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Abstract: Hash tables are well known for theiraccess efficiency and time complexity O(1). As an algorithm and data
structure available for efficient access t(; large-scale data, hash tables have been widely adopted by big data applications.
For example, they are applaicable to various kinds of workloads and scenarios in the emerging high-performance
computing (HPC) domain and the database domain. As the hardware performance of the high-performance coprocessor
graphics processing unit (GPU) improves continuously, parallel hash table optimization for high-performance GPUs has
attracted a lot of researchers. According to our previous research survey, most of the current methods and solutions for
GPU-based hash table optimization focus on the large-scale thread scheduling and high memory bandwidth of GPUs to
improve the high-concurrency processing of hash table transactions and fast key-value access to data. However, since
existing research on GPU hash table structures generally ignores the effective management of GPU resources, no methods

are available for making full use of GPU thread resources and memory resources. Moreover, due to the limitation of the
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GPU memory size, the space for storing data on hash table structures is limited and therefore unable to handle hash table
structures of larger scales. Thus, technical challenges remain for the scalability and performance optimization of the hash
table designs for GPUs. This study proposes a hash table technology that can process massive concurrent transactions for
GPUs and names it Starfish. Starfish includes a novel “swap layer” technology based on asynchronous GPU streams to
support the dynamic hash table outside the GPU memory and also guarantee the high indexing performance of GPU hash
tables. To solve the massive hash transaction conflict overhead resulting from access of large-scale GPU threads, we
design a class of compact data structures and a pageable memory distribution method, which not only provides the high
performance of a static hash method for the GPU-based hash table technology but also supports the high scalability of

dynamic hash. Our experimental performance evaluation shows that Starfish is significantly superior to other GPU-based

hash table technologies including cudpp-Hash and SlabHash.

-

Key words: hash table; GPU; paging storage; swap; indexing technology 5

1 515

W& 75 2% (hash table), HARAUANER, f& — A RHE 6
GMEFAR (key value) KN j\(%ﬂ*ﬁiﬁﬁﬁi TR pt B o £
B B Ei s 5 4y, JFCa8 o O B o A A S 81 36 i — A
i BT S E A, L O(1) I 18] 52 2% B2 S I AR 4
BEAH L. WA RAE A — I R Bl O 45
Az O HE, NFR PSR U0 & R 5 CUAR . IR
GERIREIRSE) ey R S P A R AR B
B S UG ) AN WA RN % 2 8 FH S0 v P 0 5 oK, e
Ay RPORAE AT EAE PR R G AT AR A b
A2 T KIER A,

TEVRE 22 S HEZE TensorFlow F1 PyTorch X #i B
Bl PR Ah BE P, S i 3 P N FH DR B8 s A 0, R
E T R P B AR AT AR ; 78 KA Ab FH 3 H (]

KU A R A A FE R R LA, IR

T AR S KR e 28 e BB ), 451 5 e AR
FRFHMIRD FH RSB . 7R R
P4, % 3 B0 T 3 1 2 00 BT 4 R s 1 7,
Wy 75 R 2R 5 T B AR o1 T 75 24 g 2% 2%
RO R R AR T, IRk, T 0 75 R A e
REORAL A A58 PR R GE O R T R b % T 3K
I BERR THOSL, el B A WA A 2 P Al A 7E 4626
B IEAT T ELA M b B b A 7 R — B
AR AN Tl 52 78 1 e P O 9. 24 T O %
FRIOGMIRLEHIBE . AT R ph9e%E %)y
THTF % KT A. AEIRATIA A AR AL L, X0 5 T
fEZHET 1 CPU HIFE, Wit T W A4 — 7
Vil (NUMA). XHFRZ A HE (SMP) 25 i 1 G AR 55 25 242

3

G 75 R AR AR AR, I it R & A HHE S50 (n
RIMIE . LR AENFISE) CLIE G A % 1) AT b
HEVERE, PRI 2672 T WA R 51 PR, B M RE I
R R R, 18 EE A EEEE (GPU) 1R Nt A HE 4%
FIPEREAT B 7 KR FE SR T, B GPU B s fit T
Ji g UL b 2R FEH) = IR AT RS RE 1= T 100 GBYs
LAEA G, KRR AR S B R, i, B
P NVIDIA V100 GPU R#24t T 214 5 120 Ji b B 5
JC. i MERE G A R B0 7L AR T a6 A Ak 3 GPU 1)
RHUBEIEAT I i A7 LA 002 35 SR A A A5 22 1) KRR
IR TS 554 AEC ), i, BEHE I cudpp!'™' Eil-E
AW ERAE, MR R O R SR RE, X
sorted array "9, ‘euckoo!'™ 4 % % CPU % 3| J ik
FETP1-3 11 2% T GPU WA HRAE B Ak b, HT IR
WA 75 R 01 (1% TC VR A CLE WA 75 2 o (Y0 K 7 4o . 3
T GPU KM LR FE [ 05 A5 4 5 (i tH AL BE) FF4H,
It GPU MR TR T4k GPU N IFAT A BER 5
R (B V7 0], FRARER 51 v 9%, 2E 1M, GPU Fa 7 A 52
AT BN AS A A FNER S e A PR T AE.

I RTEA R AT, H AT R GPU WS A 45 F 32 22
{§i 1 cuckoo W& A HIE I FRAS WA A, 754 N A EL FR IR
FH 5 KN GPU A7 073 Bie, BRI 3 47 B2 B 9 2k
PE, BV RE S, AR BT T4 B 7 25 K& GPU
TAFE A, FE GPU BAFFIHZM T, k= vl 5 e ik,
T ASE FH 4l S B 1 Zh A G s RAE R & T a9 R MR [
IR BERPER PR AP G A7 4 Bl Al R 1 — 8 I R AF R AE T4,
FLEARME REBE IED T HR A G A SRES. Bk, R 1 454 T
T GPU M 7 SRBE 71 B ik 00t .

System Construction &4t 14 83

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

2022 4F #5314 H 9

R BHEWNASEERA XL

G JRSH i B
U o (1) AEEE v A
E 4N AP .
g IS SRS IR B v sgnnin s iy Q) T LA B S A
o S (3) W7 o SR R i) AR 4 I 3 7
s TVEGPUSAFSIab LA, BLAREAL (1) KR RERIA A b RIT 45 25 (1153 BEGPU S A7 BV 5 55 ek A i 22

warpZlJS 73 ic, AL e A iR

(2) ZEFBhFEIA.

THEAWRA.

SR, 1 1 RE NG A5 3R 0T 78 2 5K A B — T A,
BV B 6 M ) R P S G A BB S MG A, WA IR IRl G X
PRRIEA R, B, T GPU A7 o5 FH &R AR &,
TE AT JE DIAE TR K MG A RN B4R R G L IR I8
7. 25 b, DA GPU myPERERG A5 RIGBE L TAEISRAFAE
WIRFREME: (1) BT GPU &/ B AR =R (W
V100 GPU #24ft 32 GB DDR5 4R &.47), Bl TAEZ MR

TAF MR HUAR I s R L5 4, Tk FFid GPUSR AT

O S5 55, e SR GER T 47 SR 4 S
(2) B BB BRI, SRS R ne 7 77 55
T S P AR % 5 B lE. GPU A7 URAE ) —
] 224 2 /ME 55 [N 7 2 o, SEL 2 RbE REIA TS
RHGZE AR E LA EE S R U H 5. 4 A
(LR 5 T 8 B2 A FRF O REBOKIE, ) BRI 75 %15
Vs AN T DR, AT R R I A
RUSGRS R A AL AR e,

RS T4 A AT RIS AS IS % T AR 15,
£ Linux (0 T0H AU, VM —FR3ie L B b A
iR L T BAE 2 IR GPU S 0 A0 R s
FREWATE AR R RS EANLATE
CCH AT RERIFR1E 7 Bk ChildTable), F-16 F 7# K

T HE GPU 4k, #8id stream SCHFALKZ insert #:4E, Fl

A GPU ZFENLHI S HF search LLK delete, AHXTENA T
fE4RTE T insert HEAEPERE 1522 fiF. A8 SGE BRI T

(1) 5% GPU A7 o5 Flikvss DL s S vE A R4l A\
P R 1, AR 2 TR, B R
TUFRATLI ol 25 A 1ok K I A 3R o R R 2 AN NS R ER
KG—EH; W HE GPU S AF5E H SRmg, L FFH
— I ZI A TR D E 1R P GPU LAER, KRB
GPU A7 5.

(2) #E—25, At T Starfish JR 8 R 55, DLSCRE
%K GPU M5 7y £#A4E, APRT select/insert P A update
AR, A 2 T RE AR insert #AERUKZRAL, 7R
Fh AT £ B [ s R B2 PR AR e N 2R U B 3 s Ay R 45
TR T4,

84 R4i# ¥ System Construction

(3) SOG4k AR WA, 15 22 B S v H biE 4 L i)
i, Starfish 7F insert DA A 2557 44 2 1) 14 68 77 T, AH A
T NVIDIA £ 1) GPU M 75 % T ‘eudpp-Hash &%
BT 1.5-2 f%5; A% 5 BB ICA cudpp-Hash ()
5%-10% LAK SlabHash{f] 1%-2%.

2 HHKTAE
2.1 HE GPU KIS MREMRA R

BE & %28 = M RE P AL B 25 FR T (W1 GPU) HOZEH
PEREAS WL T, 24 80 122 R WE 5L 5 1 HF 46 %% ) A H
GPU 85 #8 K% 1h = M RE s Ay R R AE. AHXTEE CPU
b EA R FEAT M AL, @it GPU Prab 2
a5 BEET AR 4 Z AR (SIMD) 58 7 ZEAA R 1 ke
BB I A R IFAT H 55 R/ AR B 7 B
T, BT T HE G I I A A
IARAL TAERIFH GPU S5 K FAE F-AT Al AR 4 P Sk 47
g, F= B a0 AN T T T 1) SIMT R NG
7 M AT B A SR T U SR K MR O 4T
2) %Vﬂﬁ%ﬁ?’i{’ﬂé‘%%ﬁﬁiﬁﬁiﬁ R T R R
V1) A7 e 2 T DA i) SR 1 PR 1. GPU e Ay R
cudpp-Hash">"™ FII I cuckoo W& 75 7512 LA Rz 28 3tk
X H W, 55— R THRAER GPU T I8 7 8 1E, ¥
Z N T NVIDIA BR800k =S @ i, 3E
GPU M4y TAEFZ 5 A — K2 M mEES GPU &
LM ESRAR, B —REUETE TR
FRALYE GPU BAFIAL RIS IE AR, XK TIEH
FHTK, BARWAT R,
22 BSHMAEEXMRIE

[fia GPU I S R HGEIET cuckoo HEmg!H!
RACBRRG A5 5%, (HAA AL cuckoo HElE (MG AR 1K
i, 40 Khorasani 2 A4 H ¥ stadium hash"®” £ fif 4
TR AN 2 IR S5 Y BEXT, T BT —
MNEENE. &L IE GPU A% RN Alcantara
25 \H2H ) cudpp-Hash!">"™>'), Bl Nvidiaff WbriEng
o EHEH, HEETRME R cuckoo SEHN, MEAMEIMAN T

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn

20224F #5314 9

http://www.c-s-a.org.cn

i H AR SN A

stash [FIALHI AR E 98D 10 AN R IAZR . cuckoo £
A WG Ay R BN L) 2 SR B R /8l 22 T S 800
T RE T B4 ) 55, PRt Breslow 25 A 3% H ) Horton table!"
R T —Fh 2 I BRI S M SR A 7 TR AR 5 P 2% i
AR 51, DRV NE E BRI L. Brittz 4k, 5 cudpp
Bl B F A RIS B K FU AT e A5 RIE A 1 2 5= I
W75 7595 ) coherent parallel hashing!™), B /& [F#¢
I[N B
2.3 FISHMAEEEMRIE

Ashkiani 5 A2t 7 — B0 ] GPU K 5)a 0 Ay
2 SlabHash'""!, FI| F 5h 45 0 75 i (1) JEACBE AT 1 Kb 22
W A PP S Bk K, T A 7R R AR A A v 93 IR B N
AR H AR . fE AT 5B EE R F, B warp
N AL EAE F ballot. shuffle 25 warp P84S 1
APIL R IR AL EE . AR E & 1F T SlabAlloc #fiI K LA
warp BB 25 4 BT 0 slab 2514, 15 £¥: 92 90 45
P RSN A 19, FL £ 100 25 0 75 AR 2 A i A 2R
TP i s, AL SRR b DABOR B B A7 2 AR 9 AR 1.

VENEHT 1 GPU M4 75 20 7T T.4E, slab hash!” Al
stadium hash™” 3£ GPU kg $ 1 4 Fi LA ATl 4
JEVERE I H BT, HoA slab hash A& — S LR ShAS S
7 #¢, stadium hash & —FhE SIS A K. 1LAN, C 2
J3 Fl T NVIDIA RAPIDS HEZ2!"! ] cuDF I 75 5 s Al
HashGraph*" P Ffi s 75 2% 1) Se B in B Al @ A
RAE M, SRTT T H R A I v S A A0 R A T s R Y
TEVEREIRIN, S BT " HE M MEREE ).
2.4 HFITIEAEER GPU EE&H T HEERERME

M B HIBT L TAEKE, GPU e i R RIR K 2 5 T |

P B UG A AT AT HPORBLTEIY, A R R G Ay
FAKTT GPU T8I0 54745 1) Tov il 2 BRI, Sk
Wit ok IE s 47 & k. A Bk Khorasani®s A4 Hi 1)
stadium hash®” $2 4 TA“*?FEF out-of-core M) M%, B 7w
PLEAT IR B IG A RAFIN T BAFEE 47, UFI8T
F A7, stadium hash {3 F — 7 ticket board FAINL V5
DB AR FAFZ A A ER) PCI-E 28k, DLILIA 31 %
R AS FH B 0T P A7 SR I PR BETRRE. 5 4 R RE A FH R0
out-of-core J7 V% {75 221845 Hopscotch hashing!™” Al

Cache-Oblivious hashing".

3 Bl S RxT
S5 GPU S R LR B AR Pk

31 B 1 AR RENE IR T SEiT A

TG IR AS I A RAE R I SE N R N 58 4 T
NIRRT (failure) W4 3K, B0 30 1E 44
10BN FR N0 R I, U0 206 B30 BT A 5 R T4
B F IR HEAT FHAEE (restart), BRES I AR A (1)
TR RIS SCHUER S —F failure AbFEHLH), #5 failure
F 2 0 51 B 45 /8 38— AN B I, 35 [ ] g 3
1T restart, B4 failure 40 PR 1) FE #L 4% H) 7E X AN X
N, R failure 2 J5 FIREAE restart HAET
0N 7 5. R failure (K5 SRR B B 22 1 A,
BRI 2 SCH L4 PG failure %t T A O R
3.2 ki 2: A GPU BHMNEFE R RS

1T GPU WHbHE S 10 517 U AT PR, PRItk A9 A
FERE FE7E o P GPU 171N 7 65 21075 O e U 2% ST i 4%
% GPU RAFHEE, B4 [ 5 HI T 4 B R A7 %), X
SEAE GPU R A7 % [ 2 IR IS T A MUBEIA 75 25 14
Tl e BT GPU 7775 ], 45 S BUR M bk A
A4 R S BR. S A T, 48T GPU M 2 M52
B4 7E S5 17 17 25 4 3 S B MK 3 52 42 TAE pinned
memory FIRIHR T IF R 40, SR T4 R EA745 i o1k 2
R T 25 5T T AR A 45— Ho ik % o
GPU SLA74 J PO, RT3 S04 7 =545 1 s i 7% 7 B )
F PCI-E K47 K& 1 host ¥ F1 GPU device i 1%L
R A HRAE, S B U R AR T PR, A SCHR
T —ELH i GPU #4154 (out-0f-GPU-memory) (]
S, A6 A TR S T R A7 5 ) R A7 o
25 #i (swap) B host S 77, 1 24 1 75 B i [ H T
WA 2 5> M BE BT 7E GPU 577 vh . b 4b, it 2 X
BAFHE R R AR, A SR T A7 5 P 3
VAL, KR I P e B O34 B A7 ) o

R A A 5 H R TR I GPU
A U IR TR B, TS 2 DR A O 7 2 A7 v T A
R, ST 4 AN P B ok A7 2 1A T
5 53 i), Lk R — AR A 4 $E B A CUDA
TR B 4 T 5745 .
3.3 Bk 3: TR S AEEE

o0 24 T 7 R 2 M O 2 e
B ARSI, ARSI T — R0 O BE T T 14 K8k
L A T R G K F R, LA PR A A R 1
kB R 2 T R LR 38— 25, ASTHE T A RS
R Z %5 StarFish LASCH _F 2 108 ME G504 75 LR, 065
% K B0 T T T SR

System Construction &4t 4 85

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

2022 4F #5314 H 9

4 JrEIH
AU RETHEEGNERFRMBEEGHRSEN
M, T4 B TR S T — P48 GPU 2ha&
0 BAE DU B 5 A B A 1 e Ay R ——Starfish, I H.
AR RAFHIRE
4.1 Starfish Z24i% it
[ [7 GPU [N % 3R R 45 Starfish (1B A+ AR 4L
BIan i 1 s, T2 2804 73 S0 e o8 45 38 48 g
(host) f¥] CPU A3 %8 3 £ () Daemon 3 (& 1
IQD) F 55 HEME 7 R HE VO BRER@ VL K bbb FE 88 5
#1245 GPU $UATHE 7 (kernel 115 AR5 BEL®)).
H5PEHR A

CPU it
@ m Thread Block

1

Daemon R

1 Starfish B4k 224

Hrh, Daemon E#ZHOMH TEHEN R4, 10
SETCUETHFREL HRAE GPU TR E], LK
e EAFEMBA T ZATROBE. — A0 (7
) Wie — AT LAA] T FEA 1) e B KR ZE M A R, BT LA
i FHl cudpp-Hash. horton table 25K AE N K 2 MG A K.
H R, Starfish [24E /0 A @8 T 74 2 TR 140
#a 45K (ChildTable, 1-3%) J7 2R B IG 7 TTHEAT 48

TR A RS R (B8 T3R) LA E A7 )

B (BRATEOLT 64 MB) T2 AUHEAT gk, H AL pi? 3G
#F<Key, Value>45 F £ AP\ 71 TR GPU A7,
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Starfish 75 G 4l N\ 95 55 05 7 32 43 [ I S0 T PR e GPU © Host
AT InE A& L. 13—, 25T CUDA Streaming L | inputl input2  input3
X R H M, Starfish CUDA 8 %W & # T4 Stream K57 o |ChildTah1e1 ChildTable 2 | ChildTable 3
4K ChildTable Y 47 7L i) CPU-GPU ¥ 1/0O #:1E 1 =
v input1  input2  input3
GPU # B EUK FFAT AT, 18X AN [F] ChildTable 44 4 lpu
(55 52346, M AL A ChildTable i) PCLE 445 T O\ oo omtanae 2 [cntanes
AN kernel 1847 [R] N REAT, Ko i dhs A% fan i 1) =l 2 — e [r— ,
input 1 input 2 input 3
kernel 3z 1T I [H].
ChildTable 3 ChildTable 3
5% 1. Insert PhACHS I M l—“—__j —=I
(1)  FUNCTION(Keys, Vals) nput1 | fnput2 | input3
(2)  myKey = Kyes[myld]; myVal = Vals[myld]; { ]I ’H&{f 1[ m . |
3) myKV = makeKV(myKey, myVal); - - .
4) myLocation = hashFunction(constants[0], myKey); ' ‘ \‘_ E 2 Starfish Fa 7% $ % insert HAE
) FOR I in I to maxAttempts do -l -
©6) KV = atomicExch(table[location], myKV); = ~GrU. o Host
1 b outputs| ata !ians er outputsD—J-——L-—I m
7 IF KV is EMPTY or DELETED T?IEN breal'(, i queries| _ LLL] D: f cueries - =
®) END IF Y\ ‘B ’ \ Retrieve in ChildTable | EEEE - EEE
(O] determine next locatlol(KW) . -

(10) END FOR 'S -

(11)  IFKV is not EMPTY THEN

(12) IF TryTolnsertIntoStash(KV) is successed THEN
(13) RETURN true;

14 END IF

(15) RETURN false;

(16) ENDIF

(17)  RETURN true;

(18) END FUNCTION
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w3 FHTR, 2R 5| (search) TR A, R %
ARG (query) PRI K /NG T 384N 3 (1) 2247 75
AT/, DR R BT 2 46 & (queries) AN
BAEREET T ESRETENES. UE3 N
B, BARMER TR T (1) Starfish s — 1L
query éw’ﬂi&fﬂﬁ%/\ﬁﬁl%Rﬁh?ﬂAﬁiéW A2
HEEE I =PIE-E:Y GPU ! j';'kﬁF PATER G GPU ik
HAE GPU W 7 5847 TUT 3 47 967K . ChildTablel
FI ChildTable2 W17 TUNM BESEAE T GPU WAFE L,
GPU B HATAL R (search) 45 AE XS BT i N\ ¥ 25160 5
FEG TR R, A, ER RS T, BT AERA
RO IR, N T B AR F R ST, FRATTRE R
DG A R R BN A key fEE S (queries) F1E .
(4) fEXF ChildTablel il ChildTable2 f#&: Kk 2 5,
Starfish ¥ ChildTablel P70 & #: 2 EHLNAF L, 24
J5# ChildTable3 A A7, FI{E ChildTable3 b X}
WS TR ARG KB FBIN queries AT EIK.

oupus[ T [ [ ] =[]
aueries [T ] (1]

_. |
S| ChildTable I ChildTable 2 ChildTable 3

[ To be retrieved €] Not found [JfiFound
/€3 Starfish I57 R FH 5 f‘h #iE

43 HEFEIH R Starfish BEES LRI
% GP{J 81 SIMDGE B8 . GPU 035 T/ 48
PRI A7 7 IR, % F8 5] Starfish C.23 HL i

ST RSN TR, DI 7E R R O S R T A

4i[1) cuckoo FEGRIE SN/ AIPERE. A TR T
RIA4ETE, Starfish TERAFRARES N T 108 4
<Key, Value>HI#4H (FX N stash W5 % 3R) R TCIE
A ST TR, HEH stash KRR, # T
X RE B8, 7E stash ZUZH A AT FH I — () RG A5 B S5
H 720 7 i A

T NI 1 % R B P AR A R 1 R, FE SR
2-4 47 A 2R N () <Key, Value>$( 4 iR 45
AR E B 1D 5 B RS BAE T, 5 5-10 4T AT
Z IR cuckoo 21k, 758 9 1T A#HF H f1<Key, Value>
FREEN T —MLE, 5 11-16 1T WK &5 T
i <Key, Value>AsJy 75 Il 1 BRI 1 85 KPR IR 2
(maxAttempts), 77 224 H F N stash £ .

System Construction &4t % 87

© MEREEBIK T

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

2022 4F #5314 H 9

5832 2. Search G

(1) FUNCTION(Queries, Outputs)

2) myKey = Queries[myld];

3) IF myKey is EMPTY THEN RETURN;
4 END IF

(5) FOR j in 0 to numFunc do

(6) location = hashFunction(constants[i], myKey);
(7) KV = table[location];

(8) IF getKey[KV] equals myKey THEN

) Outputs[myld] = getVal[KV];

(10) Queries[myld] = EMPTY; RETURN;
(11) END IF

(12) END FOR
(13) Location = SearchInStash(myKey);
(14) IF location is valid THEN

(15) Outputs[myld] = stash[location];

(16) Queries[myld] = EMPTY;

a7 RETURN;

(18) END IF

(190  RETURN; y *
(20) END FUNCTION § "

B T B K D AR T AN B 2 B, 8 2 4T
GRS AR S P BB, 58 S5-12 474 RIS
75 0 O WL S35 4726370 5 2 VRIS o
T 55 75 O o R o e, LG
e Hfth T2 i 3L 84 2,

5 SEOGANGE AT
5.1 IIMERHE

S25632 1734854 Ubuntu 16.09, GPU iy NVIDIA
P100 12 GB, AR5 C++, A3 19 £ > Bl AL A= BR

FIANE AT key HIBE(E XS P41, A5 400 Starfish 5288 |

) & &5 W 7 —cudpp-Hash DL & & L1 &S 16 75—
SlabHash 347 %1 t, # Starfish 14§/~ ChildTable
A BB A B e 100, 5 /R AET
52 WMERWEMEEITME

TEE G BT, WA A AL 2 B 3 N (R 4E B 2% K
BN N R AF I A ELAE N, RXT T Starfish
(1A A B VP A o 2 0, 25 O A i P BT )

Hi & 4 ] DU H, 7630 & 500 75 A4 (e X
i Starfish-x (X H 1 x 4R A7 A T R 1) 23 (R 0] 25 40
x I~ ChildTable) FPERESF S T W22, 53] T cudpp-
Hash ] 2 fi%. [AIES AT LAK B ChildTable 204 & (x) &
AR, Starfish (014 B8R B AR, 1X 2K Child
Table ¥ &8 KK, @1 PCI-E #4728 17 2% ] swap
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AR, T PCI-E AR5 AR 5 55 1 I F A7 8 A JT 4
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.
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& S o LUE H, 75 5dE & # i 100 5, Starfish
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TR [ AT T I7A5. X RSB L 0 GPU T
hash table #4257+ % cudpp-Hash FIZIZSI4 757 SlabHash
(bucket KR B N 2), F LAVEAl Starfish 18 $14 R
IBIY & X (SR

Wl 6 P, ANSORHX 28 7y K AN Starfish 735
AT T IR R BRI R, AR H 800 HAAE
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& T 1B K S5 Ay K (cudpp-Hash) H 2 R 1 HF45.
[FIIS, 72 K BRI K m A =, (B 6 thifF Kk $ 5%

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn

20224 314 oM

http://www.c-s-a.org.cn

i H AR SN A

%) 200 73 LA L), Starfish F5 B ARG TR h kT &
., B 75 BT PCI-E #2838 e TR B0, V120
CPU 77 [ (¥ it @8 15 ik 2 s ok 7 — 2 (R4, Rtk
Starfish 13k F5 55 A H Ol FEBEAIK T cudpp-Hash 4K
PERE—F. HE—D SLIR UG, Starfish-4 &5 Starfish-2 7E
AL AL R P UL, % 8 B B se %537 5t e
X e A 22 A AR 55 I 9 R M R R A A 2N
B, AR TR AR o3 AR I P 7 4R 35 55 (1 1
REAR AL BR T Ak TAE.
54 REFMEEITM

Xt LB WG 7 3 9 GPU 4746 TAE, Starfish f
PEREAR 34 2 — KT GPU SAE I AR B3 UL K
AT BHRB 7 A AL B, ASCHK Starfish 5 cudpp-
Hash B\ J% SlabHash $EAT T 47 o F AL (006 LS el o
3 T CUDA context ff) 421, JUSIE T 1 ek 7.

w7 FoR, EE%%}W&* , SlabHash ff] 547
fif & W] 2 = T Starfish 5 cudpp-Hash, [5]7y SlabHash
PATRZMC GPU S A7 25 (AL, TEREATIA 75 S5 E 2
RT4R AT 5 F 7 A I GPU A7 SE LA 75 S A LN
SR, ok 7 OKE B AF BEUET 4. M0 Starfish fir o5 H
)2 A7 25 8] B cudpp-Hash 8 & [, JF H. Starfish
EREEEMEEREE 2 ENERAA S ARASESE
o N RIS ) 35 A0 B4, It 2 2 HU PR T cudpp-Hash

1600
1400 |

—~ 1200 |

m

2 1000 |

i)

& 800 |

w600 f

B o400 |
200 | | |
L0

'.il 2 3 4 5 6 7

A K SlabHash Frifi ki) GPU ZA7FF4H. Starfish Y
REMS SC R PERE I GPU WA A5 R4 AE, 17 HLARAL T A X
NI GPU A7 2[RRI, S R A A5 R4 A
1E GPU L [FEAT R AR SR AL T S .

100 ¢
90
80 T
70 [
60 [

40 |
30 |
20 |
10
0

BEAEXHHEA R (X104 4 /s)

210 12 2‘14 Q‘]ﬁ 2‘18 2" 2‘20 2‘2] 2‘22 2‘23 2‘24

TN HE (1)
-Q—Eudpp —o— Starfish-1 —e— Starfish-2
—e— Starfish-8
-

K5 FErA R TEREXT LE

Starfish-4

—_—
[=T S}
T d

BRI E (<108 4N /s)

(= - e
T

T
y

1 2 3 4 5 6 7
IFRERIER (x10° 1)
—s—cudpp —»—SlabHash —=— Starfish-2

K6 JrREHRMREX L
« U\

Starfish-4

9 10 11 12 13 14 15 16

BRI EE (<1074
= cudpp = Starfish-1 = Starfish-2 = Starfish-4 = Starfish-8 = SlabHash-1 = SlabHash-2 = SlabHash-4 = SlabHash-8

K7 BAFEE

6 ZHif

BExE H BT GPU i A5 e Ay 2 1 ) 7T ™ e 44 22 LA
L failure REPEACHT 1 &5 (A R, SR T 3R EAR N
Xof . 0T ) A A 2 P R BE AN IR, 3R T AE T
FARRRBER b, K7 3R A 5 i A5 0 Ay R e =)
HRVERE A0 BB BEIT, O T N AT GPU RAF AN

AEITE DL, ¥ TR LG TUR SN LH, 75 SRAIE M BE
MIHTHE T BOR BRI T W Ay R BT o5 I B A7 25 (], 9 HL
TEARAIE IR BB HER AT T B E 5 s 7 kMg
deAh, R mnr g k. mbae b R B A7 S A
Starfish Wy A7 & o] FH T R BLEOHE 2 . my Mg h bl
AGEAY () J3 38 T B A5 R B Ik A T 54 .

System Construction 4t &4 89

© ERSEBIK T

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn

i E R %N

http://www.c-s-a.org.cn

2022 4F #5314 H 9

—

[\S]

w

W

~

o]

10

1

—_

12

13

SE 3
Merrill D, Garland M, Grimshaw A. Scalable GPU graph
traversal. ACM SIGPLAN Notices, 2012, 47(8): 117-128.
[doi: 10.1145/2370036.2145832]
Zhang YP, Du B, Zhang LP, ef al. Parallel DNN inference
framework leveraging a compact RISC-V ISA-based multi-
core system. Proceedings of the 26th ACM SIGKDD
International Conference on Knowledge Discovery & Data
Mining. Online: ACM, 2020. 627-635.
Boncz PA, Manegold S, Kersten ML. Database architecture
optimized for the new bottleneck: Memory access.
Proceedings of the 25th International Conference on Very
Large Data Bases. Edinburgh: Morgan Kaufmann Publishers
Inc., 1999. 54-65.
DeWitt DJ, Katz RH, Olken F, et al. Implementation
techniques for main memory database systems. Proceedings
of 1984 ACM SIGMOD  International Conference on
Management of Data. Boston: ACM, 198{. 1-8.
Kemper A, Neumann T.'HyPer: A hybrid OLTP&OLAP
main memory database system based on virtual memory
snapshots. Proceedings of the IEEE 27th International
Conference on Data Engineering. Hannover: IEEE, 2011.
195-206.
Fan B, Andersen DG, Kaminsky M. MemC3: Compact and
concurrent memcache with dumber caching and smarter
hashing. Proceedings of the 10th USENIX Conference on
Networked Systems Design and Implementation. Boston:
USENIX Association, 2013. 371-384.
Lefebvre S, Hoppe H. Perfect spatial hashing. ACM
Transactions on Graphics, 2006, 25(3): 579-588. [doi: 10.114
5/1141911.1141926]
Polychroniou O, Raghavan A, Ross KA. Rethinking SIMD
vectorization for in-memory databases. Proceedings of 2015

ACM SIGMOD International Conference on Management of ‘

Data. Melbourne: ACM, 2015. 1493-1508.

Ross KA. Efficient hash probes om modern processors.
Proceedings of the IEEE 23rd International Conference on
Data Engineering. Istanbul: IEEE, 2007. 1297-1301.

Lang H, Leis V, Albutiu MC, et al. Massively parallel
NUMA-aware hash joins. Proceedings of the Ist and 2nd
International Workshops in Memory Data Management and
Analysis. Hongzhou: Springer, 2015. 3-14.

Zhang K, Wang KB, Yuan Y, et al. Mega-KV: A case for
GPUs to maximize the throughput of in-memory key-value
stores. Proceedings of the VLDB Endowment, 2015, 8(11):
1226-1237. [doi: 10.14778/2809974.2809984]

Alcantara DAF. Efficient hash tables on the GPU [Ph.D.
Thesis]. Davis: University of California, Davis, 2011.
Alcantara DA, Sharf A, Abbasinejad F, et al. Real-time

90 R4 % System Construction

14

15

16

17

19

20

21

22

23

24

25

26

parallel hashing on the GPU. ACM Transactions on
Graphics, 2009, 28(5): 1-9.

Merrill D, Grimshaw A. Revisiting sorting for GPGPU
stream architectures. Charlottesville: University of Virginia,
2010.

Pagh R, Rodler FF. Cuckoo hashing. Proceedings of the 9th
Annual European Symposium on Algorithms. Denmark:
Springer, 2001. 121-133.

Alcantara DA, Volkov V, Sengupta S, et al. Building an
efficient hash table on the GPU. GPU Cemputing Gems Jade
Edition. San Francisco: Elsevier, 2015; 39-53.

Ashkiani S, Farach-Colton M, @wens JD. A dynamic hash
table for the GI;U. Proceedings of 2018 IEEE International
Parallel and Distributed Processing Symposium (IPDPS).
Vancouver: IEEE, 2018. 419-429. [doi: 10.1109/[PDPS.2018.
00052]

Harris M, Owens JD, Sengupta S, et al. CUDA data parallel
primitives library. http://cudpp.github.io. (2006-11-30).
RAPIDS Development Team. RAPIDS: Collection of
libraries for end to end GPU data science. https://rapids.ai.
[2022-01-09].

Khorasani F, Belviranli ME, Gupta R, et al. Stadium
hashing: Scalable and flexible hashing on GPUs. Proceedings
of 2015 International Conference on Parallel Architecture
and Compilation. San Francisco: IEEE, 2015. 63—74.
Breslow AD, Zhang DP, Greathouse JL, et al. Horton tables:
Fast hash tables for in-memory dafa-intensive computing.
Proceedings of 2016 USENIX Annual Technical Conference.
Denver: USENIX Association, 2016. 281-294.

Celis P, Larsom PA, Munro JI. Robin hood hashing.
Prbceedings of the 26th Annual Symposium on Foundations
of Computer Science (SFCS 1985). Portland: IEEE, 1985.
281-288. [doi: 10.1109/SFCS.1985.48]

Garcia I, Lefebvre S, Hornus S, et al. Coherent parallel
hashing. Proceedings of 2011 SIGGRAPH Asia Conference.
Hong Kong: ACM, 2011. 161.

Green O. HashGraph—Scalable hash tables using a sparse
graph data structure. ACM Transactions
Computing, 2021, 8(2): 11. [doi: 10.1145/3460872]

Herlihy M, Shavit N, Tzafrir M. Hopscotch hashing.
Proceedings of the 22nd International Symposium on
Distributed Computing. Arcachon: Springer, 2008. 350-364.
Pagh R, Wei ZW, Yi K, et al. Cache-oblivious hashing.
Algorithmica, 2014, 69(4): 864-883. [doi: 10.1007/s00453-01
3-9763-6]

on Parallel

(BT e FhEHE)

© TEREBIK R

http://www.c-s-a.org.cn


http://dx.doi.org/10.1145/2370036.2145832
http://dx.doi.org/10.1145/1141911.1141926
http://dx.doi.org/10.1145/1141911.1141926
http://dx.doi.org/10.14778/2809974.2809984
http://dx.doi.org/10.1109/IPDPS.2018.00052
http://dx.doi.org/10.1109/IPDPS.2018.00052
http://cudpp.github.io
https://rapids.ai
http://dx.doi.org/10.1109/SFCS.1985.48
http://dx.doi.org/10.1145/3460872
http://dx.doi.org/10.1007/s00453-013-9763-6
http://dx.doi.org/10.1007/s00453-013-9763-6
http://dx.doi.org/10.1145/2370036.2145832
http://dx.doi.org/10.1145/1141911.1141926
http://dx.doi.org/10.1145/1141911.1141926
http://dx.doi.org/10.14778/2809974.2809984
http://dx.doi.org/10.1109/IPDPS.2018.00052
http://dx.doi.org/10.1109/IPDPS.2018.00052
http://cudpp.github.io
https://rapids.ai
http://dx.doi.org/10.1109/SFCS.1985.48
http://dx.doi.org/10.1145/3460872
http://dx.doi.org/10.1007/s00453-013-9763-6
http://dx.doi.org/10.1007/s00453-013-9763-6
http://dx.doi.org/10.1145/2370036.2145832
http://dx.doi.org/10.1145/1141911.1141926
http://dx.doi.org/10.1145/1141911.1141926
http://dx.doi.org/10.14778/2809974.2809984
http://dx.doi.org/10.1145/2370036.2145832
http://dx.doi.org/10.1145/1141911.1141926
http://dx.doi.org/10.1145/1141911.1141926
http://dx.doi.org/10.14778/2809974.2809984
http://dx.doi.org/10.1109/IPDPS.2018.00052
http://dx.doi.org/10.1109/IPDPS.2018.00052
http://cudpp.github.io
https://rapids.ai
http://dx.doi.org/10.1109/SFCS.1985.48
http://dx.doi.org/10.1145/3460872
http://dx.doi.org/10.1007/s00453-013-9763-6
http://dx.doi.org/10.1007/s00453-013-9763-6
http://dx.doi.org/10.1109/IPDPS.2018.00052
http://dx.doi.org/10.1109/IPDPS.2018.00052
http://cudpp.github.io
https://rapids.ai
http://dx.doi.org/10.1109/SFCS.1985.48
http://dx.doi.org/10.1145/3460872
http://dx.doi.org/10.1007/s00453-013-9763-6
http://dx.doi.org/10.1007/s00453-013-9763-6
http://www.c-s-a.org.cn

	1 引言
	2 相关工作
	2.1 面向GPU的高性能哈希表
	2.2 静态哈希相关研究工作
	2.3 动态哈希相关研究工作
	2.4 当前工作在局限GPU显存条件下存在的缺陷

	3 挑战及应对
	3.1 挑战1: 哈希表键值对在冲突处理的开销过大
	3.2 挑战2: 无法支持GPU显存外哈希表索引
	3.3 挑战3: 可扩展性与性能缺陷

	4 方案设计
	4.1 Starfish架构设计
	4.2 面向局限GPU显存空间的哈希表事务优化
	4.2.1 基于CUDA Streaming异步策略的插入操作
	4.2.2 基于顺序粒度组合的高效索引(search)操作

	4.3 基于高并发的 Starfish 哈希事务核函数优化

	5 实验和结果分析
	5.1 实验环境及数据
	5.2 哈希表构建性能评估
	5.3 哈希表查找性能评估
	5.4 低显存性能评估

	6 结语

