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HPC-Cloud Integration and Scientific Workflows

HPC facilities are increasingly integrating
cloud services to leverage:
Virtually unlimited storage capacity
Improved data sharing across hybrid
environments

Storage Gateways emerge to bridge the gap:

Maps POSIX/NFS file storage to S3
object
The fundamental challenge is I/O
performance:
Quantifying trade-offs: Gateway
access vs. Direct S3 API
Our solution is the Extended 1/0 Roofline
Model for cloud storage analysis.
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Understanding and Quantifying AWS S3 Performance

« We extend the I/O roofline model to characterize cloud storage performance to compared:
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Background: AWS Storage Gateway

« A hybrid cloud storage service.
Connects on-premises environments to AWS cloud storage.
Provides standard storage protocols like NFS, SMB, etc.
* File Gateway:
Presents S3 objects as files in an NFS or SMB mount.
Provides a local cache for low-latency access to frequently used data.
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Background: The Roofline Model
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 Avisual model to understand the performance of » 16 gs\‘ peak floating—point performance
computing systems. g :
« Relates computational performance (GFLOPs/s) to o 8 L B 1
operational intensity (FLOPs/byte). = :.? :é
« Helps identify if a program is compute-bound or < 4 s ! -3 -
memory-bound. :..aé. :§,
2 1z Gz ]
12 12
AP (GFlops/s) = min(Peak Floating Point Performance, 1) 12 12
1 15 5 ]
Peak Memory Bandwidth x OI) 1 'S :E
5 | 5
. . . 1/2 18 i |8- i i
_ _ _ Floating point operations 1/4 112 1 2 4 8 16
Operational intensity = (2) Operational Intensity (Flops/Byte)

Memory bytes transferred
Example of a naive Roofline Model



Background: The I/O Roofline Model

Empirical Roofline Graph

» Avisual model to understand computing system performance .|

« Relates computational performance (GFLOPs/s) to operational ' /ﬁmmp@,h
intensity (FLOPs/byte).

« Helps identify if a program is compute-bound or memory-
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Methodology: Three S3 Access Methods

Method (1): NFS-mounted Storage Gateway (Parallel 1/0)
* |OR benchmark with file-per-task POSIX |/0.

Method (2): Data Migration via Storage Gateway

« Bulk data transfer using cp’ commands.

Method (3): Direct S3 API

« Custom C++ benchmark utilizing the AWS SDK's /Native APl Object Put/Get operations.
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Methodology: Three S3 Access Methods

Method (1): NFS-mounted Storage Gateway (Parallel 1/0)
« Measures performance of HPC applications using a familiar I/O interface.
« Enables zero-code-change access for legacy HPC applications.

Method (2): Data Migration via Storage Gateway
« Measures efficiency of large, explicit data transfers.
» Represents data staging scenarios.

Method (3): Direct S3 API
* Measures End-to-End Performance, bypassing POSIX filesystem and local caching layers.
« Represents the standard programming interface for cloud-native scripts.



Methodology: Experimental Environment

* PNNL HPC Cluster:
CPU: 2x AMD EPYC 7502 (64 cores)
Memory: 264 GB DDR4
Network: 10 Gigabit Ethernet
Shared Storage: BeeGFS

 AWS Storage Gateway:
File Gateway mode
300 GB local cache
Mounted via NFSv3

« Experiments
Varied number of nodes, tasks per node, file sizes, and transfer sizes.
Averaged over 3 runs.



Evaluation Results

e Roofline Analysis




Roofline Analysis: Write Performance

NFS-mounted Storage Gateway (POSIX) (Write)

1054 ® 32TPN_1N: 117 MB/s, 112 IOPS
Method 1 - POSIX (NFS Gateway): | ®m 32TPN_IN: 117 MB/s, 1 IOPS
A 32TPN_2N: 235 MB/s, 224 10PS
.. & 32TPN_2N: 235 MB/s, 2 IOPS
« Performance limited by the 10GbE network. 193y 32TPN 4N: 470 MB/s, 448 IOPS
] 32TPN_4N: 469 MB/s, 4 10PS
. Effectively utilizes available bandwidth. *  32TPN_BN: 938 MB/s, 854 10PS
103 ; “  32TPN_8N: 938 MB/s, 9 I0OPS
E ® 32TPN_10N: 1173 MB/s, 1118 IOPS /
« Performance scales with task and data Q +  32TPN_10N: 1173 MB/s, 11 IOPS K
102 5 i
volume.
107 ¥ —— 10GbE(100 MB) 1250 MB/s, 12 IOPS
—— 10GbE(1 MB) 1250 MB/s, 1250 IOPS
¢ —— 10GbE(0.0015 MB) 1250 MB/s, 833333 IOPS
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Roofline Analysis: Write Performance

Method 2 - Copy (to Gateway):

Performance scales with parallelism, but not

as well as POSIX.

IOPS
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10-3 1078 1077 1078

101 [IOP/Byte]

Data migration through Storage Gateway (Copy) (Write)

32TPN_1N: 103 MB/s, 1 IOPS
32TPN_2N: 194 MB/s, 2 IOPS
32TPN_4N: 337 MB/s, 3 IOPS
32TPN_8N: 557 MB/s, 5 IOPS
32TPN_10N: 615 MB/s, 6 IOPS
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o 10GbE(100 MB) 1250 MB/s, 12 IOPS
» —— 10GbE(1 MB) 1250 MB/s, 1250 IOPS

» —— 10GbE(0.0015 MB) 1250 MB/s, 833333 IOPS
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Roofline Analysis: Write Performance

SDK-based transfers (native-s3) (Write)

1054 ® 32TPN_1IN: 166 MB/s, 158 IOPS
Method 3 - S3 API: | W 32TPN_1N: 144 MB/s, 1 IOPS
A 32TPN_2N: 118 MB/s, 112 IOPS
. e & 32TPN_2N: 126 MB/s, 1 IOPS
» Significantly lower performance. 194y 32TPN_4N: 155 MB/s, 148 IOPS
] 32TPN_4N: 119 MB/s, 1 IOPS
 Does not scale well with parallelism. * 32TPN_8N: 116 MB/s, 110 10PS
103-: ®  32TPN_BN: 119 MB/s, 1 IOPS
g { ® 32TPN_10N: 125 MB/s, 119 IOPS
 Likely limited by protocol overhead. € | 4 32TPN_10N: 130 MB/s, 1 IOPS
1:]2_: :
10! -
: —— 10GbE(100 MB) 1250 MB/s, 12 I0OPS
—— 10GbE(1 MB) 1250 MB/s, 1250 IOPS
—— 10GbE(0.0015 MB) 1250 MB/s, 833333 IOPS
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Roofline Analysis: Read Performance

POSIX (NFS Gateway):

Very high performance, especially with
caching.

Outliers show performance far beyond
network limits, indicating strong cache
effects.

IOPS

10° 1

104 -

104 5

10! 5

100 +—

NFS-mounted Storage Gateway (POSIX) (Read)

® 32TPN_1N: 112129 MB/s, 106891 IOPS .
W 32TPN_1N: 47624 MB/s, 454 IOPS
A 32TPN_2N: 235 MB/s, 224 IOPS
® 32TPN_2N: 235 MB/s, 2 IOPS
¥ 32TPN_4N: 469 MB/s, 447 IOPS
32TPN_4N: 469 MB/s, 4 IOPS
* 32TPN_8N: 935 MB/s, 892 IOPS
*  32TPN_8N: 937 MB/s, 9 IOPS A
® 32TPN_10N: 1165 MB/s, 1110 IOPS v
+  32TPN_10N: 1167 MB/s, 11 IOPS A
" —— 10GbE(100 MB) 1250 MB/s, 12 IOPS
—— 10GbE(1 MB) 1250 MB/s, 1250 IOPS
¢ —— 10GbE(0.0015 MB) 1250 MB/s, 833333 IOPS
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101 [IOP/Byte]




Roofline Analysis: Read Performance

Data migration through Storage Gateway (Copy) (Read)

32TPN_1N: 640 MB/s, 6 IOPS
32TPN_2N: 178 MB/s, 2 IOPS
32TPN_4N: 128 MB/s, 1 IOPS
32TPN_8N: 113 MB/s, 1 IOPS
32TPN_10N: 115 MB/s, 1 IOPS

10° 4

Copy (to Gateway):
« Best performance with a single node,

%> noe

decreases with more nodes. m“-f
« Does not reach network limits. '

10° 1

IOPS

107 4

14
100 « — 10GbE(100 MB) 1250 MB/s, 12 IOPS

—— 10GbE(1 MB) 1250 MB/s, 1250 IOPS

' s —— 10GbE(0.0015 MB) 1250 MB/s, 833333 IOPS
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Roofline Analysis: Read Performance

Native S3 API:

Limited performance, similar to write.

IOPS

10° 1

104 4

103 -

102 1

101 ;

100

SDK-based transfers (native-s3) (Read)

|01 [IOP/Byte]

® 32TPN_1N: 177 MB/s, 169 IOPS
W 32TPN_1N: 136 MB/s, 1 IOPS
A 32TPN_2N: 195 MB/s, 186 IOPS
® 32TPN_2N: 194 MB/s, 2 IOPS
¥ 32TPN_4N: 126 MB/s, 120 IOPS
32TPN_4N: 203 MB/s, 2 IOPS
* 32TPN_8N: 192 MB/s, 183 IOPS
% 32TPN_8N: 165 MB/s, 2 IOPS
® 32TPN_10N: 142 MB/s, 135 IOPS /
+  32TPN_10N: 139 MB/s, 1 IOPS ‘
—— 10GbE(100 MB) 1250 MB/s, 12 IOPS
—— 10GbE(1 MB) 1250 MB/s, 1250 IOPS
4 — 10GbE(0.0015 MB) 1250 MB/s, 833333 IOPS
1EI1"9' lﬂl'E lﬂl'? 1&'.';_5 lEII'E'




The Hidden Cost: Asynchronous Latency

Storage Gateway writes are asynchronous—data is not immediately available in S3 upon local completion.

Measurement Method: Latency is the time difference between local write completion and S3 object
availability, monitored via AWS API calls.
The Penalty: Latency is high for bulk operations:

o Method 1 - IOR POSIX Write: Average S3 availability latency 7 minutes (421.17 s).

o Method 2 - Data Copy Write: Average S3 availability latency 80 minutes (4833.5 s).

Conclusion: This latency can significantly degrade the perceived end-to-end performance for workflows

needing immediate data access.



Take Aways: Performance vs. Latency Trade-off

POSIX on NFS Gateway

* Pros:
Highest throughput, achieves network saturation ( ~1.17 GB/s), scalable
Familiar interface for HPC apps.

« Cons: High latency for data to appear in S3.

Data Migration via NFS Gateway

* Pros:
Good for quick staging of small working sets (cache-hit downloads peak ~600 MB/s).
Familiar interface for HPC apps.

« Cons: High latency for data to appear in S3, impractical for timely transfers.

Direct S3 API
. Pros: Low latency, immediate data availability.
. Cons: Poor scalability, lower throughput.



Conclusions

« We presented a roofline-based analysis of three AWS S3 access methods.

« NFS-mounted Storage Gateway offers the highest throughput but with high latency.
- Direct S3 APl provides low latency but with limited scalability.

- Our work provides quantitative guidance for choosing the right S3 access method.

- The |I/O roofline model is a valuable tool for analyzing cloud storage performance.



Future Work

« Investigate other cloud providers and storage services.
- Explore different network configurations (e.g., AWS Direct Connect).

- Develop more sophisticated models for predicting cloud storage performance.

« Optimize S3 access patterns for specific HPC workloads.
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