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Abstract Non-Volatile Memory (NVM) has been regarded as the main alternative of next main
memory technologies to replace DRAM, due to its advantages of byte addressability, non-volatility,
high density, and low power consumption. Although NVM is currently faster than flash memory,
it has higher access latency than DRAM. In addition, the read/write latency of NVM is unbalanced.
Therefore, considering all factors involving memory performance, storage density, and non-volatility,
it is a feasible solution to construct a hybrid memory system based on NVM and DRAM. Based
on such hybrid memory architecture, this paper investigates the optimization of join algorithms
on the hybrid memory. As a specific join algorithm has the same I/O cost when running on the
hybrid memory and the DRAM-only architecture, we focus on the reduction of memory cost.
We noticed that the intermediate data structures of a join algorithm have different read/write
operations. Thus, we can reduce memory cost of join algorithms on the hybrid memory by designing
an appropriate way to place intermediate data structures on NVM or DRAM. Following this idea,
we propose a formal Data Structure Placement Model (DSPM) to address this problem. We analyze
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the upper bound and lower bound of the memory cost and corresponding conditions, and present
proofs. Then, we propose optimizations of join algorithms based on the optimal DSPM model.
Finally, we implement four join algorithms including three traditional join algorithms (nested
loops join, sort join, and hash join) and the virtual partition join for in-memory databases. We
conduct comparative experiments to verify performance of the optimal DSPM model, the worst
DSPM model, and the ransom DSPM model on the four join algorithms. The experimental results
show that the optimal DSPM model can significantly improve the time performance and reduce

NVM writes when integrated with the four join algorithms on the hybrid memory architecture.
Keywords non-volatile memory; hybrid memory architecture; join algorithm; optimization
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8w')+ | B| (3r"+3w’) + | C| (87" +2w") =528.

(2) e 22 WAL B B )7 . D 177 DRAM 1,
A.B fEJEAE NVM o, B 50 [ C| (877 +
2w+ | B (3" +3w) + | A| (21" +8w”) =960.

X T FIRBOE s B 25 BB E T R I AN O
oAl E 7 ANH Y 1. 82 £, R A 15 B K,
e RPN
3.4 HEBGHEBAR

H T G M R o R ER 2 O = AT
WG — I e FR — BRSO K Bk
fR) ¢ A B30 5 A0 e IR C N K BI/NHE 7 ) o
FHIEHES BN B 2 () I X

FEn 7 PR B R AR B 45 48 BT o P A S AR
JIN T HUBREE A AR I CF RO, 28 R 5 W SR HE 5]

O MR — AL Iy P KR AHE I S AR B 25 A
V4 400 B k06 0 T 5 T 4 ) o K0 £ A 0 B A A AT
5] By 15 5 G AH 1)
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JEREAR R M+ P 7EEHS AT ] CP=C'=C*
=0 [z 7 BAhil, AR A I A7 2 6D,
T — RS M e H i e iz 1 R SR S
(4 Jc 20 i » SRR MG DN ZE A I S BB B O A
W5 T YFEI A A WK 2(b). B R 2]
SN E Y P AR .

M+P

B [ [

(a) BHRS5 KT et C HE ]

e [

(b) KAM B E N AT E)
2 BE AR E N

WERFATHE K M % H N T o0
Ty Yesl R 43 O Y AR I LR A7 T AE DRAM i, H
TR BRI TE CAE NVM 28 [a] L 4 % 1 78 AT A
— [ L AR REAR R — R R R E T R

WL 1. KO M S IR e s i ) B
Ui BN 5 B4R 45 4 43 BIUAE A T DRAM F NVM, I
36 e DS DA e SN A R SR AW e T
1

. HER 1Y =0 B SN IR .
R B NI B x(0<<x=<P) ALK LT . X R
E TR BN E RN Clo). 28 H a4 1
Bl Ax BN BE B X YT R T R BN
MR Clatax). ZIT RS REE T RZHARZ
S0y AL TR R BN SR AR Ax BUALE) IMG A
DRAM #: 2] NVM, ¥ 5 & 0 A4 i Ax 5070 1Y
IMG, A NVM # 3] DRAM. #f:C(x+ Ax) =
Co)+Ax (C!—=CH +Ax(C) —C))=C(x) +
Az (C;—C). X IMG AL F IMG, ¥ A, i Ci =C5 s
FFLA Cla+Aax) =C(x). HEM 2,24 =P B, B A
AR B K. 25 EARIE. HEHE

4 ETHMRGEDENEZEEZMUL

2.2 A iR oA A ek L A A = A
IESCHYJZ T - A 1/O AR e 46 P9 A7 AR Al 4k
CPU . flife 1/0 AR el CPU AL H 1977 % W)
BERT LR HE B 2 £ 48 DRAM Z8 49 35 85 v
7T A9 R A I B TR PN SRR DG T i 0 42
L WA RS A 9 T 8.

A NV TR P A7 (E SR I v R IE K T

£ RS 25 44 20 B #1) DRAM o, B B2 ARA 7] RE1S
BB 2 W AR E 7 58 - 1 K UG #0722 AU
DAL M AT 75 2 %o Al A% 328 9 BR0 1 R A IR ] A AL R
FO7T L LR BN Z AU BB 4. D T W e BTk
BN GAF X S D0 B AR 8 O 58 IR &
BT T5 T 55 4% G A7 DX A9 ~F 25 152 5 U8R, 4l T 53 4
AR B TC B 32 5 AR M . B AE JCfE DRAM H A 32
GRM CAFE NVM 5 M C7 LL
NVM e A 2] DRAM 7 A4 i A0 1 25 C*. 12X
GAFX I CHEMNREVNMEF Z )5 RE My
FBCHE T A 2 A7 X 10 A8 e A7 7 B DRAM N AF L 3
2 00 N A 1325 A /).

AT B A [ R A B R S B A
AN B L RAF DT Y A 35 OB O 45 B BT
IRV NEIE -

4.1 HREBAEZEREZEGNDMRL

DBMS s H B i B 106 35 3% 45 5505 02 0 Bk
£ E ¥ (Blocked Nested Loop Join, 78 A i X
T 46 S BNT %80, BN] Bk o K37 F . 1
WEAE 1/ O By 1/0, Y 1/0 i T A4 55 21
18 A 2 0 Sk e e L A I N T R A R AL
[/O. 5 RS rff — KA MXTH /N BN] & —
AAEE R ERE. BN Bk n i fe an gk 1 s ik
T 3 MR A GAFX T.ER R AT IX
M MK R S BZAFIX M.

Bk 1. BNJ B L.

i A : relation R, S, buffer I, My, Ms

1 ; result of R joins S

FOR i=1to |R|/| M| DO

Read R's tuples to fill My ;
FOR j=1to |S|/|Ms| DO
Read S's tuples to fill M ;
Perform In-memory join on Mg and Mg ;
END FOR
END FOR

XF WAF O R EAT 23 X2 A &L A CPU 550k
D PIAEARAN I L 7 0L FRATT e X R A X M R
P DX &5 4, B i A 8 A7 X ff B i R o4l )
FEITHAE A M NI 23 DX Hp . A0 2R 22 f7 X M F1
M BRI oy K548, HARGE R #1 S A+ 73 X
AES 58 A IR )2 Cache. 1X FE N 77 1 5 803 5¢
LI AR RO R A ) M B M 48— IR
A JZ Cache(Last Level Cache) ., 3% i K K
WD IR A NAF S AU, T T B XA Y
GeAr K JE  HAP 35 WA R 4 Fs.
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£4 BN HZEEREGNREEYES KM J¥ I\ DRAM 53 i 25 [ 45 3% = A~ G2 171X 5 8 245 44
S K XFE R AR B AR

YR 5UH 4.2 HIEEEZMHID R
1 (IRi+rlst) (R st B BB 5 ST A7 AE 0 )7 20
i 7 AR S0 B A4 9 3% 2 5 2k (Hybrid Hash
M (R|_ S| R| Join, fEASCH LA 4i s HHJ &), HH] 5k #ig
I o AR RE O T O3 e S S AE Y AE R
. iy SRl G K B 5 I 9 7 412 B R 0t HHJ 5

F A FURBES WREBGEA T T

(DM ABAFIX L. 2 F RS BB A k412
PR AT K A B T I 58 UR BT 4 AR o 3t
B Z AR BB Y/ 4 1R BJE
BILHEERE 1 W RE R HBH (R /[ M)k
KR S, 258 % % A7 X i 8 s i |R|+
(IR« |S[/[Mg ). I BILGIHERREN : |R| +
CIR[ < |S|/[Mg| )/ 1. i% 547 X F 2%/ 5 )
Bl (IR|+C[R|«|S[/[Mg[))/|I].

(2) EAF X M. BRUIE W Mg W5 B4~ 5.0 —
WL i M 19 5 U B B g 8 S 08 B 9 40 )2 0 B 5
BICIR|/ [ Mg ) 2B S 2B A 6, B4
M e 2 S U B35 BT My 1 M $RAT N A7 1% 45
P, BPE Me (9 5 A 390 — U, DR ok 0k A 8 g
C(IR|/ M|+ (|S]/|Ms WK,

(3) BAFIX M. F3URA M0 9 % 5 10 F2 14
KAETEWNZUE R b iCH 32 /5 R B S )2 6
YR BB A B3 /B (I R/ [ M |- (| S]/
| Ms Dk

SAGEAEX AT LI 3 A INAE B 450 i 4 &
MTTEF 24152 5 YR A, 1138 0 g g CHE an = (1) ~
(3) i 7z

IR
IR|+ S|
1£:—|MR‘ (r,—r,)+
! 1 ro
IR
IR|+ S|
| M
(w, —wy) (L
Fi
. IRl S| R
Cs: = (r,—r,) +——(w,—w,) (2)
Moo M| IMs| " Y Mg
. IR| |S]| IRl S|
Ct = — o+ D —w,
MM M T T T

(3)
i FATET MBS A AR K T3 /NT X 7
RIS /N BUAE >l > Chy . B BNJ 57

SETE ST R OR 17 AL B3 O C > Chy [

ERIEATE T RAA &K 1/0 1.
HHJ 8 i R sk 2 pros. g 2
R S e Tk 3L A A B B TS — B
B Bl RS 43 X, W A6 TE N A7 P Y 4y X
My Ms$RAT N A7 3 F 50 1 s LB 00 XS (ol i 4
PEBr BEEIAM A T 4 DR X 2Bl R A IX
LA R AF X OVE R AR R AR X M FIE A7
KES MEAFIX Ms. S T WAF S AU A A
XF M Fll M s 2R FH 0 IX S5 48 AR IE 0 X RE 6 5¢ 42 i
AJEJZE Cache, 7r X K/MRIE M BEA T R B)—1
Iy Y Ms B A7 Xl e, X M 5 Ms $h0F7 — Ik
Cache JUFHYNAFIEHTFIE 25 Ms. K 5 45t 7 HHJ
RS L
"k 2. HH] FkRm.
Iy N : relation R, S, buffer 1,0, My ,M;s
it : result of R joins S
FOR EACH r in R’s tuple input buffer DO
pid=partition ID of r;
IF pid==0 THEN
Insert » into Mg ;
ELSE
Output r into the pid-th partition;
END IF
END FOR
FOR EACH s in S’s tuple input buffer DO
pid = partition ID of s;
IF pid==0 THEN
Insert s into Ms;
IF Ms is full THEN
Perform in-memory join for Mg ,Ms;
Clear Mg ;
END IF
ELSE
Output s into the pid-th partition;
END IF
END FOR
Perform in-memory join for Mg . Ms;
FOR i =1 to Max partition 1D DO
Run BNJ on the i-th partition of R and S;
END FOR
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®5 HUHEERZERBNANFHEETRY

B UK
R SR
! (IRI+|SD CIR[+1SD
[ 1] [ 1]
| M | | Mk |
— | M| — | — M| —
o (IRI+ISI= 1Ml =181725) - (IRI+1S1— 1Ml = 1S 57 )
|O] e}
S| M|
M — 1
! 'R [Ms|
- M( N M
Me IS| [ Mk ISI Mg
R M| [R| [Ms]

25 PRI TE S YOBTEA AT U0 F -

(D GA7 X LR B0 I 58 lOT 4L b7 -
PIEFAS BT 45 1 K. S B LA X R f S i
P — U W 2% AP IR TE AL M BCR | R |+ | ST
TS WO (| R+ [ S/ T].

() GAFEIX O, TE BB TR A7 A N AE P i 6
A RBENIE RN M DU RRFR S BEA
SR CKRANA S| [ M| /| R DA B (3l 4541
HAS K H 2o B X O 5 W% 7 L& 5t i%
GAERM T BB R+ [S|— [ Mg | —([S]-
| M [/ | R . PR FRATT T A2 75 30 A 2P 1 F-
B/ BB IR |+ [ S| — [ Mg | — ([ S]+ Mg |/
IR[H/10].

(D FAEIK MMM . MR X AR W E
AP MR 2, 5 S AE X M B W g 0
My s M AT P9 A7 3% $2 2 3 0 10 32 R M » Mg 19 5
A LR KR SIHE N EKANS] [ M|/
|R| AT X M B 36 29 300 (S|« [ M| )/
CIR|« | M) Bt Mo B4 360 39 18/ B OB
KIS [Me[D/CIR] « [ Ms| ). G #E Mg 54> 5
PLEE MR B Ry ([ ST [Me[)/C[R|« | Ms|). T
My FE Bl B0 — WK B AF X M 554 B f S 3 1
5 1R,

E—NEBHHT Z M MR K AT EEZ A
U 0] @ 2 0 4 DXL T 1< O 5 25 A R iy
GAE X BN B IE C1>C6>Chy >Cyy s B AR
A7 IX 0B 7 27 B % W% R R ¥ DRAM %5 i) 4y
B R BAF IX. 7645 W BE X RESE 2 &R RS
[ 43 X X 0T BN B 0 2% B B % A7 X 19 35 5 0k K
5 BNJ ko i — 3%,

4.3 HEFEEEERCMDEY

HEFE ¥ #2581 (Sort Merge Join, A8 3C LI 45 5

SMJ F7R) i BSe Xt 6 & R f S #E47 4N 04 I HE

SR JE R WA I O 2R R AT M R B AR V0T 3%
RERIE XK B K R ERE RS, B SM] Bk iE &
T P AE AR X S /N 1 37 5L A R s —
UCHY U JF B 0O R JE R AR B 0F M AT L4
2(|RI+ S I/O £ 5. At SMI Fk 4%
PIASB B : B B — A I AN P 1R R (B 3D,
By Bt R4 U9 I 19 [ e 5 e 2 (R ).
"k 3. SMJ HEF B B b ARG,
i A : relation R, S, buffer I,0,WS
. sorted runs of R and S
FOR i=1 to |R|/|WS| DO
Read R’ s tuples to fill WS and Sort WS;
Output WS as a sorted run;
END FOR
FOR i=1 to |S|/IWS]| DO
Read S’s tuples to fill WS and Sort WS ;
Output WS as a sorted run;
END FOR
Hik 4. SMJ HIFB B AR,
&y N : sorted runs of R and S
i : result of R joins S
Merge on R’s runs in Priority Queue QR;
r= pop(QR) ;
Merge on S’s runs in Priority Queue QS;
s=pop(QS);
WHILE not Empty(QR) and not Empty(QS) DO
IF r.key<s.key THEN
r =pop(QR) ;
ELSEIF r.key>s.key THEN
s=pop(QS);
ELSE
b=s.key; B={};
WHILE not empty(QS) and s.key=0b DO
B=BU {s}; s=pop(QS);
END WHILE
WHILE not empty(QR) and r.key=0 DO
Join(#,B); r=pop(QR) ;
ENDWHILE
END IF
END WHILE

SMI FEH—Br B T =4 WA & A7 X
ZRAF X1 i i G2 471X O FHE P A A 2 J]
WS. WS ZeA7 X 35 YR HE P DX HEAT PR HE )7
JIE P A I R S A AE SMT B h L AN X
(91 2935 5 IR BN 3 6 I LAZRAT IX WS S il 3
WA HE 7 7 BRI XN AF 32 e log ([WS DK
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5 c;log(|WS Dk, 2l SMJ F k75 B H A6 &
RAS ol 47 HEF S 3 AT T (IR + S|/
| WS [ K NAFHEF - X I 12 28 A7 X 7 B9 6 A~ 20 352
BRECH st (IR [+ [S[)log([WS[)/[WS |, 5 #
VERIRECH s, (| R| + | S| log(|[WS])/|WS|. #
PWHEIT LR ER =18, .= L2, RIXE
XI5 0 wMEFER, /TR AR XA
HWH N Cys>Ci=C5,.

®6 SMIEZZGEEENRULTEYETRY

IERER i

! (IRI+1SD (IR|+ISD
[ ] [ 1]

[R|+1S] [R|+ S|
o) , ,
|O] |O]
LRI +1SD S (IR +[SD

ws Mlog(\WS\) Mlog(\WS\)

WS | WS |

FATFE . N HER 2774 O(elog ()
R X B E B AE N HAE NVM E L H{E e b2
AEME LA B A R TR AT A HE T B R X HE A
FEEEA AT AR LAY PG AL . B RE K R R B B i 1) 3
DRAM Zs[a i, iz TAEC &8 1 T A ¢y [, oAb
AN YO 2 ) 3R

SRS B B T RO SR R I A G AE XN
WAL S MBI QR F1QS. i A& AF X F 52 A R Al
SHMENMETFTFRA B TEMEMAT T RREAKR
ANFR TR A G A7 DX Y 32 5 Wk BICER A [RD 5 416 5 BA
F QR A QS I T HIF R 1 S. i T L5 BA 51 K /N
ST T O R BB BB S 1 1T DL oE 2 4 AR
2 Cache, XL 76 BA S #9132 5 # /R B A AT LITE Cache
Hrfir . 25 A B B N AE TR SR BN TS R
DRAM H, HOR B M 2% 8 A7 X325 ICER.

4.4 ERSREEREEVRIPDMEL

L4y X % 4 (Virtual Partition Join, fE A4S 8
R4S VRTP] £7R5) Bk 25X NVM N 17
I EE BT — P A de 2 3 e S LA S
LXFAAET R FS 1Y 06 R Ay B AT o X R Bk
(4953 DX A5 BRI o AN T 4L #5 DL F X 1 43 X e T 2
TG A N A7 b ik A7 LTE 43 X 3 (Partition Table, 4
5y PO AT i 452 I AR i 4 X 3% 0 n] ik 38 %
NETCH 58 B B ERAE. B 40 KR R /NI /N T 06
RN DR T 43 X B DUERAE B I8 3
TR NVM A A7 25 (8] 1 5 KO8 X T NVM B
RUF-. W B 407 DX B SR I RS 581 5 7.

Bk 5. VRTP] Hk 0D,
i A : relation R, S, buffer Mg ,Ms,PTx,PTs
i H : result of R joins S
FOR i=1 1o |R|/|Mg| DO
Read R’s tuples to fill My ;
VPartition (Mg , PTg) //virtually partition My
FORi=1to |S|/|Ms| DO
Read S’s tuples to fill Ms;
VPartition (Ms , PTs) //virtually partition Mg
//join each partition pair
VPartitionJoin (My .Ms,PTr ,PTs) ;
END FOR
END FOR
S VPartition pRECE — N T INAFHI R R
BT HELY X A8 X 24 B % 0 4 X 1 B
[ VPartitionJoin bR XS M #1470 X J5 1Y 5C & hAT
Cache AU #f Y #2 , 2 WWSCHRL6 . SCHRL6 B 0F 58 1
AT A7 e AR 1Y Cache 25 $i it
FAEH 4 NGAFIX . Mg . M, PT (R WAF4)
Wi X4, PTs (S WAF P R 43 X ). 5 BNJ
R JATAT LM i AR 2 47 X P13 S
UCEC LA 7. AR FRATTE AT LA 5 AN ] 22 77 IX Y
C {1 T A HE 15 8
CKQS :C?;Ts >Ci4k :C!}TI\’ .
PR i A0 V0 2B O SR K AT R N AE A e o3 TG 4
MsH PT s LU0 BN A7 325 AU

R7 VRIPJERZERSNREMFEHNESRH

SRR/ €4
152/ €14 A
IR |R|
Mg
| Mg | [ Mk |
R| |S R| |S
Me IR| |S] IR| |S|
[ Mg || Ms | [ Mg | [ Ms |
PT R |R|
R
| Mk | | Mk |
R| |S R| |S
PT. IR| |S| IR| |S|
[ Mg | | Ms | | Mg | | Ms |

5 AL

AT FRATT A A 5 5 R B0 i I 0 BB Uy 58 SR i
HEARE R PERE. S2 5 b FRATT X A ) 58k AR TR
() BE B AH TR) 28 A7 X K /N A i 77 2 A Cache 4T 1)
N7 3% $5 4 : (F il Non-Partition Join 2 3:27),
DLORAERT G 23 P 1. 552 36 D0 1) 5 s 2y %o B AN ()
HEARAEE R AR IR B 7 22 LN Best) V58 28
2 5 ol S A PR A 1D B AT A B T SR (AT
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DRAM F1 NVM T 7 3% 45 P A7 25 4] o BE BL 43 A o [
BB BAF X 5 AR HE i ) DRAM, 3% He i B A
RA WA DRAM B & e X A 7 0id 8 Random)
1 Ex 22 W45 38 28 7 B e o Worst) = FUR [A] B4R
SERESE R T BB B AT RLRE A NVM 5
5.1 XIgE

AT CH+ 5280 T4 4 AT HER Y 4 Fh i 5%
HARE Y BIP AN o -+ 3T ik, I HIF S O3
DAL 50 LA AR G AR85 5T 3t s T A 3 /0N bR B R
FH PR 19 77 2 DA e R B s 2 2 A1 ek 5008 FH A A
S EATHE— P FEH N 3. 0GHz 11y 6 ¥ Intel Core
i5-8500 CPU . CPU HA—4 9MB i L3 Cache,
A DIIA — D FAAE 1) 256 KB |1 L2 Cache fil—
A~ 32 KB 19 %3 Cache fi1F5 4 Cache. LR T
DDR4 [ N AE 5% » Ho 3% 4% 0 8035 fE A 7E SSD AN IR
£ (45 5y Intel SSDPEKKW128G8) 1, )& &
B R B 1/0 i XA WA Z A7 X

R TR IR A AR T NVM =
AL FRATRA T 50 AR M B Oy i« 6 3
BEAE R E RN TAERT, 25 3R {60 Ky Cacheline,
FE I J7 3 2 25 e CPU LU 8L N 77 17 1) if i CPU

.
5.2 ITiEZE

SR R IR AT TS A BRI A (R Y
THE

(D RARSHR/NEXRZER M 10 F5. % L H] 2
TPC-H 1 1 5 UL L )5 75 — it OLAP [ &
Gerp, B RURE RO I 1) 26 B 2 1 BRE Sy dm /N F
SR £ R R AR AT AR S — R o 4 Bk B 2
WE.

(2) XA RMKR/NFKFR S K/NHIE. X Fh Lk
91) 368 R 2 A1) 3 4 T o ) B IR DL s TR O A R 3R
TSR R, BB B A /O K
Ko R LT — 67 3R R B R TR G 6 3R] LA
B SRR B0 I 3% 4 1 3R E.

BAVEHEHT —A 8 FAT 5T 8 777 HELA AR
— (key, value) JC 41 it & , % B & & 28 ol T AE
Ao m A RS AT ER R 2
PG RN L R e, X R S
WETHIHT R E#0—ASME T Z 8 R 2
LRI R R AR N 515040 B g RAAE J5
SR R T AT R G A

i3 1. 1I6MB X ZR R 5 160MB %% S.

i 2. 64AMBIXR R Y5 64MB XA S.
5.3 XWER

IS FEZLLLLT A8 r

(1) B AT H [ (Run Time). S59% 047 B 6]
B S B33 8 BUE A% 1 AN DG FR I 3% 4 BT AL B 1 e
(] (S H EAREUE S 10 WRAHAT 3 33 1 1 7 4
B . KR Hs PR de R I ) B A i R L IR R Y
AR AE R E RS E AR,

(2)NVM B SE(NVM Writes). B35 1834
R PHRE A WA NVM 5 24 i F NVM
RO E . BHEA S ESHE, >X NVM 5
S R AR NVM N A2 5L 058 i B2 H A,
5.3.1  RMARMEREXT L

TATGET T 4 Pl AR 3 FOAR AR 7 &
THAAT R AT NVM 5 B, ik 1 ffagk 2 b
FR S 6 25 SRy AN 3 A 4 B, SEE R JR AT I
SE T A AR KR/ 16 MB, o DRAM (5 20 %
() DRAM 3.2 MB, NVM 12.8 MB), 3 H 1§ i
NVM B4R 300ns, FRSE S EH T LU FIL
W5 IE

(D PRUERE £ R AR NEE AN, Hi%
HRL BT A 2 Tl K

(2) BEWEPAT I 1] 55 A AE RK/NFOGE R R/ T
191 L2 AH O L 5 0] FH N A7 4 % /NS BB OG5

(3) £ 9 NVM 4 it % £ K T DRAM. 25y
DRAM i 4 f5 (32 1) ;

(4) FF AP A7 S50 38 8 R 300 ns SE B A 2R
BN B 7R I S0 SR S5, FR AT IR
A3 ST T 33K 8 S B0 2 36 25 1) 5

Bl 3Ca) g UASSEIE AR AR 1 o B P ik
A B AT BT 3 Ch) g DU AN S VE AR % B 4% 1 3ot
R NVM B BE B, e 07 ) E L, 3 A1 %60 b
it T HE R SSD By 1/O B[] 3% 38 43 i 18] Sy 52 vk
TERSE 1/0 4210 read Fl write bR b 18 2% 1 1 ).
M3 Ca) AR LLE i 2 AT I 8] I, fe 22 30 &
T R <BEMLR B <SR E T7 % IF HFEHLES
FH RS EET REREBAE. LB 5
PRERE J5 %2 if (Rl MR BEF- 3 1. 28 x/1. 22 x F i 2 F
BEMLFRE % WK 3(O FRAT T IA £ NVM 5
M b R ETE <ML E <A
LEIRCES &350 nE e IR L
Wy % F DRI A 30% /22 % [ NVM S 34 %K.
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Z—1 Worst r— 7 ] CZAOWorst
E=1 Random F=1Random
g{ B ]O Time 6 B JO Time
w "5
2% g
= a4
5 g
&4 & 31
2,
2]
lA
0- S 0
M BNJ HHJ SMmJ VRTPJ
(a) FIEPATIS A (a) FIEPATIS )
54 ) 2 Worst r—] 2 Worst
= Random 351 V] 1 Random
N Best HE Best
14 307
A»o S
X X 25
3 F
3+ i)
= E25
= =
4 E -
52 ; 1.5 i
Z. 5 ‘
% 10 %
1 - l'l
15 ]
0 o5 : i 0 el 5 5 ‘
BNJ HH]J SMJ VRTPJ BNJ HH)J SMJ VRTP]

(b) NVMLE 5 IREL

Bl 3 4 FERAIEAE AR 1 LIRSS

HAT—4R M2, 7 L2 X3 (VRTP)) L, NVM
5 R BCRE WD B ik 94%0/90 %0 FINVM S $ i 45
G (@) (DO IRATAT IR LT R T NVM 5 S84
U /A5 R 22, B 1) B ) PE R B B B . X L 1/0
IFIE)A] L& B, SM B 1/0 AU 8 X 02 R oy
HEREED /O A T 1/0. 10 SMJ 8357
HIF a5l K R E ML 1/0, Bt 1/0 B (A
P HG A T

P 4 Ca) Ry DU AN B30 A 3% 422 1 2k 2 3 AR P iy
PAT S ] S 18] 4 (b)) Ry USSR AR EHE T 3 1  AR vh
X NVM W5 B AT LA B Toie 78 AT I [R]
HENVM G S8 A, I E T 28 —8ULT
BEWLESE R G B TREFE TR XA
A B EE FAEW] T 3ATE B R AR e 25 TR E
Y IER P W R BT B LR B T B A TR A
TR & TR A R R, 2574k 2 b, I
PEHRE 7 5 T W1 i el M fE 1. 28 x/1. 18 x T i
22T E TS/ BEPLIR B T 2 B AR E T R TR
WD AL E T E T 60% /) NVM (5, - 34 B ik
DBENLERE T E R 57TY% ) NVM 5. gt sh, AT
FE 3 14 4 dfe & B BNJ BT A — KR —/N

(b) NVM.& B 7R3
B4 4 FMEE RN 2 FR SR

B L HHJ F1 VRTPJ 25k 0 fe % 2 1% 1 %
AN [m] 171 2.

FATAESR 8 il sk TR LA LR 1 o
i, % DRAM Fl NVM 9385 ok k. 8 o e s
BBUMA R RN LB, B EARFRRENET.,
B2/ B R BUR 78 4 — B0 . XA A B B O g
TR T I R R B S WA T
X DRAM F1 NVM 32 5 i 1 —SL 5 43 1, A5
AT AL B AL

® 8 4FMBEENAE 1 HITEEM IS DRAM 71 NVM #y

EE RSt R
DRAM (X 10%) NVM (X10%)

Reads Writes Reads Writes
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Background

This paper is mainly focused on a new field in the
research on database systems, namely NVM-based database
systems. Non-Volatile Memory (NVM) has been regarded as
the main alternative of next main memory technologies to
replace DRAM, due to its advantages of byte addressability,
non-volatility, high density, and low power consumption.
The integration of NVM in the architecture of modern
computer systems introduces many challenging issues, because
current operating systems as well as database management
systems are designed towards DRAM and hard disks.

Although NVM is currently faster than flash memory, it
has higher access latency than DRAM. In addition, the read/
write latency of NVM is unbalanced. Therefore, considering
all factors involving memory performance, storage density,
and non-volatility, it is a feasible solution to construct a

hybrid memory system based on NVM and DRAM. Based on

JIN Pei-Quan, Ph. D., associate professor. His research
interests include database systems on new hardware and

moving objects databases.

such hybrid memory architecture, this paper investigates the
optimization of join algorithms on the hybrid memory. We
noticed that the intermediate data structures of a join
algorithm have different read/write operations. Thus, we
can reduce memory cost of join algorithms on the hybrid
memory by designing an appropriate way to place intermediate
data structures on NVM or DRAM. Following this idea, we
propose a formal Data Structure Placement Model (DSPM)
to address this problem. Then., we implemented four join
algorithms based on the optimal DSPM model and conduct
comparative experiments to verify performance of our proposal.
The experimental results suggest the efficiency and effective-
ness of the proposed approach.
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