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Optimizations of graph coloring method for unstructured finite
volume computational fluid dynamics on GPU

ZHANG Xi', SUN Xu', GUO Xiaohu® , DU Yunfei' , LU Yutong' , LIU Yang’®
(1. School of Computer Science and Engineering, Sun Yat-sen University, Guangzhou 510006, China;
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Abstract ; Graph coloring was used to address resource competition for the two typical computing procedures, including the flux summation and
the calculation of local maximum pressure. There were three optimizations applied on graph coloring including shared memory, the reordering of
volume and face indices, and the reordering of face variables. The 3D aerodynamics application with a series of mesh sizes was used in the
performance test by double and single precision floating point operations on GPU Nvidia Tesla V100 and K80. The performance tests show that the
shared memory is not obvious in performance. Furthermore, the reorder of volume and face indices reduces the performance of graph coloring. It is

found that the reorder of face variables can increase performance remarkably. Specifically, the performance of graph coloring is increased by around

20% on V100 and 15% on K80.
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Fig. 1 Flow chart in one time step
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Fig.2 Geometry topology: volume cell and face
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Proportion of race condition in overall performance
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Alg.1 Computing of flux summation

1. for facelD =0 to numFaces —1 do

2. ownVolID<«—owner| facelD ]

3.  ngbVollD«neighbor[ facelD ]

4. res[ ownVolID ] «—res[ ownVolID | + flux[ facelD ]
5. res[ ngbVolID ]«res[ ngbVolID ] — flux[ facelD ]
6. end for
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Alg.2  Computing of local maximum pressure

1. for facelD =0 to numFaces -1 do

2. ownVolID«—owner[ facelD ]

3. ngbVollD«—neighbor[ facelD ]

4.  plmax[ ownVolID ] «—max( plmax[ ownVolID ] ,
ps[ ngbVolID ] )

5. plmax[ nghbVolID ]«—max( plmax[ ngbVolID ],
ps[ ownVolID])

6. end for
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Alg.3  Computing of getting conflicting faces

—_

sumFaceConflict«—0

for facelD =0 to numFaces — 1 do
ownVolID«—owner[ facelD ]
ngbVollD<«—neighbor| facelD ]
posiFaceConlflict[ facelD ] <—sumFaceConflict
ownVolFacelD<«—posiVolFaces[ ownVollD ]
sumFaceConflict«—volFaces| ownVolFacelD ] -1

ngbVolFacelD<«—posiVolFaces[ ngbVolID |

_\DOO\]O\UI-PUJN

sumFaceConflict«—volFaces[ ngbVolFacelD ] - 1

10.  nfef] faceID ] «—sumFaceConflic

11. end for

12.  for facelD =0 to numFaces — 1 do

13. offsetFaceConflict«—0

14. faceConflictPosi<—posiFaceConflict[ facelD |

15. ownVolID«—owner| facelD ]

16. ownVolFacelD<«—posiVolFaces[ ownVollD ]

17. numOwnVolFaces<—volFaces| ownVolFacelD |
18. for offset =1 to numOwnVolFaces +1 do

19. ownFacelD < volFaces [ ownVolFacelD +
offset |

20. if ownFaceIlD | = facelD then

21. faceConflict [ faceConflictPosi +

offsetFaceConflict | «<—ownFacelD

22. offsetFaceConflict«—offsetFaceConflict + 1
23. end if

24, end for

25. ngbVollD«—neighbor| facelD ]

26. ngbVolFacelD<«—posiVolFaces[ ngbVollD ]

27. numNgbVolFaces<—volFaces[ nghVolFacelD ]
28. for offset =1 to numNgbVolFaces +1 do

29. ngbFacelD«—volFaces[ ngbVolFacelD + offset |
30. if ngbFacelD | = facelD then

31. faceConflict [ faceConflictPosi  +

offsetFaceConflict ] «—ngbFacelD

32. offsetFaceConflict«—offsetFaceConflict + 1
33. end if

34. end for

35. end for

Bk S L T A B (5% 1) 1y GPU 3
Bro dmI R s R numFaceGroups B € i ¥
U B B A KU GPU AT sk 4
T BTSSR A5 B e (0> 4LAE B groupNum



- 28 - (FE TR SR S AN S

544

B4 ETREEZNERE

Alg.4  Face coloring based on greedy scheme

1. for facelD =0 to numFaces -1 do
2. colorFaces|[ facelD ]« —1

3. end for

4. for facelD =0 to numFaces — 1 do
5.  faceColorFlag«1

6.  color<0

7. while faceColorFlag do

8. colorEqualFlag«—0

9. numConflictFaces<—nfcf| facelD ]
10.  for faceConflict =0 to numConflictFaces — 1 do
11. facePosi<—faceConflictPosi[ facelD ] + faceConflict
12. facelDConflict«—faceConflict[ facePosi ]
13. if colorFaces[ faceIDConflict ] = color then
14. colorEqualFlag«—1
15. end if
16. end for
17. if colorEqualFlag then
18. color<—color +1
19. else
20. faceColorFlag«0
21. colorFaces| facelD | «—color
22. end if
23. end while
24. end for
x5 BERENNEREHEE

Alg.5 Face coloring for flux summation

1. for faceGrouplD =0 to numFaceGroups — 1 do

2. Set numFacesInGroup<«—GroupNum[ faceGrouplD ]
3. Set colorStart«—colorPosi[ faceGrouplD ]

4. < GPU Kkernel Begin >

facelnGrouplD = threadldx. x + blockldx. x * blockDim. x
5. if faceInGrouplD < numFacesInGroup then

6 Set colorID«—colorStart + faceInGroupID

7. Set facelD<«—faceGroup| colorlD ]

8 Set ownVollD<«—owner|[ facelD ]

9. Set ngbVollD<«—neighbor| facelD ]

10.  Set res[ ownVolID |«—res[ ownVolID ] + flux[ facelD ]
11.  Set res[ ngbVolID ]<«—res[ ngbVolID] — flux[ facelD ]
12. end if

13. < GPU kernel End >

14. end for
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Alg. 6 Face coloring for local maximum pressure

1. for faceGrouplD =0 to numFaceGroups -1 do
2. Set numFacesInGroup<«—groupNum| faceGrouplD ]
3. Set colorStart«—colorPosi[ faceGrouplD ]
4. < GPU kernel Begin >

facelnGrouplD = threadldx. x + blockldx. x * blockDim. x
5. if facelnGrouplD < numFacesInGroup then
6 Set colorID«—colorStart + faceInGroupID
7. Set facelD«—faceGroup| colorlD ]
8 Set ownVolID<«—owner [ facelD ]
9 Set ngbVollD<«—neighbor [ facelD ]
10.  Set plmax[ ownVolID | «—max ( plmax[ ownVolID ] ,
ps[ ngbVolID])
11.  Set plmax[ ngbVolID ] «—max( plmax[ ngbVolID ] ,
ps[ ownVolID ] )

12.  end if
13. < GPU kernel End >
14. end for
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Alg.7  Graph coloring method with optimization of Y TSR EH%L 14] EAFAL . EHEE RS
shared memory (flux summation) (A T R e (L numPFaceGroups B B4y 4
1. for faceGrouplID =0 to numFaceGroups — 1 do SRR B X ST RS . B v R 0 )R
2. Set numFacesInGroup<—groupNum[ faceGrouplD ] P, LA /b GPU 4Ry N AE Y 7 18] 2E 38, AH B 38 vk
3. Set colorStart«—colorPosi[ faceGrouplD ] HWiRAER 9 AL 10 dhy
4. <GPU kernel Begin >
5. shared-memory fluxShare( ) B9 R EAFSEHRUCEREELZGEEEM)
faceInGrouplD = threadldx. x + blockldx.x * blockDim. x Alg.9  Graph coloring method with optimization of
6. if faceInGrouplD < numFacesInGroup then face and volume reordering (flux summation)
7. Set colorlD<«—colorStart + facelnGrouplD

1. Get ownerRe and neighborRe by volume renumber
8. Set facelD<«—faceGroup| colorlD ]

9. Set ownVolID<«—owner| facelD ]

10. Set ngbVollD<«—neighbor| facelD ]

11. Set fluxShare () «—flux[ facelD ]

12. Set res[ ownVolID ] «res[ ownVolID ] + fluxShare( )
13. Set res| ngbVolID ]«—res[ ngbVolID ] — fluxShare( )

2. Get faceGroupRe by face reorder

3. for faceGrouplD =0 to numFaceGroups — 1 do

4. < GPU kernel Begin >

facelnGrouplD = threadIDx. x + blockIDx. x # blockDim. x;
5. if faceInGrouplD < numFacesInGroup then

6 Set colorlD<«—colorStart + facelnGrouplD

7. Set facelD«—faceGroupRe[ colorlD ]
8
9

14. end if
15. < GPU Kkernel End >

Set ownVolID<—ownerRe|[ facelD ]
16. end for

Set ngbVollD«—neighborRe| facelD ]

10. Set res[ ownVolID |<—res[ ownVolID ] + flux[ facelD ]
Bk 8 FIH GPU L2 AR AL R ¥ e {E 1Y 11. Set res[ ngbVolID ]«—res[ ngbVolID | —flux[ facelD ]
BT (L 6), U MVEE BOIGER . % 12 end it

B R A AR B ps PLICE I N AE psShare Hr, 13.  <GPU kernel End >
FHFIF psShare FIAERE plmax P47 HEL 14. end for

Hiks HEAGFRKEREER(EHHE)

Alg. 8  Graph coloring method with optimization of

HiE10 A EARSEHRLELEER(EHRE)

Alg. 10 Graph coloring method with optimization of face and
shared memory (local maximum pressure )

volume reordering (local maximum presure )

. for faceGroupID =0 to numFaceGroups — 1 do

. Set numFacesInGroup «—groupNum[ faceGrouplD ] . Get ownerRe and neighborRe by volume renumber
. Get faceGroupRe by face reorder

. < GPU kernel Begin > . for faceGroupID =0 to numFaceGroups — 1 do

1
2
3. Set colorStart«—colorPosi[ faceGrouplD ]
4
5. shared-memory psShare( )

faceInGrouplD = threadldx. x + blockldx. x s blockDim. x

6. if faceInGrouplD < numFacesInGroup then

1
2
3
4. Set numFacesInGroup<—groupNum[ faceGrouplID ]
5 Set colorStart«—colorPosi[ faceGrouplD ]

6

< GPU Kkernel Begin >

7. Set colorID«—colorStart + facelnGrouplD facelnGrouplD = threadldx. x + blockldx. x * blockDim. x

8. Set faceID«faceGroup| colorID ] 7. if faceInGrouplD < numFacesInGroup then

9. Set ownVolID«—owner[ facelD ] 8. Set colorlD«—colorStart + facelnGrouplD

10. Set nghVolID«—neighbor[ facelD ] 9. Set facelD«—faceGroupRe[ colorlD ]

11. Set psShare( ) [0]«—ps[ ngbVolID ] 10. Set ownVolID<«—ownerRe[ facelD ]

12. Set psShare( ) [ 1]<—ps[ ownVolID ] 11. Set nghVollD<«—neighborRe[ facelD ]

13. Set plmax [ ownVolID ] «—max ( plmax [ ownVolID ] , 12. Set plmax[ ownVolID ] «—max ( plmax[ ownVolID ] ,
psShare( )[0]) ps[ ngbVolID])

14. Set plmax[ ngbVolID ] «—max ( plmax [ ngbVolID ], 13. Set plmax [ nghVolID ] «—max ( plmax[ ngbVolID ] ,
psShare()[1]) ps[ ownVolID ] )

15. end if 14. end if

16. < GPU kernel End > 15. <GPU kernel End >

17. end for 16. end for
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BT TR N SRR . RH R AR AR 1

B 11 b e 2y g vk GPU 115 (5%
55 AT T TR flu 23 BRTETRR S 5%
RS AR 2 G s S S Y
112 HEFF (faceGroup ) I AN 4% W #Y , 38 A% 1
AR AEXS 5325 o %R faceGroup 1 11 T Ji
S HE fluoe, 15 B TR fluxRe , B fluxRe 2
BB AR res v

neighbor | faceGroup
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Alg. 11

EHEEHACELREE(BERM)
Graph cloring method with optimization of

face reordering (flux summation)

. Begin face variables reorder

. for faceGroupID =0 to numFaceGroups — 1 do
Set numFacesInGroup«—groupNum[ faceGroupID ]
Set colorStart«—colorPosi[ faceGrouplD ]

1
2
3
4
5. for facelnGrouplD =0 to numFacesInGroup -1 do
6 Set colorlD<«—colorStart + facelnGrouplD

7 Set facelD<«—faceGroup| colorlD ]

8 Set fluxRe[ colorD ] «—flux[ facelD ]

9. end for

10. end for

11. — End face variables reorder

12. for faceGrouplD =0 to numFaceGroups —1 do

13.  Set numFacesInGroup«—groupNum[ faceGrouplD ]
14.  Set colorStart<—colorPosi[ faceGrouplID ]

15. < GPU Kkernel Begin >

facelnGrouplD = threadldx. x + blockldx. x * blockDim. x
16.  if faceInGrouplD < numFacesInGroup then

17. Set colorID«—colorStart + faceInGroupID

18. Set facelD<«—faceGroup| colorID ]

19. Set ownVolID<«—owner| facelD ]

20. Set ngbVollD<«—neighbor|[ facelD ]

21. Set res[ ownVolID J«—res[ ownVolID | + flux facelD]
22. Set res| ngbVolID ]«—res[ ngbVolID] —flux[ facelD ]
23.  end if

24. < GPU kernel End >

25. end for

3 XRERSOM

3.1 EfFniTERE

T Ay B e e RO AR SR T g L SR
ONERA M6 #Mji3 CFD 8 i = 4k 1 45+ A%
JEIFPEREMIR . 40 & 3 A , LA TE DU 44 Fibe 4
PRIARSE 78 = 2 T B30, e A A A% A2 75 T M6
HLIEFE . FER NS 2 Fis i 5 S [F] A% BE
BRI 1 P B

3 ONERA M6 [X#%
Fig.3 ONERA M6 mesh

x2 5 MR
Tab.2 5 different meshes

EEEeES WHchE [lf e
R #% 1 0.46 x 10° 1.04 x10°
k% 2 0.89 x 10° 1.91 x10°
Rk 3 1.96 x 10° 4.04 x10°
Wik 4 3.92 x10° 8.02 x 10°
Wk 5 9.76 x10° 20.28 x 10°

Wyl 5 ~11 @it CUDA C 528, J§ CFD #¢
7 A] LAEA T B U AoRS B 0 5, R A 3oy
AR X BN JBE A H00RN BN R R 4 Fhae A7l
o B> kernel FFE & 1217 1 000 (R FHic % iz
FTIA]

WK~ & AL 45 CUDA 10.0 3K 3 (1) Nvidia
Tesla V100 GPU )}z CUDA 8.0 3K 5 ) Nvidia
Tesla K80 GPU,

3.2 EEBLER

TR g R R 3 R, ol
A FIASEBE A A T 8 4l IRE MG S A7 1%
FEUR R AR IS B 5 A1, Rt T g £ 25 21
BAETES DN i X TR 22 =4 L[ 4R b,
FEERAEAL ) i AR i 2 2 ~ 3 Ao a2 v DA%

ZI
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=3 HEEeEN4A F6 E1THE (K80, XAEE)
Tab.3 Results of face coloring ( V100, double precision) Tab.6 Executing time (K80, double precision)
Y MR L Rk 2 MRS 3 kg4 RIS

1 224836 426256 921933 1 858 291 4 628 854

2 213031 410166 896 907 1 817 425 4 370 933
3 206237 397 696 871 117 1767 691 4 223 509
4 197 699 383289 841903 1709 925 4 064 937
5 163051 239361 433943 747 020 2 377 710
6 40 517 50293 76778 117 274 587 202
7 1482 1 834 2 091 2 399 26 444
8 11 21 27 7 458

3.3 EHliEiThE
Bk 5 ~ 11 %W A9 GPU kernel 7E V100 |7
IBATHFE AN 4 F1 5 iR

F4 IBITEIE(VI00, XHEE)
Tab.4 Executing time ( V100, double precision)
Bz

kg MR M2 PR3 MR 4 RIfE S
BES 222 0.412 1.071  2.440 5.991

0
W6 0.198  0.378  1.067 2.564 6.310
BT 0.221 0.409  1.060 2.379 5.841
B8 0.196 0.372  1.032  2.458  6.090
W9 0.229  0.438  1.233  3.039 7.285
#1000 0.203  0.406  1.424  3.778  8.750
k11 0172 0.303  0.786  1.856  4.691

xS BITHRIE( V100, BAEE)
Tab.5 Executing time (V100, single precision)
FAA:s

WkGS MG RG2S RIFE4 RIS

=7 ] 0.159 0.279 0.673 1.519 3.927

w6 0151 0.263  0.727 1.736  4.452
By7  0.158  0.277  0.666 1.481 3.829
k8 0150 0.263  0.726  1.733  4.444
B9 0.167  0.293  0.724  1.856  4.906
w10 0.157  0.292  0.849  2.485 6.375
w11 0.133 0 0.232 0.550  1.251  3.350

B 5 ~ 11 X)W ) GPU kernel 7£ K80 | [
BT IRIANER 6 A 7 BN .
3.4 EReAFEBERMTENMERILE
YA B G ) T LA BR GPU

Rk PR L MA%2 MR 3 MIAR 4 RIS S

=87 ) 1.108 2.182 5.019 10.483 25.935

"ike6 1.155 2.359 5.642 12.092 29.835
=87 1.103  2.165 4.968 10.221 25.287
=R R 1.118 2.307 5.552 11.930 29.427
=87 1.151  2.375 5.695 12.422 29.528
BEE10 1.242 2.731  6.842  15.309 35.872

Bqy11 0 0.959  1.906  4.415 9.247 22.860

&7 BITHIE (K80, BFEE)
Tab.7 Executing time (K80, single precision)

LT
RItE 1 R 2 MIRE3 KItE 4 KIS

#ik5 0 0.861  1.697  4.017  8.591 21.160
Wyk6  0.851  1.801 4.508 9.957 24.425
#yk7 0.857  1.684 3.977 8.376 20.631
k8 0.890  1.848

4.584 10.074 24.763

B9 0.882 1.862 4.665 10.451 24.744
By10 0 0.900 2.116  5.647 13.162 30.555

= 0.793 1.545 3.657 7.825 19.276
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TEI 245 R HIE A6 Ao DA ISF I 34 K5 A i 8l flu
HHER AL TS i (B 11) A RObEb 1 sty it
] o XSO B2 EORS B2 A TSR 48 SR (0L, A LR
DAL P e €053, T80 B HE T LA ok 20% A2
A HPERESE R o
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(a) Double precision

150 I Pe g B e k(B RS)
S Z R HARRED
I mé = B HEED)

Lok I R E AR LRI

AT (A B

WAL A2 FItR3 [AR4 ERS
L ZES

(b) HURGEE
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Fig.4 Performance of graph coloring on flux

summation operation (V100)
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(a) Double precision
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Fig.5 Performance of graph coloring on flux

summation operation (K80)
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x8 Mg 4 SEEBITHIE(VIO0, BAERE)
Tab.8 Executing time in groups of mesh 4

(V100, single precision)

Hf s

P ROUE(CREES) K g S EAR(FE9)
1 0. 640 0.241
2 0.564 0.998
3 0.504 0.948
4 0.492 0.929
5 0.288 0.543
6 0.097 0.126
7 0.008 0.009
8 0.006 0.006
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Fig.6 Performance of graph coloring on local
max operation ( V100)
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Fig.7 Performance of graph coloring on local

max operation ( K80)
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Fig.8 Speedup of 1 GPU compared with 28 CPU cores
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