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The “Cambrian Explosion” of new accelerators has led to many domain specific accelerators — not
just in Al but also for data movement!
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Hardware Bottlenecks for LANL HPC codes [1]
However, we still have little understanding of how future memory accelerators might affect
codes of interest because:

 Finding appropriate regions of interest (ROI) for the memory system is challenging to infer even
with tools like SimPoints and LoopPoint

« Some apFIications that we might want to benchmark can't be fully shared to extract
meaningful traces or ROls

Our ideal workflow would allow us to 1) capture relevant memory accesses from real-world
applications, 2) benchmark them on real systems, and 3) simulate new hardware models

[1] G. Shipman, et al., Assessing the Memory Wall in Complex Codes, MCHPC 2022 doi: 10.1109/MCHPC56545.2022.00009
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Spatter - Version 1.0

The basis of Spatter is two kernels; one
for gather and another for scatter.

Gather kernel:
foriin 0..N:
reg = gather(src + delta*i, idx)

Scatter kernel:
foriin O..N:
scatter(dst + delta*i, idx, reg)

The delta and the pattern in idx specify
the memory access pattern.
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Spatter - Version 1.0 Results

Initial tests focused on .|
CPU and GPU analysis ...

using OpenMP and
CUDA backends

Vector and scalar
modes along with

Effective Bandwidth (% of BabelStream)
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Spatter - Version 1.0 Results

Uniform Stride Bandwidth vs PENNANT Patterns

Bandwidth-Bandwidth plots and

application inputs for common :
HPC appllcatlons allowed for
investigating “Peak Bandwidth .
o
versus Pattern Bandwidth”
-(% -
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g g7
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The Need for an Open Source Workflow

1. Trace G/S Instructions - pulled from a proprietary simulator

Gather 0x0040, [0, 2, 4, 6]
Gather 0x0044, [0, 2, 4, 6]
Gather 0x0048, [0, 2, 4, 6]
Scatter 0x004C, [1, 1, 5, 5]

2. Change base address to delta

Gather _, [0, 2, 4, 6]
Gather 4, [0, 2, 4, 6]
Gather 4, [0, 2, 4, 6]
Scatter 4, [1, 1, 5, 5]

3. Aggregate Counts

Gather 4, [0, 2, 4,6], 2
,1,5,5],1

Scatter 4, [1 5], - Spatter’'s Format

Previous work relied on proprietary tools to create Spatter application inputs. We'd like to
have a common open source workflow!
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GS Patterns

Sliding window approach is used el mdan e Z"i‘j’”
o e X X X x0001
to track non.'t”.wal memory ScatterWindow — |0x1780 0x1788 .. 0x0783| ox0003
accesses within an application
tl’ace or I‘egion Of intereSt (ROI) 0x9580 0x5588 ... 0x3581J) o0x1019
Multiple filters are used to keep ‘;ﬂt‘“# e —
the most relevant access patterns ! Nosymbol
for the final pattern output ; Notintap 10 window appearance counts
5 Less than 6 unique index distances and less than

50% out of bounds distances®

GS Patterns codebase at Filter rules apply to each full memory access sequence. Sub-sequences are not
https://github.com/lanl/gs_patterns and

removed. *Default out of bounds distances in (—oco, —513] or [ 513, o).

https://github.com/hpcgarage/gs_patterns
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GS Patterns

Two passes are used to apply

all filters and output the
patterns of interest

Surviving iaddrs
to master list

. __________FrstPass
' E
E

Filter # Description
1 Index distances are only -1, 0, and/or 1 S
2 No symbol .
Return to start
3 Not in top 10 window appearance counts of DR trace I
4 Less than 1024 instances
5 Less than 6 unique index distances and less than -

50% out of bounds distances®

Filter rules apply to each full memory access sequence. Sub-sequences are not
removed. *Default out of bounds distances in (—oo, —513] or [ 513, c0).

Append maddr
to sequence for
iaddr in master list

Ssed pu0oag

_—— - - e m — m — — — — — — — = — —

yes
Y
O \ Filter 3, 4 and 5 /
—_—em e e = — = - _\f ___________________ -
GS Patterns Wrie spatter and
binary normalized

master list index
sequence files



GS Patterns Workflow

Further extensions to GS Patterns
refactored code to use C++ and a
plugin infrastructure for PinTool,
NVBit

Currently ROl analysis speeds up
the overall GS Patterns workflow
but is a somewhat manual process
to run and annotate codes

Check out collected public patterns at
https://github.com/hpcgarage/spatter-patterns

GS Patterns

Compile application
with symbols (CPU only)

v

Find ROIs (vTune, NSight)

!

Run Pin/NVBit client
to create ROI trace(s)

v

GS patterns to extract g/s trace(s)

'

Visualize traces from GS patterns

v
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delta

XRAGE, Deltas func=Asteroid Spatter 9, Scatter
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XRAGE, Deltas Histogram func=Asteroid Spatter 9, Scatter

Pattern Visualization Tools .
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The GS Patterns JSON output can be
easily visualized in a variety of different
ways...
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Pattern Visualization Tools

Quicksilver, Pattern Offset func=getCrossSection, Scatter
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But we likely need to do more detailed statistical analysis to make more
sense of these patterns..
®

GS Patterns Gr %‘ggflqla



Spatter 2.0

» Complete refactor of ar%ument parsing, build
system, and movement Towards C++ design

 Addition of new kernels to better represent
multiple levels of indirection - GatherScatter,
MultiGather, MultiScatter

« Support for longer offset buffer lengths for
improved application pattern representation

« MPI support for weak/strong scaling

« Support for atomics with scatter operations

src + deltal x @ src + deltal x 1

! !

A B C D E F G H AlB C D E F|G H
offl: | @ 214 6 offl: | @ | 2 4 6
off2: 2 016 4 off2: 210 o6 4

C A E G CcC/ b AB E F|G H

dst + delta2 x @ dst + delta2 x 1

GatherScatter Kernel Representation

https://github.com/hpcgarage/spatter
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Spatter 2.0 MPI Workflow

Weak Scaling — each MPI rank gets
the same pattern and scaling scripts
are used to sweep across N ranks

Strong Scaling — access patterns are
partitioned across MPI ranks

GPU Throughput — patterns are
truncated or expanded to vary amount
of memory accesses and saturate
GPU memory subsystem

}
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Spatter 2.0 Results

Bandwidth per Rank (GiB/s)

XRage: spatter5 (Avg. Bandwidth per Rank) - XRage: spatter5 (Total Bandwidth)
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Weak Scaling MPI Tests for Xrage Gather pattern

See our MEMSYS 2024 paper in October 2024 for more details!
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Spatter 2.0 Results
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Revisiting Codesign

Other
Trace [T Components
Reader (cache, memory,
network, etc.)

a”OW US to: DynamoRIO / Pin

- Capture relevant memory
accesses from real-world

Our ideal tool workflow would ﬂ N [

SST

applications > —

DynamoRIO / Pin cs;:::f;r Pattern [T© Components
- Run these patterns on bleeding Reader || (eache, memory
edge systems
- Use the same patterns to Pattzrn (.'éative Ba(g(end,)
simulate the performance of |
future near-memory accelerators

@ (" +w= Georgia
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Spatter Integration with SST

Running Spatter version 1.1
Compiler: GNU ver. 11.4.0
Backend: Serial

Aggregate Results? NO

Run Configurations
[ {'id"'": @, 'kernel': 'dather', 'pattern': [0, 1, 2, 3, 4, 5, 6, 7], 'pattern-gather': [], 'pattern-scatter': [],
'delta': 8, 'delta-gather': 8, 'delta-scatter': 8, 'count': 4194304, 'wrap': 1, 'threads': 1},
{'id': 1, 'kernel': 'scatter',6 'pattern': [0, 1, 2, 3, 4, 5, 6, 7], 'pattern-gather': [], 'pattern-scatter': [],
Run Configurations 'delta': 8, 'delta-gather': 8, 'delta-scatter': 8, 'count': 4194304, 'wrap': 1, 'threads': 1},
[ {'id': @, 'kernel': 'gather', 'pattern': [@, 1, 2, 3, 4, 5, 6, {'id": 2, 'kernel': 'sg',6 'pattern': [], 'pattern-gather': [e, 1, 2, 3, 4, 5, 6, 7], 'pattern-scatter': [0, 1, 2, 3, 4, 5, 6, 7],
'delta': 8, 'delta-gather': 8, 'delta-scatter': 8, 'count' 'delta': 8, 'delta-gather': 8, 'delta-scatter': 8, 'count': 4194304, 'wrap': 1, 'threads': 1},
{'id': 1, 'kernel': 'scatter', 'pattern': [©, 1, 2, 3, 4, 5, 6 {'id": 3, 'kernel': 'multiscatter',6 'pattexn': [®, 1, 2, 3, 4, 5, 6, 7], 'pattern-gather': [], 'pattern-scatter': [0, 1, 2, 3, 4, 5, 6, 7],
'delta': 8, 'delta-gather': 8, 'delta-scatter': 8, 'count' 'delta': 8, 'delta-gather': 8, 'delta-scatter': 8, 'count': 4194304, 'wrap': 1, 'threads': 1},
{'id': 2, 'kernel': 'sg', 'pattern': []1, 'pattern-gather': [0, {'id': 4, 'kernel': 'multigather', 'pattern': [@, 1, 2, 3, 4, 5, 6, 7], 'pattern-gather': [0, 1, 2, 3, 4, 5, 6, 7], 'pattern-scatter': [],
'delta': 8, 'delta-gather': 8, 'delta-scatter': 8, 'count' 'delta': 8, 'delta-gather': 8, 'delta-scatter': 8, 'count': 4194304, 'wrap': 1, 'threads': 1} ]
{'id': 3, 'kernel': 'multiscatter', 'pattern': [0, 1, 2, 3, 4,
'delta': 8, 'delta-gather': 8, 'delta-scatter': 8, 'count'
{'id': 4, 'kernel': 'multigather', 'pattexn': [@, 1, 2, 3, 4,

config bytes time(s) bw(MB/s) cycles time(s)/cycles
'delta': 8, 'delta-gather': 8, 'delta-scatter': 8, 'count'

@ 268435456 0.0372244 7211.27 108773542 3.4222e-10

config bytes time(s) bw(MB/s) 268435456 0.0372244 7211.27 109804560 3.39006e-10
0 268435456 0.0162493 16519.8 536870912 0.0744489 7211.27 112722151 6.60464e-10
1 268435456 0.0166213 16150 268435456 0.0372244 7211.27 109805007 3,.39005e-10
5 536870912 0.0247413 51699.4 268435456 0.0372244 7211.27 108774550 3.42217e-10
3 268435456 0.0186002 14431.8

4 268435456 0.0195687 13717.6 Simulation is complete, simulated time: 818.808 ms

STREAM Output (i5-12400F Alder Lake vs. SST Miranda Spatterbench

Spatter can be compiled as a library and used as a new pattern input for Miranda with SST

Spatter 2.0 and Gr %‘ggi‘lgla
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‘Spatter Inte

Running Spatter version 1.1
Compiler: GNU ver. 11.4.0
Backend: Serial

Aggregate Results? NO

Run Configurations

[ {'id': @, 'kernel': 'scatter',
'pattern-gathexr': [], 'pattern-scatter':

{'id': 11, 'kernel': 'gather', 'pattern': [0, 24, 48, 72, 96, 120, 144
'pattern-gather': [], 'pattern-scatter':

config bytes

73959168
29593344
21479040
16384256
12334080
12334080
12311808
11265408
9829632
9829632
9829632
9250560

O 0 ~NOoOWUV A WNRERO

B
P e

'pattern’':

time(s)

OO0 0000 OOOLOBOLOOO

.0025168
.00101654
.000900899
.00103612
.000430775
.000427073
.000426331
.000443739
.000339094
.000783912
.000334772
.000322094

LY, “delxta™:

bw(MB/s)
29386.
29111,
23841.
15813..
28632.
28880.
28878.
25387.
28987.
12539.
29362.
28720.

[0, 24, 48, 72, 96, 120, 144
[1, 'delta':

1

P NN OV VUV WE OO0

Run Configurations

[ {'id': @, 'kernel': 'scatter',

'pattern-gather':

[1,

gration with SST

'pattern': [@, 24, 48, 72, 96, 120, 144, 168, 192, 216, 240, 264, 288, 312, 336, 3601,

'pattern-scatter': [],

'delta':

{'id': 11, 'kernel': 'dather', 'pattern': [0, 24, 48, 72,
'pattern-scatter': [1,

'pattern-gather':

config bytes

73959168
29593344
21479040
16384256
12334080
12334080
12311808
11265408
9829632
9829632
9829632
9250560

=B B BV I R L B i o)

=
=]

Simulation is complete, simulated time: 44.5121 ms

[1,

time(s)
0.0104005

2 0 0 0 @ 0 e 0 o o

.00410376
.00297854
.00230403
.00163812
.00154176
.00153897
.0015622

.00136309
.00136309
.00136308
.00128279

'delta’:

bw(MB/s)

7111.
7211.
7211.
7111.
7529.
8000.
8000.
7211.
7211.
7211.
7211.
7211.

11
27
26
12
40
01
01
25
30
28
32
26

0, 'delta-gather': 8, 'delta-scatter': 8,

'count': 577806,

'wrap': 1, 'threads': 1},

96, 120, 144, 168, 192, 216, 240, 264, 288, 312, 336, 360],
1, 'delta-gather': 8, 'delta-scatter': 8,

cycles
5489157
2300269
1669566
3393131
1259456
2530289
2525826
826265
2024452
10223443
1212079
678285

time(s)/cycles

B R R OR OO RO R R e

.89474e-09
. 78404e-09
.78402e-09
.79029%e-10
.30066e-09
.09321e-10
.09296e-10
.89067e-09
.73312e-10
.3333e-10
.12458e-09
.89123e-09

'count':

Lulesh Output (i5-12400F Alder Lake vs. SST Miranda Spatterbench)

72270,

'wrap': 1, 'threads': 1} ]

Larger application patterns may benefit from either parallel simulation sweeps (e.g., gem5) or
using MPI-based tests

Spatter 2.0 and
SST Integration
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Thoughts on Software Sustainability

Unknowingly we committed several major sins with our Spatter
refactor...

N
[ J Fl Checks 0 [ Files changed 187 ] ‘

itsv File filter v Conversations~ £33 ~ 0/187 files viewed  peyjew in codespace

v 22 mmmmm .clang-format ((J O Vviewed (3 .-

®

@@ -0,0 +1,22 @@

+ ———

+ # See: https://clang.llvm.org/docs/ClangFormatStyleOptions.html
+ BasedOnStyle: LLVM

+ AlignAfterOpenBracket: DontAlign

B &

+ AlignEscapedNewlines: DontAlign
+ AlignConsecutiveAssignments: false
+ AlignConsecutiveDeclarations: false

& &

+ AlignOperands: false

O 00 N O U W N

+ AlianTrailinaComments: false

e
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Thoughts on Software Sustainability

However, we've been working towards improving the overall
codebase for ourselves and for new contributors

hpcgarage | spatter
cO () GettingStarted.ipynb

() Issues 27 11 Pull requests 2 File Edit View Insert Runtime Tools Help
— t Code + Text Conv ta Drive
Issue: % Bug Repor v Underst ) _
Q Actions New workflow Build and Test CUDA Backend
Create a new issue for a bug witt ) First, let's look : bui|d_cuda_ym|
‘ Add a title To accomplish All workflows

17 workflow runs

o) index buffer col
% [BUG] - <title> performance in
[ | Build and Test CUDA Backend

this test as a s¢

Spatter Bug Re One caveatwhc  Byjild and Test MPI Backend
mode. The numr
% Welcome to the Sp wellwrite this.  Build and Test Serial and OpenMP bac... @ Build and Test CUDA Backend .
: malin
title! . .
testsuites. This i .
Please do not use thit Notebook Build Build and Test CUDA Backend #17: Scheduled
- 0s* N=28 .
celeet vour 05 - i o index = pages-build-deployment
elect your 08 - multip @ Build and Test CUDA Backend _
Selections: delta = . .., U S UV Y L=ty
<> count = f'-1{2%x24}' # The -1 (--count) option specifies how many gathers or scatters to perform
_ Architecture # With an index buffer of length 8, and 8 bytes per double, this will be 273 i
Select your Architecture = verbosity = '-v2°' # Verbosity level (level >= 2 to print run configs)
Selections: ~ _ = subprocess.run([exe, index, delta, count, verbosity], stdout=open('tmp.txt','w'))
with open('tmp.txt','r') as file:

L)
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Summary

Motivating work at LANL for ATS-5 for new
memory accelerator microbenchmarks led

t20 &he release of GS Patterns and Spatter

« New capabilities allow for more complete
analysis and capture of real-world application

patterns o) RO
Fig. 3.14 Spatter Throughput on HDla:OT;:jg: ;dq(stoid Pattern 5 on H100
I m proved .WO rkﬂ OW a d d S su pp Or't fo r o 3.4.2.2. XRAGE Asteroid Spatter Pattern 9
visualization of patterns as well as initial Throughput experiment or the patem in datafles/rage/aterldspatterJson Results wil be
support for codesign with SST
* Much more work is needed to port to other Spatter page from https://lanl.github.io/benchmarks/

ModSim tools and to do validation and
analysis of patterns!

L)
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GS Patterns codebase
https://github.com/lanl/gs_patterns

Spatter
https://github.com/hpcgarage/spatter

ATS-5 version
https://github.com/lanl/spatter

Spatter Patterns
https://github.com/hpcgarage/spatter-patterns

Spatter Miranda Extension Georgia
; Tech
PR In progress!
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