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Abstract: This paper shows the technical evolution of memory partitioning on shared memory systems using the cases of page coloring.
Multiple co-running applications incur memory contentions across the entire memory hierarchy in the age of multicore, negatively
impacting the overall system performance and the QoS. Researchers are always seeking new solutions to aid these problems. The paper
presents the well-known and well-developed technology—“Page coloring” and summarizes its evolution since 1990. This paper
introduces how to leverage page coloring on Cache, DRAM/NVM Banks in main memory systems, and memory channels. On the Bank
level, concurrent applications are mapped to a different group of Banks, thus eliminating inter-application memory conflicts. In terms of
Cache and DRAM Banks, this paper introduces the “vertical partitioning” to mitigate memory conflicts across the multiple levels at the
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memory hierarchy at the same time. Finally, this study shows how to use page coloring on systems equipped with hybrid NVM systems.
The experimental results show that the memory partitioning technologies through page coloring bring significant performance benefits
and QoS.

Key words: page coloring; shared memory; memory conflict; memory partitioning
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VAR oy S, H =, Bank KI5 BE X R G0 BT R A R, A BN 0 Ak SR, ) R S il
ke HFAZ, P %A,

Liu AL N TR £ ER LT HILRE R d, BT RS % RS Bank fihikfr
(Bank bits, B-bits)f1%2 5| Cache ffJHslifi7 (Cache bits, C-bits)Z #b, 174 —2% DRAM Bank A Cache H & s
kA7 (overlapped bits, O-bits), &% =i} 2 5] DRAM Bank fll Cache set. iX# 1], I O-bits 5 (0 AE 1% 7 it B [7)
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LLCT 2545 Cache bxt HADAL P T B K (G&E e LLC ¥544), 7& Cache ¥ JL 45 HiAh 2R RL e 1 4 77 A
TR R RE AP RS, LLCH FI LLCM 28 (2 7 % Cache fF5 SR %K, BTLAYE Cache LR W % R 1% 28 78 v
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SERUE, BHFUE R PIN T HESURAE TR M7 S5, IR S 5E A, A — DI x86 £ 1
TR WAERTL 21950 S0 T H 47 Bl DRAM 5 NVM [RA4EG% 424, 46 Dinero IVEUF1 DRAMsim252 743 5
Pl T iZAF Lg% Cache MAFALAN AL NVM FLE K PRI Ak, OS 3847 B (¥ FF 4 (40 5 U2 32 0 T 3 -4
FRIGCHGER TF8525) LA AE A HYyMM (R RSt i i St A 2 5 i ARS8 88 th 73 39145 DRAM
FINVM N FEEEI8, EA18K A FR-FCFS i B 5RIg. TR A WAEE B RS+, NVM, DRAM K& Cache fI1E4N1 S
WA 3.

%3 NVM. DRAM #I Cache [fjZ#(1*)

TEfiti o 28
1 2% Cache &4 Cache: 32 KB; #(#}i Cache: 32 KB; %% {7 (Cache block): 64 B
2 %% Cache 4l Cache: 256 KB; ZE771k: 64 B
3 % Cache ¥ Cache: 8 MB; ZE/7Ht: 64 B
AT S 0EFF -0k AR R]: 5 A IR R PYAFAT b s 4 TS LR R): 5 A e R A
DRAM &4t SR GRS ] 6 AR SeRekE: 1.17 pd/bit; ' fgkE: 0.39 pd/bit;

FEPLINE: 1 WIGB; RlBrZh#: 0.032 W/GB; Bank: 512 MB
AT -0k 305 T 41k IR 0] 22 AN Il R T, A AT Ml A S 25 TR f R TR 60 AN I sk R 3T
NVM # 4t ERE GEIR I E]: 6 AN R TS B D) 107; BLRERE: 2.47 pd/bit;
5 REFE: 16.82 pJ/bit; Bank: 4 GB
K 15 BoR TAEARRNVM B EHCE N5 RN (5= 7 E N ) AT IR, Esesid fed, {14 GB
AHEM DRAM 5 AR FRAR T NVM 4R RS WA RS, BAFET“I0E ARG NS R MERE. 2
) 5 £ (baseline) f2 {18 ] DRAM. NA7E N AE 28K R AT ] NVM ) L.

,
2.6
B N vMG268) [ DRAM-NVME Lt [0 FDRAM32GB)-AERELL
2.4
4GB DRAM{F 232GB NVMI9 % - 104 #) [ DRAM4 GBYNVM(32 GB)
e
= O prRAME GBYNVM(64 GB) [ DRAM(4 GBYNVM(128 GB)
= 18
E OprAM(# GBYNVM(256 GB) ] DRAM(4 GBIYNVM(512 GB)
= 22
24
Uz 1.6
==l
| 14
iy
12
I
Al | | | (Tiraem | || (wwl ||| (Cwan | | (A | || A
SPEC-470.mef Aerospike Memcached Redis MySQLslap
#o R R

K15 2o 55N H A7 281 AT I (]
M 15 el LUE H: XA NVM IR S H T NVM BB R, PEREEE. 7 DRAM-NVM & A
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TERG, B ATE T FEHLN 2] DRAM B NVM 1, NVM 5 E IR £ S 8 A VL8 N B¢, 4GB DRAM 1E
Sy NVM - 22 i 1.7 480 22 8B il VR T e S22, % R e i Pk g B vl R 8 (R S48 )T DRAM (1
). 32 1K 2 BRI AE I AT I nT DU i (48 #T # 21 DRAM o, SR, HH 1 TU T RS LA KR 1 R4
TS, 1% FR G0 HEHEME R PAT I A 4% 4547 P 30 A7 35 B R G 10 M Re FE A 821 58 2 Tl DRAM
DL, X2 —ANFMILE, W T A SR AR H. JREAT LT LA (1) T8 83.2%[“H T
AT 2 DRAM H, [RI“/K 7 S 0 N A7 3400 R e 11 s 48 R 5 41 DRAM & 48 KU [RL; (2) “/KSF 4 mf
DT NVM IS [ CPU AL 58, 510 DRAM AHEL, BLAT 3 s s o, I HLBE2E NVM Bank % e 18
%, Bank FAT M, BEIRALIH S UK, WalEATLEY (3) HYMM R TR 51 M 45 B, ax s g
AR IR T 5 AR R TP R 2 . HEA AL G R,
B 16 R THIUE CHARN AN WA R RN LA, KERBRT 3 FF Rt 21
B BLEAN RN 40 817, 55 2 Bl il I 7E 28 17 X1 43 5 L6 Py 77 Bank R4 (w2 i SCHEEI G VP), {H I KK
PN AE T8 3 B AR AL TS 58 3 FE LR AESEAE . N A7 Bank FINAFRIEIX 3 AN RTH R AR 5. %t
b FEZ R R 25 U Linux JRUER N AZ. 58 3 Rl B0 (0 T 3 Mh RESR FF LU 2R 2 P vl mi i 7.2%, LLEEZE i 23%.
A, BTFSINT XA Bank [ EE, 55 2 P 00 1)~ 3 M RESR TS 5 T 28 1 B . 7R 3 A LR,
Tk e R R T N R 4 R 3 (191 g 3 X ) 1 T PR S 7 el — 4TI, TSR A U e T T IE),
A9 D T 3t RS 7 S S AR P ) . X U W o AT P U bR, ST P A IR RS 4 Ak B
LA BRI RGN E . A, TAERE 1 2 TESE 10 hribhRFR P8 4 THE 8, RG0SRk It fe 42
FH R R E B, XU AL TR ™ 0 T AR SR, /K1 SRR N A7 45 BT AR 5 RE SR AT 10 1k R 25 e
SEPE R P 25185 2 WL SCHR[9].
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Cache®l|4r
30 ® Cache+ 3 #f Bank 43
B Cache+ P {7 Bank -l I8 R /- DRAM-N VM H)
;.\;: 25 1 I i
2
315 I
10
5
1 2 3 4 5 6 7 8 9 10 Avg.

#J_';rFéié
K16 ARG AR5 T

#5225 SRS T Ol T RUE DGR P (K IR 5 i, T UK 2 %738 Bk I i B AR B 7, B e
REZ M g5 a5 s AT —TERE R, WURAFAE N DT ELERS BRI, BA®HE N GRS &, (EXF g o
&, BRI RO R AT 10%. X0 T Bl LA ARV S PR B R A, S it Jom ™ AR B U
IR, TS R R A IRE S, M et 2 ERRIL H AR, HO AR, AT ) A AR A
F A7 F VBT DO Bl o0 AR S A S S 2 W 10 S 5 AR AR TR A AR 2y, AT BLRR 4 2 3 R AR
el P VA PP 9%, T B e R P K IR 55 PR, () I 3 T LA i MR 55 4% 10 W R P

5 & &

ns

ASCRTHL T NAFRI S BOR IR JE, S ad T A AR IE 38 T 5UE (UBoR WA R R RIS HLEL. 28 3 5 (&
BORBOE IR 73 Cache, 1A S K AR AT QBT IR 0036 (UM AE 1 84 W 4744 2 (memory  hierarchy),
T AR AR BRAE RGBS, REWRBEA GG Liu | OISR, EZ AL, 2R
DRAM Ly frf R L) T oH 5 AR G APERE 4R T, ik, SO S BORBN T T DRAM &l 7y, B OS #
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PRI R, AN AR R 43 B AR [R] fR) A 7338 55 DRAM Bank, LA 247 20 bR 2 18 72 )7 72 DRAM
MIVTAE o, e R AR TERER H . B, e B R b gl de iy L & BRI AT PEN 1 oRp ok (1 b ik
fi2(O-Bits), SKBL T Cache &5 DRAM [KPpA %S>, Be)a, ASSCAr 4 T WA 5O CLBoR Y T 4T 5% NVM
KRS WAF SR, 7R T IR IR I 1, o T A A7 3 BOAR K 8 SR R i 5t

B BRI, Intel A4 FHEH T RAUF I NAF R HOR, Blun CAT $ORTE. RZHARMN ZI1E K L
FARA, WAFRIIS KR AR ELARAE ) . A SO AR Gl D S A S, AMEBEXS W AFRI 7 B
AT BT AR A TR, (RISt BE X BEAS P AT R R AT IR Z BB AR AR, der i HLas 7 S+
FEBEIER 2y, 2 MER IR R A SN R 2R (IS AT S84 0 SRR e 2 R A, R o R, 52
DU N2 FEAL I RE R 70 2K, DR AR R AR 1, A ST X PR S DR A A7 BRI R 2, BARE— D de vy R T TERE.
RN, AEX— R, RE IR RIS AT N S 55 8N @a T4, JF H, 1247 2505 R g1 6 ik
HEVIMK, < FBCM RN ) 20 R XA F P G B AR R 2E. Al A DRI P 75 1 1) 8, g2 R
SRAIF ST A A
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