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Self-introduction

 XI ZHANG (5K %)
* Work: Engineer in NSCC-GZ

* Interests: High Performance Computing, Computational
Fluid Dynamics

* Contact: xi.zhang@nscc-gz.cn

zhangx299@mail.sysu.edu.cn
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Background

e Scientific computing (£} 11 %) in Science and
Engineering
— Scientific computing is regarded as the third methodology in
science and engineering. (theory ¥ i and experiment 5255)

— Scientific computing is widely used in aerospace science and
technology, ocean engineering, nuclear industry, etc.

Prd -



Background

* Scientific computing in Science and Engineering

— GPU plays more and more important role in scientific
computing.
— Many High Performance Computing Systems are built with GPU.

RiFl-1:

4.7 PFLOPs

CPU ( ¥ #51000)+GPU
(Nvidia Tesla M2050)

Summit: - : Frontier:

200 PFLOPs 0K Rinc CPU (AMD
CPU (Power 9)+GPU L OB il AN'VAARRLS 7cn 3)+GPU
(Nvidia Tesla V100) Smmm——(/\\/ 1) |\/]200)
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Background

 Computational Fluid Dynamics (CFD)

- A process of mathematically modeling (F(%= & #%) a physical
phenomenon (#H I %) involving fluid flow and solving it
numerically (B K f#) using the computational prowess.

)
% e, V)= S(x. 1),
{

— A cross-discipline subject including mathematics (%2%), fluid

dynamics (44 77%%), and computer science (1T FEALEF ).

— CFD requires large computing source (EZ 11575 2K)

TRL IR Low { Technology Milestone * Technology Demonstration  §3 Decision Gate
MEDIUM mmmmmmmmmm e e e e
B HeH 2015 2020 2025 2030
Demonstrate implementation of CFD Demonstrate efficiently scaled 30exaFLOPS, unsteady,
H PC algorithms for extreme parallelismin CFD simulation capability on an maneuvering flight, full engine

NASACFD codes (e.g., FUN3D) exascale system simulation (with combustion)

CFD on Massively Parallel Systems

PETASCALE EXASCALE f

Demonstrate solutionofa .. NO NO
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Background

e Whatis CFD?

— Quite like Physical Rendering in Computer Graphics
CG CFD

GIORGE MARM
CLOONEY WAHLBERG

o

-, h’"l
St
J ‘f'

.

y P (a) T=7.25s (b) T=7.45s

b2 o

- =
A

3 R

(d) T=7.6s ' (e) T=7.75s

# Experi
ment

W present
4 ]
i . Work

A Jiang et. al
(2015)

3 4 3 & caseno. l ﬁ;EL{
Py




Background

* The process of CFD
— Domain discretization (1T & 5 = H

— Equation discretization (/7 £ &5 1)

V JR
Bu | —Aq+5—-Aq=-R(q"
T;“—{_v'f ”,V'” =¢‘..'J'T :{.f . ‘&'T q gq q (q )
oL n I

q"" =q" + Aq
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Background

 Difficulties of CFD by GPU

— Precision (¥4 #): code from CPU to GPU, data dependence (%}
)

Algorithm 1 Flux Summation (FS) by FVM face-loop

1: for facelD = 0 to numFaces-1 do

2 ownVollD + owner|facelD]|

3 ngbVollD « neighbor|facelD]

4: reslownVollD] < res|ownVollD |+ flux|facelD]
5 res|ngbVollD] +— res[ngbVolID]- fluzx|facelD] Grid 0

6: end for Block (0,0) | Block (1,0) | Block (2, 0)
3 |

L
L4

face ﬁ
CFD mesh (&)

Block (0, 1) Block (1, 1) Block (2, 1)

_all dp Gz . 4y, | _xl | _b1 | gggjggg gggggﬁggg ggggﬁggg
a, a, a, a, || x, b, GPU multi-thread computing
A3 dyp Ay as, || X5 |=| by A=L+D+U
(L+D)x" =b-Ux"
a, G5 .. a,]|x,| |b,] (L+U)x"" =b-Ux"-Lx’
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Background

 Difficulties of CFD by GPU
— Performance (1% §&): non-coalescing (3EX}5%) memory access

fl

fm fk
volume 4%
face ﬁ
CFD mesh (%)
%% 5 face number 0 oo 1 XX 2 XX fj XX
owner owner[0)] | eee owner[l] |eee 0] co e owner[fj ce e
neighbor neighbor[0] | ®®® | neighbor[1l] [eee P coe neiéhbor[fj] cee
Irregular data storage (/N FLII %)
{45 volume number 0 coe 1 oo 0 oo P coe
residual res[0] *ee | res[l] eee| res[O] see| res[P] °e
R e

Indirect data access ([8] 17 7))
10 w;‘@‘i




Background

* Difficulties of CFD by GPU
— Data transfer between Host and GPU

— Multi-GPU computing(2 GPU 1T %): parallel framework

System
Memory
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Background

 CFD application: NNW-PHengLEI (X&)

— High speed and compressible flow (c
— Aeronautics (5.3l 11%) e.g. plane

CARDC

- CPU computlng only Mf”g
— C++, Object-Oriented

— Open source
(https://forge.osredm.com/projects/p68217053/PHengLEl)

* Asimilar CFD software Fun3D
— Spend almost 10 years in R&D on GPU

) F X % 12



Developing Stage

* CUDA C Programming
— Close to loop induced computing (ZE VTG 1T H 56 47)
— Interface functions for calling CUDA kernels (£ [ £ £X)
— Test every CUDA kernel by comparing with CPU results (i)

2T s void CallGPULoadQ {
for (int m =8; m < nl; ++ m ) GPULoadQ<<<gridSize, blockSize>>> (...);

{ }
for ( int iCell = 8; iCell < nTotal; ++ iCell ) void GPULoadQ {
{ const int tidx= threadIdx.x;
q[m][iCell] = gold[m][iCell]; const int bidx= blockIdx.x;
¥
} for ( int m = ©; m < nl; ++ m ){

for ( int icell = bidx* blockDim.x+ tidx;
——SLE - icell < nTotal;
CallGPULoadQ(nTotal, nl); icell += gridDim.x* blockDim.x){
#ifdef CUDAUNITTEST g[m*nTotal+ icell] = qold[m*nTotal+icell];
TestGPULoadQ(q); }
} EE(Alt + A) |

& s .E ivﬁmﬁnﬁ 13 H' ‘lﬂt




Developing Stage

 What can induce error on GPU computing?
~ Loop order on GPU (EL/FHATIEIR)
— CUDA supported optimizations such as MAD (3 IN#1F)

— Some CUDA supported mathematical functions such as pow (%
RiaH) /

-Cd_ |
P
2 o
o — " .

e o 1)
o o o
n L o

[ —
2 0.5 1
iteration steps s  iteration st ps

o o
o 2 ha - o @ -
= 8
n
g‘- 1

|

i

(=]

(- 4
«

=
o — L L " .

|Cd

(a) C'p on top side of Chnt (CPU)

(a) Cd (© |[Cdepy — Cdgpu|
0.2 T v -1
1.‘: 10
of 12
it o [sR - wal =l o 3 = - ] oo
-02 1 &
G 08
o I
0.4 Eo6
S
0.
—cl,
..l'.'!lw-I 0.

(b) C'p on top side of Chnt (GPU) (d) C'p on bottom side of Chnt (GPU)
(b) Cl d) |Clepy — Clagpu]

( I :‘ 14 ;‘ gﬂ 3
avvs/ j: Y,gs'mﬁgﬁ NS ‘p ]




Optimization Stage

e Atomic operations or graph coloring for resolving data dependence
— Atomic operations: hardware supported method

Graph coloring: software supported method

1: for facelD = nBoundFace to nTotalFace-1 do
2:  Le « leftCellOfFacel|facelD]
3 Re < rightCellO f Face|facelD]

setAdd(resleqnlD][Le]. fluz[eqnID][facelD])

5

6: setAdd(resleqnID][Re]. fluxz[eqnID][facelD])
- end for

8: end for

Algorithm 4 Summation of Flux by atomic operation (SF-AT)
1: <GPU Kernel Begin>
2: threadID«threadldx.x+blockldx.x*blockDim.x
3. for facelD = nBoundFace+threadlD to nTotalFace-1 do
4 Le « lefiCellO f Face|facelD]
5  Re « rightCellO f Face|facelD|
6
7

for eqnlD = 0 to numEqn - | do

atomicAdd(reslegnID*nTotalCell+Le]|. |
[lux]egnID*nTotalFace+facelD])

8: atomicAdd(resleqnIiD*nTotalCell+Re .
Sflux[eqnID*nTotalFace +facelD])

9:  end for

10:  setAdd(facelD, blockDim.x*gridDim.x)

11: end for

12: <GPU kernel End>

*mx&

SUN YAT-SEN UNIVERSITY
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face ﬁl‘

0 Q volume ,TZIK

Algorithm 3 Summation of Flux by graph coloring(SF-GC)

1: Reorder flux according to faceGroup

2: for grouplD = 0 to nGroups-1 do

3 numFacesInGroupe—numFaceO fGroup|grouplD]

4:  groupStarte—of fsetFaceGroup|grouplD]

5:  <GPU kernel Begin>

6:  threadIDethreadldx.x+blockldx.x*blockDim.x

7. for faceGrouplD = threadID to numFacesInGroup-1 do
8 groupFacelDegroupStart+faceGrouplD

0; facelDe faceGroup|groupFacelD]
10: Le«lefiCellOf Face[facelD]
11: ReerightCellO f Face|facelD]
12: for_egnlD = 0 to numEqgn - 1 do

13: setAdd(rc’.\-|cqnID'“"'nTmn]CclHI.c i

15

[lux|eqnID*nTotalFace+facelD])

14: setAdd(resleqnlD*nTotalCell+Re].
[flux|eqnID*nTotalFace+facelD])
15: end for

16: setAdd(faceGrouplD. blockDim.x*gridDim.x)
17 end for

18:  <GPU kernel End>

19: end for

¥y
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Optimization Stage

* Atomic operations V.S. graph coloring

5r 351

Il atomic operation for add (A-FS-NOPT) [l =tomic operation for add (A-FS-NOPT)
Il graph coloring for add (G-FS-RF) 5| I graph coloring for add (G-FS-RF)
25¢
) @ of
2 E sl
‘ -
05f
0 Mesh1 Mesh2 Mesh3 Mesh4 Mesh5 0 Mesh1 Mesh2 Mesh3 Mesh4 Mesh5
mesh mesh
(a) double (b) single
35
o O double
o O single
3 L
g |0 F
3
N 25
£ o o
o
[ o a
2 o)
5 2 4 6 8

mesh size (million volumes)
(c) time ratio

ok B 16 Wﬂl
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Optimization Stage

* Data dependence resolving in LU-SGS scheme ({4 1 i 14:)
— Data dependence in LU-SGS
— Multi-color LU-SGS

n

o[ %] [ A=L+D+U

a,, A, Ay ... 4, ||x |=|b «
31 32 33 3 3 3
,, L-SGS  (L+D)x" =b-Ux"
4 a. a a x| 1o U-SGS (L+U)x"" =b-Ux"-Lx
L “"nl n2 n3 nn || 'n_| L~ n_|

1: for colorlD = 0 to numColors-1 do 16: for colorID = numColors-1 to 0 do
2 numColorGroup + colorGroupN um|colorlD] 17 numColorGroup < colorGroupNwm/|colorlD]
3:  posiColorGroup < colorGroupPosi|colorlD] 18:  posiColorGroup < colorGroupPosi|colorlD]
4. <GPU Kernel Begin> 19:  <GPU Kernel Begin>
5. for offset = 0 to numColorGroup do 20:  for offset = 0 to numColorGroup do
6 celllD « colorGroup|posiColorGroup+offset] 21; celllD + colorGroup|posiColorGroup+oftset]
7: LowerSweepOnOneCell(cellID) 22: UpperSweepOnOneCell(cellID)
8:  end for 23:  end for
9:  <GPU kernel End> 24:  <GPU kernel End>
10: end for 25: end for

R 17 H‘";E,{
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Optimization Stage

e Result of Multi-dolor LU-SGS

——GPU 4:i72
-=-GPU 82
—==CPU 200;£ 72

¥k g

SUN YAT-SEN UNIVERSITY

2 ) 3
A x10

—GPU 4 |E
-—-GPU 8i% f£
——-CPU 200;% 2

04r

——GPU 4if 72
-=--GPU 8i#i2
03t ——-CPU 200;# %
2 0.2
S
2
= 0.1

—GPU4iETE
05 ---GPUBIHE
-.—-CPU 2001 7%
% 1 2 3 4 5
Y AW x 10"
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Optimization Stage

* Volume renumber (1454w = B HEF)
— Reverse Cuthill-Mckee (RCM) 6 -
— Reduce adjacent matrix bandwidth “ Q

— Easing non-coalescing data access
face ﬁ

0 50000 100000 150000 200000 0 50000 100000 150000 200000

0

Ill
50000 A

KIS TN N = renumber
100000 | ‘100000 -

150000 - 150000 A

50000

200000 p—— 200000 -

@) F X 2 19
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Optimization Stage

* Face renumber ([H%m 5 BEHEF)
— Renumber face in a volume (P& N B2 A7 I e B HE T 2 5 )
- Optimizing data locality (& & 24 5 56 1E)

BiE 1 S HEr Sk

I: Reorder faces in cell Face by ascending order

2: mapFace + -1

3: labelFace + nBoundFace-1

4: for celllD = 0 to nTotalCell-1 do
offset < of fsetCell Face|celllD] fm
numFaces + numFaceO fCell|celllD]

5:

6:

7. for faceInCell = 0 to numFaces-1 do volume /leg
8: facelD « cell Face|offset+facelnCell]

9: if facelD > nBoundFace-1 then

10 if mapF ace[facelD] == -1 then

1: labelFace < labelFace+1 face ﬁ
12: mapF ace|facelD| + labelFace
13: end if

14: end if

15:  end for

16: end for

17: Update mesh connectivity information by mapFace -

20 Dhige




Optimization Stage

e Results of volume and face renumber
— Overall Performance (X} GPUFE 7> #4452 BE 1) 52 1))

1~
08| - eorde
08
0.7+
£
E o6
-5 05
g
5 04
b4
03
02
0.1
o

- GPU kernels (XTGPU kerneIsEI/JE'/”ﬁ)

Normalized time
- P "

2 K3 Ké k8T K&, K7 K8 K9 K10
kernel
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Optimization Stage

e Loop mode adjust 1 (13 =X 1 %)

(G *
(2 )

— Data interpolation
— Can a face loop be replaced?

+ < GPU kernel Begin>
. threadlD<+threadldx.x+blockIdx.x *blockDim.x
. for facelD = nBoundFace+threadlD to nTotalFace-1 do

1

‘; B ——

4 Le « leftCellO f Face|facelD]

5: Re + rightCellO f Face|facelD] EEK
6: faceNodeStart « of fset Face Node|facelD]

7 numNodelInFace+—numN odeO f Face|facelD]

8 for faceNodelD = 0 to numNodelnFace-1 do

9 nodelD « faceNodes|faceNodeStart+faceNodelD]

10: for eqnID = 0 to numEqn - | do

11: atomicAdd(gN odeleqnID*nTotalNode+nodelD],
gleqnID*nTotalCell+Le])

12: end for

13 atomicAdd({Node[nodelD]. ¢]Le])

14: atomicAdd(nCount|nodelD]. 1)

15: for eqnID = 0 to numEqn - | do

16: atomicAdd(gN ode|egnlD*nTotalNode+nodelD].
gleqnID*nTotalCell+Re])

17: end for

18: atomicAdd(t N ode|nodelD]. t[Re])

19: atomicAdd(nCount|nodelD], 1)

20 end for

21:  setAdd(facelD, blockDim.x*gridDim.x)
22: end for

23: <GPU kernel End>

R

SUN YAT-SEN UNIVERSITY

o' o's
ofta. e
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4
<GPU kernel Begin > Wﬁﬁ

threadID +threadldx.x+blockldx.x*blockDim.x
for celllD = threadlD to nTotalCell-1 do
CelINOdePOST — of [setCellN odelcelliD]
for offset = 0 to numNodeO fCell[facelD] - | do
nodelD « cellN odes|cellNodePosi+offset|
accessFrequency+
cell N odeC ount|cellNodePosi+offset]
9: atomicAdd(gNode|eqnID*nTotalNode+nodelD],
accessFrequency *gleqnID*nTotalCell+cellID|)
10: end for
1: setAdd(celllD, blockDim.x*gridDim.x)
122 end for
13: <GPU Kkernel End>

22 D
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Optimization Stage

e Results of loop mode adjust

I face loop (NV-F)
[ eel loop (NV-C)
Il nod= loop (NV-N)

(=]
o

06

normalized time

0.4

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5
mesh

(a) V100

I face loop (NV-F)
I cell loop (NV-C)
Il nod= loop (NV-N)

nomalized time

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5
mesh

(b) K80

tuxs 2 i
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Optimization Stage

e Loop mode adjust 2 (13 AR 2 1 2%)
— Data comparison
— Can a face loop be replaced? y

IR OEs P
fn
fi
Algorithm 10 Local pressure comparing by face loop (LPC-F) Algorithm 11 Local pressure comparing by cell loop (LPC-C)
1:_ <GPU kernel Begin> L<GPU Kkernel Begin>
2: threadlD<—threadldx.x+blockldx.x*blockDim.x I I 2: threadlD<+—threadldx.x+blockldx.x*blockDim.x I
3: for facelD = threadID+nBoundFace to nTotalFace-1 do 3. for celllD = threadlD to nTotalCell-1 do
4 Lc « leftCellO] Pace|tacelD] 4 numCell—numCellCell|celllD] ’
5:  Re < rightCellO f Face|[facelD] EEW 5. cellStart<—of fsetCellCell[cellID] Wﬁﬁ
6:  atomicMin(pMin[Le], pressure[Re]) 6:  for cellinCellID = 0 to numCell-1 do
7 atomicMax(pMax|[Le], pressure[Re]) 7: cellCelllD4——cellCell[cellStart+cellInCellID]
8 atomicMin(pMin[Re]. pressure[Le]) 8: setCompMin(pMin[cellID], pressure[cellCellID])
9:  atomicMax(pMax[Re]. pressure[Le]) 9: setCompMax(pMax|[cellID], pressure[cellCellID])
10:  setAdd(facelD, blockDim.x*gridDim.x) 10:  end for
11: end for 11:  setAdd(celllD, blockDim.x*gridDim.x)
12: <GPU kernel End> 12: end for

13: <GPU kernel End>

¢ % % 24 i
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Optimization Stage

e Results of loop mode adjust

2r  EEEface loop (LM-F)
B =l loop (LM-C) I iace loop (LM-F)
Bl =i loop (LM-C)

normalized time
normalized time

Mesh1 Mesh2 Mesh3 Mesh4 Meshs o Meshi1 Mesh2 Mesh3 Mesh4 Meshs
mesh mesh
(a) V100 (b) K80
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Optimization Stage

* Nested loop split (X EGIAIF47)

— Loop on geometry
— Loop on dimensions

- for facelD = nBoundFace to nTotalFace-1 do

le « leftC ellOf FacellacelD]

Re « rightCellQfFacelfacelD]

setAdd(res[eqnID][Re]. fluz[eqnlID][facelD])

end for

|

2

3

4

5: setAdd(resleqniD][Le]. fluzleqnl
6

7

8: end for

—

1: <GPU kernel Begin>

2: threadlD+—threadldx.x+blockIdx.x*blockDim.x

3: for facelD = nBoundFace+threadlD to nTotalFace-1 do

4 Le « leftCellO f Face|facelD]

5:  Re « rightCellO f Face|facelD]

6:  for eqnID = 0 to numEqn - 1 do

7: atomicAdd(res[eqnID*nTotalCell+Le],
fluxleqnID*nTotalFace+facelD])

& atomicAdd(res[eqnID*nTotalCell+Rel].
fluzxleqniD*nTotalFace+facelD])

9: end for

10:  setAdd(facelD. blockDim.x*gridDim.x)

11: end for

12 <GPU kernel End>

SUN YAT-SEN UNIVERSITY
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| EfER
for eqnID = 0 to numEqn - 1 do H*Eﬁ%ﬁﬁ
|5|| ace||3|)

6; Re «+ rath( P.-’.-'()fFafPIIdLeID]
; atomicAdd(res[eqnID*nTotalCell+Le].
fluzleqnID*nTotalFace+facelD])

g atomicAdd(res[eqnIlD*nTotalCell+Re],
fluz|eqnlD*nTotalFace+facelD])
0: setAdd(facelD, blockDim.x*gridDim.x)

10:  end for
11: <GPU Kkernel End>

12: end for



Optimization Stage

e Results of Nested loop split

I Original

Normalized time
o o

27 Hriﬂz




Optimization Stage

e Performance comparison of single GPU and 28 CPU cores
— GPU: 4 x Nvidia Tesla V100
— CPU: 2 x Intel Xeon Gold 6132

70~

Il & GPU 5 28CPUZ I fE th 4%
Bl 4GPU 5 28CPUIZ M §E Eh 5

& s .E ivﬁmﬁnﬁ 28 H' ‘lﬂt




Optimization Stage

* Multi-GPU computing (2 GPU1T &)
— MPI-CUDA parallel framework
— CPU is only used for controlling GPU

o Dain communication between Tomnes

—— = Comirol migmals

« Dhaia iran=fer: bereen hoti and device

()
(&) F b X % 29
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Optimization Stage

* Pack and Unpack MPI data on GPU

Algorithm 13 Pack MPI data on GPU

1: Get data$ end and daral I by data name

2: for ngbZonelD = 0 to numNgbZone do

3:  startFaceestartFaceForS end|ngbZonelD]

4 startSendestartDataS end[ngbZonelD]

5:  numNgbFaceenlFaceO [N gbZone|ngbZonelD]
6:  <GPU Kernel Begin>
.
8
9

threadIDethreadldx.x+blockldx.x*blockDim.x
for facelD = threadID to numNgbFace do
sendIDe faceF orS end|startFace+facelD]
0: for eqnID= 0 to numEqgn do

1: nghZoneFaceID«startSend+
eqnID*numNgbFace+facelD

12: interfacelDe—eqnID*ninterface Total+sendID

13: dataS end|ngbZoneFacelD|e—daral FlinterfacelD]

14: end for

15: setAdd(facelD. blockDim.x*gridDim.x)

16:  end for
17:  <GPU kernel End>
18: end for

*mx&
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Algorithm 14 Unpack MPI data on GPU

1: Get dataS end and daral I by data name

2: for ngbZonelD = 0 to numNgbZone do

3:  startFaceestartFace ForRecvingbZonelD]

4 startRecve=startDataRecv|ngbZonelD]

5. numNgbFacee—nlFaceO [N gbZone|ngbZonelD]
6:  <GPU Kkernel Begin>

7 threadIDethreadldx.x+blockldx.x*blockDim.x
8:  for facelD = threadID to numNgbFace do

9 recvlDe face ForRecv|startFace+facelD]

10: for eqnID= 0 to numEqn do

1: ngbZoneFaceIDestartRecv+
eqnlD*nlFaceOfNgbZone+facelD

12: interfacelDe—eqnID*ninterfaceTotal+recvID

13: datal F|interfacelD|e—dataRecv|ngbZoneFacelD)|

14: end for

15: setAdd(facelD. blockDim.x*gridDim.x)

16:  end for
17:  <GPU kernel End>
18: end for

30
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Optimization Stage

e Result of nack and Unonack MPI data on GPU

2.5r
Il Packing and unpacking on the GPU

Il P acking and unpacking on the CPU

Normalized Time (NT)
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Optimization Stage

 Communication and computing overlap

e S
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Optimization Stage

* CUDA-AWARE-MPI
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Optimization Stage

* CUDA-AWARE-MPI

GPUDirect RDMA

InfiniBand
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Optimization Stage

* Result of 3 MPI-CUDA parallel framework
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Optimization Stage

e Strong and weak scaling test (§ & 14 13:%)
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Conclusion
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Future Work

* Multi-color LU-SGS i3t — 2044k
* Mixed Precision computing

* Tensor core

* CFD+AI
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Thinking more ...
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Thank you for your listening
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