214 15/ 138, 0.8| 099 15 62| 122| 464 16| 278 0 0 0 9 3] 0.091 10 9
prlimit64 - - - -| 0.01| 0.01 5 2 - - - - - - - -| 0.16| 0.005 5 1
read 0.03| 076/ 14 53| 0.32| 039 9 40| 056/ 211} 10| 195 0 0 0 7| 1.12| 0.034 4 7
readlinkat - - - -/ 0.02| 002 11 2| 003 010] 11 9 - - - - - - - -
rt_sigaction - - - -| 0.01| 0.01 5 2| 003] o011 6 18 - - - - 0.3| 0.009 4 2
sched_yield| 69.71| 1811.2| 21| 85368| 2.61| 3.20 10| 305 - - - - - - - - - - -
write 0.01| 0134, 4 28| 0.23| 0.29 10 27| 032, 120 4| 241 0| 0.01 0 13| 3.39| 0.103 4 22
total 100| 2598.1 124584\ 100| 122.6| 3728 41| 100|379.42 4405| 100| 47.83 1013| 100| 3.034 125
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