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Abstract Graph algorithms have important application value in many fields. With the development of social informati-
zation, the amount of graph data to be processed has become larger and larger, the performance of graph algorithms has
become a research hotspot. Breadth-first search algorithm is an important graph algorithm, studying its performance op-
timization techniques can provide reference for the performance optimization of other graph algorithms. The current
work on new generation Xeon Phi many-core processors are based on top-down algorithm and do not take into account
NUMA effects on performance. Based on the hybrid breadth-first search algorithm and the NUMA topology . this paper
optimized Breadth-first search algorithm from the perspective of tasks allocation, vectorization and data preprocessing,

designed and implemented a high-performance parallel breadth-first search algorithm on the Xeon Phi platform. A series

of experimental results show that the optimized algorithm has gained 50% ~ 145% improvement compared with

Graph500 official tuned algorithm on different scales of test data.
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Graph500 J& 3% [F Sandia [ 5 52 5 5 & A 7Y 35 v 0 3 F2
J¥ . 5 TOP500 SR HI Y 1 55 %% 42 78 3k of D 3 2 )% Linpack A~
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Xeon Phi A4 4b BE 2% J2& Tntel 23 &) #E 1 i — Fh 7 1) w5
RETT 3 S EL A o B T AT PE A AL BER 7 5 . AR SO A AR
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Tile, 6% IMB "B A7, A = REAF, F L Tile Z 8] il
it Mesh M2 A70 15 . A L Tile 7T L TAEFE 3 Bl AS [7] B 48
B 2 (Clustering Mode) T : All-To-All, Quadrant/ Hemi-
sphere I Sub-NUMA Clustering(SNC)-4/SNC-2"21, 7£ All-
To-All # T , WAEHIEFE T A Tag Directory(TD) 13 4] 43
. #£ Quadrant B, i Tile 9800 4 MR R A%
FR Hh P A7 4 o #5551 TR0 ) L ik 2 () e O B0 AR 2 B 9 TD
Hemisphere #3X 5 Quadrant i1, JJ&¥ Br A Tile ¥ 5 N0
A4, SNC #% R 7E Quadrant F1 Hemisphere 5 28 i) JEfil
b KA RN AE X AR R R BN N 4 D ELE 2 > NUMA
215, Quadrant/Hemisphere #ll SNC-4/SNC-2 & = B A
AP A7E IER . 5 /T — 48 Xeon Phi A [, KNL if it 4 T
MCDRAM(Z il 8 DRAM) , Haf 5835 5] 400GB/s LL b, Al LA
TAEAE Cache SR FAE K P ZEAF (Last Level Cache, LLC),
3.3 RAITEMERZTESE

JTEEAR R BFS) 2 — W R B REE . A
TSV KA E W E GV, E) R R & s, BFS 511k
FAEUIT s BT s BOR VTR BEE T visvsvss 0,0 R
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B BERES G currQ TR ETEHAERZEER
BT, MOBR TG BRI . B0 48 R I IR 00 A 119 4B 432 50 91 3%
SRRV TN R EHTTRRES BT RIFFEAT — 248
RIS BAI nextQ. #—ZHEREMIE 3L H currQ Al nextQ,
g T — )2 R HEUE S5 G currQ R 2. BUA visited I8
SRITA TR TR . B tree i85 84> TS 7E BFS 4
BB FP IR A TR, B FE AR R A R Py R T 0K . A B oA
ADJLIST(G, ) AT B G B f 45 1 4R IR o (1948
BeaAg ., WRIEF AT currQ PR TH A 6 T2 BEVLEY, B
BE A S AT B A AR . 3 R B AL R A S A 2 BFS B
2 Kt BE AL T A AR TR
i T EREEREE
HIA:G(V.E) s
il tree
tree[v]=—1,V vEV //BFS 4 sttt 4t 1k
visited={s}, V vE€ V //Ti MRV i1k
currQ={s} //HHRAL5 RFIB1 41k
while currQ # 0 do

nextQ=1}
for all to_vis€ currQ do
for all v. € ADJLIST(G,to_vis) do

if v€ visited then//# % A 15 7] T
tree v]=to_vis
visited=visited U {v}
nextQ=nextQ U{v}

end if

end for
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Fig. 1 Example of invalid search
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ol b 3 45 oROREME T LLAE BES B9 19 55 8 B B sk /b I K 4
MR FERUTAXE. BIRn L REROHRBEmAED 2
Fi7s
k2 ARmEBEEERERE
A :G(V,E),visited, visited_in_last_level
i tree, visited
for v& V\visited do / /7 A7 7] Ty 1 BR 10085

for wE ADJLIST(G,v) do
if w€ visited_in_last_level//w £ _L— 2 # 15 [
tree[v] = w
visited = visited U {v}
break //45 A% &R
end if
end for
end for
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Fig. 2 Comparison of edge search numbers of different
search algorithms
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AL, JEREE R R MR 7ER KRR R T U A7 4
R I E R NUMA #3109 & 484 i 4k BFS 5195 48 %
PEREE % 1 NUMA (957 P R TT G805 U5 A7 BR il 76 4 b 25 43
oL R TR JE R

4 Xeon Phi RAZALFL AR TAEAE SNC-4 #E2UHT , 7157 8 IR
FIAEAE R PR LH LU 4 4> NUMA 25 &5, 1 3 JBoR 7 Sz fff
FHB Xeon Phi A% AL B 2% 59 NUMA $RIMEH . B HEA 45
JPNAT 18 AN AL FEER 4% (Core) M1 24 GB DDR4 INAF, 44 ix A
F P48 0, AR SOl B — B mT LAk 4 3 ] 3 o N AF B9 AT 55 o T
F . HEALBRMT . D R 247 B kT B A
EER A NUMA &5 5 2) 8 &2 5 NUMA 45 S k4748
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Fig. 3 NUMA topological structure of Xeon Phi
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N B I nextQ, P 5 currQ 4758 H0 , AT — 2
HER., KM LR B, NUMA 455 & &2 L vi-
sited , "TVARIC 2 K 17 7] () TOU 2 FE A 18 BR T2, R AT A
B FRFET cwrrQ TR TS CcurrQ B T H L — 28
Pl B TOUAE0D IR A JZ 48 R B B TS A nextQ, . TR AE D,
TEHZ AU R KRB, %8 45 P A2 AR #E 4T [ 20 Rl g #2
FEIE B currQ, FREAT — 248 R,

2238 BRI 5 AT 55 43 BE I » BES 5503298 &R 1 K 4 i 77
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[] 9719 S 5 5 a0 4 s R R 5 ) B A DX SR /s B T AT
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Xeon Phi AA% 4k 30 28 (19 55 A~ 80 90 4 W5 A 1) DL A B Ak
¥ 512bit % H% 19 [l & AL 3 5T (Vector Processor Unit,
VPU)., fEH KR FAE R B, e i R E 2 W R E DK
T (8] T B 4B H2 i 5 R L S — N 1E E— 28 R 2 1

T i, 5 Paredes ffi Il /9 1] i L B T[] T 48 R A [\, A SCH2
T —Fhm A AR R T R VPU R AT AR W
AR AR T R R ERAE . ARSI

DR R LR RLELERY 16 DTG ST . I _mmb512_
set_epi32 O #AE 1 B 7] & Z A7 4% vsearch,

2)FIH visited TR B 44 vsearch W1 B 294 15 ] iy T
MIENRER . AS 5 ERRE.

3) B G i EL vsearch AR 17 ] TH & FY) 455 42 20 51 2%
ik, % B AR veheck_ent FIITE K 0,

4) LA vcheck _ent A i 0] 48 % 4 5 R AR AR M
_mm512_mask_i32gather_epi32O) M\ 16 4~48 43 #1511 % 4351
A —AT 5 F] vneighbor, ¥4 vneighbor H17E b — 2 #{ Vi
] P8 TH0 A 200 SR R 380 S0 A T, 0 4 4% vsearch H AR I A T
MEERNCUR AWK, ENBELATNRASE T -k
2. i mm512 i32scatter_epi32 O B R4 45 3 5 7] 41 36 5L
254

5)HF veheck _ent B9 R BRI 1, 4 3R 5 T00 A A4 48 42 A 5 R
R WA H B E AR, EE ALY 4) HF vsearch
rh T A T 1 [ B BT A AR B R AR R e R,

LB BT A A 32 MR, LL_mmb512
T3k 1 BB Intel G2 A 42 Ak 19 F T #8246 1) 1 A0 3 05T Y
APL L v JF 3k B9 78 & KB 3 0 512bic, WA 5 BT R . 4l 1
VPU #28 R 7RI TR A9 48 82 38 — AT LU R 16 A>T 19
4N,

] Dj:\ D:\ LS YEY
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Fig.5 VPU searchs adjacency list in parallel

1o g P R o)L 4 R Ak 1 G B B AT A B 3 TR
&£ 3 mmfb AR FERA®
const vertex_t * inadj=g. get_inadj() ;
__mb512i vsearch= _mmb512_setl_epi32(—1);
__mb512i vindegree=g. avx_getindegree(vs, vs_mask) ;
__mb512i vcheck_cnt=g. avx_getinadjlist_start(vs, vs_mask) ;
__mb512i vcheck_limit=__mm512_mask_add_epi32 (_mm512_setl _
epi32(—1), vs_mask, vcheck_cnt, vindegree) ;
do {
__mmask16 not_found_mask =
_mmb512_cmp_epi32_mask (vsearch, _mm512_setl _epi32(—1),
_MM_CMPINT_EQ);
__mmaskl16 valid_mask =
_mmb512 _cmp_epi32 _mask (vcheck _cent, vcheck _limit, _ MM _
CMPINT_LT);
valid_mask = mmb512 kand(valid _mask, not found mask) ;

if (_mm512_mask2int(valid_mask) == 0) break;
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__m512i vneighbor=
_mm512_mask_i32gather_epi32(_mm512_set] epi32(—1), valid_
mask,vcheck_cnt, inadj, sizeof(vertex_t));
__mmaskl16 last_ vis_ mask = past. avx _ get ( vneighbor, valid _
mask) ;
vsearch=_ mm512 mask mov_epi32 (vsearch. last vis mask.
vneighbor) ;
veheck _ent= mm512_add_epi32(vcheck cnts  mm512_set]l epi32
(1))

} while (1).
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Fig. 6 Performance improvement of task allocation optimization

and vectorization
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Fig. 8 Performance improvement of data preprocessing
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Fig. 9 Comparison between Graph500 official implementation

omp-csr-new and realization in this paper
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