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Abstract Hardware acceleration has been very effective in improving energy efficiency of existing
computer systems. As traditional hardware accelerator designs (e. g. GPU, FPGA and customized
accelerators) remain decoupled from main memory systems, reducing the energy cost of data
movement remains a challenging problem, especially in the big data era. The emergence of near-data
processing enables acceleration within the 3D-stacked DRAM to greatly reduce the data movement
cost. However, due to the stringent area, power and thermal constraints on the 3D-stacked DRAM,
it is nearly impossible to integrate all computation units required for a sufficiently complex
functionality into the DRAM. Therefore, there is a need to design the memory side accelerator with
this partitioning between CPU and accelerator in mind. In this paper, we describe our experience with
partitioning the acceleration of hash joins. a key functionality for databases and big data systems.,
using a data-movement driven approach on a hybrid system, containing both memory-side customized
accelerators and processor-side SIMD units. The memory-side accelerators are designed for
accelerating execution phases that are bounded by data movements., while the processor-side SIMD
units are employed for accelerating execution phases with negligible data movement cost.
Experimental results show that the hybrid accelerated system improves energy efficiency up to 47. 52x
and 19. 81x, compared with the Intel Has well and Xeon Phi processor, respectively. Moreover, our
data-movement driven design approach can be easily extended to guide the design decisions of

accelerating other emerging applications.

Key words 3D-stacked DRAM; accelerator; big data; hash joins; optimized version of radix joins
algorithm (PRO); hash partition accelerator (HPA)
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@ //Step 1: Local Histogram

® for (i=0; i<<num_tuples; i++) {
®  uint32_t ide=HASH(rel[i]. key) ;
@  my_histlidx]++;

® }

© //Step 2: Prefix Sum

@ //Step 3: Output Addressing

//Step 4 : Data Shuffling

© for (i=0; i<<num_tuples; i++) {
@  uint32_t ide=HASH(rel[i]. key) ;
@  tmpldstLidx]]=rell i];

@  AHdstlidx];

® }

Fig. 2 The partition phase of PRO
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@D /IR is an input relation

@ for (i=0; i<<R—>num_tuples;) {

®  uint32_t ide=HASH(R— >tuples[i]. key) ;
@  nextli]=obucket[idx];

®  bucketlidx]=++1i;

© }

Fig. 3 The build phase of PRO
3 PRO # build B Bt

@ probe. [ 4 #4517 PRO f# probe BrBt. X %
# S A — T4 hash fl—4 bucket BLH MR
5. SR G K &K bucket Fl next, 223k B 5% S o4l
VCEC Y R Jo4.

@ /IR and S are input relations

® for (i=0; i<<S—>num_tuples; i++) {

@  uint32_t ide=HASH(S— >tuples[i]. key) ;

@  hit=bucket[idx];

®  for (; hit>>0; hit=next[hit—1])

©® if (s—>tuplesi]. key==R— >tuples[ hit—1]. key)
@

® }

Output a match.

Fig. 4 The probe phase of PRO
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Table 1 The Hardware System Used for Evaluation
*x1 RAETFENEGRS
Hardware Intel Haswell System
CPU Intel i7-4770k 3.5 GHz
Core/ Thread 4/8

L1 cache 32 KB data cache /32 KB instruction cache
L2 cache 256 KB

L3 cache 8 MB

Memory 32GB DDR3 1333 MHz
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Fig. 6 Energy of the partition and build+ probe
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Fig. 7

Energy breakdown of the hash joins operation
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Fig. 8 Breakdown of energy caused by data movement in the partition phase
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DRAM #2245 )2 I £ S AR i ne 2, AT & R AE
DRAM H i partition By Bt . Wi build+probe By
Beivyin s 88 45 CPU.
2.4 7£ DRAM /i i B U 35

3 3558 s 4 L F) DRAM v\ L&A 7
T8 /)> partition [y B [ RERE . T /D B AR B

D B 7 sh /9 BE #E. 18 1K n o A8 4R R 3
DRAM t, \] L34 CPU H1 DRAM 2 Ja] & 4S9
38 B A% B o DT 4 R AR S 90 % Bl g

2) WKL PHZERRERE. th T A M &1 N AE Vi
R S 30T K Y 3 7K 2 BHLZE L DR otk 5040 D 10D Ay el
GIE W T H 53R 3 2 B 2 3 H50H A D A B T
Uit 7K 2 BH 2647 R 1) BEFE.

3) A BEFE. i H A & X hash 43 X 0 £ 2%
(HPA) W] LA it 3 BEAR 3 REFE.

3 RGHE

9 /8 T hash joins IR G/ E R4 1) Bk 4
¥ ALHE 22/ A% 8 19 32 ML Ak BE AR — A4S s £ 4> 3D
DRAM stack. 7E &> DRAM stack 242, Ik
i1 hash 4r X hn i 28 (HPA) £ 5 3] 4 4> vault
controllor |- ,f#f HPA 7] L 354> # ] 3D DRAM
e B PN A B

D EPLAHE. EVLABESE - MESR N2/
RAZ AL TR 2R, ] 40 Intel B Haswell 8{ Xeon Phi &b
M. EHaEHE S (H %M HMC 2451
8 # interposer (i F Intel # Knights Landing 1)
55 3D DRAM stack #4715, EAHLL B &5 AT L i
51 A SIMD HJG 2 il 1) 0 3 2% 5% GPU 45 i %
Hasm [ S PERE T4 =5 K 2 800 Pk fg. EFRAT]
RS R, VLA LS FZ M E T H SIMD
PGk hn#E build F1 probe By E.
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Fig. 9 The overview of proposed hybrid accelerated system
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Hom N AT O DT e I R AR f BEAE. th T4 1> 3D
DRAM stack B8 £ 4 vault, 3 H & vault H
W 2 vault controller 5[], it L AT K — A~
HPA £ )% #| vault controller I-.

SR partition By BE 1 1331 A9 hash 43 X i
(HPAY & 3 4> F ZE 44 : hash unit, histogram
unit Fl shuffle unit. X % ¥ 5558 1 vault controller

Vil DRAM JZ . Jf H 5 71 5 fL B AH %

4 hash 43 X jiniE 25

FEX—H 5y AT E Se 44 HPA (33t 28 4.
SRIG SRR T BRI BT 28 AR 4R B S L 3 7 2.
4.1 fnEREFi&t

B4 HPA B TER 28k dn /] 10 fr 7R, HPA i@
1 vault controller 5] DRAM.

1) hash unit. W& 10 Ca) iR, F A 2L — A~ ik B

AT N 4 B hash unit ), /43 hash unit fYZE4.
BRI 77 XN DRAM sl KRR L
DIC ARG ITEAT HL AL BB AT keys, DA 7% 5% % #E
i 75 ok 77 4 hash 5. i1 T hash unit 2 #
histogram unit fl shuffle unit &, T LIIMA T £
B e PR (MUX) HI T hash 51 195t HAx.

2) histogram unit. [& 2 Y JR IR histogram &
BN EBAT AT, S TSN histogram 4§ 4E 19 IF 47
B, AT R AR M A7 6if 2% (local memory, LM) K ff
A5 my_hist W 224> @A B> Rl A #R e Bl i) ik 2R
FICALHE. A 10(b) FT7R - 3F 47 Y histogram #:4F
B 2 A B B JF AT B 6 B B (INC) A A AT 14
A8y Bt (RED). 78 INC By Bt . hash unit 742 #Y hash
Rl ide T XA LM 24 #Y histogram
. 7EAL 3 5E N DRAM w32 B BT A 88 5 B 1)
RED B B AT T A LM 9845 LR — A28 H
PRIFFFE — 0 A my_hist.

*
A —>| Scatter |
| RED | @ g
[ Key | Key [ Key | Key | e ¥ .y
(e T [oesh o] L] (1] (o] [ BrON
N bl EE
| INC | (M| [LM]| |LM| |LM|i
to HU to SU ide  idx  idx  idx keys idx idx idbx idx

(a) hash unit

(b) Histogram unit

(c) Shuffle unit

Fig. 10 The architecture of HPA

K 10

histogram unit Wi P FHFE XL E LM 13
FEAIE AL LM 8t 2 b3 my _hist W IF47
AR EL R R N M 2 1 T AR R DR [ By T b
TLB miss, LM 1 K/NiE 52 3 TLB I % &2 1 (R
i AR SR B A my _hist BIAR KN EAF Y
TLB WU & AR A 76 AR AL 2 8 b BF %6 L1 ity
B4 TLB 38 % 2 64 5 128 Wi, FH L. A2 — PR E
M IFATRE e 512, LM SR/ 256 KB(512 X
128X4) . 48R FRATT IV 12 T4 1 1B 6 0147 B L TE TR fE
AR A T AR 22 1] A i AL A

3) shuffle unit. 5 histogram unit #3471t
BB shuffle unit B3 Y P8R DT f 2 A4~
U A 5 A B & HAE omp B I H A5 Hb HE
CmpldstLidx]]) SRIGHRT dst 04 i) B br bk
Al 2 frzm). 2R 2 A 4k B s A p HA AR ) H RS
ik i T A i T 2L Ak PR H A b ik v 2 7] A8

HPA (224

FATHE H 09 FF 4T shuffle unit iy 4 BB AL -
55 1 BB (DIST) &R 38 hash &5 Gda) I dst B
O LR Z A H bR hE (B 2 S @171, 58 2
By B (DECONF) H F 4 il 2 /> 4b 2 B 42 22 0] 47 o
1) H g hk. DECONF By BE = A 35 F U4k H Ar b
HE R RS I T B 52 76 cmp B4 T IF B 00 B Y H
hk. [F iy DECONF [ Bl 7= A= AH [7] H /9 Hb bk i 3
BT B idx B4l 55 3 By Bt (SCATTER) ot
A sl B IE 0 1 A7 E L IE B 9 47 B AR #5 DECONF
By B A 1 s B F1 DIST By B A YA G AE m p 5L
ARG B A bk B A TS L s — A B B
(UPDATE) ## 4l DECONF [ Bt ™ A= i 11 8 {8 55 5
ERICE:R

DECONF A i [ J& — /78 J5 s 3 i d bk 1 i
77 XNOR #:4E XNOR M %%. B 11 4 4H T XNOR
I 2 114) &5 K4 7 491 6 s 0 v s 4 A4S B Hchk ) 250
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dosdysd; I dy W dst B IEATIE . o T iHE
do B EBUE count(dy) s B e do 23915 dy . d, 1 d,
HEAT R SR L SR 5 BT A [ 8 B R A7 SRR [R)
b, 38 52 %) xnor(d, »dy), xnor(d, ,d,)Fl xnor(d, ,
d) KA AR 1 count(dy). 3158 B A hk I 7
Al LA 3 4 XNOR [/ 45 9k Sz 38, 49 4, offset ()
& xnor(d, »d,) Fll xnor(d, .d;) B FI.

offset(dy) : offset(d;) : count(dy) count(d,)

Sl G g

dody dy ds ididy dy idody dy dy idodi dy ds

Fig. 11  XNOR network
B 11 XNOR M KR

4.2 FitZERE

e HPA {513 B b, 76 047 B M 36 1 A7
1L Fh k£, [E R 3D #EE DRAM i L % £ A Ja]
MBCE. % 4 50 T 3 Ml BB 3D HiE & DRAM [t
B HI,MD Fl LO, B AT N &4 % 7€ 860 GBps~
360 GBps Z ). AT R T i A vault IF47
(1~512) FRAESI (0. 4~2. 0 GHz) f1 DRAM fit
S BT A ) L 220 7E AR ST AT B A )RR 2 I F
P AU . B 22 B 4 FIEAG J7 8 T LIESS 6 1
k).

1000

% 800 |

S L

3 600 —— 0.4 GHz

£ | -0 0.8GHz

g 400 - 1.2GHz

'-[_E 200 } —— 1.6 GHz
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Parallelism / Vault
(a) Histogram Throughput(DRAM HI)
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Table 4 3D-Stacked DRAM Configurations
x4 IDHBHFEE

Parameter HI MD LO
£ Vault 16 8 4
# Layer 8 4 4
Total # TSV 2048 2048 1024
Internal BW/GBps 860 710 360
Power/W 45 30 25
4.2.1 histogram #4E

B 12 W T HI it LO DRAM B 75 A
[F] 43058 A1 047 BE T histogram # AT (19 v ik 22 F1 1)
FE. B 1 A WL 45 HL R v nk SR B 5 JFAT B R0 1Y)
S8 T S 3 T4 BB T R AT T A AT AR 4 k.
Xt HI B .78 2GHz F 4347 EE M 8 38 m#) 16, 41
V7 ik A i T 24 2 A% R B AR R AT
JEE B AN W RS0 JIT 5 B A A AT B 2 1 DT A
2R A2 B 0] FH N AEA 8 BRI 765 — L 4
JE 0.4 GHz AR A, BARIFATEE DN 32 3§ 3 64 1,
AN T 2y 2 A% AR & Y IF 4T BE AN 64 15 m )
128 W Frnk 2 KA 1.6 f5 i3S . 53 8b, 4 347 i
M 256 HEINE] 512 B, FF i S0 250k 1. 06. &
XA R A%, A2 N [ JF 47 B2 R HT A LO i # Y
B R AL 43 LS E] 840 GBps Al 450 GBps.

T INRE . B T E0 M 0 %€ B T R Bl 5 A7
BRI TN AL FRATT I 2% F A [R) A 2R 2 [ 1 T AR 2
P 25 Bl T AT B R AR A I AR Ak X HT B & 49047

160

120

80

Power/W

40

0

Parallelism / Vault

(b) Histogram Power(DRAM HI)

40
30

20

Power/W

10 ¢

Parallelism / Vault
(d) Histogram Power(DRAM LO)

Fig. 12 The throughput and power of the histogram operation

P 12 histogram 4 By 75 ik 5 ) 78
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JE I 16 W, e RINFE (1 2 GHz ) b f /NI #E (T
0.4GHz B & 2. 54 4%, 1] 24 347 & & 64 BF, sh 46
20 HA 1,26 £, X & i T DRAM 7E A X 8/
FEATEE RGBT o A [ 3 6 2Z 8] (g D #E A — DK
1) 25 55

JT RIS RE R 13 BoR T HIFE F Y
histogram 2 4E 4 DI #E 43 . FATAT LLFE 2, BE & I
17 BE Ry, DRAM /) D€ BT o5 Lo 5] (] 40 DRAM
_RD) W Ff 38 fin. SR 243747 B2 R T 32 i . DRAM
IAE T o5 0 LA/ o R A N A7l 5 T T AR R[] s
HASH F1 INC Jy#& & % 5 m. 78 2 GHz &, If 47
B 5120, HASH # INC ) #£ & & 55 T DRAM
IIFE.

Power Proportion /%

Parallelism (Frequency /GHz)
Fig. 13 The power breakdown of the histogram operation
13 histogram #4E T #E 70 R
KATATERE 14, LLiE & - 4E R L (EDP) iy #5
HE L8R THEARR I R T MR vault BYRERL.
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Fig. 15
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TEFTA 1) DRAM BL'& T, B4 47 /93 . EDP
FEBA R B R R R RIME AR R
TEIFATEEAE 32 24wt A5 DRAM Bt & () EDP ik
B 7L 2B R UL HT BCE . 78 1. 2 GHz
BAESR T R BRI EDP 52 64 fIE1T . —
ke AR L HI BC &, MD #il LO DRAM it & B A
AT RE AL CBEAS vaulv) | & IFA7 B B 35 K AB 130
L. B 14 3 BoR TSR BT R PR T 0y AR 6]
VLAt B A 547 BE /Y 30 T AR 2% 0 3509 . A2 41
vault F 48— HPA iy KT K24 1. 4 mm®,
KRR HPA T3 %81 2 () 4b B 5T,
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Fig. 14 Energy-delay product (EDP) of different

design options for the histogram operation
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The throughput and power of the shuffle operation
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— B U A 38 s Bl o T AT R RN 5 A 4 S i 4
Jn. e HI AN LO WL E T . 8 w4 e sh 3l 91
GBps 1 29 GBps. fix Kt % £ 35% SCATTER [y
BEY R 751 By BE b 2 DL R BEAL B9 5 AT
AV ) (). B35 547 B AR B 3 Dh e th b=
WK fE 2GHz F . 7F HI A1 LO B & v i K FES)
BEKFE] T 216 W 1 54 W.

K16 B8 T shuffle #4E F (0 Sh ke 40 . 24 9%
TFRER/NGS . e 1~16, DRAM [ # 4 Th#E 4 3=
By, W 2 T 4T BE B3 i, HASH f1 SCATTER
() DFE @25 8, i 2983 T DRAM B ST #E.

m HASH = DIST m DECONF = SCAT
O SRAM & DRAM_RD & DRAM_WR O DRAM_STATIC

Power Proportion /%

Parallelism (Frequency /GHz)

Fig. 16 The power breakdown of the shuffle operation

€ 16  shuffle #AE 1 D #E 43 i

B 17 /R T &4 vault B shuffle #21E 68 %%
(EDP) HIE R, ik B & EDP ) 347 [ 2 7E 32~
128 Z[al. il 4n, #F 2 GHz F, 3478 R 32 19 EDP
FLIFATRE A 512 (% EDP & 1. 77 5. 7E T A i X 8t
Bi & b, 3515 S I EDP 89 it & 0 JF 47 B = 64 . 4
% =1.2GHz fil DRAM B¢ & =LO. £/ i & i 3
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Fig. 17 Energy-delay product (EDP) of different

design options for the shuffle operation
17 RFEBHT shuffle #4559 g it - 2E 8 F
4.2.3  BIHRK
T HPA (i dR L it oo, AT g &
% J& histogram 1 shuffle P #4E 114 58 . ThFEF1
T AR F AT ok XS LS TR S R X 2 R AE RS B

EDP dese e flt iy HPA e & . FRATAS 458 02 . M5
ARV 128 M I HPA (i e A6 e B 2 947 =
16 $ii%=2.0 GHz.DRAM Jit & = HI. A 1 i T L
HA 1. 78mm” , sk £5 1) DI #E CR & DRAM T #8) H
H7.52W.

5 it

BAFBeh e 4% T 9 HPA Chash 23 X i i
a0 [0 4 B2 2 1A 3 n 3 build A1 probe B Bz iy
SIMD $§4-.

5.1 HPA &HiE#EO

FATT R HH 10 g A e 1 A SCHRL6 b 2 1 1Y
FRE L HEATRE A 0. T 00 T 0 P2 o BB 4 P A 4 B
JE PR malloc FI free, DA B #5455 ] )% acc_plan
AT EE 25 1 ace_execute (FH TR T BB
RIS . FAIXT ace_plan HEHTY R HE X
R 2 % W #A4E . HIST 1 SHUF, 73 51 FH 2R 45 1l
HPA #4447 histogram FlI shuffle #2/E. 7F X 26 % bR
By B R R Y B A LUAR 2 B s e R Y T 4
HPA. e oh FeAT P 09 4 F2 42 0 A BT b & — A i
J7 g REASERY , iy LA ] LADSUA% S 4 2R 8 1Y) 4 e £ 4H.

SR, I A HS (4N histogram F shuffle #4E)
S —NIATPATIE A, Heh A TAR R AR 2 AL
FE CBEE s e O T 4R /NI G R AR IR AT G
PR Y 2 ] 1) 22 B, R ATTAE A TAEZR AR 0 ) HPA
ZHIAS N barrier #24E AR5 HAT 1 DLFLE 1 ace_
plan F acc_execute & | HPA, [6) B ir A H fih £k 72
TBAEZEFF HPA 47 (histogram 5 shuffle #:4/F) 5¢
B AE HPA SE AT Z )5 A TAELR BRI & A
M AT U » HEAT J SRR A
5.2  %tXf build+probe B B & SIMD fin i

AR SR . O #2955 hash joins B P17 20 3, B 4T
SIMD Al i) g A6 A7 AR 4 (9 AF 52 FRATTR T 78 SCHR
(13,15 42 th i SIMD 55 3%, 76 2 #% (5] 41 Intel
Haswell) fl s 4% (4 Intel Xeon Phi) &b H£8 | ik
build F1 probe B Ek.

18 /8 T £ % #F 512-bit SIMD 1§ Xeon Phi
AbFREgE T SIMD $04T build By B i 3 A L. B
WK FE 24 hash #BAE R LIIFATHUAT (S H K 3
MATO). TEE 18 f7 @, gather #4E M T Hh ik #%
. FEAT@F . 5T SIMD 9 hash #:/E (435 SIMD
Fiefor 5 RF D IFAT ML AT 2 > B hash 4b 3. 7217
© . ¥ hash &b B ) 25 B 5 [\l ext Vector. extVector
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T 16 4> idx (R 3) . T F 3 31 bucket
B, probe B B9 SIMD #4725 F build BB,

@ for (i=0; i<numR— (numR%16) ;) {

//SIMD operations
key=_mmb512_i32gather_epi32(of fset, (Rel, 1) ;
key=simd_hash(key, MASK, NR);
_mmb512_store_epi32((void * )extVector, key);
/[vector-based build phase
for (int j=0; j<<16; j++) {

next[i]|=bucket[ extVector[ j]];

bucket[ extVector j|]=++i;
}
[Rel+=32;

=R SNCNENCRCNSNCNSNCRENT)

Fig. 18 The basic idea of 512-bit SIMD execution of
the build phase
& 18  512-bit SIMD $h47 build KBt i LA JE 48

6 £ I§

FEATT L IRATR R TIRAG N3 R 4 BeRL . I
K H 5 38R SIMD (5 F 22 AR A% AL BEAS R AT HE#K.
6.1 EMA X

D) PRI EEAl 5. FeATT R A T SCEk 6 ] 42
PR G PR T i R PEAL FR AT 00 R G X AP AG 7
a0 B AR BOE B BT AT S AT L B S
B

2) FHLALFESS. 3R 5 FH T H T IEAL A9 32 b
#% . Hoi Intel Haswell #1 Intel Xeon Phi &b 3 28 43
SRR 2% MR AL AL PR AS. AT EVLAL &S -
1247 PRO 836, 1 0 & A2 45 i # 4F 43 (partition
B Bt B9 histogram #l shuffle #4E) F2 7 B9 P fE #1320
FE. FRATT IO B 7 T b P A0 A4 55 43
IR HPA Jin £ 2% 10 JF 815 (035 0 3 25 458 1 ok 19
TF 5 FIUR T 92 A7 LD UEB 8 — BOPEA R 19 FF 49D

3) s s 7 B 3l & R 5 2 T X hash 43
DX T s CHPAD B V5 BE L 2 A8 #0THT ARAT I AG. %0
A B PE BE 2 B — N AR Y Clevel | i JUOKS 1E 1
BERLARAG 11 9. DRAM 19 U5 77 48 38 2 i — 4> J& 3
K HER 3D HE B DRAM B 45 3045 19 . FRAT 1R H
32 nm (9 5 2 P2 R E A HPA (% D #e A i B

4) Baseline. A T IR & IN#E & & G, 7
1%} e T Intel Haswell #i1 Xeon Phi 4b 3 28 #1347
RGeS Fros B AT AR 58 1Y W {E 43 0

21. 2 GBps i1 320 GBps. 117X 2 A~ F & L4
I & 1 hash joins 83 09 PE BE A DI FE.

5) HPA i & Flfi AR 5. s 4 95 et
) HPA ) B A 00 3 F T AT BE 43 518 2. 0 GHz 1
16. 3D #i& DRAM & HI Bl & . 47 16 4> vault,
BRI SR 55k 860 GBps (W3 4 FiR). Tl
ANBHEREE  FRATH i A SC R R o BB AE AT
AR N 32 M~256 M® HE4T T 4.

Table 5 The Baseline Host Processors

x5 EAETAESR

Hardware Haswell i7-4770K Xeon Phi 5110P

Frequency/GHz 3.5 1.053

Core/ Thread 4/8 60/240

L1 cache/KB s2/32 s2/32

1/D-Cache 1/D-Cache

L2 cache/KB 256 512

L3 cache/MB 8 -
Bandwidth/GBps 21.2 320

6.2 KWHER

FATHIAS [ /N 1) i A BR824 7 P BB L REAE A
EDP % 3 477 [ Fe 142 1 B iR & R G M Haswell
Fl Xeon Phi 4b ¥R &5 HE4T 1 HAL S5 R A& 19 FroR.
5 Haswell kb PR 481 Lb, IR A & 48 76 4 68 L D0 #E Al
EDP 4 5t4b 17 6.70,7. 08 F147. 52 £%. 5 Xeon
Phi AbFEZR A L IR A R G AE M BE L Th#E F1 EDP -
AR T 4. 17,4, 68 F1 19, 81 %, Fo AT L F],
Xeon Phi &b # 28 590 25 tb Haswell 4b 228 A9 Uk 25
H N, JR IR JETE Xeon Phi |, build #1 probe B B
177 & A HE 45 b Haswell B K.

W 20 FT7R BF X hash partition #:4F . AT 10
BT HPA 53U 5 11 RE L BEFE R EDP. ~F- ¥ 1M
& » 9 Intel Haswell 20 B4 AH b, HPA B PERE . )
FEA EDP 23 B4 4L T 30,90 H1 2 725 4%, 55 Xeon
Phi 43 &840 1o, EDP L b # 2 3 1 6 000 £, 74
FEFNRERL Y Sk 25 4 e 35 R R T i 2 2% R0 el
3D HE& DRAM AL &5 Y A7 417 92

RT TR A AT SR IR A R RATAE R 21 g
HT Intel Haswell &b B £8 1) 3017 13 #2 43 . AR 4
&l 21 Ca) R AT I ] 1 23 i HPA Ly B A $0A 7 1 1]
(1 19. 2%. MHELZ T IS Fi Y partition By BE A AT
B R R 249 2 AN PA T B ] 19 90 %6, 3X 2 B partition
M B 2k 7 K2y 30 15, b Ah, Yk A B 4

O BA7 R ITCH A B B 1 BRIV 0.5 GB~4 GB (256 MX8X2B=4GB)
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Fig. 19 Overall comparison with the Intel Haswell and Xeon Phi processor
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Fig. 20 Comparison with the Intel Haswell and Xeon Phi processor for the hash partition operation
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A DL, SF Bk Ut HPA D FE H 5 S #E i 6. 2%,
[, 78 Haswell 152 R i+ 55 (9 T #E Sz 3 15 F 18
HPA WIhFE. SEHW =, Haswell 35 18 H HPA
(¥ D FE LA 5300 92. 700 Al 1.1 0.
6.3 IFEFEMRBLE

FATER 6 hIER TIRG RGEWMINFEFHE R,
ZA Y HPALDRAM M1 EALAL B 87 (HaswelD 41
. St AR &, HPA (HH hash, histogram #i1 shuffle
unit 2H 50 i B T ALY A~ Micron #) Hybrid Memory
Cube (HMO) B R T 2. 6. H itk . HMC #) 2 4#

Breakdown of execution time and energy on the hybrid system and Intel Haswell processor

A &9V M Intel Haswell Ab 3R &8 08 $RAT B[R] A1 1)) #E 47 fid

IR 45 5y 45 40 HPAL b5, HPA B 1 L 2 i
DRAM il CPU 41 i 84 R G0 0. 72%.

TEDIFE T T HMC H 45 3D H: & DRAM 4 Jin
T 7.52 W I #E . 7 DRAM i {fi i HPA 1) 5.3
¥Eh 28. 43W. 1 T DRAM b %% 3 #L &b B 25 C
HaswelD 35 10] , F AT M & T i Haswell 4b P25 15 7]
21 DRAM II#E 4 1% () DRAM JjEJ& 9. 79 W.
AT DRAM KEeE#t HPA F1 Haswell [8) B} 35 0] , i
Pl DRAM [ B IFER & ad 18. 64 W. XfF 2 H
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Table 6 Power and Area Consumption of the Entire System

x6 BEMRZHIRTNERER

Hardware Area/mm? Average Power/W
hash Unit 0.20 1.16
Histogram Unit 0.58 1.41
Shuffle Unit 0.99 4.95
DRAM i 20.91 (w/HPA)
9.79 (w/CPU)
CPU (HaswelD 177 89.75
Total 245
7 HAXIE
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