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Abstract In recent years, there is growing concern for the processing capabilities of data-intensive task. Breadth-first search
(BFS) is a typical data-intensive problem, which is widely used in a variety of graph algorithms. Graph 500 Benchmark, taking
BFS algorithm as the core,has become the benchmark for the evaluation of processing capabilities of data-intensive tasks. Sunway
TaihuLight supercomputer topped the Top 500 list for four consecutive times from June 2016 to November 2017, the processor of
which,named SW26010,is the first Chinese homegrown heterogeneous many-core processor. This paper studies how to use the
architecture characteristics of SW26010 to accelerate BFS algorithm. A direction-optimizing hybrid BFS algorithm based on a sin-
gle core group(CG) is implemented on SW26010, using bytemap to release the data dependencies in inner loops,hiding overhead
of calculation and SPM access by using asynchronous DMA, taking advantage of heterogeneous architecture to compute collabora-
tively and carrying out graph preprocessing. Eventually, with Graph 500 as the benchmark processing a scale 22 graph,a single

CG of SW26010 processor achieves a performance of 457. 54 MTEPS,
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Function topdown-step({rontier,next,bfs_tree)

Level-synchronized Parallel topdown-BFS

for u€ frontier do
for v€ neighbors(u) do

| Main memory

Master core

Slave cores/(CPE cluster)

| Main memory

Master core

Slave cores/(CPE cluster)

if bfs_tree(v) == —1 then
bfs_tree(v) =u
next=nextU {v}
{rontier=next
End Function topdown-step
Hix2

Function bottomup-step(frontier,next,bfs_tree)

Level-synchronized Parallel bottomup-BFS

for v€ ertices do
if bfs_tree(v) ==—1 then
for u€ neighbors(v) do
if u€ frontier then
bfs_tree(v) =u
next=nextU {v}
break
frontier=next
End Function bottomup-step
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Fig. 2 General architecture of CPE cluster
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fii H1 bitmap 7T LA FE 45 BFS 5235 In, Out 1 Vis B4 1Y
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CPE, tries to set Byre;[2]=1 N P CPE; tries to set Byte,[7]=1
Read Bytey. Value,=0x00 Read Bytey. Value,=0x00
Valueye, =Valuey, | (1<<2) CPE CPE Valuee, =Valueys, | (1<<7)
Valie,=0x04 ! / Vi, =0x80
Store Value, ., to Byte;. _1" ~ Store Value, ., to Byte;.
- ~
R y
Array
Out

Byter., Byte, Bytey,

Kl 3 Out B384 R )
Fig. 3 Racing example of array Out

Shy kG A FH B L #E SW26010 3BT B topdown
SEVL R bitmap 258 A0SR R R BRIC B9 tag-TD 557k (55
% 3)MAH bytemap FR A7 H Our ALK bytemap-TD 57
Y EE RO
&% 3 Tag-Top-Down BFS Algorithm
Function topdown-step(In, Out, Vis, bfs_tree)

1. for i=vtx_start/64 to vtx_end/64 do
2. if In[i] = =0 then continue

3. for j=0 to 63 do

4, if In[i]&.j ==1 then

u=vtx_start+64 % i+j

(52}

dma CSR-Format Edge list of vertex u and wait dma done
for vertex v€ neighbours of u do

if bfs_tree(v) == —1 then

© o NN o>

bfs_tree(v) =u-num_of_vtx_all—1
10. array barrier
11. dma bfs_tree to SPM
12. set Out=0
13. wait dma done
14. for i=vtx_start to vtx_end do
15.  if bfs_tree(i)<Z—1 then
16. Out_num+ +
17. bfs_tree(i) += (num_of_vtx_all+1)
18. set_bitmap(Out,1)
19. front_edge_num+ =number of neighbors of vertex i
20. dma bfs_tree to memory
21. bitadd Out to Vis
22. wait dma done
23. reduce(Out_num, ‘ADD”)
24. reduce(front_edge_num, *ADD”)
25. swap In and Out

tag-TD B TR A SN T L0 num_of _wvtx_all—1],
B9 AT HOH R B TR v FACRME RN — DN T —1 M
wnum _of vtx_all—1, F 11—13 FTH L ER bfs_tree # 1T
52 DMA B2 A SPM . 7] i 58 X Owe BUH B9 % 8
WU—19 A7 Q2R b fs_tree DI/ T — 1. R A5
B4R B 6 WL K bitmap 278 B9 Ouwe KU i X 7 007 1
1, 55 19 17 555 21 47315007 DR 4B 30 A B 80 IR T Vis B
4, T Ul BU 873k,

tag-TD B 1958 9 A7t & th B 3% 4 AR E (4 RO T HE
Wtk R T AUE R B, S RS T — SL A Y U5 A
TF4S CH 11— 13 A RIS 20— 22 47) o AH B4 i i IF 45 02 3% 2 )5
. Sehric bfs_tree BB Our A H 15 Our W VLR & 1E

SPM H1, HAN 25 & £ bitmap 32 4. 32 & T W2 TEH B IF &
BEL B RIS T BIL R,
&3 4 ByteTop-Down BFS Algorithm
Function topdown-step(In,Out_char, Vis,bfs_tree)
1. for i=vtx_start/64 to vtx_end/64 do

if In[i] = =0 then continue

for j=0 to 63 do

if In[i]&j ==1 then
u=vtx_start+64 x i+j

2
3
4
5
6. dma CSR-Format Edge list of vertex u and wait dma done
7 for vertex v& neighbours of u do

8 if bfs_tree(v) ==—1 then

9 bfs_tree(v) =u

10. Out_char(v) =1

11. array barrier

12. dma Out_char to SPM

13. set Out=0

14. wait dma done

15, for i=vtx_start to vtx_end do

16. if Out_char(i) ==1 then

17. Out_num-—+ +

18. set_bitmap(Out,1)

19. front_edge_num+ =number of neighbors of vertex i
20. bitadd Out to Vis

21. memset Out_char[ vtx_start--*vtx_end] to zero using dma
22. reduce(Out_num, ‘ADD”)

23. reduce(front_edge_num, * ADD”)

24. swap In and Out

byte-TD 5575 5 tag-TD H 3k B A B M 2L, AR Z Ak 2
AR 10 AT 5 T 5 BE E AP bytemap B8 Ow_
char s BT Out_char & char ZS 89 5020 , IR 0k 24 5 4 S BRI
SR Y I A0 M R B R R IE L, R T A8 85 Oue_char R char 1,
i bfs_tree 4 unsigned long M, N ILEE 12 17 55 21 1710
DMA B i 46 84 tag-TD A9 1/8. H A7 Owr K21
s 25 e Ay 8 .

WnIE 4 B 7R s byte-TD 823 A B AR PEBE HE tag-TD 53 1: %
fiX. 4 Frontier W TR A5 A 0] L 2 i A2 06 8] 4 LR/,
F byte TD 535 1) DMA ¥ 2 5 /0, DYt A3 B 5 {H >
Frontier H1 0 s34 £ B, byte-TD 53 5% 10 47 12 58 4+ H I
., H byte-TD S 7R 88 R W B A M 8 By A7 FF 8t 7
TEH AR U U A5 o DR A R AT

MTEPS

18 19

20 scale
Btag-TD Alg B byte-TD Alg

P 4 ASIH] scale 'R PR TD 55k PERE Y LL AL
Fig. 4 Comparison of two TDs in different scales
TD-BU filtG 8wk, TD 54 3% 1 T Frontier T
A BB R B T 25 TR Be i BES 1 &R . ML scale=18
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B, P B 9 A I () TR A 2 A A 1 RS, TT LU B, BES i3
BRI 25 9 A JL A )2 R, Frontier BB /N, byte- TD &

HRIMEREW] AL T tag-TD B3k, M. 7875 ) 46 1k B9 Bl &
BFS # i, TD 535 R H byte-TD £,

F 1 PR TD H Bk 8O et

Table 1 Clock statics of two TD Algorithms
BFS Frontier tag-TD & 3% byte-TD % 3

B K ERU=e J<E iR ¢ Search Set bitmap ISR Search Set bitmap
0 1 417772 31066 386706 134394 30648 103746
1 4 938968 479199 459769 708333 586733 121600
2 2898 32307764 29813673 2494091 35460625 33355817 2104808
3 132566 60320504 59253116 1067 388 61089211 60394050 695161
4 38201 1845328 1446591 398737 1558218 1451834 106 384
5 226 482766 96395 386371 204 347 100164 104183
6 1 459017 71498 387519 183254 79240 104014

3.2.2 BU Jixe %
BU Bk In, Our F1 Vis 55508539 R F bitmap iR, H
FAR L PRINGE I 5 iR .
&% 5 Bottom-Up BFS Algorithm
Function bottomup-step(Out_curr, Out_next, Vis, In_memory_curr,
In_memory_next,bfs_tree)
1. for i=vtx_start/64 to vtx_end/64 do
2. if Vis[i] = = Ox{fff{f{fffff{fl. then continue
3. for j=0 to 63 do

4. if Vis[i]&.j ==0 then //have not visited yet
5. v=vtx_start+64 * i+

6. for vertex u€ neighbours of v do

7. if u is in frontier In_memory_curr then
8. bfs tree(v) =u

9. set_bitmap(Out_curr,v)

10. Out_num+ +

11. break

12. dma Out_curr to memory In_memory_next
13. set Out_next=0)
14. bitadd Out_curr to Vis
15. reduce(Out_num, *ADD”)
16. wait dma done
17. swap In_memory_curr and In_memory_next
18. swap Out_curr and Out_next

BU B354 6 17 B ITUAL o i 4RI 5 . IE QT i 45
1, — B o BN FEA KR o« AL T 1T Frontier, W Xf » Y
ST BVES S 11 A7) WK o 1948 18 1 DMA 43
BEA SPM ZARIE Y, S 5 6 47 B H U ] 32 47 10 A i
DMA, % 7178 & HE W EAHFF B bitmap F 4 In_me
mory _curr IR S « BEN T4 A7AY Frontier 15 £ M #
PG A B A 48 B 45 R Owe_curr W53 DMA 558 £47 In_
memory_next P, IFTERBEE R IGWE In_memory_curr 5 In_
memory_next 324, W F I DMA Z i Out_curr B} 8] 3 B
J bitmap 75 % | bitadd 4551 .
3.2.3 F @ity TD-BU @& 5k

Eanscikl6 ] #i A 1Y, TD 5 BU B8 1Y $hAT B (8] #5 3E
oL phy 2% )2 B 3l 7 1) 30 B i . TD %5335 243 J7 Frontier
TR IS A B — SR 4R 3 5 T BU 5 35 75 2238 [ R B 7 7] ok
B TOU s B 408320 o {EL 25 4R B B AN 48 = 482 T Frontier i, 5 7
459, BF Frontier MU A HE K, TD B85 1Y JF B 19 K, 24

BFS # & e 5g st , TD 58k 0 IF 85 W Bl Frontier 1Y 45 /N
405 24 Frontier B 15 2] £ K B, TD 83k /Y P Bk 8% 2%, 1fii
BU 53 (P fE B 45 2% BES 45 H i, Frontier MO #E /N . 1M
BU 5 1% 238 7 BT A A Ui 18] 19 8000 4630 (a1 4% 5 4R root R 7E
—AFET A MEEEE H A& TD Bk, Hik, Iy ik fk
B BFS Bl 4555 1 1 % 3% TD->BU->TD (5 $ad 2, 5
A 5 froas, HoF, Edge_ front /85 Frontier M 1%
B 2R S T R BB ed ge_left B G RTIE R
JEVUGE RPEI 2R a1 05 48 21 B B Out_num R Frontier
T TS B s nwm_otxe_all 1A T A TG B B8

Edge_ front * ALPHA < = edge_left Out_num * BETA = num_vix_all

Edge front ¥ ALPHA ~ edge_left

Topdown

—Start BFS Qut_num * BETA < num_vix_all

Out_num=0 Out_num=0
v v

E5 TDY5 BU @& sk r &0

Fig.5 Switch condition of hybrid algorithm

S8 ALPHA 5 BETA Xl &k E F B E ¥
e, WA 6 BTN, fEAR S S B E T, 4 F SW26010 |
B TD-BU fl &% %k, ALPHA B 15 . BETA B 45 FL# 43 .
50
45
40
35

30

BETA

25

12 13 14 15 16 17 18 19 20 21 22
ALPHA
=346 %105 ~348x 108 = 348x 108 ~350 X 10}
=350 108~352x 108 = 352x108~354 X 108
=354 X 108~ 356X 10° 356x 108 ~358 X 108

6 scale=18, ALPHA-BETA-TEPS 3% & &l
Fig. 6 ALPHA-BETA-TEPS relation graph when scale=18

3.3 TAAIREFAE

£ SW26010 HAZ 2 1 SCBAY BFS 595 CSR #8520 3&
ARERAS TS AR 48 2 . AP 4541 3 vh IO A 1 HE S DT . 2 5
W & fill 7 BFS Sk AR X T TD BE M 5, e B3 %
nfarHES B T R D Y 1 BOCRR 45 T 2 BT Frontier 19 BT A 2K
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Table 2 Percentage of data amount after compression under

different problem sizes
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Table 4 Comparison of recent works implementing BFS on single GPU
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Works Year Scale MTEPS Architecture Band Width/(GB/s) Ratio
Performance/ Tflops
Merrilll14] 2012 20 3100 1x Nvidia Tesla C2050 1.03 144 1.43
Ful15] 2014 21 2500 1x Nvidia Tesla K20 GPU 3.52 208 0.73
Peterl16] 2015 24 725 1x Nvidia Tesla K40 GPU 4.29 288 0.15
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