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 Current supercomputers:

√ Performance

Energy consumption
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 Current supercomputers:

√ Performance

Energy consumption

 Desired future supercomputers:

√ Performance: exaFLOPS

√ Energy consumption: 20 MW
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 Current high-performance processors (Xeon):

√ Performance

Energy (~165W)
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√ Performance

Energy (~165W)

 ...plus high-performance accelerators (GPU):

√ Performance

Energy (~100W)
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 Current high-performance processors (Xeon):

√ Performance

Energy (~165W)

 ...plus high-performance accelerators (GPU):

√ Performance

Energy (~100W)

 Current low-power processors (ARM):

√ Energy consumption (~15W)

Performance
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 How improving efficiency of future exascale 
systems?
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 How improving efficiency of future exascale 
systems?

 Our proposal: heterogeneous platforms
◦ Low-power processors (ARM)

◦ Accelerated with remote HPC servers (Xeon + GPUs)

◦ Remote HPC servers shared among all low-power 
processors
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 How improving efficiency of future exascale 
systems?

 Our proposal: heterogeneous platforms
◦ Low-power processors (ARM)

◦ Accelerated with remote HPC servers (Xeon + GPUs)

◦ Remote HPC servers shared among all low-power 
processors

 How sharing? GPU virtualization
√ GPUs transparently shared among all cluster nodes

Virtualization framework overhead

Network overhead (high-performance interconnection!!)
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 GPGPU: OpenCL or CUDA
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 GPGPU: OpenCL or CUDA

 General architecture remote GPU solutions:
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 GPGPU: OpenCL or CUDA

 General architecture remote GPU solutions:

 Existing solutions: rCUDA (www.rcuda.net)

◦ rCUDA: freely available, supports CUDA 8
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 rCUDA communication architecture:

Eth, IB,...
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 Local GPU:

Node 2 Node 1 GPUNetwork

Node 1 GPU

 Remote GPU:

Performance depends on
network bandwidth

Performance depends on
GPU bandwidth
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ARM

Xeon GPUNetwork

Offload GPU workloads from ARMs
to remote GPU server

ARM

ARM

ARM

ARM

ARM

...
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ARM

Xeon K20

 NVIDIA Jetson TX1:

◦ 4-core ARM processor

◦ 256-core CUDA compatible GPU

 Supermicro 1027GR-TRF:

◦ 2 hexa-core Xeon processors

◦ NVIDIA Tesla K20 GPU with 
2496 CUDA cores
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 Performance comparison:

◦ ARM CPU vs. Xeon

◦ ARM GPU vs. K20
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Performance comparison of NVIDIA Jetson TX1 and Supermicro 1027GR-TRF systems 
using the sysbench benchmark. Notice that the Y-axis is in logarithmic scale.
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Performance comparison of NVIDIA Jetson TX1 and Supermicro 1027GR-TRF systems 
using the sysbench benchmark. Notice that the Y-axis is in logarithmic scale.
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Performance comparison of NVIDIA Jetson TX1 and Supermicro 1027GR-TRF systems 
using the sysbench benchmark. Notice that the Y-axis is in logarithmic scale.
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Performance comparison of NVIDIA Jetson TX1 and Supermicro 1027GR-TRF systems 
using the sysbench benchmark. Notice that the Y-axis is in logarithmic scale.
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Performance comparison of NVIDIA Jetson TX1 and Supermicro 1027GR-TRF systems 
using the sysbench benchmark. Notice that the Y-axis is in logarithmic scale.
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 Performance comparison:

◦ ARM CPU vs. Xeon

◦ ARM GPU vs. K20
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Performance comparison of the GPU included in the Tegra X1 chip and the Tesla 
K20m GPU in terms of data transfer bandwidth and computational power. Notice that 

primary Y-axis is in scale.
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Performance comparison of the GPU included in the Tegra X1 chip and the Tesla 
K20m GPU in terms of data transfer bandwidth and computational power. Notice that 

primary Y-axis is in scale.
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Performance comparison of the GPU included in the Tegra X1 chip and the Tesla 
K20m GPU in terms of data transfer bandwidth and computational power. Notice that 

primary Y-axis is in scale.
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Performance comparison of the GPU included in the Tegra X1 chip and the Tesla 
K20m GPU in terms of data transfer bandwidth and computational power. Notice that 

primary Y-axis is in scale.
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 Three scenarios:
1. ARM

2. Xeon+GPU

3. ARM+remote GPU

 Performance comparison:
◦ Rodinia benchmarks

◦ Gaussian benchmark varying problem size

◦ Gaussian benchmark, fixed problem size, sharing 
GPU among multiple ARM clients
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 Three scenarios:
1. ARM

2. Xeon+GPU

3. ARM+remote GPU

 Performance comparison:
◦ Rodinia benchmarks

◦ Gaussian benchmark varying problem size

◦ Gaussian benchmark, fixed problem size, sharing 
GPU among multiple ARM clients
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 Local GPU:

ARM Xeon K20Network

Xeon K20

 Remote GPU:

ARM TX1

HiPINEB 2018 40/62



0,
39

7

0,
39

9

0,
42

4

0,
44

0,
45

1

0,
46

1

0,
48

5

0,
52

1

0,
60

1

0,
73

9

0,
9

2
8

1
,7

6
9

2,
07

5

2
,3

2
1

4
,0

1
6

4
,5

0
9

6
,7

0
4

7
,5

4
2

9
,0

6

13
,0

24

1
8

,1
4

5

0
,1

2
6

0
,2

39

0,
24

4

0
,1

78 0,
30

1

0,
27

9 0,
58

3 1
,6

1
9

0
,9

3
2

0,
8

3

2
,4

5

2,
71 3
,3

6

4
,9

0
7 1

4
,5

6
6

9
,1

7
7

3
3

,4
2

3

3
0

,5
1

9

6
5

,5
6

2

8
2

,6
3

4

1
4

4
,4

5
7

0,
25

8

1,
1

1
6

1,
1

8
2

0,
27

8 0
,7

5 1
,5

3
1

2
,2

5
9

3
,0

3
8

1
,4

6
9

1
,3

6
1

6
,5

2
1

3,
38

8

3
,8

6
9

5
,0

2
8

3
8

,3
6

6

9
,9

0
6

4
5

,1
1

8

3
4

,5
2

2

24
,4

73

4
9

,3
1

8

2
9

,0
7

4

0,1

1

10

100

1000

Ti
m

e 
(s

)

Xeon+K20m Jetson TX1 Jetson TX1 + remote K20m

Comparison of Rodinia benchmarks executed in three different scenarios: (i) a 
regular server with one NVIDIA K20 GPU, (ii) an NVIDIA Jetson TX1, and (iii) an NVIDIA 
Jetson TX1 offloading GPU work to a remote regular server with one NVIDIA K20 GPU.

HiPINEB 2018 41/62



0,
39

7

0,
39

9

0,
42

4

0,
44

0,
45

1

0,
46

1

0,
48

5

0,
52

1

0,
60

1

0,
73

9

0,
9

2
8

1
,7

6
9

2,
07

5

2
,3

2
1

4
,0

1
6

4
,5

0
9

6
,7

0
4

7
,5

4
2

9
,0

6

13
,0

24

1
8

,1
4

5

0
,1

2
6

0
,2

39

0,
24

4

0
,1

78 0,
30

1

0,
27

9 0,
58

3 1
,6

1
9

0
,9

3
2

0,
8

3

2
,4

5

2,
71 3
,3

6

4
,9

0
7 1

4
,5

6
6

9
,1

7
7

3
3

,4
2

3

3
0

,5
1

9

6
5

,5
6

2

8
2

,6
3

4

1
4

4
,4

5
7

0,
25

8

1,
1

1
6

1,
1

8
2

0,
27

8 0
,7

5 1
,5

3
1

2
,2

5
9

3
,0

3
8

1
,4

6
9

1
,3

6
1

6
,5

2
1

3,
38

8

3
,8

6
9

5
,0

2
8

3
8

,3
6

6

9
,9

0
6

4
5

,1
1

8

3
4

,5
2

2

24
,4

73

4
9

,3
1

8

2
9

,0
7

4

0,1

1

10

100

1000

Ti
m

e 
(s

)

Xeon+K20m Jetson TX1 Jetson TX1 + remote K20m

Zone A Zone B

Zone C

HiPINEB 2018 42/62



0,
39

7

0,
39

9

0,
42

4

0,
44

0,
45

1

0,
46

1

0,
48

5

0,
52

1

0,
60

1

0,
73

9

0,
9

2
8

1
,7

6
9

2,
07

5

2
,3

2
1

4
,0

1
6

4
,5

0
9

6
,7

0
4

7
,5

4
2

9
,0

6

13
,0

24

1
8

,1
4

5

0
,1

2
6

0
,2

39

0,
24

4

0
,1

78 0,
30

1

0,
27

9 0,
58

3 1
,6

1
9

0
,9

3
2

0,
8

3

2
,4

5

2,
71 3
,3

6

4
,9

0
7 1

4
,5

6
6

9
,1

7
7

3
3

,4
2

3

3
0

,5
1

9

6
5

,5
6

2

8
2

,6
3

4

1
4

4
,4

5
7

0,
25

8

1,
1

1
6

1,
1

8
2

0,
27

8 0
,7

5 1
,5

3
1

2
,2

5
9

3
,0

3
8

1
,4

6
9

1
,3

6
1

6
,5

2
1

3,
38

8

3
,8

6
9

5
,0

2
8

3
8

,3
6

6

9
,9

0
6

4
5

,1
1

8

3
4

,5
2

2

24
,4

73

4
9

,3
1

8

2
9

,0
7

4

0,1

1

10

100

1000

Ti
m

e 
(s

)

Xeon+K20m Jetson TX1 Jetson TX1 + remote K20m

Zone A Zone B

Zone C

Short execution time:
ARM wins

HiPINEB 2018 43/62



0,
39

7

0,
39

9

0,
42

4

0,
44

0,
45

1

0,
46

1

0,
48

5

0,
52

1

0,
60

1

0,
73

9

0,
9

2
8

1
,7

6
9

2,
07

5

2
,3

2
1

4
,0

1
6

4
,5

0
9

6
,7

0
4

7
,5

4
2

9
,0

6

13
,0

24

1
8

,1
4

5

0
,1

2
6

0
,2

39

0,
24

4

0
,1

78 0,
30

1

0,
27

9 0,
58

3 1
,6

1
9

0
,9

3
2

0,
8

3

2
,4

5

2,
71 3
,3

6

4
,9

0
7 1

4
,5

6
6

9
,1

7
7

3
3

,4
2

3

3
0

,5
1

9

6
5

,5
6

2

8
2

,6
3

4

1
4

4
,4

5
7

0,
25

8

1,
1

1
6

1,
1

8
2

0,
27

8 0
,7

5 1
,5

3
1

2
,2

5
9

3
,0

3
8

1
,4

6
9

1
,3

6
1

6
,5

2
1

3,
38

8

3
,8

6
9

5
,0

2
8

3
8

,3
6

6

9
,9

0
6

4
5

,1
1

8

3
4

,5
2

2

24
,4

73

4
9

,3
1

8

2
9

,0
7

4

0,1

1

10

100

1000

Ti
m

e 
(s

)

Xeon+K20m Jetson TX1 Jetson TX1 + remote K20m

Zone A Zone B

Zone C

Short execution time:
ARM wins

Medium and large execution time:
Xeon wins

HiPINEB 2018 44/62



0,
39

7

0,
39

9

0,
42

4

0,
44

0,
45

1

0,
46

1

0,
48

5

0,
52

1

0,
60

1

0,
73

9

0,
9

2
8

1
,7

6
9

2,
07

5

2
,3

2
1

4
,0

1
6

4
,5

0
9

6
,7

0
4

7
,5

4
2

9
,0

6

13
,0

24

1
8

,1
4

5

0
,1

2
6

0
,2

39

0,
24

4

0
,1

78 0,
30

1

0,
27

9 0,
58

3 1
,6

1
9

0
,9

3
2

0,
8

3

2
,4

5

2,
71 3
,3

6

4
,9

0
7 1

4
,5

6
6

9
,1

7
7

3
3

,4
2

3

3
0

,5
1

9

6
5

,5
6

2

8
2

,6
3

4

1
4

4
,4

5
7

0,
25

8

1,
1

1
6

1,
1

8
2

0,
27

8 0
,7

5 1
,5

3
1

2
,2

5
9

3
,0

3
8

1
,4

6
9

1
,3

6
1

6
,5

2
1

3,
38

8

3
,8

6
9

5
,0

2
8

3
8

,3
6

6

9
,9

0
6

4
5

,1
1

8

3
4

,5
2

2

24
,4

73

4
9

,3
1

8

2
9

,0
7

4

0,1

1

10

100

1000

Ti
m

e 
(s

)

Xeon+K20m Jetson TX1 Jetson TX1 + remote K20m

Zone A Zone B

Zone C

Short execution time:
ARM wins

Large execution time:
remote GPU better than ARM

Medium and large execution time:
Xeon wins

HiPINEB 2018 45/62



 Three scenarios:
1. ARM

2. Xeon+GPU

3. ARM+remote GPU

 Performance comparison:
◦ Rodinia benchmarks

◦ Gaussian benchmark varying problem size

◦ Gaussian benchmark, fixed problem size, sharing 
GPU among multiple ARM clients
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 Local GPU:

ARM Xeon K20Network

Xeon K20

 Remote GPU:

ARM TX1
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Large execution time:
remote GPU better than ARM
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 Three scenarios:
1. ARM

2. Xeon+GPU

3. ARM+remote GPU

 Performance comparison:
◦ Rodinia benchmarks

◦ Gaussian benchmark varying problem size

◦ Gaussian benchmark, fixed problem size, sharing 
GPU among multiple ARM clients
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ARM

Xeon GPUNetwork

Offload GPU workloads from ARMs
to remote GPU server

ARM

ARM

ARM

ARM

ARM
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Comparison of Rodinia benchmark “gaussian” with problem size 8,192, executed in 
three different scenarios: (i) server with one K20, (ii) Jetson TX1, and (iii) Jetson TX1 

offloading GPU work to a remote server with one K20 (in this scenario, the number of 
concurrent clients sharing the same remote server varies from 1 up to 6).
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Comparison of Rodinia benchmark “gaussian” with problem size 8,192, executed in 
three different scenarios: (i) server with one K20, (ii) Jetson TX1, and (iii) Jetson TX1 

offloading GPU work to a remote server with one K20 (in this scenario, the number of 
concurrent clients sharing the same remote server varies from 1 up to 6).

No sharing: over 12x speed-up!
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Comparison of Rodinia benchmark “gaussian” with problem size 8,192, executed in 
three different scenarios: (i) server with one K20, (ii) Jetson TX1, and (iii) Jetson TX1 

offloading GPU work to a remote server with one K20 (in this scenario, the number of 
concurrent clients sharing the same remote server varies from 1 up to 6).

HiPINEB 2018 56/62

2 ARMS sharing 1 remote GPU



3,97 6,33

12,27 17,59

2,72

49,82

12,54

7,87

4,06 2,83

0

2

4

6

8

10

12

14

16

18

20

0

10

20

30

40

50

60

1 2 4 6

Sp
ee

d
-u

p

Ti
m

e 
(m

in
u

te
s)

Clients concurrently sharing the same rCUDA server

Jetson TX1 + remote K20m Xeon+K20m Jetson TX1 Remote K20m speed-up

Comparison of Rodinia benchmark “gaussian” with problem size 8,192, executed in 
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offloading GPU work to a remote server with one K20 (in this scenario, the number of 
concurrent clients sharing the same remote server varies from 1 up to 6).
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Comparison of Rodinia benchmark “gaussian” with problem size 8,192, executed in 
three different scenarios: (i) server with one K20, (ii) Jetson TX1, and (iii) Jetson TX1 

offloading GPU work to a remote server with one K20 (in this scenario, the number of 
concurrent clients sharing the same remote server varies from 1 up to 6).

6 ARMS sharing 1 remote GPU:
2.83 x speed-up!
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 Introduction

 GPU Virtualization

 Approach proposed

 The NVIDIA Jetson TX1 system

 Performance evaluation

 Conclusions and future work
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 Proposal for improving efficiency of future exascale 

systems

 Using rCUDA to provide ARMs access to high-end 

remote GPUs

 Execution time speed-up by up to 12x

 ARM power efficiency is leveraged along with the high-

end accelerators

 Accelerators dynamically shared among multiple ARMs
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 Analysis of this proposal with HPC apps

 Include energy and power measurements

 Validate if our proposal is able to contribute to energy 

efficiency in future exascale systems

HiPINEB 2018 61/62



Get a free copy of rCUDA at

http://www.rcuda.net

@rcuda_


