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Performance Bottlenecks

Summit (2018) 6 GPUs per Node
S o W =

Aurora (2021) 6 GPUs per Node

200 PFLOPS 4,608 Nodes

¥ OAK RIDGE
~Nati( nal Labor: tory

GPU Clust

P ER

] W

‘ =ReasY

AMDZ

1.5 EFLOPS

1 EFLOPS

Frontier (2021) 4 GPUs per Node El Capltan (2024) 4 GPUs per Node

%, ENEF| GY
MYSA

& m:eannm

2 EFLOPS

D
"

letic Intensity
mory
ition

lale

dlication

X ILLINOIS

Electrical & Computer Engineering

*

Slide 2



Application: Sparse Deep Neural Network 220 0200es70502 000
R RN T 5 N Nl
AR LAk DRI DR RF A EA
S833538339533583333
H¥¥reYA4q4a9 Y9 £ 44 9 \ ¥4
Bl ey § QT ES
bbb LG bobc e é6C6 L
Input Y1 Y2 Y3 Output \ R iy B R R I B & v
Features Q\‘t T Classification Y4329 eLITRYETLY S
Yo ©¢ Y4 999499994994 944999
b XaZ bXad b.X Input Data (Y0)
MNIST corpus of 60,000 handwritten numbers.
- 32x32 2 1,024 neurons
- 64x64 - 4,096 neurons
- 128x128 - 16,384 neurons
- 256x256 - 65,536 neurons
Neurons/Layer
1024 4096 16384 65536
» 3,932,160 15,728,640 62,914,560 251,658,240
% 15,728,640 62,914,560 251,658,240 1,006,632,960
Object Parts i 62,914,560 251,658,240 1,006,632,960  4,026,531,840
Objects Total Edges = 32 x layers x neurons/layer
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Baseline CSR Spl\/ll\/l Sparse Weight Matrix Input
A Features
0123456 7 8910112131415 /[ Uncoalesced! ) B
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D
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1 55 0 2 3 9 12 < e L
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Application: Sparse Deep Neural Network

Single-GPU Performance (Lower is Better)
1000

CUDA 11.0 CUDA 10.1 CUDA 11.0

100 Driver 450.51.06 Driver 418.116.00 Driver 450.51.06

10

1
0.1 I
0or N II II

Tiled ELL  cuSPARSE  Tiled ELL  cuSPARSE Tiled ELL  cuSPARSE

Inference Latency (s)

P100 V100 A100
m 1,024 m4,096 16,384 m 65,536

T T E T T T T T T T E T EGTEGTEGTE G ETEE T E T E S E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E EEE T
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Application: Sparse Deep Neural Network

Inference Throughput (TeraEdges/Second)
Number of V100 GPUs (Six per Node)

Neurons Layers Single V100 Single A100 3 6 12 24 48 96 192 384 768
120 10.51 (0.225s) 16.74 (1.59x) 1892 2246 2552 28.52 27.77 29.17 27.89 29.12 29.13
1024 480 12.87 (0.073s) 2099 (1.63x) 2147 2434 2692 28.73 2843 29.30 28.80 29.10 23.06
1920 14.30 (0.264s) 20.68 (1.45x) 2226 2477 2733 2870  28.58 28.60 28.73 28.83 28.83
120 9.45 (0.100s)  14.27 (1.51x) 20.69 31.36 47.82 62.03 70.31 75.81 79.11 81.13 82.20
4096 480 11.74 (0.322s) 18.63 (1.59x) 28.18 40.58 56.54 67.63 73.16 77.27 80.02 79.97 82.22
1920 13.88 (1.08s)  19.86 (1.43x) 3053 4448 6274 7257 73.72 76.25 79.99 80.67 82.32
120 6.15 (0.614s) 11.60 (1.89x) 1631 28.85 50.74 64.33  89.18 111.44 146.88 114.87 111.30
16384 480 745 (2.027s) 1431 (1.92x) 19.82 3288 50.83 7145 95.78 112.61 138.62 138.30 139.44
1920 7.84 (7.704s) 1527 (1.95x) 2086 33.62 57.08 77.73 104.83 120.63 146.11 146.30 146.40
120 3.47 (4.352s) 8.15 (235x) 1090 18.77 3420 51.14  73.67 100.72 162.19 173.25 179.58
65536 480 3.83 (15.769s)  9.08 (2.37x) 12.13 2039 37.63 56.66 7529 108.06 166.15 170.26 169.30
1920 393 (61.474s) 933 (237x) 1247 20.88 3881 58.08 77.55 112.01 16743 170.06 171.37
T
X ILLINOIS Slide 7
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Application: Sparse Deep Neural Network

-on

GraphChallenge

center for —
cognitive computing -
systems research —

<3

NVIDIA.

IEEE R

e Computing

Graph Challenge Champions

C3SR

.||I

2020 Champions

e Scaling Graph Clustering with Distributed Sketches - Beniamin Priest (LINL). Alec Dunton (CU Boulder). Geoffrev Sanders (LLNL)

e | At-Scale Sparse Deep Neural Network Inference With Efficient GPU Implementation - Mert Hidayetoglu, Carl Pearson, Vikram

Sharma Mailthody (UIUC), Eiman Ebrahimi (Nvidia), Jinjun Xiong (IBM)), Rakesh Nagi, Wen-mei W. Hwu (UIUC)

e A Novel Inference Algorithm for Large Sparse Neural Network using Task Graph Parallelism - Dian-Lun Lin, Tsung-Wei Huang
(Univ of Utah)

e TriC: Distributed-memory Triangle Counting by Exploiting the Graph Structure - Sayan Ghosh, Mahantesh Halappanavar (PNNL)

Open Source and Reproducible:
https://github.com/merthidayetoglu/SpDNN_Challenge2020

X ILLINOIS

Electrical & Computer Engineering
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Open Problems: Enhancing Tiled SpMM by Matrix Reordering

Original Matrix

AR NN 3R RN NN
Block 0 . : :\\E\\\\Q\\\\\\\\\kh\\\\\\\ 5 wld 2%22};}‘; ;} } } } >y Block O
N NN e : S
Block 1 LD ::\Q:\\Q\\\QQ\\\\\\ N . géij"‘; 5 3. .. Block 1
Block2 :mxxm‘x\‘a\::\\\bétzz Row Reordering ) SN i Block 2
Block 3 ﬂ‘h:::?:::“:d:tmmmh, ‘ }’?;}_gi{é_{ééééif | Block 3
- _::_ . 128 . L-_‘='":=::_.= = z = -

Blockd |~ NESSSSSY ;{”}'?? 7§44 plocka
slocks |- SEASSSSSIR L
s RV TR
Bok6 g s PR e e

S <4 B!
Block7256,/|//////// ‘ /./: . %<<<<{Eiiig{§§<}<( Block 7
Data Reuse: 2.52 Data Reuse: 4.44
Column Column
Reordering Reorderin
4

0 —

N

Block032 e NW: . Block O
Block1 |~ o e xﬁ: L Block 1
Block2 |~ e, T e Row Reordering n Block 2
Block3 _ A NEE-3 Block 3
Block4 :'-»r\w:: “ﬂ: f,.w: zee® ' Block 4
Block 5 AT s | Block 5
Block6 :mx e 5&:- A *%,, . .| Blocke
Block 7 jmm *ﬂ: 5m— yﬁﬁ‘}@%f Block 7
Data Reuse: 2.52 Data Reuse: 4.44
X ILLINOIS
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Open Problems: Enhancing Tiled SpMM by Matrix Reordering

Original Matrix

K-Means Clustering

Block 0 ) S Ei\\\\\\is\\\\ks\\\\ttz } ;zgii}é&;é ;} } } } } 5 5| BlockO O .
e SN legzrrrt? B i
Block2. |~ ~ NN s Row Reordering 33353 ieae. . | Block2 . %%?‘,i’foﬁw: i
Block3 |- ‘-:::m:::h N ‘ 128 i gffi_iéé g é {4484 ok e f’;;{%ﬁg%'gz#' ) O(kNM)
Block4 |- :::::::::#:::— - NETSSS) ? ?};}'??; }r ¢ 4] Blocks = ii{,',;p;t, .
BIOCk5‘92 : j;j;;;;;;;;;;z = . D -;» : }__3*5; Block 5 - Tl ' | e
Sock |- L il s s SLETT Blocke
siock? [, 0000000000000 L ERARARRARRY sioa
Data Reuse: 2.52 Data Reuse: 4.44
Column Column
Reordering Reordering

0 —

SR - -
Bl ~ s A -
ock 0 st e N . Block 0
T T
Block 1 WL wxwwz e Nﬂ__ L Block 1
BIOCK 2 |~ ~aras, T A Row Reordering Block 2
o R - PO ” "y
. T e P . o Frmde
T . Y
Block 4 - : mw e jﬁ b s Block 4
Block5 |.. Py e - e
192 l.. m‘“‘m mn‘\ :’:ﬂ o2 Block 5
Block 6 e %x :MA A P 3 Block 6
o M‘-A“"v\,‘ "‘mm \F’-‘-W M
Block 7 | e gt T s Block 7
2560 32 64 96 128 160 192 224 256 2560
Data Reuse: 2.52 Data Reuse: 4.44
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Open Problems: Enhancing Tiled SpMM by Matrix Reordering

Original Matrix

K-Means Clustering

Block 0 ) S Ei\\\\\\is\\\\ks\\\\ttz } ;zgii}é&;é ;} } } } } 5 5| BlockO O .
e SN legzrrrt? B i
Block2. |~ ~ NN s Row Reordering 33353 ieae. . | Block2 . %%?‘,i’foﬁw: i
Block3 |- ‘-:::m:::h N ‘ 128 i gffi_iéé g é {4484 ok e f’;;{%ﬁg%'gz#' ) O(kNM)
Block4 |- :::::::::#:::— - NETSSS) ? ?};}'??; }r ¢ 4] Blocks = ii{,',;p;t, .
BIOCk5‘92 : j;j;;;;;;;;;;z = . D -;» : }__3*5; Block 5 - Tl ' | e
Sock |- L il s s SLETT Blocke
siock? [, 0000000000000 L ERARARRARRY sioa
Data Reuse: 2.52 Data Reuse: 4.44
Column Column
Reordering Reordering

0 —

SR - o
B ~ e M -
ock 0 st e N . Block 0
T T
Block 1 WL wxwwz e Nﬂ__ L Block 1 ;
BIOCK 2 |~ ~aras, T A Row Reordering Block 2
o R - PO ” "y
. T e P . o Frmde
T . Y
Block 4 - : mw R ::ﬁ s Block 4
Block 5 |.. Py e B ' ot
192 l.. m‘“‘m mn‘\ :’:ﬂ o2 Block 5
Block 6 e %x :MA A P 3 Block 6
o M‘-A“"v\,‘ _,_m"m \F’-‘.W M
Block 7 | e gt T s Block 7
2560 32 64 96 128 160 192 224 256 2560
Data Reuse: 2.52 Data Reuse: 4.44
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Open Problems: Enhancing Tiled SpMM by Matrix Reordering

Original Matrix

HERRRRY NN
Block 0 A \\\k\\\\\\ NN
AR T

Block 1 oo L OSSNSO NN N N
N N N N N N N N N N S e

Block2 |~ ~ s s Row Reordering
96 |t T =

BIOCk 3 - ‘“'H-*hwh::‘tm‘&k -
128 —_— =

Block4 |~ =~ T T
180 e o e =

Block 5 e s

- f//////’//////

T T -

Block6224 - ////////j/ijj/ -
oIy A

Block7 |, /,//,////// /-/;

L
[ 32 64 96 128 160 192 224 256

Data Reuse: 2.52

192

Column
Reordering

0 —

K-Means Clustering

&g&:;g;;;;;w Block 0 Q
64 géif{{%? S Block 1 st e ;5;02
AL EEE Block 2 | i
wle s i dddliéee . NG 4
) }35§i§é§§§€ $€4 ] Block3 o }i;ga@j;:%gz#. | O(kNM)
333777774 Bocks R A ST
160 2 r 37 §864 ’.,t.'t,x’ o
>}>?3£§‘;;&{=‘= Block 5 b Facki .
a7 oas s
O ﬁi{ﬂi(«i\{g{z{;{;‘ Block 7

Data Reuse: 4.44
Column

Reordering

T g y g
Block 0| =< S, } Block 0 I
T g
NM”
Block 1 WL x: et o L Block 1
© wv“""‘"‘ﬁ"‘ . e
Block 2 |~ “vsuur, mmi P Row Reordering Block 2 .
o e . Graph Coloring
Block3128 e T L Block 3
Block 4 |« T T . Block 4
e N o T
Block 5 e mx Aﬂﬂ ::ﬂv . Block 5
BIOCK 6 | oo T i Block 6
224 L SRS PR 224
Block 7| "/ T el - Block 7
Data Reuse: 2.52 Data Reuse: 4.44
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Partitioning SpMM: Batch Parallelization & Streaming

GPUO GPU1 GPU 2
sparse input output i ! sparse input output i i sparse input output
matrix buffer buffer 1 i matrix buffer buffer 1 i matrix buffer buffer

SpMM: AXB = C

A: M XN Sparse

B: NXK Dense (Col.-Major) |
C: M XK Dense (Col.-Major) 3

__ Kg

e Batch parallelism duplicates the partitions
Per-process memory === Total Memory I Communications ===

X ILLINOIS i
Electrical & Computer Engineering Slide 10



Partitioning SpMM: Data Parallelization

P = PgXPp Processor Grid

* Batch parallelism duplicates the partitions

Per-process memory ===

Total Memory

* Data parallelism partitions the matrix

Per-process memory 1

X ILLINOIS

Electrical & Computer Engineering

Total Memory ===

Communications ===

Communications I

O 4] 8

0 1 2 3

8 9 10 11
2 | 6 |10

Sparse

3 (7 |11
Sender P ‘ Dense
enaer rFrocessors (Col.—Major)

B,atch ParaIIeIis\m

~

7

A
0 4 8 )
Q)
o
1 5 9 o
Q)
o
2 |16 |10||F
5
3|17 1113
\\4
Dense
(Col. Major)

Receiver Processors

Slide 11



Partitioning SpMM: Topology-Aware Rank Placement

3x4 Processor Grid

Defining Orhtogonal Communicators

‘g‘f MPI_Comm_split( MPI_Comm comm, int
8‘7 color, int key, MPI_Comm* newcomm)
O :
°~ |
<
;DS MPI_COMM_BATCH
© {0,4,8} {2,610}
MPI_COMM_WORLD {1,59} {3,711}
{0,1,2,3,4,5, 12, 6, 10}
Data Processes 6,7,8,9,10, 11} MPI_COMM_DATA
{0, 1, 2, 3}
 Batch parallelism duplicates the partitions {4,5,6,7)

Per-process memory === Total Memory' Communications === {8,9, 10, 11}
* Data parallelism partitions the matrix

Per-process memory l Total Memory === Communications I

X ILLINOIS .
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- . . . ARGONNE NATIONAL LABORATORY 400-AREA FACILITIES
Application: X-Ray Imaging _ ADVANGED PHOTON SOURCE _
eamlines, Disciplines, and Source Configuration

ADVANCED PROTEIN CHARACTERIZATION FACILITY
CENTER FOR NANOSCALE MATERIALS

Projection: pe(s)

16-BM-B + 16-BM-D « 16-ID-B « 16-ID-D (HP-CAT)

Advanced Protein

15-1D-B,C,D (ChemMatCARS) 17-BM-B (XSD) Characterization Facility
o 17-D-B (IMCA-CAT) Bldg. 446

14-BM-C (BioCARS) * 14-ID-B (BioCARS & XSD)

13-BM-C + 13-BM-D * 13-ID-C,D « 13-ID-E (GSECARS)

12-BM-B ¢ 12-ID-B ¢ 12-ID-C,D (XSD)

2
11-BM-B + 11-ID-B * 11-ID-C + 11-ID-D (XSD) Source Key L‘ 214D-D + 21-ID-F + 21-ID-G (LS-CAT)
Detector Undulator/period
B172cm
Brscm 22-BM-D + 22-1D-D (SER-CAT)
10-BM-A,B * 10-ID-B (MR-CAT) :
f F2.3cm Q canted 23-BM-B + 23-1D-B + 23-1D-D
9-BM-B,C * 9-D-B,C (XSD) y Discipline Key E27cm Undulators (GMICA-XSD)
2 M Materials Science E3o0cm B Tandem
M Biological & Life Science Ba3cm Undulators 24-ID-C + 24-1D-E (NE-CAT)
8ID-E » 81D (XSD) M Geo/Soil Science ) Beamline
B M Environmental Science 3.5cm Bending Magnet
Rotation stage X-ray source = Chemistry Eascm [| Bending Magnet \
7-BM-B + 7-ID-B.C,D (XSD) A [% Physics = 4 w 26-ID-C (CNM-XSD)
1 1 M / & M Polymers EcPu125cm \ T ———
Soleil Light Source Beamlines conariir
6D-B,C + 6-1D-D (XSD) , \ storage R @scutscm Nanoscale
H QR — Storage Ring @ Hscus.ascm Materials
Paris, France aters
5-BM-C + 5-BM-D + 5-ID-8,C,D
\ | 27-ID-B (XSD)
. . . o 3
olecular Reactions Ch|p Imagmg — o1 60

30-ID-B,C (XSD)

31-ID-D (LRL-CAT)

324D-B,C (XSD)

33-BM-C + 33-ID-D,E (XSD)

34-ID-C « 34-ID-E (XSD)

35-ID-B,C,D,E (DCS)
Utility Buildin ( )

Bldg. 450

PSC 183
Central Lab/Office) Conference Center, Bldg. 402 U.S. DEPARTMENT OF
Bldg. 401 — > @ ENERGY

Argonne &

NATIONAL LABORATORY

Office of Science

X ILLINOIS

Electrical & Computer Engineering
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Application Performance: X-Ray Imaging

DOE Synchrotron Light Sources

T =

Advanced Light Source

at Lawrence Berkeley
National Laboratory

Upgrade Scheduled 2024

National Synchrotron Light
Source |l at Brookhaven
National Laboratory
Upgraded 2015

Stanford Synchrotron Radiation
Light Source at SLAC National
Accelerator Laboratory

Upgraded 2015

Advanced Photon Source at
Argonne National Laboratory
Upgrade Scheduled 2022

X ILLINOIS

Electrical & Computer Engineering

Diamond in Oxford, UK
Upgrade Scheduled 2024

DESY in Hanofer, Germany
Upgrade Scheduled 2025

SPRING-8 in Sayo, Japan
Upgrade Scheduled TBD

¥

Slide 14



Communication Bottleneck

1,000 80
900 Shale Recon. on 4 Nodes (24 GPUs) o - Charcoal Recon. on 128 Nodes (768 GPUs)
800
— Kernel Comm. Idle cG ml/O — 60
» 700 / £ = Kernel m Comm. Idle =CG ml/O
2 600 o 20
S 500 — , £ 40
= 400 - *Synchronized [ *Synchronized
g o = 30 - -
] ; ]
200 | 20 —
100 [ — — 10 ] ——
0 - 0
Part. +Kernel +Comm. Part. +Kernel+Comm. Part. +Kernel+Comm. Part. +Kernel +Comm. Part. +Kernel +Comm. Part. +Kernel +Comm.
Opt. Opt. Opt* Opt. Opt. Opt* Opt. Opt. Opt.* Opt. Opt. Opt.*  Opt. Opt. Opt.*  Opt. Opt. Opt.*
Double (1x4) Single (2x2) Mixed (4x1) Double (1x128) Single (2x64) Mixed (4x32)
1792 x 2048 x 2048 4198 x 6613 x 6613
3D Image

X ILLINOIS Slide 15
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Hierarchical Communications: Overview

Tiled SpMM
Sparse  Dense Sparse
o [x[o]=[2
2| o
© 2

< 3
= S —_———
[}
< 0
. X| 1=
3
MPI_Reduce_scatter
|2 |=L° (but sparse)
~ 1
o
5| ° 2
- 3
()]
[ = _——
(]
z 0
X| 3 |=
™ 1
o
I N E
3
A c,

X ILLINOIS Slide 16
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Hierarchical Communications: Overview

Tiled SpMM Direct Communication & Reduction
Sparse  Dense Sparse Sparse Sparse Dense
— Sparse
0 0 )| 0 | Direct 0
o X 0 = Reduction
S 1 1 (Sparse)
a 0
(G) 2 2
o
() 3 3
b = e RN W RN /A S
2
0 0 Direct 1
- X 1 = Reduction
S 1 (Sparse)
a 1
(G) 2 2
3 3
_ 0 0 Direct 2
~ X 2 - Reduction
1 1 (Sparse)
2 2
© 2 2
- 3 3
()
= J . N U .
<]
z 0 0 Direct 3
X 3 = Reduction
o 1 1 (Sparse) c
2 3 B 2 2
(G
3 3 (———) 3
A Gy Partial Result Recv. Total
(Send Buffer) Buffer Result

mmd> Self Comm. (cudaMemcpy) === Intra-Node Comm. (CUDA IPC) —» Inter-Node Comm. (MPI)
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Hierarchical Communications: Overview

Tiled SpMM Direct Communication & Reduction Hierarchical Communication & Reduction
Sparse  Dense Sparse Sparse Sparse Dense Sparse Sparse Sparse Sparse Dense
Sparse Sparse Sparse Giobal
0 0 |essssss——)| 0 |Direct 0 M 0 | Local b 0 Reduction 0
o X 0 | = Reduction Reduction R
parse
5 1 1 (Sparse) 1 0 | (Sparse) 2 0
o 0
(G] 2 2 2 2
o
o 3 3 3 2
b = J ———--J-_ ANV D VA S RN S —_——— U VY A A
2
0 0 Direct 1 0 1 | Local gsla(:j?f::ltion 1
- X 1 | = Reduction Reduction (Gees
5 1 i (Sparse) 1 1 | (Sparse)
a 1
o] 2 2 2 3
3 3 P 3
_ 0 0 Direct 2 M 0 | Local g(l:;l:]acltion 2
~ X 2 |= Reduction Reduction (Sparse
S 1 (Sparse) 1 0 | (Sparse)
2
o 2 2 5 2
- 3 3 3 2
()
L = _————— A N A N < S R R —_—— - U O
<]
4 0 0 Direct 3 0 1 | Local gvla(:i?f::ltion 3
X 3 |= Reduction Reduction (Sparse
M 1 1 (Sparse) C i 1 | (Sparse) c
z| 3 B
o 2 2 2 3 .
Partially-
3 3 (eeee——)> 3 P 3 Reduced
A Gy Partial Result Recv. Total Partial Result Recv. Result Recv. Total
(Send Buffer) Buffer Result (Send Buffer) Buffer (Send Buffer) Buffer Result

mmd> Self Comm. (cudaMemcpy)
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=== Intra-Node Comm. (CUDA IPC)

— Inter-Node Comm. (MPI)
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Hierarchical Communications: Three-Level Hierarchy

/ MPI_COMM_BATCH

MPI_COMM_DATA
{0,1,2,3,4,5,
6,7,8,9,10, 11,
12,13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23}

MPI_COMM_WORLD

Direct Communications (1.35 GB)

© o W o

—
(S}

Sending Process
o

21

o = N W » OO O N O© ©

JITTTTTTTT
3 6 9 12 15 18 21 MB
Receiving Process

OHTTTT
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Hierarchical Communications: Three-Level Hierarchy

Direct Communications (1.35 GB)

MPI_COMM_WORLD

/ MPI_COMM_BATCH

MPI_COMM_DATA
{0,1,2,3,4,5,
6,7,8,9,10, 11,
12,13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23}

Local Comm. within Sockets (1.35 GB)

9 .
0 0 9
3 8 3f 8
7
n 6 » 6 F 7
[0} 6 (22}
[0) (O]
o o 6
o 9t E <) 9 r
o 5 a 5
o212 o012
£ 4 £ 4
© ©
% 15¢ 3 aC> 15¢F 3
n n
18} 2 187 >
21 ] 1 21 1
L J LT LT 0 NI PR N N . - 0
0 83 6 9 12 15 18 21 B 0 3 6 9 12 15 18 21 B
Receiving Process Receiving Process

Electrical & Computer Engineering

MPI_COMM_SOCKET

{0, 1,2} {3, 4, 5}

{6, 7, 8}{9, 10, 11}

{12, 13, 14} {15, 16, 17}
{18, 19, 20} {21, 22, 23}
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Hierarchical Communications: Three-Level Hierarchy {MPI_C?EaM_soikET
0,1,2}1{3,4,5

MPI_COMM_BATCH {6, 7, 8}{9, 10, 11}
/ {12, 13, 14} {15, 16, 17}
MPI_COMM_WORLD {18, 19, 20} {21, 22, 23}
MPI_COMM_DATA

{0,1,2,3,4,5, T MPT_COMM_NODE

6,7,8,9 10, 11, {0,1,2,3,4,5}
12, 13, 14, 15, 16, 17, {6,7,8,9,10, 11}
18, 19, 20, 21, 22, 23} {12, 13, 14, 15, 16, 17}

{18, 19, 20, 21, 22, 23}

Direct Communications (1.35 GB) Local Comm. within Sockets (1.35 GB) Local Comm. within Nodes (768 MB)
0 ' T JEEMEE] N 0 T T W 0 HEENEE NN EENEE [
3 8 3f 8 3 el B
7

n 6 n 6 Ff 7 o 6 [] 6
[0} 6 (22} (%2}
[0 [0 6 [0
89 E 897 89 5
o 5 T 5 0o
212 o212 o12F i B
£ 4 £ 4 £
© © ©
& 157 3  $15¢ |3 §15¢ 11 43
n n ()

18} {2 18F P 18} S| 12

21 ] 11 21 11 21} 1

L ST o L LT P LT —o LU LT LT LT T L —'o
0O 3 6 9 12 15 18 21 MB 0O 3 6 9 12 15 18 21 MB 0O 3 6 9 12 15 18 21 MB
Receiving Process Receiving Process Receiving Process
I
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Hierarchical Communications: Three-Level Hierarchy

//////’7
T

MPI_COMM_WORLD

MPI_COMM_BATCH

MPI_COMM_SOCKET
{0, 1,2}13, 4,5}

{6, 7, 8}1{9, 10, 11}

{12, 13, 14} {15, 16, 17}
{18, 19, 20} {21, 22, 23}

MPI_COMM_DATA

{0,1,2,3,4,5, T MPT_COMM_NODE

6,7,8,9, 10,11,
12,13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23}

{OI 1) 2I 3’ 4’ 5}
{6,7,8,9, 10, 11}
{12, 13, 14, 15, 16, 17}

{18, 19, 20, 21, 22, 23}

Direct Communications (1.35 GB) Local Comm. within Sockets (1.35 GB) Local Comm. within Nodes (768 MB) Global Comm. between Nodes (492 MB)
0 ' W TITT 0 T T T T 0 MEENEE RN EENEE] [ 0 T T NERNEENEE] N
3 8 af g 3 ;7 3H 8
7 7
n 6 n 6 Ff 7 o 6 [] 6 w6 3
[0} 6 (22} (%2} (%2} 6
g g 6 8 s =
8 9 1 8 9F o 9t 5 o) 9 ¢ K
a 5 T 5 o a 5
212 212 212 4 12
£ 4 £ 4 £ = 4
© © © © ||
S 15¢ {3 §15¢ |3 $15¢ 3 S 15} ..l-. 13
n n 0 0 ..
181 {2 187 Py 18T 12 18T {2
21 ] 11 21 11 21f 1" 21f]FF. EIBL
L] 1T . . Lo . . . . . . . Lo . . . . . . . L 1o Jd T J 1T . . 1T L 1o
0O 3 6 9 12 15 18 21 MB 0O 3 6 9 12 15 18 21 MB 0O 3 6 9 12 15 18 21 MB 0O 3 6 9 12 15 18 21 MB
Receiving Process Receiving Process Receiving Process Receiving Process
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Hierarchical Communications: Benchmarking on Summit

” Charcoal on 128 Nodes (768 GPUs)
,\ so I w Kernel w Socket-Level Cormm. Communication Volume and Effective Bandwidth
E 0 = Node-Level Comm. Global Comm. Socket-Level Comm. | Node-Level Comm. Global Comm. Memcpy
£ 5 u Idie = Memcpy Prec. | Data B/W | Data _B/W | Data  B/W | B/W
= - - Double 36.6TB  1.61TB/s | 35.2 TB/s
S 20 Direct  Single N/A N/A 183TB  1.617TB/s|34.9TB/s
10 B B _ Mixed 9.16 TB  1.59 TB/s | 34.6 TB/s
- I ] Double | 36.6TB 174TB/s | 21.4TB 21.3TB/s| 15.2TB 1.58 TB/s | 34.9 TB/s
0 - - e - - Hierar. Single 183TB 170TB/s | 10.7TB 22.8TB/s| 7.58 TB 1.55TB/s | 34.5TB/s
Direct Hierar. Overl. Direct Hierar. Overl. Direct Hierar. Overl. Mixed 9.16TB 164TB/s | 535TB 23.57TB/s| 3.79TB 1.49TB/s | 33.6 TB/s

Double (128x1) Single (64x2) Mixed (32x4)

T T E T T T T T T T E T EGTEGTEGTE G ETEE T E T E S E E E E E E E E E E E E E E E E E E E E E E E E E E E E E E EEE T
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Hierarchical Communications: Benchmarking on Summit

60

5 Il

Charcoal on 128 Nodes (768 GPUs)

Communication Volume and Effective Bandwidth

_ m Kernel m Socket-Level Comm.

E 0 Node-Level Comm. Global Comm. Socket-Level Comm. | Node-Level Comm. Global Comm. Memcpy

£ 5 midle m Memcpy Prec. | Data B/W | Data B/W | Data  B/W | B/W
= - - Double 36.6TB  1.61TB/s | 35.2 TB/s
§ 20 Direct  Single N/A N/A 18.3TB 1.61TB/s | 34.9 TB/s
10 B B _ Mixed 9.16 TB  1.59TB/s | 34.6 TB/s
I . Double 36.6TB 1747TB/s | 21.4TB 21.3TB/s| 15.2TB 1.58 TB/s | 34.9 TB/s
0 - - o = = = Hierar. Single 183TB 170TB/s | 10.7TB 22.8TB/s| 7.58 TB 1.55TB/s | 34.5TB/s
Direct Hierar. Overl. Direct Hierar. Overl. Direct Hierar. Overl. Mixed 9.16TB 164TB/s | 535TB 23.57TB/s| 3.79TB 1.49TB/s | 33.6 TB/s

Double (128x1) Single (64x2) Mixed (32x4)

Pipelining Batch Processing

Projection Minibatch

Local Node Comm. (CUDA IPC) Global Red
Optimized SOIMM X Locg] Node Red. obg e

] ITI
Local Socket Red.
Local Socket Comm. (CUDA IPC)

Global Comm. (MPI)

Backprojection Minibatch

Local Node Comm. (CUDA IPC)
Global Cgmm. (MP1) \ Unpack

I I i;—
v Unpack Optimized SpMM

Unpack Local Socket Comm. (CUDA IPC)

Projection Pipeline

' Wall Time
| MPI Comm | I: Minibatch O _—
|| MPIComm | ] Minibatch 1
m:. 1 | MPI Comm | |:| Minibatch 2
Minibatch 3 | MPI Comm
Backprojection Pipeline ! — % g
o ! Local Comm. Global Comm.
el o T & Reducton

T weicomm | ([T Y vinibatch 1

|I MPI Comm |

Minibatch 3

i | Minibatch 2

werconn | |




Hierarchical Communications: Scaling on Summit

Brain Strong Scaling Synthetic Weak Scaling @
102 = 102 e 3
PFLOPS Partitioning &
4x384* iy
101 2x48
’E‘ 1x6
z
£ 109
i Z O
@ \3
= 0
65.4
1 101
10 24,576
GPUs
102 10
128 256 512 102420484096 1 16 256
Number of Nodes Number of Nodes
—e—SpMM —+— Comm. Red. CG ——1/0 —e—Total
We thank Bobby Kasthuri of UChicago/Argonne, Rafael Vescovi and Ming Du of
Argonne for sharing the mouse brain dataset.
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Recognition: Best Paper @ SC20

SC20 Student Cluster Reproducibility Committee Chooses ACM STUDENT RESEARCH COMPETITION
Benchmark Wisely SC20 GRADUATE - 15T PLACE WINNER

April 15, 2020 https://github.com/merthidayetoglu/MemXCT-GPU

We are excited to announce that the SC20 Reproducibility Committee has selected the SC19 paper

“MemXCT: Memory-Centric X-ray CT Reconstruction with Massive Parallelization”, by Mert Hidayetoglu, :

Tekin Biger, Simon Garcia de Gonzalo, Bin Ren, Doga Gursoy, Rajkumar Kettimuthu, lan T. Foster, and Wen- ( , SR g SUEDAER% II ﬂ\

mei W. Hwu, to serve as the Student Cluster Competition (SCC) benchmark for the Reproducibility | COMPETITION

Challenge this year. A team of reviewers selected the paper from 45 finalists, based on the paper’s Artifact _,‘ Memory-Centric 3D Image Reconstruction with
Descriptor (AD) and its suitability to the SCC. The authors and the Reproducibility Committee have been Association for Computing Machinery ERRESE Sniinications on Multi-GPU Node
working to create a reproducible benchmark that builds on the paper's results. At SC20, the sixteen SCC Advancing Computing as a Science & Profession

teams will be asked to run the benchmark, replicating the findings from the original paper under different M .

settings and with different datasets. ARONBORED:BY B M IC rOSOft

BEST PAPER - WINNER

ACM SIGHPC CERTIFICATE
Petascale XCT: 3D Image Reconstruction with OF APPRECIATION

Hierarchical Communications on Multi-GPU Nodes

MemXCT: Memory-Centric X-ray CT
Hidayetoglu, Tekin Bicer, Simon Garcia de Gonzalo, Bin Ren, construction with Massive Parallelization
acent De Andrade, Doga Gursoy, Rajkumar Kettimuthu,

lan T. Foster, Wen-mei W. Hwu

ersity of lllinois, Argonne National Laboratopd
ingCenter, College of Willj
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Open Problems: Extending Comm. Hierarchy for Inter-Node Communication

Fat-Tree: OLCF Summit Tofu: RIKEN Fugaku

6D Mesh/Torus Network
B Six coordinate axes: X,Y,Z, A, B, C

m X, Y, Z: the size varies according to the system configuration

m A B, C: the size is fixed to 2X 3% 2

~ )I""lk B Tofu stands for “torus fusion™: (X, Y, Z) X (A, B, C)
{ -
i |

Dragonfly: ALCF Theta

gco\gcf--?ch., gcf Wi

Group
intra-group
interconnection network

local channels

R, R, eee R, - global channels (gc)
‘nteroolr?rt\z:-t?ézur?emom /

/// \\ //I/ \\ //I/ \\
eoee

t, tc, = tc

tc

p-1""p k-1

XX Gg

terminal channels (tc) 4@( 0 é) éé@ 1 @S é}
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Conclusions

Large-Scale Sparse Applications
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Conclusions

Large-Scale Sparse Applications

/ Single GPU: Tiled SpMM
Multi-GPU Node Architecture
\ GPU Cluster: Hierarchical Comm.
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Conclusions

Large-Scale Sparse Applications

/ Single GPU: Tiled SpMM
Multi-GPU Node Architecture
\ GPU Cluster: Hierarchical Comm.

Possible Contributions: cuSPARSE, MPI Collectives, NCCL
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Conclusions

Large-Scale Sparse Applications

/ Single GPU: Tiled SpMM
Multi-GPU Node Architecture
\ GPU Cluster: Hierarchical Comm.

Possible Contributions: cuSPARSE, MPI Collectives, NCCL

Further Dissertation Research
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