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Abstract  Versatile, general-purpose memory allocators have been a fundamental element of
software for decades since they emerged. With the development of multicore processor in recent
years and the advent of novel non-volatile memory, researches on dynamic memory allocator also
focused on different optimization directions such as performance optimization in multithreading
environment and optimization aimed at the characteristics of novel non-volatile memory. In this
paper, we summarize the development and research status of the dynamic memory allocator in the
past three decades and analyze the historical reasons behind the development of memory allocator
simultaneously. In the computer history, the years from 1986 to 1994 are known as the golden
age of PC(Personal Computer). With the prevalence of the PC, the demand for DRAM (Dynamic
Radom Access Memory) is also rising, and the memory allocator has consequently undergone a
process from scratch on such historical background. While since 2002, CPU (Central Processing
Unit) chip processing technology has gradually approached the limit, and CPU also suffered from
the heat problem with the increasing of frequency. In order to ensure the development of CPU
performance to continue, CPU began to develop in the direction of multi-core. In order to take

full advantage of CPU performance, top-level applications began to take advantage of the
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multithreading ideas proposed in the 1960s, driving dynamic memory allocators to support multi-
threaded memory allocations and ensure memory allocation performance of multi-core processor
system. Then since 2010, storage academia has turned their research attention to finding new
alternative memory media. Different non-volatile storage media first got rapid development in the
field of materials, and then get the attention of the storage academia, bringing the new non-volatile
memory research boom. Therefore, the research of dynamic memory allocator has been gradually
combined with non-volatile memory technologies. Scholars began to study the challenges brought
by the introduction of non-volatile memory to traditional allocators and provided their solutions
from different perspectives. It could be seen that the development and research direction of the
dynamic memory allocator is closely linked with the historical background at that time, so we can
also look forward to the future development direction of the allocator based on this concept. In
addition, we coordinate state-of-the-art workloads and benchmarks available for dynamic memory
allocator, and propose a set of evaluation indicators on dynamic memory allocator. This set of
metrics has 11 dimensions in total that include compatibility, memory footprint, allocation
latency, scalability, predictability, non-volatile memory awareness, and so on. We hope to cover
as much as possible aspects need to be considered of existing and future dynamic memory allocator
design. The evaluation results of the main memory allocator (ptmalloc, TCmalloc, etc.) using
the set of reference standards is also given. Besides, we pointed out advantages and disadvantages
of current technologies and predicted the directions of further research, and thus could be
reference work for the development of this field in future. With the rapid progress of non-volatile
memory technologies and continuous improvement of capacity, performance and other aspects of
3D XPoint product, and in the meantime, with the continuous development of machine learning
and artificial intelligence, it will bring new changes and revolutions to the field of dynamic memory
allocator.
Keywords dynamic memory management; memory allocator; multi-thread; non-volatile memory;

storage technology
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3.2 1990 £ 7] 2000 £

TR AL 8 FoR 1986 4F B 1994 4E Fx 2 PC
(Personal Computer) i) 2 4 B (L. L0 E PC 1Y 3%
17 DRAM 75 3K 3 76 A W 82 T o P9 A7 43 e 2 0 7
PR S T& 7N EA M 2.

B — > A S A BN P AE o R A
BLI DA S BEE A e  +4F. A DR o 2 A e
KBTI T X LB IIE T B AL i i 58

1992 4E & 1994 4, Zorn Ml Grunwald & H &
VR JEAT T REERE SC A0 AR S 1 S A ) I ) LA
JryFB M 5 T AT T 43 TE i RS S AL B A ) K A S
PEAEE a2 58— W Ok B A TR T Y B 5K
trace FEAT I Y R HUASE S2 50 5 4k 177 AL 471 A BRAG 26
YRS B B (Next Fit) 23717 o e 22 0 Jy i pEE . i
HMI AT 2 a8 25 N7 3 AL e A 43 TBC A 1 T A AR
AL A5 40 FL A% 7T LA T8 LY trace PRAl , (HS
B B S50 02  PEAL 43 BC 28 19 M — AT & O 12 R T 3R
SC trace Y trace BRBNBIF.

1995 4E P SCHR L1 A2 8 ) vz 51 T B 25 3 SOk
Wilson 25 A 418 #1538 1 2 25 P9 AF 23 B0 AH OC 1Y 7]
R AR N AE B L 43 T 4 T T P %) S s R L ) 45

@ Gloger W. Wolfram gloger”’s malloc homepage, May 2006.
http://www. malloc. de/en/
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Jo T4 B AR 22 43 e v A 6 A SR AR A8 s T LA
TEASCH AR BT B & . 5 Se i A R
RL A ] 45k 25 3 S

S E S SN AR A —
dlmalloc® F 1996 4E[aj{H. dlmalloc Hj Lea T 1987 4F
IR B — BERIN o 12 e Pt LA 19 8 R AF 1Y
HEAFBC ST . dlmalloc AR 48 P 77 He R /N 6 T d 1 36
JC B35 4 TE N AE R 21 10 23 TR A7 B AT DL O DA
DB R 6 T /INH N A B A B P OB I BE R R
e A A7 10 78 BT RS 45 R G R 5 A A Ok
G AT W B N AE B, dlmalloc B9 A R £ J5 2k 1Y
73 e #% R T O & J , 78 0 e A% I s B HAT IR I 1Y 5
M. A3k dimalloc {88 ] — 4> B — B SR O 47 A4~ 4y
T5C 1) BRC 0 AL T AT 2 08 T A B ) AN SR £
LA

1997 4E 1Y ptmalloc 55 —fC A £ 2 T dlmalloc
B, 1 Wolfram Gloger JT % , 3] 2. 7 JR A (2006 4E %
i Z Ja s % & i T glibe2.3 . Z )5 —HMH
Linux 104 BRI 9 AE 43 T 2 5 B A 167 2 20 9 glibe
malloc. 3¢ T4 124 ZAfi FI ptmalloc, ff 2 7240 1Y
TR B X I B L ORI R B T =
(6] Y Foe B2 A A e 2 T 7 J 4 19 malloc 73 g &%, (H
B d Z —7. ptmalloc 3= % [ MR TR 43 il J $2 0L
T X SMP(Symmetric Multi-Processor) 338 T £ £¢
PR 3. 7E dlmalloc o HAF —A> F 40 L X, A 1K
53 T A AR 2506 32 4 TE DX HE AT gt 43 TS o8 UG
FEB, 75 SMP Z 2R FR 8T T, % 3 43 T DX 19 8 1)
G AR RN, P E S T 4 RO, T2 ptmalloc
BT AEE SR E 4 X 5 HE FE 40 X E
HEFRAEAT A L B — 40 T DR LR B A R R
TIZSF R X B V7 0] B B B A T NN AR 2
FHEAR Z WA s ptmalloc 78 % B 3 5 2% 73
P DX AR B H R . A i Bl RV E R 22 5 B 10 A4~
CPU i % il B, #E 2 FRAR 22 01 50 80 19 55 75 15 (1]
S REAC AR50 FEPERE T R

1998 4, — X Z 2B IF A i I Z RN
F 43 L 25— LKmalloc™ B 42 1 1 & M Z B 3
SWAFI B 0 CARR KRR EZM T K17
Iz 55 % IO 736 — WL & 5 23 A 1 R 55 gk o T A —
UM F AT A 43 B AN TRl 5 SRR B8 1 T B S 43
B #s. LKmalloe il TR Z F3HE, — 1R L EMN
[ — A~ F-HE 53 L 9 A7 B AR AT DLUBE i L B HE ) Y
FEPL IR AL T — >l I 2 2 3 HE 4R B 10 B S5 R
AT B Y 2 LKmalloe ¥ R H N A7 K A S 47

b HRE  FEKE R R 1 B 37 B AR [R5 X3 L 3 7 A
R E 2 7 Ph I = ] .

1999 4, Vee Fl Hsu™ AN 45 K ZHRL T D1 #%
o PR e DA Bk 5 e 7% 31 2 A 3 1) 2 S D TR 2
T AR IBORE T A i, AN 2 O T SR R N A
i BT DL 2 R A 4 TC 2 1) IR 8] 0056 B 1 s )
RORHE R T IX — SRR T — A E X E
PR/ T2 7 2 40 325 1) 2 B N A7 0 L 2%
BT AT — 2 i 64 s i 9 & Ui
[ 300 Ao — > B ] 5 5 A 3 B0 A ) 1Y 2 1 SRy
b, A AL FREE R LT B O SR BRI R A R . 7
Jey v e ORAE T AT (LA A A A BROMEAR LA K
— T R SR A A AR D0 B T B X RO s
AR T 4 e g A A T o R B P AR R

HB M OC TAEE A : 1996 4R () Vmalloc™™ A
J RS B R U — A E AR AE SR N AE BRI
v DI X T A DI AT DT A [m] 17 5 s R
AT PR — A~ 43 C 5K w 7T LA AE 6L I (] PN 5% 28 95 5
1996 4 Richard""™ {7 48 38 T 4% Bl b7 3% Ui 48 4% 55
2L w1155 A i1 4t (Reference Counting) | #1 ic Al ¥
% (Mark & Sweep) \#% D1 (Coping) 5 1 25 76 141
R K SR i [ I B 26 T BT A A R R D B T 5
N G4 I AR A ) e itk
3.3 2000 £ 2] 2010 &

F 2002455, CPU W& f i I 20 5% i i& 3
R[] e 8 58 32 40 4 & S 0 Bk i DR 1 A ()
2004 4 Intel 78 & A 3. 8 GHz 7= fh Z J& R AF 5 4 15
1E 4 GHz 177 it &L o 1 fRE CPU i P fE & A
520 . CPU Tt 10) 2 4% J5 1) & &, R 1 58 43 1L H]
CPU [ fE » TUZ 10 2 R )3 T 6 AL AE 60 4F
RO E R i 2 R AU 3 1 s B N A T
i AP 2 ARBNA S RIEZ BB RGN
FE 43 BCVERE Y J7 1) K Je.

XA 4R JE S AE Z R 43 S A% (dlmalloc,
ptmalloc #) R Z b ARG £ CPU M £ 4
TR FH ) & JE B8 22 4 0 22 R R 0 I A 1) 0T 5 Bl A
th o T B SCHRE 4l Al R P A S T g b DL B SE A
JEEH 18 B 58 0 U, s A5

2000 4F,of [ K292 50 % 19 Hoard ™ # 91 & th
K, %4 Linux. Window . Solaris & #:/E R 4. 3L T
AL NS> O 8 R S Z AL BRAS RGP T E R

@ Lea D. A Memory Allocator Called Doug Lea’s Malloc or
dlmalloc for Short. Available online [ March 26, 2010]:
http://gee. cs. oswego. edu/dl/html/malloc. html, 1996
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il 7 A AR B 7 X — W%, Hoard 24 %)
Z A BAS T AT PR . Hoard J2& 45 — 4[] I i D
T 2RI NG A 0 G A Oy S S e e R
S AR ()L O3 TC A 5 LB T per-4b B 2% ME A4
JRiHE 2 —A> per-4b FH 4% HE 87 AR TR BOE
(4 B9 (A » Hoard 5t N per-4b L85 56 78 — A [ 7€ K
/NEY chunk 3 42 Jay M, £ 45 25 8] T DA gl HG e Ak 2
AL HE BT Hoard J2& £ % 2 4b 1 &5 2k =2 N A7 1)
PB4, 7R B AL HIAS 2R 55 T TF RS R

2002 4F, Hoard [ 4E % Berger % A1 78 8 BF
B A E T N A T A% (FE & R Z A heaps,
heap o2& JH T 3l 25 A7 3 0 10 3 25 ) AR 1 1
HH R E T N A 0 T e 2 A S B R PERE L 6 T region
4 7€ i N A7 TE 4% (1 & Bk Z Ol regions., region fi
8 2 AT DL — U R AT A 2 0 BC A S 468 BR b
B2 regions HRE BB A N A5 T TG V5 B T R
AR 3X AT RE B A B 2 9 INAF . OF B BUR SCHE
B 550, 0 Bl AR AN A 7 T O A R
& TRAEFERL T reaps. — M4 E T regions Fl
heaps [ 3 ] N 17 43 i 4% . reaps i i 42 {3t 45 41 19
Fe I, (A5 0 AT LURE TR0 BB 0 R B Z AT A
heaps #7 AR 2 . AT BRE 42 (i T regions J5iAS iy 4¢
P CSCHE TR ARG A0 I B

2004 4F, Michael”s 43 fi #'° [] i, 2% 43 BC #%
N HA Y v B IS B 3 & WA S L A AF
HERRLEE AR T ERAR LS
(MT-safe,safe under multithreading) , £ {fi fi /4 7]
T AR EL e BT, DT XS PN A7 3 B e B0 96 P RE L w] ]
P AP A g R 2R T R N R 22 A T T 3 R B T
AN I D I A (O P I (B 2 Ve L
IR NAF S B . O 1 S B0 IV AR AT T AL
TR AR R G A TR AL B g SRR Y I T 4
25 N T SEBLEB AR malloc 1 free #r fif UL
IR IR SR 254 A AT — AR AE
EERFRAL T AL AR A 5 # T LU N A o E A
SMUATIA U T Hoard H (% 1 JZ2 8085 4544 DT 52
WY Z R R I K N Ao BUERAE kA 1 k=
IS N AE T HRE I K W Bt % N AE 2 L AR
fHE H FR 2 A superblocks 19 K B P 7744 1. 45 >
superblock X X4} 5 K /NG blocks , I AR 44 I
blocks B K /NR) 43 M A [A) size class. B> size class
H:47 B R Y T A B A% 0 B HE L AE 4 T R R
i 3 U SR N AF 1 RN 5 R B AR AR AE L A A
M vh HEAT IR A

jemalloc™™ [y Jason Evans T 2006 4 H & &
KA —AEEXF 2 A0 PSR AL N A R R R R
I BN AF 53 T o » [ RE iR ol T 2 AE R A8 RS 2
LARIAEE T Z AL ) 8, 5 Hoard AR 12 &
K H1A 56 1 07 kA W] i) Ak P 2% 2 R T R 25 1] L B
AAb PR S LR AR W] 46 25 0] 24 2 MB. jemalloc ffi i T
3 AFK /N2 ssmall, large s huge, 3 LA [R] (9 75 20 52
B Z. X F small #1 large X} 4 ,jemalloc & fi—A4~ 41
JEAR O IR B AT R % 2 1Y DU IR AE chunk 1Y 5 5 48
POTEEAE B X T huge X 4 H #R ] mmap O
WS jemalloc A4 R Ul /> 7 3 iz 47 3 A4 L 4n ol
W VR 7R IR 55 &% 19 A A o5 L Jemalloe A 2
& FreeBSD % B, J5 & Firefox W % #% . NetBSD
il FaceBook [ ik 55 % i #5 il LA ML JH » jemalloc B £
73X 2 Y A 21 T R et S 3R T TR R 2
jemalloc & W T Windows. I lii4s b 2016 4
5 HHY v4. 2. 0.

[FFETE 2006 45, Li 88 N i 5 510 24 i #5845
RGN AF 53 TE A 56 4% He 3CPE 52 30 T 2R A
BE A A7 S L 28 DU RT DA S5 PR N AR I O R R
I AT LAAE W BT 9 T B R AT PN A7 R T 38 W] A7
J& B A IEAS R A (H ] s 6 A P A 0 T 4% T RE L
AR = A RE A A2 AR B T X RE O T4 T
B AP ) v 1 B 5 R A AR A AR B T B M R s T
— PR R /AR IR A T N S B IR A
S EC AR R A0 W F T FreeBSD w8 3, L 3¢
HEN GO 51 T 4 Ak o3 T S A 1 ER A T 4
1 AR RS O PERE. 23 SR KA G CR T2 TO I A
A7 FRE 4 BRPE 52 B 5 2 5K /R Gk 3R A3 O3
2B AL 7S R DU AL I I ) B i A8 R H A
PEER Iy 22 AT MU R R 51 (B D L DL B =5 1H
chunk, JFARiC AL & © 3 BC. Al A4 H i 68 14 3t
FLAT [ € RO 52 2% BT L OF AN 23 BEAE N A DT R
e T A

[7]4E, Streamflow™" % # H , Streamflow & —
A=A PERE ARTT 8 VR 2 W N AE A B &% L OF
H7EZ 172 . TLB(Translation Lookaside Buffer) |2
LR T 2R T R . fE & & 30 Y i i 2 b 1
NI C & B W RV AL 58N A7 2 L A%
UV EE A 0 TR0k AR T A0 D Sk I A [R] s 45 5 AT
PRk SR HR R IR B B B T X R SR
Streamflow 43 | A #t (local) Fll i #£ (remote) #
VE AR WA s v R T G5 (6] 26 1 it
AR IR ERAE bR 78 A0 A BH ZE 500, DA 9 /b



10 # X1

BI%E . B0 174 IO B B 4k 2367

TIRETT A 7 ORTY REE OfRE S T ME AR I Nt
e n) . Streamflow 38 1 K5 O 7 Jiy N A7 H 19
e 2 AT BT superpages. 32 T 247 /=
TLB JZ 511 J2 19 sy i 1.

[l 4, McRT-Malloc™* i fE # 56 F B & Z Hil 78
A 2 45 N AE (Software Transcational Memory,
STND J5 i i TAE 4 3 55 N A7 7T L) 25 el 2>
I G TR 0 S A% B & T A 02 AT DA e BE O L
SR Z A Mg W e AR E S T — D ESE 55
ARAE He P S A 4 B0 R0 T3 i) 3 B 2 2 P A 40 i
#%. McRT-Malloc T Hoard &, $#E1E H K256
— AN B 55 N AE AL T malloc/free [ 77 53
e #e 4t A 78 — i 1y LAE. AN 6] T Z | /Y I8 B it
McRT-Malloc 15335 ik o T 1% e A5 6 42 F 19 i
FHAE R TR T A LAY McRT-Malloc
WA TRBERA HER 5. B & T McRT-
Malloc 2 HAAR M 52 B, T3 % Fob 47 97 fr b4

2007 4E, thbmalloc™"” ¥ &t H 3 A F intel 19
LR ¥y 7 H (Threading Building Blocks, TBB).
Thbbmalloc 3 F McRT-malloc 19 B A8, i [ T £ 2
FAA HE (thread-private heap) , 3 H M A 285 /N %)
ST 7 1 7S )30 45 #/E R 5. thbmalloc &2 G 8l Hb
AR AL RAAT HE 3 BN AF. 2R W] — D R R
3 BE I — FERE XS G % 0] 25 RA AT HE S IS 2 50 AS 5 2
Bl 5 75 U XF SR IR 1 25 foreign BRI 4% B Y [+
R ZIT LN foreign Heir A & 1 25 I8 43 IiC B
2. 5 jemalloc 1 Hoard #H ], tbbmalloc i F )
chunks PYAL S AH R /N X 54 9 T8 8504l 7 TE
A chunk 175 78, 9% A 2 L SE R E M 5T
thbmalloc 7§ £33k B JCBR 9 P47 5 .

[f]4E , Google A HE] /A A T TCmalloc®, TCmalloc
& — K A IR R AR AR 1 A S B A - i Google
gperftools Ay ZH 4 2 —. TCmalloc {7 — 4~ H >
HEFN Z A A RBERA LR % AF (Thread-Cache,
XA A T B R . Ak B A3 A SR B X TN 4
DR SE1E F Z R HE v 22 G0 B 3% LA 25 TR B O3 I 4 B
e rp a3 [E] AN 2 D) S 1) rhu O HE B — A id KUY
25 W IV 3 L2 A R /N AR TR) B 7N % 42 m A 2/
S B 2 v DA AR T SR 5 o0k T RO G U 4 A A b
M3 g A e R IE I & 42 1. TCmalloe % iz
T HE- R R ME B, F AR T /NRE Y 43 D
FVRE I o A A5 X /N %k G0 4 B T/ s |y T 78 S5 PR
TP e /N G0 43 LG 378 22 T KO0 4 43 B » BRI G T
DAAR R b 382 T e PR . fse BT hUAS O 2016 48 5 1 1Y)

gperftools-2. 5.

2010 4F , Gidenstam % AP 3 4 T NBmalloc,
— N B JCB L ARRLEE [ 25 1Y LSS s I A T A
PEAAT ™ R ML I P A7 43 FiC 2. NBmalloe 1 424 3k
H T Hoard, JF5| A T —FHT Y Bk A flat-set AYEL
P2t Flat-set Je—Fh 78 HERAE 20 MUAE S 481
LN I U 174 Al ) §2 i “inter-object”
PR T8 — A flatset YR RTH 2 55—
Hr. A NBmalloe i3 31 1 87 9 JC 91583 & AL
T Z A A R G B bR oE A 1 W] 2P iR (R CAS
(Compare-And-Swap) , 8% 28 3¢ B9 LL (Load-Link)
F1 SC(Store-Conditional) Z8) , -2 i flat-set $4/F
AR 2 1 1k 552 B

HER AR TAEIRA 2005 4R K ik cache J)
T A B E R B EIE AT AR E A Vam allocator™
2005 4E [E] FEfE % Hoard. 5 Micheal’s allocator 2%
RLE ) 22 Ak B 2 2R G0 32 A3k 1 A o ] 28 Dt o 5 R
1 TG 8143 Bt #§ nbmalloc™, Bl NBmalloc 11 & .
3.4 2010 £RME

2011 48 IBM P58 N 5L 2B T PCM i 8RR
e——Z L B IZ BRI — DA BT RE
Rk 2 B . Bk PCM R & 176 % 1 B L
PR PRoEmE . = B2 A TE — 4 g 1 [ B i 25 i F
P B T 20nm T2 8GB PCM i i . JFE
2o BN — 3K F LB A h . RAE 1996 4Lk
A NS BB T — R BAR B OIE B B AR
(Spin Transfer Torque,STT) [ 4li H, 2% A% 14 % 18 2%
HATT L2005 FRJE A |5kl & T 4KB |1
STT-RAM i i, e J5 - STT-RAM By #F A& & 51 1
ORI Z (1 56 T, N 2010 4E— T 3 2016 4F . H0A %
KITHE A EE &R 2 . TDK, = & . Everspin 4 i
HTAHCM 4KB #] 64 MB ARG R [FAE
TZ A #% (Cmemristor) A9 & 1971 4F gl 8 £2 4, 3]
2000 4F 5255 % A5 B0 AL W I AF T RRAM,
FRH] 2010 48, 3 [ 8% S0 50 = R KAEC A RO ARE
AR SCGRIR AUATTAE I B AR BT B RO E R S Al
T H G BRI 745 S . & Fh RRAM S F 2
HAN G5 20Ok M Sfe E L 2 s BOR BOR. e A,
2015 4F ,Intel Fil Micron ¥ i} T S FR42 25 4E ISR IN
fEf R i 3 b O B 98 B OB B R——3D
XPoint. HAL 3 T cross-point 4514 L K B B4 4 4y

@ TCmalloc: Thread-Caching malloc. http://goog-perftools.
sourceforge. net/doc/tcmalloc. html
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fF. 5% 3D NAND K [6] (9 & . 3D XPoint J& 3 i3
OB A /HE B AR AA AR RS . 2017 4 3 L Intel
M TN AR Y L — U (Optane)
B A7 B S N R RE R G L T
DRAM Rt Z 81 B 3 R G251 = 300 U 3l
477 TG Ak FRL G AH B BE 7 ©.

ATLLE 2. B % DRAM [ I 6l & T2 F el 8
REAE XUy 187 1) L 3500 1% 58 DRAM A 5t 1) & i 18 e
PR3, 38 0o 2 R U0 T 0 g 7 3] 3 4808 1 mT R AR
3 b AN AR B 2R At A T 1 2 A b Rk 4 AR A
TP R R R I AR A U Tz S e L 1
K TR RV S Ok A7 At 1 BIF 5 A

B JUAE 328 N AE 43 T i B BIF 9% O 6 328 W7 R
5 RAEE G H IR RAE S R NAE 5] A
XA 4 43 T g i R I B SO MR R I 45 8 T B
TR T 6.

2011 4 ,SFMalloc™ Sz L T — 4~ &1 %f 2 28 78 0
FHM A TE R 25 # 7E 1) 81 &5 W A7 43 BiL 4% . SFMalloc
FIH TR 2 Z i TAE M AR, BLAn 20 55 e oy B pL A
K B streamflow 13 2 B AUE AR Ok B michael 1y
DA F8 41 ok 52 B0 TG B0 52 1) 22 4 DN A7 I s 55 ok i ke
B4R P O S R R A ) R 28 LAY SFMalloc
W T R HEAIL ] (H R AE TS B G (W) 25 J T A8
THEZHTTAE. ME 5 2 3 TR 2 J0 8143 il # B4l
FH 0 JE () 25 4 4 B8 4R B i A A R A AR K
i ek [ 25 4 A 1 B, Rt SFMalloc fiff
FH T S EE A BT B0 TE Ak S A, SFMalloc i i
FE N AF 53 BL A5 s I 2 5 247 A7 U sl b T N
R ORI AR . e, BUHT I 4 B4 R AR /NN A
LI = 3 A7 43 L » SEMalloc W25 581 1 i [) Bk 2
Dal WS DR SR

[F4F, 2% % Herter 5 A M SZHF R 48X 3 &
FEOTTL A8 MR IR T oK & 2 1 T CAMARY ——
— AT HU ) cache R]EEHT N AF 4 BL A% A AT
B EE AN A EAE AR SO TR R T
M) 7 R ] o 1775 AN B8 DR TF 5 DR B0 T B4 o 1o Bsf i) 3¢ foff
R EATAIE ] T 225K 148 1Y $hA T 1) 1] #R A ™
& b B SRR . 3k 26 P AE 43 T A AE A 7 I
AAH TN (1) TSIk PR UE 43 BC /Y N A7 el 5 3
) cache set; (2) il 1 3 JJ7 43 BiC #% H PR A7 109 25 TR
FEHL Y BE N AT I 38 177 1 IsF ) 2 2% B3 A OG) . I
5B WA B A SR AL 4% AR H, CAMA 75 22400
HMRME— S50 T 48 8 W AE BT 43 Bic 8 Y cache
set. CAMA R FI B AH R 25 19 25 TR 4 32 457 28 25 TR

FEH. B AMAT38 R B cache AT BN 43 B L A IS
VR A B B AR SR sl 20 S B R s R 2 )2 B S 4 3R
(muti-layered segregated-list) , 25 i) T+ TLFSEH
(9 75 s 0l /0 R R (LA R TE SCHER OO IR
P& 3 XF 22 AR SRR FRATT AL A 2 H T I S

2011 48 [ B} 27 B 19 2% 55 B Jy ¥ 1 AR 2
R B H T ROt i WY Y e B A O
B i 7 2000 e P A A Ak kA AL A
B AT IR I G Z 18] 1Y 5 Gt CRE Y 78 D5 1) B4R 15
—BEXT R Ty WAR AT Vs ) B, 5 G 1 Calfinity) 1E /2
FH R R B 0 3 R D) L 48 B 2 M RO X SN
[Fi] — PA A7 B T 4G 00 2 % 1 B X R 0 B AS [ 1)
XF G2 B, AT DO b3S N T A U AR A B R AR
W AR PE G AT R AP AT . S 4 AR
SEL T A4 BE ) A & 4E DigitalBridge-dopt., i
b B2 T ) R AR B T fE ) B T

2012 4F SSMalloc™*™ i 5% W P4 47 43 T 7 1) =
A F R R 5 A o BC AR U5 ] Jay BB A0 A] 4 e
PE AT TAEE R & T rERe T o Rk R 2 T
— A R 5 [R) B FRAT R L PN A A B R A
(He i mmap F1 munmap) B 22 S FE N % B ™
A 35 4+, SSMalloc i o f 55 4k 5 B 6 A% | 7™ 4% B
0L PN A7 S 38R 8 R T SR T I A 4 ) RN G A R 4R
DA RS T A2 L 2% 09 U5 (] 2858 42 7 T Vi (]
JRyFR R A AT AL B A R AR 2 L FE T
B[] 2 e A B A0 B 0% el S O 0 45 B 3k o Y
ARSI RE AR AT BR Y 25 3R b S8 . (E A5 T B,
SSMalloc [ TTER T FAAT HE W& I 4 s HE
FIRAAT HE 3 e () FE AR X 42 (chunko R 15 K /N— 2 $
FEZ R, IL28 ] DL A5 FA A HEH AT size class B
P75 2Z 8] A LA EE 45 B 3l AR 5 4. SSMalloc & —
AR R IH .

2013 £ 1y NVMalloc® a] fe 256 — 5 X TIE S
K NAESTFC AR SCHR. SCHh 4 7 — M EE X NVRAM
1) B 458 AT R AT Y 43 T s o HE BRI PN A B Y 3 T A
FAET VT 5. BN BB NATIm E—
AT R B[] R BR AR 5K 22 7S 3 — A R gy
Be# F (don’t allocate list)” i) FIFO ( First-In-
First-Out) 25 PR BAF1 . 5 — U A7 53 BE FRE B
NVMalloc £: #6525 3% FIFO 1) BAF1 3k . 1 5 = 78 BA 3]
ORI R RIGA B T ok HAS BR BRI IfAw il o AT

@ Intel Optane Memory Revolutionary Memory http://
www. intel. cn/content/www/cn/zh/architecture-and-tech-
nology/optane-memory. html
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FOHT AL MG Ah AR OE T2 A e AR P 0 2%
PR T B RS RE B R SN A DR AL L AN 7E
S P AF B Sk T I T4 00— 150 35 60 h A 00 %o 4 A Ak
AR RE A da ARE T HEREE AR T T A
C A — Bk .

2014 4F PALLOC™™ {) TAE R £ T Z 1AL
RETNFF RS M bank 5 ] 15 5 M b & .
VEF I T — 4 DRAM bank 7] J& 1) P4 77 4> i
i W A BUCERAE R G T R LN AR R SE
AL RLAE N A7 B 23 BE 295 7€ 1Y DRAM banks Hr. X &
— TR R B R NS S B . R AL B
A B GOHE Y 53 B 5 22 A W) B GUAE 19 23 BEATS AR e Dt
A PKPE 2R GER AL B X ARG T a0 R 12
FHGR R A A3 T o 2 AR K by DD H T A BEAR P LA T
HE K/ (A KB R AL BE. PALLOC 7] L4 F P 4% 3%
IE B A ] bank /9 3 L. $5F 0L A PR B 4 B
R (319 — A JUAE) th i PALLOC 4b 3. 38 i3 3)
57 %) banks Sk i 40 2 4% Z 18] 1 bank 2=, AT 7E
ANttt AT A R R A B SRR Y BT R T $2 T COTS
(Commercial Off-The-Shelf) Z - & 1Y F& & 1. it
S PALLOC A7 Ak B3 5K 4 1 2 58 th #24F R 4t
() mmap Z 58 1K 58 1.

2015 4F, SuperMalloc™® ———Fh 41 2~ 64 fif
X86 1425 4% N £ (Hardware Transactional Memory,
HTM) Bt A4 B sl MIT (9 0F 50 A\ G
YEE WL R AR BN A7 2 5T 1Y . (5 64 FLAL AR
A R UL M hE S (R BRI A B T 256 TB 2
%. 5H '@ [ chunk /1 43 Bt 2% A 6] » SuperMalloc
K chunk 43 BB/ By 07 T2 BAELL 2 MB
h BN FF LIRSS 64 {3 X86 R 48 E K T Chuge
page) H[). H& 4 Bo i 7 ) chunk” (977 2 A 805
A TR AU A5 ] RO B A chunk R il 2
A3 HE. T HEAE R G0 K U8 DU AR RV 00 b ik
VL 1Y) T TITE SE bR 5 A A 2 BAE S W BEN A S TR
SuperMalloc 1, —4~ block K F 43 Bt i 3R K7\ B 5B
Oy AN b ) B A AR R B AE S AR M 64
BB i ) 2z — A DL 24 VR 2 R A0k s
[i]. B A BT O A T A R KON 38 B R A5
55 5 jemalloc 281, H 2 & R F Y J2 B4 T AS o B
gitb ks AR R, RE AR T E LM 512 MB
051V Ry L1 (RN T SN B B (S o NS 1)
FEPE S SEBR IO & 2 D W BN AE. 53 80 A&
B A & RS 5 2R B = A T WA T 2 A
B a AU 7E github EIFIR.

[ 4, scalloc™™ Ay fE & ik = 8] T K S 77 2
5 K TR EE YR, T L 64 7Mbbk 2SR 4 B K
(256 TB). BTk AR B LS A AT BT T — 3K T 1
P span B [ 2 L2 N A7 0 IiC 4% 5 scalloc. At 1718
it mmap RGP — KM 32 TB By M 480 N A7
FRZ N arena, JF ¥ Z R 43 S K/ 2 MB H & F
2 MB X 55 1 N A7 B FRZ R HE AU span. scalloc H fiff
FREUL span 58— 4L 3] 1 MB K LLF 19 4 A7 1.
TESZ b AW HT T F S i H AR AR Sy B A HE SR
FL 2R T2 A Hb 43 Wit 2% wp 2% (Thread-Local Allocation
Buffers, TLABs) " ) i it FI F P2 43 L 36 F S
10 4 Jm) I AR 5 A Treiber " (#9 J5 ¥ Fil
WAFE . b, scalloe W A8 N A7 B i fE Sz B A 27
25 PR AT » T A A 55 o — BOET ) 5 8 — AL 1L, DA TG fifE
T3 N IS RT A i 50T ) oA 5 B, 1EL AT BB A 78 B i
L E T NEDIEE

[ 45, WATloct ™ 3R 45 F W fa] % 3 — 4~ 48 m] Jek
Y43 TR 28 2k B NVRAM ) 75 iy 1] 831, G531 S8,
A=A (D 858 U8R & FLR R & L, O
AR TT B 912 0 By R FRAE 5 R« 3 8 oy 2R JT AU
PRI RICHR 8 3 o e 4 5 PR N A7 25 (R 1Y) B 2R JT 2K
PR AF7E DRAM v, g5t J5 B WALoe HE 4 (2) 42
BT — R 1 % 2> A B 46 (Less Allocated First
Out, LAFO) %l , Je 85— e D5 A 25 R N AF
YO AT SEI T 43 T A P 25 8] 9 R A] e 38 50 43 i 5
(3) B —~ B mmap Q2 A HESP A, SCRETE s
PERY 43I 5 3K AT A S 43 B A% 827 7 DRAM
T NVRM RS Y BN A7 544 2 |1 H DRAM
XS R i WA - BT R A7 i NVRAM N A7
R Zy Koo . FLACHS ¥ R TR

2015 4E SAP A"l H T nvm_malloct? , — 4~
B NVRAM WA B4 AR e A
FEAHGF. ARSI T — A WS A —
DRAM 5 NVRAM RWIE &M T . NVRAM
Hb 4k 38 3 PMEFSH S04 & 45 82 % 1 Sk, nvm_malloc
AL T —EH M APT 51251 glibe malloe J£47,
12 TG 5 16 o B R AR 1E R G 09 1% G0 T S8 B X
NVRAM /43 Bit. nvm_malloc ¥ % {4 5 NVRAM
PR BA 2 0 JE 0 M Bk SR . B A R 4 b bk 2 T 1k
B 1. T SR i N A TR EORR B e I T Bz
AL UG M ik 2 A4 AE NVRAM b 94T o] 458 %1 48
AR R AL BT AR P A A nvm_malloc ZE K
NVRAM HhA£Aifs (4 AT ] 5 1 A5 5 & 6 250 {8 FH A %
SHEJT .
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2016 4,k A AR 2 E B2 T Wamal-
Toc ™, — > 12 RIC I BB 458 T S R 1) R AR B R A
B . SO < AR 5 2Rk W AF 23 IO 4% 7675 18 77 iy b B
I8 15 1457 1) A ) B 38 5 2 25 0 G 4 1 M L LA
KT 3 AR (D —ASF ) R TIR & (1
L FREL WL B ) S 450 4 7 SR s (2) fil ] R AT
(thread-cache, 5 TCmalloc 28 {8) 45 ¥4 F1 43t 11 £k LA
PAFHAFPERE 5 (3) Bl 5 o B i # , H JT B il
A DRAM i /0%t NVRAM B AL B3 — AL,
A 2 U6 e T NV Malloc, 1iif HL% A i F AT A
AR b oI A AN AR B 2. e Ah AR TR TR

B TAER A 2016 4 Bhandari 25 & 42 H
[y Makalu-* ——— /> £ % 8 NVRAM Jij it &
WE — R A E. HEE AR R —1 6
5 HE NVM $5 A AL 4 i AE — & I B AE 3 B/ B
JBCHSS T8 A A T O 114 23 TG % » O 48 50 B /) Ak i e — 3K
PEFF 8 B9 115 6. Makalu SR T B R 7 34 0Kk & 28
Fe AL 7. 7E 28 Conline) B BE A, Makalu 32§ 15
4t mallocO) /free O) 2544 14 A 2 #8578 & A 1 15t
Ji Coffline) , R JH — > TCHC 408 Pk 52 B B A % il HL
J& B9 9147 mark-and-sweep 17 3 8] i #5 4F R i 4 M
S5 46 1 — BOrE I | UM B i 4 AL FE. I A,
Makalu 16 55 A AL 70 4 X 73 24 #% 0 (core) TEAL
I A B Cauxiliary) JTCEE. X TR0 08 » PRIIE

*x1

B UK BT Y — Bk 5 TR T4 B oo Bl . RAERR T R
1758 Z Ja PRk, 3 Fh 7 ik ] DL 2 4 97 Re A4k oo 8L
W — R IT R, a7 b R B E R A
Makalu A %50 G 1 455 Ak A A7 G it B 1] . (675
— R TR AT R R g
T 5y SR B 2R JR BB A TR B 2 DL SRR SR Y AR Y o1
e/ B, SR, Makalu 285V Z08% 1 43 O 4% 19 M g
I 4 5 T 10 25 B, FRATT A R R 3 T S B

HE MM TAE R A T AT 4 B 28 nalloc™;
Lockless Inc. #5472 5 % IC 80 Bie 28 1locall@,
3.5 BRe5Em

XA R AT I B A IR 1 iR, TR 3%
RIS FATT SRR A A 23 TE s U0 1 SR 7Y R
B =R HEE IR Z O DA R M
FH L, $58 A 20 TG o o HE 2 8] A K080 25 400 10 48 5 I 2
TN A8 AT 3 BE AR X I 27 (AR R 48 S R, %
o3 BC A T 5 A8 23 R AE A RN A R = X 5 He L 9
FeF kS K s Z AN BT FATTHE B AT S A
H—K A A RIEZT M X B IR A Y Sk
(R JEL 2 L % N 20 O s i >R FH 1 L SR s CHIL ) B3
o) Z Ml AT — SR A, S TR I AE A L
i A JE R SN R B XA T A5 SRR B AEAR. R
TR A4 X 2% R 2 S & g AT 38— b B 3R L AR 05 X
A73 WC v S0 1) A Jee 1 00 AT 4 5 a0 by

XEHPAEFESERMLFTEDE

RS SRUNGHL 1990~1999 4F

2000~2009 4F 2010 FE~FEA

X 1% ¥ (Region Semantics)

LKmalloct®! ,[97]
ptmalloc

% 4 (Multi-heaps)

W F2E M (Remote Heap) [9]

328 T X 52 M Bk

(remote object deallocations)
TCAE 18 /B 2 4

(Lock-free Algorithm/DataStructure)

Hoard!), Michael’s allocator187,
jemalloct%7, Streamflowl2!],
tbbmalloct?*), TCmalloc, NBmalloct26]

Hoard®, Streamflow!?'), TCmalloc,
NBmalloct26

Streamflow!2!) , tbbmalloct2*]

Michael’ s allocatort'#7,
Streamflow!?!) , NBmalloct?¢

reapst 1)

SFMallocl32), SSMalloct367 ,
scalloct3%7, SuperMalloct?57 ,
nvm_malloct*?) , Wamalloct 4!
SFMalloct32) , SSMalloct#6 ,
scalloct3*7, SuperMalloct?5! ,

Wamalloct**]

SFMalloc™#2), SSMalloct 361 , scalloct 39

SFMalloct321, SSMallock36] , scalloc9]

& bank
J&1 cache

Jic J5 R 1 ’\—i}?%ﬂ ‘mrr‘ufl?/munmap .
JBHNIE R P8 7T (demand paging)
JH NVRAM Tiif A 1
T NVRAM Ak 5 4 1

PALLOCE38]

CAMAL3]

SSMallock36

scalloct397 , SuperMallocl25)
NVMallocB7) , WAlloc 11, Wamalloc )

nvm_malloct*2) , Makalul*%]

BAFE SN
B LF 2 55 AT
/RS

[20]

McRT-Malloct?2]

SuperMalloct?’

(1) HEAS P M4 3 R FH B ORI 4 b 1 L0
X8 X 2 HE o fE HE | o R XF 4 I B LA R Jo i 58 1k /
BAREH. O XIE L, &—MEMEX (regions) 715

@ nalloc; A Lock-Free Memory Allocator. http: //www.
andrew. cmu. edu/user/apodolsk/418/finalreport. html

@ Lockless Inc. llalloc: Lockless memory allocator. http: //
locklessinc. com/
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SCHO ) S A PR W L T AR LA A 0 I B R A X
OISR X G X @ 24, 5 dlmalloc Hr ) &
FTEHER W OE AN TR R 2 AR B S i b 24
HE AT 98/ T R AR [ 25 (9 5 3 3K S — F AR 387 36 11
802 W BAE ptmalloc K& H 2 J5 1 BT A 2 4B N £
ARz i @ i (remote) H, FL AL 7] (19 45 1F &
PR T A LA 1A M HE B A — A T A R
AT LA 5] 42 Jry i A 4 7 8 AR A A o 1) kb T2
KN LA PR T S N E R R BE T @ Jm e
XM ER, & W Streamflow, 28 F2 42 41 T B ik
AN 2 R R A3 T 1 P A B R T DT A 255 b sk A
T HERRAE Y (0] © JC BV /B A5 R L iR T
TCBUE ¥ W malloc 1 free F i Jy 25 1 5 T #
VEDS B8] A TCB SR E 45 4, a0 flat-set?® | Treiber
RS H F A B A 43 T b B A 5 DA T K
SR TR Z (A Y S A

(2) 2. O A bank. 4§ %F DRAM bank
(M. DRAM P 4 3% 2 A 0l DL 3F 47 15 1) 19
banks"** . 3 1: AT REKE P AF 20 A 76 45 bank Ok 4
BERT Y R M RE s @ AN cache, $§ X cache 8.
1% 555 43 T #5015 DR UE A 43 TC 1) P9 A7 e e S5 28] WA — A~
cache set™, DI 5 S50 B Bt 8] (4 AS A 503000 . i
IR cache Y AT B T SE R A AT 1
£ 5 @ J& A mmap/munmap, $§ X} [7] B $047 5 $20
8 FEAE (LU0 mmap A1 munmap) [ 24~ 122
e A% L7 A i 4 i SN L 3 2 A0 b B R ik g
B A 08 DR T 7 AR I M R B 5 @ R SR
71 (demand paging) , 38 X HE $U0 P9 A7 375 >R 98 00 5k 1

HAR AL

°
|lMcRT- Malloc SEMall

K. T 64 {7 Huhik 7 (R R AR K (256 TB) L A ik
A LA o K T R A0 PR A7 B AT PR A7 G T 4 1) R
5 © B NVRAM fiif A 48 1 T NVRAM £ 4i#
A S5 FF A R DR I A 3 T e R R R AR I 5 3
fif (Wear-Leveling) ; © &H NVRAM JE 5 5k , 45
o T NVRAM fEi 4 B EA R 5 R R v o 1)
FZ R PR 4t T R AT 2.

() Heg. BiFFH 55 WA B 355 WA B
J& F 55 PIAFTEAS TR) 2 U0 S B 3/ B R IR A
FH TR 1 8 P BB A A 1 G A2 4 B R M) T 12
THTR G NS T 45

ANTF H AR AEAS AR ) & s A s 3
TN FE 1995 AR 2 S5, BT 22 3 SR W T G0 A O S
FE 2000 4FJ5 BT O AR RO I X = A SR IS AE
ML 5Bz A T S SE A N AE A LA 2
L LT T 2 KA N AE S B AR 1 “ARBC”. 7EFRAT]
JRRBERY 10 ZJ5 MR 7 A~ 2 LB NS B (2
F53E HF NVRAM {87 BN AE A/ FCE A 6 NI
T ZHedems A 5 A0 T i fR R g A 3 AN
R T I AR S . b, FRATTIE K BT A IR )2
ST PIAE oy B3 0 BRAE 2010 42 )5 . 331 LA,
LA AR T B A 2R G0 3 SR R A R 1 L K
et foff R 400 PN A 0 381 B 5 DY AN B NVRAM, 42
T HEAT B 45 2 s 4R R A fB 2 1T NVRAM
WAF ST LA . (B T R B9 02 F X NVRAM [ N A7
v 7 NS R T I 28 S 7 S I (P 8 G4
AEEN BB A T UL 2 AR N A LA E gL
AN HEAE S < A 43 T i 40388 1 TG 2 14 fige e 6.

A e B R @%%ﬁm%aﬁmwmﬁwm

%

1990

A\

2020

F1R
B3 JrBe e PR i AR K SR o
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FRATTARAE 1R K » 22 HE SR 32 5 HE SRt L B o
P TR W 22 AR 22 N AE 2 ) 19 22 2R AR N A7 0 B4
Lo AT 22 A SRR S B I JZE AT B N A ) TG A
H B

BEAh FAT 7R 5 B Rt — 0 4 A i L 22 2 SR

NS WA B AR AN TR PR AR 3R Ay B BB 7T AE TR o 2
WA FARK ) SN B gs it b & F I &7
1. I ARG 45 0 T HZ AR HE XS 3200 P AE 43 T
#% (ptmalloc, TCmalloc ) [ PEM 25 B LIMES % (B
ok B 45 B SR 3 50 D e github) 403k 2 s,

x2 MERDEF[HITENEREEXD

P IS bR glibc malloc TCmalloc jemalloc Makalu
e 2 (Compatibility) & = = I
T F H P (Portability) E8} & e =
PI47 i F (Footprint) 1 RIAE N TE % i
3Bt ZE 3R (Allocation delay) th 1% 15 i
il 8 P (Tunability) Vel e 1 I
Jay P (Locality) = 1R 1% =
Af 4 47 P (Maintenance) th 1% 1% EP
] " J&& P (Scalability) 15 o ﬁ i
2 i 2 4 (MT-safe) Vel 5 1 %
af i # (Predictable) 1% & 2 e
A 5 2k WA (NVRAM-aware) X X * 5

(1) A (Compatibility)

BT N AF 43 BC A 35 2 00 37 HE 23 8] 1Y 40 BC /RS T
PR R RS S N E R IR S S R)Y
() 4 e R AT BT B A N A7 43 TiE 4 B 00 2050 2% & 4
fA[ {575 N A7 3 B0 e 5 H & 0y 7 P AR AR 2 d gl 2
JROERFFIR B F 194 0 (40 malloc. free) A1/ , J&
HHZ i sF POSIX 7 ifE.

(2) W B AH P (Portability)

53 TC 7 B BT R S5 BT 7R 43 TR R A A P (]
R A3 BC A AN N Z A H g ds 17 78— Bl e iy AR
ARG b B AL SR B — FRe 8 1 G R A T 2
/DR B2 RS R BT WA Windows , Unix/Linux
BRVE R G0, SCHF 45 Tl bs ME 1) 4 15 45 X — &1 glibe
malloc AR 4, XF AN [6] B A 7 < 0 A 14 S8 4 A
SCHE AR 2 TAEW R 43 e 4 52 BT P8 S B T
53 TE 7] R AR R Y 25

(3) NAF 5 FH (Footprint)

WAE o B 2 5 W BN A7 (HOR R TR 9% E
Bt BN AF . AR TR SR N A BN
AR R Gl RS AT RE 2D 1 W 31 N A7 I PR R 75 AH X F2
FE R K. BE B T BB SR KR BE b T 2 A
23 () PR Y TR N DA A 28 3 A7 I AT LA B 45858 5 &R 48
PE AN 2830 A 43 T 25 3 — J2 1] S (H X R 25 )™ 1
52008 PR BB G XS T AR 43 e / R TR L B 2 1
Yok R oy B0 2 50 RO S5 AR K. o5 A&t
TR N A o (R an A= 7= - w0
Sy LR AE o FARS % 8 BT 11 S AR E A% O
2 /D NZRE A T A T o R B A B P A PR R E S — A

B2 14 6 3 P M A T 9 5 OOM(Out
Of Memory) 1 & 8.

(4) 53l 2E 3R (Allocation delay)

WA 1Y 23 TC / R O HR A SIS AT RE R U HLAE N A
A 53 L FURE R I PR B — AN A 43 L 4 119 53 BT
FEIR A AR AR OCHE A ) A] BE 2 O RS TR R
e rERE . AR 245 00 T W AF 5 A g3 TG A8 R 2
— RSP JE RO A A D Y g3 G e 0l B S
PO O A% o B IR ARG 58 157 5 B IR IR 1 4 T 45 3 1
AT BRL o (EL PN o5 R e [t 25 7™ o — 26, o] 7
W5 22 B AU 2 I e BT b ot A7 40 25 1 110 ) i

(5) 7] P& (Tunability)

Xof A~ Ji R 23 TC A T R A RO
(6] 1 1y P 375 35 o B2 A A1 AS [6] 108 o P 3 55 22 ) R 53
T5C 5 114 5 oK 22 1] LR 43 IC s T LAk P i 3
S3 DU R e T, 38 3k S it 22 A R g (L an ) A 3
ARG P R LA e A () 19 2% JF 56 42 1 3 25
SrECER AT ARG A C il BRI RCR. b in g
FEIREE T AN S5 i) 2 A RO E B BT, P
A DL 3k — A 75 F O 2 AR LA O T L R IE L 2
TR 1) e D0 BE 5 58 TP 00 B A 07 37 5 i 0 3¢
oA B A 23 IO & mmap 5 A9 A FE B T RLE
FH P 3 2ok 7 5 SCABE T 1Y) AL S DT A 2 R 6 ff
FH mmap 38 J A7 R 4 BB IR k. 7T R MR R oK R
B R Y 8 N AF 23 O A 1 A A RRALE.

(6) JRI B4 (Locality)

Ui A R G A KR S 2 AT S b B, R
K AT RE HlL DR E 43 FiC o 1) JR) PR W] DAAE — o AR B b Ok
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/D BT e A A RN AEAS i v o AT 2 T R R RE
e R UL NAF 23 BE 4 JF AN RE & UE 23 FiC 45 7 ] AR
Je 14 ) B DA A S 2 Tl 3 9 R O DG T 4 B
R B RGN (B, ) LU i — Se 5 i 2%
XA DL, Heann] DL 58 ot 2 B ) A0 E S )
X S 1), R ] RE LR R Y N AU 1) R BB AL

(7)) "4 (Maintenance)

A ) AT L4 M O i BEAR L SOIE S8 | R
174 1R X by A B2 52 e T 4B 97 Y DR A T A
PE AT TS . AR AR TE R K LR T
ARG RS — B2 5 2. il de —
JBEAS 22 330 BT G A0 BT H SR AT fE b sl 2D 4 AP A
AR I 7 2 ) — A F8 bR AR 2 0 AR A Y 4 4
JEASAR 5 o — J T R AN BB 38 4 A P R SR RS i
BB B RE T SR AT 5C 3 — J7 T AT RE BR e b B9 BT
ARFR. NAF L A% 10 BT 2 78 40 % I8 3 K ok ] g
P IR TR P E L T AR A 4 B AR

(8) A] ¥} ¥k (Scalability)

3 TC 4% Y 1R B8 0 AT 47 JR A 1 A0kt B fn 2R
3 BC A X5 T B A 1 FHARAE L IR S PR RE 22 5 (H &
SRS — AR AR R » 224> B TSt AL A AR A o 3% 5t 2 7T
PR 22, B R G0 P AL BEAR B 3G K DL R 2L
TR FH B B o N AF 53 TE i W 0% ) R UE AT 9 e 1k
A5 0] 22 2 R N ) SRS AT RE 4

(9) k4 42 (M T-safe)

WA 53 TC A 0 DR IE RE 6 7 22 > 2R B O R AT
1 1) L BB I A OB AT — MR L AT AT I )
R 2 A AL [ 15 18] ) — iy 36 =2 B0 19 75 5K 4
T O - BE IR A Th Ik 0 I R L R T SRR AN
23 52 R A3 B0 4 76 3 R (8 I 8] B A AE A s AT

(10) A i 4 (Predictable)

PR 43 BE s 18 R 800 4 i Y A 2 TG 4 1 0 B/
FERCERAE AT I ] A A% 19 1R L Y N AE o
e s I T 7E S 5R B HRAEER A i g bR ST I 1)
18 S I 07 T s G SR A A G T s AN LA ] 0 L R
3 B2 N A T A Bl 2 A 40 TC Y BRAE T 1k
g bR S AT S B i 1 FH 1 R ) AN T ] 7k
PN AE 53 TC s 7T RE A PR 7 T80 5 | S AT 3000 4 - 15 5 Y
AE 43 BC A TG 25 PR HIE 43 TiE 19 I8 A7 B B 5 B 1Y cache
sets FLUR A 43 T #5380 0 3 [T 25 PR 3 TG ik 3R R 18 ¢
G WO R o R (E R iR 1 B N i D= R s
e LI 7 T A T PR E 3 I5E 4 1 A 0

(1D 3£ 5 R WAFEFI (NVRAM-aware)

A5 5 AT 5 1% 52 5 2 W A7 4 it (DRAMD

AARK R, BRI AL H AR S 2k v A BRI 75 i
F.BEE NVRAM gF A#84E R G, 50 IO A% 5 2 RE %
SN B HE 5y 2k WAE IF AR 5 - INAEA B 43 . I
B 3 TC o e PR UE — BobE L B DL GRS 19 7 SN 4R B
ACESHE 1 T BN R S AR 22 OE R 4. Ak
3 WE A 340 S 3k # Hh B 3 B R AL N AR ER L L
sk Zy R IN A9 40 BE T AHLFE ;) A B 4 IR
YL AE Z TR AR IR A4 AR it iR T L IR
HAEFE )y 88 2 TCVE U 0] (9. 5 s 4 T s R B
AR T AR AR T O PO 04 B 453 ]

IR PEH AR bR b N AE S T CLAURT L B FR A
SRR 7D L R R L A3 T A OB R R T AR e i N
FE5T LA 0 dimalloc; W] 4 & PE FO 2k #2222 5k I8 T
FEXS 2 A% 30 85 A0 Ak 10 22 26 R 43 BC 4% A0 jemalloce Al
ptmalloc; 7] 4E 47 ¥ ok I8 T A1 17 £ e 2> 1Y Super-
Malloc; R F50I0 4 >k 5 5 DA S s 1 FH 1) 1 B 2% & i)
CAMA ; TP A AT S AH 1 >k B 8 LA %
3R PP A A 5K 5 AR B O A RN 2 e R
It i B 1ok B T80 EE 5 2k N AF B9 43 T
£8U1 nvm_malloc #1 Makalu 55 7 $2 3] (1 £ > 40 HL
FEFRBR o Lo AR 52 B () L — BOPE T8 LB R 5 8 AL 3K
TSR T — A~ fe ok 42 1 1Y) 2 28 B2 3l 28 AR Zr IRd
ar PP FR AR AR R . AH Bl A =2 mi SRR P T B A 0
B8 . BE SE A L 58 3 HPEOr — > 20 B 4%

4 KREMERAME

Wit o RSl A 0 20k DA K T AR 5 O A7 fif 4
fF Bldeas > 5 N LR BB R B9 AN T A e, i 1 3%
S50 Bl 2 A 20 BC A 1) S 5RO 25 Bk 8 g O ) BB
VRFAIE . 2RO« Bl 2 N FE 0 B0 s 19 B 5306 AT RE LA
JUASJ7 i J gt

(1) A S 8 R s e ) 3o 5

FEATTXF A SC e 2 e 1 4 I s SCHK TP K 30 0 32
LM A A T AT TR R 3 .

B T FH 3 ORI X 2L B A R B reaps ' 1)
Web Ik % #% Apache,3k 1 Hoard™ [#) BEMengine,
3k [ Streamflow!" 1) Knary 1 MPCDM .3k [ Mert-
Malloc"** ff) Machias, 3 B jemalloc™ f#J cca Fil smlng.
sk B CAMAP® ) MiBench. 3¢ [ 3CER[20 (¢ treeadd,
voronoi, bisort, perimeter A1 health, 3¢ H Super-
Malloct®! (1) SuperServer il Vyukov 5. {15 — &
[ /& SFMalloc™ ) LargeTest J& 4 38 i1 57 A1 1) 5
— AN EF X R P (64 KB) X 1M AN 2 3l A A7 43 L &%
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3 BENFEIESEMRANNKERTE
EZS A B o T A SCHik U
SPECint2000 [©) 197.parser &0 M 48 55 reaps 191, Vaml?7) [ 207, Streamflow 2] , SSMalloc/36] Bl
lee [46] A E B AR C i reaps-1%] 7E il
mudle [47] MUD %1% 8% /it B 4% reaps-10] & 1l
boxed-sim [48] balls-in-box 1) 4% reaps' 1%, [20] 2|
C-Breeze [49] C #| C etk gk 4% reaps- 10 72 il
. PLA(Programmable Logic . 061 o (107 1367 i
eXpresso ® Array) {f 1t 28 [53], Hoard ), reapst®?,[20],[21],SSMalloc P2k T
lindsay [12] S AR A reapst0] &
Ghosteript [50],[51] PostScript it B4 [53],Hoard %! ,jemalloct!®), SuperMalloct2°’ HLL AR
P2C [50].[51] Pascal % C ) #2844 [53].Hoard!® LR
LRUsim [51] JR B A AT [537].Hoard"¢’ B
Stream- G AR L 2 A 2R ORE (] B . (217 g "
vovele o N < 211 sSSM [36] o iy
Recycle flow!?! S B Streamflow SSMalloc E
BT R 55 o8 B LTy LKmalloc®!, Hoard ), Michael’ s allocatort!$!,
Larson LKmalloct8! Tic IR TRt 52 9 5 7% — sL %t nbmalloct28), Streamflow!2!! , NBmalloct26! , SEMalloct327 EACY
G 3 H e AR SSMalloc367 , SuperMalloct?57 , scalloct3%7 , Makalut*5?
. . TGS R 40 10 0 it B R ik Hoard ', jemalloct?! , SFMalloct327, SSMalloct67 2
shbench & BRI R 5 scallocl3?] ZER
Barnes-Hut [52] n-body $i T 3K fift #% Hoard(®, Streamflow(?1] , Makalul*5! Z
Active-false&. o At AR M K T Myl k= Hoard(%), Michael’ s allocator[!8] ,nbmalloct28], S 1
. Hoard %] o e cara y o EA3
passive-false S B NBmalloct?¢), SFMalloct?2! , scallocl?9?
P 3% 161 NG ’ e N8l g [32]
) 6] p AN E G A T I BRI Hoarl5), Michael’ s a{locat()r ,SFMalloc-*?/, o
threadrtest Hoard 100000/ p 4~ 64 B By X4 scalloct9! , Makalul*% FUR
. NT AW Ay H-T 2 & Michael’s allocator 8, Streamflow2!], N
‘Ume o (6] > s 2
Consume Hoard . FH SFMalloct#2), Makalul*% FER
malloc-test/ e e B N Michael’ s allocatort8) , jemalloct®] , tbbmallocl247 , -
Linux-Scalability [53] TR R B SR A K SFMalloc#%), SuperMalloct2%] FER
cfrac Hoard (] SRR N T jemalloct 97, [207] EZ2° 4
TR A E DL, A RLIE 5 .
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