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Abstract: Nowadays, the big data processing frameworks such as Hadoop and Spark have been widely used for data processing and
analysis in industry and academia. These big data processing frameworks adopt the distributed architecture, generally developed in object-
oriented languages like Java and Scala. These frameworks take Java virtual machine (JVM) as the runtime environment on cluster nodes to
execute computing tasks, i.e., relying on JVM’s automatic memory management mechanism to allocate and reclaim data objects. However,
current JVMs are not designed for the big data processing frameworks, leading to many problems such as long garbage collection (GC)
time and high cost of data serialization and deserialization. As reported by users and researchers, GC time can take even more than 50%
of the overall application execution time in some cases. Therefore, JVM memory management problem has become the performance

bottleneck of the big data processing frameworks. This study systematically reviews the recent JVM optimization research work for big
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data processing frameworks. The contributions include the following three outcomes. First, the root causes of the performance degradation
of big data applications when executed in JVM are summarized. Second, the existing JVM optimization techniques are summarized for big
data processing frameworks. These methods are also classified into categories, the advantages and disadvantages of each are compared and
analyzed, including the method’s optimization effects, application scopes, and burdens on users. Finally, some future JVM optimization
directions are proposed, which will help the performance improvement of big data processing frameworks.

Key words: big data system; Java virtual machine (JVM); distributed system; automatic memory management
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VRYE (Shuffle) BB : list<K2, V2> = <K2, list(V2)>

Reduce FrBt: reduce<K2, list(V2)> = list<K3, V3>

Hadoop MapReduce A S T #7#EK MapReduce 4252, 1fif Dryad PAF [0 GHA & (DAG) B HHRE R
HUA T MapReduce [E 52 [ W5 BB IR, Spark 4%t MapReduce FiI Dryad HEZE (1) — 26 ) | 32118 T LT N TE, i&
AT R AL BRRESE: 1 5% oV F P ¥ ] 3 (R B A2 B A A7, TR S A2 EAT v TR B (R 2R 6, 4 4L
Pt AL ERFN /O HIIFTRL 53 f1Fe i N\ b 28, o TB) i 1 5 o 48— IR B 4540, i 44 0 ik 2 A N 4di 48 (RDD),
AR E A 450 AT — R0 H IR E, ST 2R () 2 Ak PR R .

REHE B Lh< SN, F P ARE, e 2 S 40 T8 RAS 4 KA b BEAESE . X HH Ak R HE 2L 75 21
FUEN, AR AN IREN S (driver) BRI, B RHAE N H 23— N B2 AMENL (obs). W] 1 s, —/MEMVIE R 2
BRI S 2 N E AL BRI BL (stage), FEANPATI BABL & B 2 M BATS (task). THEAR S L RIS TRE RS, 41
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PATH TVM MLIBAT, A BN AT RERE P HAB AT 2% TVM 1 BATE O, 1R 3kt BE, DL SEBERN Y 2510
PIAE R A AR o, BURARAE B S IS4 IR A i & GC, TR IE Py A7, HEAT AR BRIV I o 1 25 P 358, 173k 28 v 35
NI SR A JR I £ PSR TT B AN S SR A 1.

(1) IVM AN BEAT 25 BAT 7= 2B (K s X SRR AE, B S8 . A7 o R N i T4, S RE AR 4 54 1
FRAB UL, X BT AT 3 G AT — B0 A BU A B T R N 7 A AR R B K N TR 73S, TVML 1 P A7 B A R 4
2 3T R, 10 X T G A AT LI ek KB HE At A A B A 4 SR A A Mk A T ).

(2) REHE A FAESEAN EE TV AR 1 YA BRI, K6 BT TVM 1Y R0 A A7 2 0% B2 1) 4 R bk 2 ) {H
SEPR | IVM 78 GC 535 T 56 HE 4725 TR B B, A7 A8 82 X, A PO A7 P B 0. 53 A0 K558 Ak
FEAEE AR FH A R ok 25 TR (R B R, T RE ™ A2 KRS T s % 5, 45 TVM 1) GC AT4575 0k T 3w FE N A7 Uy
i) [ 471 4.

(3) REHRE AL PEHELL T (Y IVM B ANTE SR UL RIS AT 00, W SR BB A 75 2242 5 IVML Z Al [F] 25, i
T IVM ML T GC i, KEFRHEAE AT Bh ol BEBEAN IR TVML 1) GC LTI, 746, T HAIA A, 6T
A —Hy 315 500 TVM 2 0D R] RE A A7 9808040 BCAS & B0, T KB AE S A0 A DG 1) 8 /b SR 28 1 1.

3 MEEABIFELIBEZRA JVM RALRARBET

TR MBS JVM 77 K PR BE T FEAS T S, — S8BT 50 TAESE UK IS AT I IR BE [RLE 2 FEF0 B m il = o I
KRG TR S AUSATIS RGP0 AR A0 RS 5 S A RS B o, VA o g, R HE LR TT R
KR 7. 10 H ARG KB R AL FHE G AR S T TVM, X5 S JVM O 7 — MK YIRias RinE L
TR AR H AR IBTE T3 TVM 6 K B A HTARE 42 G A . AR O A S SR 1) 3 AN 2 IR H ke,
T ) R A FRHESE IR JVM AL A

Wil 4 FroR, KEPEAEFHEZLTT LR 5 o8 3 ANZE 0 HPE, KEGEAESLZ, BTN IRET 2. 3 REE 1.1 ik
MR, F 2 N AR R R AT S B A 2 KB A S 2, o N B I T SR S B A 4R s AT W A B 2. K3k
P HELLJZ (N AR FIRY AT S 40, R H N A (1) 3 i A SRR 0 40 A0 2K P BR AT U R, AR AT s
PEPRAE AR UL, BT 55T B B S AHLAS T S0 VM _EHAT. TVM T 7E B AT I 3RS 2, AR N FH P 7 sk S 40,
IRASA N IK) CPU A AR SRR G, BLARSAT T AR S5 S AN R b [ 535 422 B K B A B 22 R0 1 2 A 65 1)
TE S, BB B AR AE TVM HE N AE 24 1 TVM () GC 53547 STAE S S AN TS TN, 5 06 % A TVM
FIHE YA G BRIRI. B3R 3 ANZ AT BLAr AR 3 TVM G B0 A FEAE 2855 2k i PN B, 8 AE 6 il
A7 ).

A JE R B AL T B0 B BAT S E0R N 9 5 SR S A0 T AL (tuning), 5 E — NG 24 i
IO FH T SR (10 P B A0 I P (R B A e 1) 5 B0, ol KRB AE 220 TVML (S B4y 5 2%, RN
TR FEIT & & E 5 0 LRLR P T BRI LA T TRE, ACRFST AR T i # (white-box) AT &
(black-box) P RIHASI, TFA& T — R FIAEH AL BEHESAT JVM (1 A shim ot TR S F g TR 5
TR BT (what-if) IR HEAT B L VEREAGTE, AR MEREAS TS BREAT S HORAE UM LT A AR TR
T BRI B MR 45 R, XA SRS ) BEAT R AR O R S HOR A 7 v AT LA ANES (14
PERESETE, HIET A R RN AL T B AER B 2 Fr B8 24 (1 el g T A7 AEAR KPR, i 2 T A & 7 v g 1 222
SRAT AL 0 (10 455 SR 5 B RE T K IS 1 2EA TR, B A5 R FH S B 3 T 92 T 5 2N B 20 5 ey i ) 51, 53 4p,
ZEXL R ) 2 H50 s SUEE T ] e AR PRSI — O s N, A BRSO A B I A S FH RO AR R B T A
[i) A RS N I FEAS (] ) A BT B I 1 SRR AE 0 Y A7 A AR SR A AR 22 0%, TS I S EUTCIE AR 1B AT I [ I3 2 5
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BB K. 27 EPTIA, 75 R S BOR P ASGE AT ESGE TVM AE RS A BEME ST (R385 1 7 1) A,
AR SC 32 BEOCE TARAE R EHME L Z RS AT IN BT R MO EOR, I LSO AR T LAAE @ e AR eR 2 14
A 3 AN, WK 2 Pk,

H —
FIF R B 1R AR 8 BE L

r
- [z | v iR s |
7, ®
LT 2% i

HE I:_) KEGRERRA TR |

P (ORI E 52 2 T 4 P9 478123 RS 543 i)
2

i F'_> AT 25 GRE 1 L AL |
E i\ s / L CRECRHE AT B9 S L)
| TN P ;
i e ata A GC ik
! — e S VM A BT L
1 — 1 pray -> i 4 o RAE FEAE AL 730
F)‘Zﬁﬁ’rﬁ(}ﬁ Wﬁ ] N V %(iﬁg{m p= E (U X RAE N AFRIAE A B R 7 20) |
FRBE amiton | L1 [™a I
X RITEIVM N1 (IVM Pt | TVM 3 75 # M GC TR
i [ #tr S s 17 E E-> (A GC R IE) l
: W EsmmesmosE |
~, AR EEARBEN & S FOUE R T VM oL |
. L3 CHEBTRREAFAE A T IVM)
wie <@ ]| w f
i
B 4 REHEACFEHELL ) 2 IR 5K
K2 KEHRCBEAEL T IVM LR 28
P ETH AL 7 1) b A RETAE R[]
REGFHELE A 770 TS BN Zh A% MEMTUNER"
N S e i .
RHSRREARIMPHEERIE e o Deae | FILEEE
KEAEHERZ FTAR D RRBATRGCIN LS Taurus!™
PAT AR I R T3 S I PAT AR IVME HotTub®  JVM 5 b EAELLRG 2
FET BRI HATES A AL ElasticMem!™!
F DRI ) B o S A R B Yak!*!
IVM A EL 36 R A7 i T2
. FeF T B ST A7 i Gerenuk™ PIAEALEFH s 386K
Parallel GCH5T1: I 4T BEAR Platinum™”
AT R BT IVMIGCE AL 2T Rprallel SR RIS, Platinum

TGl GCIFARI» E e ROLP™”
T WAEMARLR IVMEIE A HAr,  Semerul™ A EAE R A4,
FTIE S R EAEAE S IIVM A 4246 E  Panthera™

BAELE AT FIVMAL L

MOREARHESLZ s (1) 7T LR R B i BEAE ZOHURLE (0 3 A7 A5 BB CREAT A4, LIS AT &% TVM A0
(¥ SRS AT X 5 T, WX ARG IR LA A P RS, AR B R as AT IR AR R, XTHESL I W A7 0 IO S B0k AT 3h 2
R RO G R B HE S e I S RS P R R, R B T Ao JRLIUIAEAT A A B (2) T LA HESE R
(K] IVM ARREEAT P M, 1R AT 48 VM RUR B HESLAEIZ AT IN A B, AR 6> TVM AT S AT R R doe A7 A
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TEALAR F 6 K AR FTEAESR ¢ IVM AL R 42k 471

TREAEHESL AR TERE, TR TVM 5 _ERHESLARE ). FAAGIEXT T AT 4% TVM (K] GC RS EAT 8% X
SERIAAT & TVM BEAT T AT R4 B A B3N AT H TVM IR A 53 EHEA T B35 R

MISATIFAEER A (1) 7T LA TVM A7t s e 45000 5 10 5 TR BEAT Pk, 558 oo 50 £ AL A7 AR A7 A A e 2
R, R R IR A7 A s . R EU G £ PR A A DX AR o A A RV BB x5 DA s R T s UAE P A
FAE B S B, (2) AT AEER TVM o RN GC SEEBT AL, $ GC ST S AR K #he
RBE G M. R ARG S s Parallel GC [IIFATIE; 41 G1 GC MIAEEARKI 3. (3) 7T LUREHT B A1 8 e 1
T IVM, 2 TVM (188U 3 RO G2 A7 RE ), IR 4 i K B HEZR IR T S PR A4 fiE 7.

Ja SR FE AR AL 5 17, BARA 3 AL BRI R AR SEBURMBOR S 1. 58 4 /v 2 T KA HES A 17
EEAAEOR, 55 5 W4 T AT SRR R OLALBOR, 5 6 W4 T IVM AUl A T iR LA
A, BT AT IVM H GC AR ER, 5 8 A4 TR M2 R (1) TVM AL EER.

4 RBIEERNAEEEML

H TR HE S5 2 1 A A7 IR 20 B, AN BESE AN [] PR K ek I AN [ A B BEAR A 1) A7 A AR K,
LU TAR TR RIS AT IN B A5 AR HE R A A7 3 U S B SR i T AT 4% JVM JEiE TR I A7 s
M), — BRI ST b A R E HE S A A A I P = A n) S i 2 i Jo U345 6L, AR OGS B U BT 4% TVM T
AL 323 B T AR 4RI R Em HE SR A A BB AR,

R3O ONBEHER WA E B B 73 2

AL A el ST RFE T oAt T4
KEAFAELNIENI S KBRS A7 ARE B 2 1B AT I O BATIS S 8i&  MEMTUNE®! 5356
Bl B2 SV s AR AR A B S 1 P 74 T L 1) (IPDPS2016) [53-56]
H TR W REER AT IRTVMAE A B AR [ ARHR X 5 28 AR HmHE 5 1 T 340 Deca'’! —_
HESERL B 10 A o JE O I A P B 5002 00 (TOCS2019) [57-59]

4.1 AR 1: REURIERAFE IS B NES A

KB A B S AN B8 4 v RN A BRPAAT T s AE, A T3 S A I AR R 1K OOM i i, K Hidi Ak
R E 2805 3 SR FHREL L 8 1) P4 A B SRS, 70 SRR 25 BRAT I 2 b B R AR VS R R AT TVM HEI A 8 1R
ZIN, FERE BRI G o T N A B KN IE —E SR . UK EH A/ BEAESE Spark 1, 4 &l 5 JiTor,
Spark 7£ 1.6 MUAZ A, K4 AT 35 TVM HE I AERI 53 4 AS TR e /N2, 30 T RDD 2847 TREEAE,
RDD K754k T A RE T A54T 2% W FH T RDD 2847 IR A7-fifs 23 M B 2 K /NAS &, Spark B2 103 — 52 1 SR
e HH By CLZ8A7 1) RDD BG4, A8 AR AIE AT fifs 23 [ A R/ INAS R T AH 9G54 TR W, S TRT I
P73 L S 5000 %o 0 I FH (¥ 8500 22 A7 R0 e R I A 5, BRIA K PO 0 B S BB R e B I 5 4
FEA S AR 1. TER 58 B —Fh B FH TR B AR IR BT T (W e S 4000 2 B URIRE I 1), ] — AN B AN [ 4T B
BS9SRI AR 5 AN TR], DR T S A 1 S 0 AR A 38 St R R

MEMTUNE 7F Spark 1.5 RRASHRZS N A7 73 BC 1 35l 58 H 7EPAT I 72 3 25 R 30 # 240 MEMTUNE 1E%f
ANPATEE FIBAT AR, FITIUER GC BFIR), PIAERE S, (T8 BT B M1 A58 4715 8, AR gl =719 i sl as,
Py ) o 3 2 b A LR A A0 T B9 PR . BRI A T 8 TVML B BhiE, TVM HE KNI T RDD 224711 Spark 174
2 ) B A8 #5018 Mg e K. MEMTUNE AR5 48T/ GC ELR TN AEAT B Eb 2R, W 24 BT BAT B B AR LEAT 4530
AT P A7 B TR PO A7 R . St SRV PN A7 Rk, 425 1) 38 I RIS TVML HE PA A7 K /N R 2 (D B 4B, 45 T TS
[EJFOHESM ) 1/O 25 1 DX T K25 8] Qi SR ARAT A2, J25 1385 DU DK TVML M N A7 B B AT A i 225 ] B 481, PR AE A
SRR PIAE I TAT S5 40AT . A5 0, 42 T8 e AR ] 8K 1 P A7 25 1) -1 2247 RDD, 2 i B AT 1) B b Bk 2R
IS UF 578, MEMTUNE ] LK Spark 178 A4V e 57 46%.

AN, ATuMm™ 3T 1 44T 45 (IS A7 I H &, AR — UCARAT AT 55 2 7 3 25 T 38 2 1) R B A T 2 [0] R K /DN
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TeraCache™ %} Spark (¥ P4 £7 FHg i 17— s M5 4, 3 15 He b 5y 4 F AT S AT RUT T A A2 U 10, il i Lh 4% GC
SRR U, 6 PR AR i LR 4334T 278 1) 19 38 R 4E. Mammoth®™ M X543 A 473 43 b [ 2 KN 1 2%
F T R A, T Hadoop ' Map. Reduce fE55 KA A7 iC, S 3 ¢ B SRIUNURE IR A7 SR on AR G 22, B
VAL T AT AT 55 1 P9 47K /. DMATSE IR Spark (¥14T 45 P9 47 5 R i UZAT IS 19 GC 15 B, Bh& %
Spark AEF5HATEES AL i 5b, Spark M 1.6 IRATFATEH T 40 AP EL, Wil 5 PR, 48 WAPE BV T
RDD ZA7 R FIGE K] A A7 222 (R AH ELAE F, SEBOREAH A BEAE 2R 3 A7 20 B 2 K 3 2 1 .

Spark 1.6 WA Z #i Spark 1.6 iR Z &
[E peiaali|
A
(efezmxa0%) ||| | 2k ﬁzgﬁ
A 75 1] AT A
(47 [A]%60%) Spark %% ]
(HE A7 XT5%)
/E/S'ﬁ? Ji]
(HEPIAEX90%) CFE W 1Ex25%)
JVM HENAF B2 NATE (300 MB) JVM HE 477

K5 Spark % JVM HE A AE (KRR BRI 23

42 AR 2: EFE G RN ARIBERNRERE

HEEENAAPATA TVM FEA BRI ENBE— AT G (1) 2= iy 8 30, AR Rl HE 48 ] DU 4 6 5 1 FH g 0 W H
(AL SRR, T A TN G A P B B e AT 6 G (RS FH B B, 6 A i JR AR (R0 B3R &4 3L, W BT 8%
JVM ZEAT A7 R

Deca 2 45 A& iy J&] B K HAEHESE Spark P SRR G902 3 Rl H P @ Uk BUR & 2147
RDD. JRIEZ MG, Horh, 2247 RDD B A B A AT B s Hi H cache() B #50RT unpersist() B £, 18 2K )
[R)AZ 3 10 VRDESZ it GAR T VRS RV E 228, W] BEAE RN () P9 8 0 G AR, thnT eI () v B TR BE A E 45
IR T P 0 SRR B0 By AR TR K 40 6 BB WA A S R Aot 48, AT DL A 8 6 % e AT 28 TVM B4 Ak 31,
Deca WL ACHE /34T, 4% HTEIBAT I AN 23 R A R /INE Ak, BIOR: T8 3 1 % 5 F ety SEBIOR/INER AR R L P 5 SO AL, 4
i HH LB AN B AR, I DL P T A A 7 7T B b S e G 5 | ARSI 3 3 28 31, 4 Sl 47
TS Y (1) 238 v, 25 1A o 8 8 BB J8C. Deca #KFEAIR T GC LI ZAL BRI S A E, 3 T AT 28
JVM WAL . ZE45 8 IR 45 AF T, Deca AT LAYk 99.9% (1) GC #1455 [7].

FABM, REAE AL BEAE S Flink B HRAT 25 TVM HE P A2 R G 43 25 18] LA = 15 50 (B %4 o AR B, LT3R
A AR S BAR AL, 76— AT 558 BEAR OGP I A TP BRI, 1T TeraCache K 4% /7 RDD ik Y A2 1/0 fR B 7E
JVM Hih, B FIFEAREE cache() B R unpersist() #4400 52 2247 RDD (W4 I, 85800 GC 502, 784 A
WGl R 2 G EAE IR

R G s Ak AE SR 4 QT ) S P 5 DA 4 A 5 P TR T AR 7 350 23 0 5 1 A i J 39 DAOK B0 Ak ATE 42
Naiad™ 4y 5, Naiad $5 1A% 0 B, FIT AURFRTHE, RO R R B, % F— AN AU A4, i
B AL I o TE B LA 05, 848 AT I TR 23 Rl BT AE Y 17T, Broom 72K Naiad 61 % %
3N 3 PR BTN A IR B . AT AR R s L R I B i, 3 RPN G AR
JE AR % 3. Broom Bl T A [F] IR LA A R S B FR &%, A5A5 H 7290 S Naiad 5 H I, 7] DL AR St
FRRE AE TBCAERT I (P DX 33, 76 FH - 1B A 2 2R 00, Broom 1T DAFE —AMEAE 7 58 G ELEEE B —ANMX ki L7 &R
4 GC. BriF s 7R, Broom 1T LAWK /D 34% (1 FH A0AT i) 1]

ALY, R HHE A FRAE 4T Spark H 2 R AF M Ab B AR AT ) JC IR B A 4 T HE 2% A7 RDD 1) 4: iy J& 3.
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MEMTUNE #RH4EAT [0 TG R Bl — AW By 445 | 209 RDD $R, 3575 RDD 2247 25 A & B 48 tH A 25 45 |
(K247 RDD B, [l LCSPYHHARYE AT 7 JC IR i iz — AN 2847 RDD [¥135 i 8 F B B, LUE - 7E 2247 RDD ‘i
JE HA £ 5 K JL A8 S A7 1T MRDPRRAE A7 [ JC IR I 2 M i 22 47 RDD (Y5 | L 85, 3 Bh ik 5E 2247 RDD [ 70
JivgIIE
43 N 25

KA B T ERRBARHELE ]9 A2 B AR B, GFEARIR IS AT B RS E R, Bh A TR HRE A AR 22 1)
A LS AL, AT 38 PO AR 3R AT AR 8 D Bt Ak B ME 28 (20 e A R R, BT R e I = 2 X 5 i A
A, PR B PAAT % TVM A A7 B IR 5 R A KR i TVMLIBAT 0K, VF 2 7 iR i AL A I — AN B S — 28
KEARHELE 2 1, WA .

5 PATRERSMEML

FEIBATIN, SAATH% VMU H AT AT PR 3R, K ACHHE SO AT A5 0 T-FAT AT B TVM AR B S s AT FE AR
RAATRERT 5 B 5 AT oK, (AR R A L BRI, — SRS AR L 42 5 P AT 48 TVM 1K) GC IR #L,
B G AN RAT TVM IR GC 85 152 52 Wi K B IS HY (0 48 ARk B 5 S8 T AR e T 7 S R AT 4% TVM, 22
JVM ¥4 Ji Bl oRF R EScHe I A PAAT B8 IR T 4 5 s — SR 58 A 3 ol ) 2RI R Y 21 BT 2% TVML BN A7 7 e,
FEAFINAT S FAE T I B AR AR e iR B D, AT I TRV B, 6 4 81 T AT A ST 4% TVML 2 8] (98 %
PACER.

F 4 IVM R P RIALTA 7 S

ToHEA E10F L SBLT i RETMH b AF
T AR BIT AR PUTRIVMAHIIGCR 5 A4 W 2 B o T 1 D728 Taurus!”! Lo
BGOR HL S W4 SR IVMAE [ — B i %—GC (ASPLOS2016)  [01:62]
SETHR IR IVMA RN e XSRS 2/ Se s R I EIVM, 47 HotTub® e
JVME ST I C IR ON BN TR IVM T (osbrotsy 6363
EFAEMAIIG KA IR RO RIVVIIE f R BlastioMem™
BNTEIEAM R T ST AR A GCIIR A s P11 I (arcao17)  6667]

51 ALRAR 1: BT 2BMENHMITER GC IHLRE

FLASRAT #8 TVM (K] GC ] BE 52 Wi 21 40 BE A 1) BEAR HERE. 91401, X 5T MapReduce 9K Eodfs A BEAESL Gl
Hadoop A1 Spark, #+/MIAT %% TVM FEIRUERT Beal — MSARRK D 45 R 2 )i, T 258 A B (1 A A8 40 n A4 e
PRI FHAT. R TVM AT S — AN R ik Major GC KB R) 4% R 8 45, oA 0 B A 450X — 15 A8
GC. B H 2 AR IEARSE 7] R HAT I, ot VM5 50 R] BE A/ R AR I 18] (7] B8 2t fish & Major GC, i B AE A
PR ZE k., BFFT AR S X BT AT AT 48 TVM 1K) GC IS HLIEAT G 25 MR, B AR AN AT 4% TVM (K] GC X
AR FE IR 5.

Taurus 52 7341 NERAF R LR A, K ARAE R IVISATINGR 8 S IO AR, SN 1Y m0s AT (K B Az A7 I
ARG LA 42 R 0 GC PR B X TR 5, Taurus AR SR o Jpidk 0 0 B A5 AT 4% TVML 5 i EAT R) 25 1)
GC. Taurus X Fr A $AT 4% TVM HE A A7 T BCEAT I, — ELAFAESEAN AT 2% TVML 0 3 A7 P2 38 B i BRI
ik GC, WLl Fr A AT 4% TVM 728 GC. i T4 K EE7 VM 5 i AT A 55 8 BT, (29 BE B 5T AT [7)
AT L, HE A8 I DR K BRI, XA GC RO R EE 7 15 ki 5 2 A PR, W) LU S A2 B ) GC Al Rk i
HELLA R 5. WAF IR R, Taurus o] BABIER 21% Ff) NI AT 1405

SR, B4 e GC SRS IFASREW L B A IO N FT 32 53¢, Bl et - 8 SR BURK R Bl P2 345 5K, — X Minor GC 5
R4 SRR A5, it R RE A R AT T S AN SE R, 7 A B BAAT 55 U AR 42 Rl e P R SEAS P2 42 R TR 20 GC, i b
S JEREI R B BTN 18] A T I AN 23 il A GC (¥ TVM 5 i AT, 8 S AE AT 55 AT I il & GC. AT Taurus [ 271
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e BN R IT R A B R Sk m, H 438U € 75 5 (domain specific language, DSL) 445, 53 Taurus $44T 1
17 GC sk, LU, GCT Vi T KAT 45 B2 B IEAEREAT GC B9 IVM A5 45 L, 1T MURS B 7] fig 17 K 5 GC 1t
TS, LR R BT SI0SeI 5E i, SERRREARAT 55 N AE IR ).
5.2 iR 2: EFHEHMITSR JVM 2R

FH TR A A 48 57 2% (R A, B I 288 a8 i) LA f7 4ROz 08 Y, XA A3 BAT 38 JVML 2 )3 3
FIRIEE A RE I o] g 8 T R N S AT IR 30% DAL, 3056 SE R AURR P R B I 2 i BARZ 32 1. {E 0 4R
A CAE I B A 25 B AT 55 IR A s PH S AR Ak, DRI T A OSSR B30, B TA) AT IR 45 1T LR 46 AT FE TR 2R 40
ATHTE] 2, SR Hb ) B B S 1265 SR I P e B2 1. WS A 2230 i G K HAT 8% TVM (1S AT I T, /8 )3 3l
JVM HJREL

HotTub 75 REHRAE L Z T L, REPATE AN FIPATH IVM. 43T BN )5, HotTub 2% AT I 4
MEAE B, XD AT A TVM T IE BRI . HotTub #5377 —/N IVM b, X T i A8 45, 15t H e 2 ik
(PRAE SRS B0 R0, a0 AR 3 RN 55 A 7 s AE VT IE, WA ok M BT AE MR 2 A i /E Mk B A — 8ok, mTEL B TVM
A AT A TVM AT, IR ITEE R VM #BALT TARIRES, shidiid Fork AHMY Java JEF2 FA0 @ — AP
T IVM. 50\ AT 52 58, TVM T GC 15 B 45 TVM R o BT 508, ik TVM 4R B 55, 545 FE vk L
fic. X B EE H T IR IR UK I A W B4, T A WE A PR A R, B R, A IR 1 i1 SRk 7R Ak

AR H CPU 2471 TLB. 7EFLATS LR, HotTub A LAY Spark 251 (138 4R T+ 2 S5 5610 1.8 5.

FALLIK), — R B A FAE AL AT AL AE AN AT 8% TVM AR S ) 8], $hAT 3 2 1 AT S5, B2 T AT 8
IVM BATAF BN, BLT-HE JVM ¥4 )3 20 TF 4. 10, 78 Spark BIPAT UHRIAH, — AT 2% TVM Kl fR 4 2
— AL, Tez' VSRR AT 88 B b ol DO B2 T 2 B, Nailgun' ™ e — AN K IZ 4T 13T 45
VM R ZFBAT HFMENL. A i, 3X L85 H U5 2 A REAf DR LE A It A — B0ME, AR 2 i S S 7R AT Ty 75 ZE 1)

GAK. T WMIOTZE B2 AR A 2 0 588 P PR S5 R I P R A T A A T A
53 AR 3: BTSN TRRER M S E

KEAFHEZEXI AT 55 BT 75 AT DA VAN HER, 125 REMAAT 55 BT G B PRAT 38 TVM RIS AT 205, BUATAE IVM 58 1%
L5 T 03 () N AE B2 AR 2 12 AT W DR 225 ma xf DAMEAff A v, 40 c o 22 AT e B P9 A7 0 JRR 2, T 43It 2D ] R 5 | i
R GC RS, R REHUR . o J6F R 55 (0 B A FIHE 42, 22 AN KBl B FH Al g vE— LA 15 s L[]
B AT, JCH TR B &AW 1N A7 2 T A B . 9T LA SR R S AR T R — ML 5 il AT VML 1)
WAESTC, B KA P38 N A B2 5.

ElasticMem 18 3 2 Z& HUkI [F]—HLas 7 s _ LA PAT S IVM I AT /3 R, SEI AN A7 FH (8 1 B R Ak, BIVZR IR
FIPAT 28 TVM R AT RED, BT 45 S AT I B R ] BE . ElasticMem B 56X Hotspot [ Parallel GC #4T T &
L, S AT IS HE Y AE /NI B TRAE, JRER L T RAEHE N AE KD, bRl GC, SRECHEIRASF B 0. 7E3AT
2% IVM ] H W AFAS AL 1], ElasticMem %5 € 5 R B I 3R/, iR Young GC. fili & Parallel JR 4 Full GC
(JEHEAT Young GC &7, R Z ) il R gk it 1) Full GC(E 0N HEN I E) . B SR &k
JVM #EF2. ElasticMem Wi T J3 A U5 AR 1L P ok ms, S BRI E RS U Th T 0 S AR TH 5073, AR RN Ay
fHB . Horp 2k IVM JERE AN B AR AR A B R R B R SE 0, R WRAE SX Y Mrade T4 ) e ANl ¢, T H:
b A B AN 2 77 AR B T F N A T BRI T, B AR () AN S R T SO T ML 27 S BT T~ TVML WS
FIFET- RS BRI TR, DA F-3E4T GC F IR T, ElasticMem X &N AT 28 TVM 1Y ELA4% B F 7540, ) 73
BRI AT SIS IR, 0 T BRAR SR S A RE, M A DR /0N 1A U 26 RBE A i 8 D MR FE PR B, it — 5 LG A P e S 3
WAE. HIE ElasticMem 78] 452 AR, S R — N30T S EARRIHAT AR TVM NAERIBIAS TR, 389 T N
AFBEPR A FRCR . A5 WA 5K 3R ESE T, ElasticMem 7 BLYZD 30% 1 S F A7 B ).

AL, Forseti XA~ TVM fRIHE K /N L5 B FRE 7 75 i SR E AT A, 2 T4 Br 80T, Sk PRSE HhA o TVML 4
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EALAR F 6 K EAE R FEAERR ¢ IVM AL R 42k 475

BEI LA FRNE . 1T SmartGCI R R AR 10 5 SRS A4 TVM A 1E, IR SR RE R 1) P9 47 R VR RE
54 I £

AN T IVMAEBE I R, (4 4 7 B AT 5% TVM () GC L, UG FE A S B AT 1 B
sk ARG FH I S (4T 28 TVM, SEHE TVM 0056 A0 K6 A0 5 30 2 IR Al — 15 0 44T 48 TVM (1) 4 7740 I,
55 LS 10 P2 0SB ) A b R . I35 08 A A3 47 I, AT 58 VM 2 ] (5 28 8 A %
BV I A AN, S [ S R B AT 2% GC v s 5 1 S R IUT R, ) 2 4 55 R 4 4 ) 1
GC Hmg i F 28, 4 —A~ TVM it A 1 15 F 10 A L3 A 3 S A7 A [R) 2B 8 . 1137 5%, 75 ) 4 455 K
B JVM 77 B LA TH AE, X A Bk N 3 = 3RS RCUE; BhaSHlAT 8% TVM A7 B i AR 5090 R A% B 4
5, TR 5 AR I 5 HL T B A A L.
6 JVM HEIENRIEME AL

R DY 03 5 42 7 A2 B e X S AEE N A B K, 20 A 43 H, A IS TR 79, 6 GC S0 AR R AT
LE AU S, —SSHIF Y AR B X % R B P I A7 i R AL BE, 32 S AT 2% TVM S B ) S 0 BILR0R — et
G AR I R T 2SR AR R B, TR B FH 77 A B 52 (SR M i, A% GC SV A &, 42y
BN R R, 54 O e R B T 5 1 AU R FE AL . 36 5 A T AT A 4310 TVM. o et o
BAEAE TR,

25 IVM B G AFAE T AR 52k

AR ot % ST & T oAb T AR
ST RIS S BORA AL G A8 A0 1T H P 17 DX A G A T Yak'™! 24.69-71
FEAE AL W2 R MGCEIAE %, RGO TR & (OSDI2016) [24,69-71]
ST IR, SRR RR N R GBI —HERIRI Gerenuk i
% Ik FUHRBAR, GO X, S0k et —3E R (5 1k (SOSP2019) [6,:47.72]

6.1 ALER 1: BT XM BHER R FiEF1LIE

PATHEF TVM (R GC AL IR IR ) 7375 A B 0 RN AR BCRARR, 110 2 o B B A it 2 AT
@ JVM 248t 7 gl Je/E GC, EARIMISCE N S bl el 1ot e A2 AR A2 1R R AR CR A TS I I PR, T RN
ST DUAE IS P A TN e diions S 10 G s A 0. AR T A N OGS A R4 B AV RE, AT 4% JVML 1] LAAERFSE 1)
PAEIX IR SR R A7 A B0 B2, I AEAR 24 R AL L BEAH B P9 A7 X 3

Yak R PAT d% TV IR 0]l 73 JAp 42 1 2 () AN 5t 2 ], 20 300 347 il P A 0 GBI i AR X 4, JFE
BT R GC S ARV, A 23 8] AR, JT A # A 2 AR R AR AL T (epoch) HITFURFNE R, &
GEPATIERE S, B A BN ZE T AR ARSI, WU Bl 2 1) @ — AN X3, AR5 W AL e 45 R B2 /i, BT )
Ol B AR G G AE XA DA o, ML R BN, Yak 275 B Y DB 28 e B SCRAIRES, TTREAN 20
TG IR AZ AT S AR AL TO XI5 | T BIA I B, IR A3 (0] SR 30 T B B S A2 AHSE LT X
SR X T B R G R R A KB Y A RO R BOR R T A OY, SE 2 I A AR AR AL IN B e 4
Bt s 18], 421023 FAE TR AL I P HE 2. Yak FESETT T H M GC RN 5 TN T Bodi 43 (R0 5 1038 AL, 3
THT R R AGE VG G T SEBLE T, AR XT SN T 4 A7 AT SR, KN 114 12.2% 1 NAF T,
FEWAF IS IR GC 2R 22 M, 1 AL

ZAhH, Yak Z 14 TAE FACADEPYE TVM ST 1) P37 243 1) 8 v 47 it B o 5 0 B 8L, 10 4k 1A 1 A7
BT A B I TR R, () — AN SRR B e G A i S 1 ] — 3 A IR T4k X % _E. FACADE #ERITR %
VE AT Bl AR 02, GUAT Y B A R AT 5, IF R T A8 AR IS AT U R R B, AEREUOBAREE R Z

AEREAESESN AT, FEMRIE T8 PR IR P SRR B e B sl iff e el 5 n] LA BR K I AL
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B DS B 6 S AP A B TP v GC AR AN N R FE (M 22 A7 iy Th . GC S AT 2 —Fh L2 1
i Pyt T P % 5 5 28 2 ) R RS M R ). KB AL A AL N (¥ Bl 0 G e A AT 2% TVM (R HE
A AR B B AT, 0K BRI AR T (¥ B0 0 5 73 (AN A, 38 A CPU AT I F v fid & TLB 4 JURT L1/L2/L3
GRAT A A P IR RS20 . T o A A Ak B 0 5 AT DR o B D S
DSA Sy K HHAE AL 11 3= SR S5 AT TVM HE Py 17 P G 2 — BB S0 8, -1 Az A s 1 IX AN
BTG B ATt HE SIS THT [ #f - e /> OB 5 K, Gy 8 Ky 0 W A R 5, e B B LAY R
T ASERAE S50 2 7h . DSA M T A b i th BB 452K, B R MR o 51 sl AR T A7 A X, O
AR T 3 it PR e ANHSCHRR 8 ) o BB 5 67, 0 52 ERH IR GC i R I ELARAA V& TR B4 0 4. 7E GC 4
(Rt P, DSA 5 K 45 b4 DX A3 Hh 735 (9717 A EL AR AT, INANE] GC MY s8R A2, 1B K mT IS4 1T 4]
AR BT I SR 6 G R P A AT, 3 T (i R A 4 BN AR B, BRI A E AT R) TLB L
BTG AR PEAL B, 92> TLB 8k 5T HH ILIRE. B ARG T RO GIIAARY £, AH EE l R BE AL OB R Bk
FEARIC B T S A, 90/ T 388 D AR K /I T SRS 5 2 ) e A, A A5 Ik SO 45 X sl Ak B
LA AT, HAE GC BIE AT 45 D BUHLN T g &% R ITH  BE, 7890 VT GC e S, (H A SR R 4 ¥ e v it
AR T R, A2 B AR Full GC, A R PEREBUK.
bl KK A FRHESE Flink LA Spark (¥ Tungsten” Py ££45 B A%, #1 LL 15 41 ) i 2 A v i A7 6 1T
AR (R B B X B Ak FEME S0 3o B 2B AT AT 010 U S SRR R &5 A, S ) Sk e rh A7 i 1 2
A, ATLAFE 53R CPU 9 L1/L2/L3 2847, 42 S AT 2. 1 HCSGCY™ A ThinGC i R 3 Ui il I 7

6.2 LALER 2: BT BRI BIBRGRFIILF#

R b BEHESEN (R 8 AR BB AFAEAT 2% TVM 2, SRITEXS TR, R4Sk LA 451 1
b TR AL 0], 38 A A7 RENS R AN B 2% H ORI N T BB R 38N, W BAE ) GC BB A
TG, KPR G AR A3 K 20 P9 A7 BT OR R B gHL. DRI, AR5 A S i 0 5 DL b ) Sl AT
Hs4i.

Hyracks'® LSBT —Ff R 28 J2 T 1 S P23t X, K5 AR I 28280 PR B0 45 0 il — AN R 42, KB A — it
1 T S BCR B G . Hyracks 78 21, $odh o) S (0 02 i i A 2L () 369 Jon i BE 8, T 50K (K Bodhe ) 52
A LU 22 P EnS S8k 5 1 2 () DT, AR 22 [0 2R A et o) 5 SO A6 AHAE A Ao J) 390, i BA, Hyracks A HI R ABLARHE
g R I AT ) BC TV, s M R [ R () B B A D P AT DT, R e e B A L gl i T X
BAGN, BERRE T WAAIFI IR GC 1 TARRCR. JAE ik, Hyracks £ 8 —Fh i REia s, e f 2T R A H
AT SEBUAN RIS A At AR IO i

S ABlits, FACADE 7EHEST A7 0T b A7 fifs — 1k (K B e x) 848, 55 Hyracks AN, FACADE 7£4 14 J= 1l 5 L
TSSO R A L, 3 O g 1R A FH AR Y Java R, B B4k 58 OB (7R HE A A A 1 A
Deca [FlFE L7 15 B 4L 3047 il 1 a2 SCRIEN R IO B A 5, ISR 1 $2 JH ™ 5 ST (R38R 70 39 47k 5
PAH, BRAR T AEA (5 R, U — D T WA T 26, Deca WSS BUAHI W Gl IR 4 B 2 35 2 )5, SE 2 (2847 1] LA
DR B AE A A7 P T ANl 0 1 BUREAE, 3T T R H B - LA 0% Spark 1 A7 PGS Tungsten F4% L —2E
FERAFAE AR AR R, BORHET T A0 (K283 B . Flink JUJE T Py A7 BE SR HE SR 4 17 L SCHE Py N A7 IR BB
B, PR A AP S T RCRE 4K B 0 B AR R P SIAK, I SEBL T HE S K R R A

DL 3 A PR 70 21 00 L 0 20 1 8 0l A X 2% v A i P ot (40P 31040/ B PP SUAL T AR A 1 mT i il T K%k
5 A BEAE B ) 3 A TGS AR R, DR i B S G 7 0 I 19 23 4 R T A i, 1T S R 5 A I 3% b A i o 2 )
A ZHERITE 3 RARKION SRR FRUTE 6 From: ¥ 50 A8 S HURs A ann SoRre 51 BT B Bl 241
PR HE IR, SR J5 HE 8 AL S B TVM AT 8, B s B 2 Py 91, R e S Ak, SRR i
XTGBT P S AR B 510 0 B e i R o K s AT I 450, SR P e i o 4, AN R AE TVM
(BT I ] o oy LB 30%. S 7154 X AN Ry SR I T8, Skyway!'48— R X G (KT UAE I 2 A4 AT TVM HE
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ALK mE KEAE A IRAESR 69 JVM MR K 42k 477

PAF PR S, R AR B BN A5 S A A% ad. SRR IRV T T B U K T, (B 0 1 19 46 A i
RITT4H.

HIE IVM T Hell JVM R
X RTR
stgekaod gl [l g JOE SRSoE CI I BIE T E
Fryite RFFIE
kRN kRN
10010101010 11001001111 DX £6% e 10010101010 11001001111
oooroowot | BHEGIY |\ | otoooiooor | - R
111010... |/ 111010...
X R HE A X R KR A
AR MREES MRAEE A REERS

6 REH A1 ARG S 15 sl S A% fan i

Gerenuk R JHAH 5 R 5RE0E, 28— LL =3k KT 3 19 26 AR5 A A7 Hh 7R B . Gerenuk W52 211 261K 573 1O %4
P GAEPAT LT AR BB AR HOR/NSZ BRI, B G T8 A7 fif i B AT 0 1) Gerenuk K T K 3 AR 141
RIS S B 2 T PR ARAT DR A BN L AT DCIR, e I A A e 2 20 A i 2 B R, AR T e
BRI (T2 5 SCHcH SR TR RO Bt Ak FEHE 2 10 Bl A 5 S0, 4R AT 15 1 PR i 26 Gerenuk [9184T
I 3 2 SR TR K)o G K (i A — BB TR0 AP AE A AP TR G2 b DX PR, Gerenuke 1940 1 45 W) B 3 e 48 P A
(KIERAETE 0, AL ELRHR AR A7 Gt DX (R B 0, i e DAY IR (K T sCAEARRS R BT, T AN 22 S B4 ot
G AR Gerenuk X £ xf 52— B AR VE (9 55 AR BEIF A BT, £ 18 S BB R 0 B 2% 1 E BEHLIRAT,
Gerenuk HH i 2 —NET Y TVM AT S8R £ s e S A R BT 3, AT AR AR S5, DR IAT &
SR AUBBE (K15 DL IR AT B, JEAS S AEBLAT KRR ™ A2 Z 4741, Gerenuk £ Spark Al Hadoop _F 43 75 i
P PERESE A 2 R0 1.4 £,
63 /N 45

AT IVM D0 GAF T E R HOR, AR A SE DI rh 4 rp 77 i A AR PR 0 52, B i AT
&% JVM G A7 fi AP 28, I i AR M BEAT 50 P A7 X 3 A0 45 LA BE PR T A7 s e e e ) i e, i N A7 10
MR RCR, BEAR GC SIIATT LA B K St xS 80, IF T8 IS Sy U TT 4. IR 75 VA R A R
AT &5 TVM 0 Bt of G A0 BSCR, (R 2 B A T ik A n 1 TR (R A S, S5 0T e bids Bl
XGRS, Hodend Gty i JRIUISE %, SORTE 2 10T R & 28060, A7 A6 € MHRAT 7 3 UK.

7 JVM BY GC E:Mfik

78 JVM 1 3 S5 HotSpot 75 1 GC Bk, 4 K30 4 i s e 56 T 59 tEAB U i R o AR AR, A
B 3G R EE IR B BRI G 8, A S Ak A . M T SR R 1Y Hotspot L3 T HFAT AR 51k
Parallel GC, #i53 )F RIUCEE L CMS, G1, L& T4 KIS Shenandoah!™!, ZGCY. o Parallel GC 7F K%L
I8 Ak BHLHE A8 () A PR R 24 v i i 2 ik A IS TR £, 1T CMIS, G 43900 RV vl A dhi B 8 452 A i), {HL GC A3
ST A5 I TR) GV ARAIE, ST K6 B8 B RISk S 43141 T8 v 38 5, #7—4R1K) Shenandoah 1 ZGC R F TAEL AR =1
FE 3k, AR FR e, PR W B YR RE AN i AR ST AR SR B i I P Rl GC 55092: Parallel
GC 1 G1 GC HHATHifb. —EE TS T4+ Parallel GC [IFHATIE, 784 FIH CPU Wi, inik GC Sy 4b Bt
T, BRI ST SRR M IR ) — 2 TAE S IR AR E, 3251 G1 GC X » 5 52 2% 2k i A I (1 1
M. 36 FIH T AT A4 IVM 11 GC kAR AR,
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#6 JVM ] GC SR BAR 7> 2K

M A P ST & TIE RN
3T -Parallel GCI¥3f  Parallel GC/E ZAZHEE FAAE AECPUM Z [AEHTGCAT 45 13k, nliks Platinum™” 559675
AT REARAL, Fo 43I FHHCPU Ui VR B CPUR T T T 2272 (ATC2020) [25,26,75]
TGl GORIEAK AR B MR BT X4y, HREG AR BIZ AEAR, ¥k A J A ROLPI e
YRR BN R I A TR A B AR IR X (EuroSys2019) [76.77]

7.1 HRALER 1: £F Parallel GC BIFHITE ML

Parallel GC 5V W W R A2 R 17, IVM Be 2 &2 AT GC 1125 BAF1 24 SREUGFI AT GC AT
2, ISR AL B R, BEAR AR B 5 i T 1) H 1, RTINS 45 S 6, Parallel GC 7E 2 A% 3058 P 1 AT e vk A
REIR B P, W AR 2 P CPU Rx 2 M AT 55 7 38, Wb &~ GC ZeFe 2 R] 1 X3l A e, LA SR A PR
f1) CPU K% 3 K AT FH 27, $275 Parallel GC £EZ A% 3R5E R 1) CPU %A FH %

Suo % A\ P % 8, Parallel GC 7 GC ZR &R CPU #% . [ ) £ AN 3 4 5% ) Parallel GC F47 B 1) 5 22 M .
A 145 F Parallel GC 7 Dacapo™, Hibench”'4% JLANZ # i) JVM Benchmark b 3EAT IR 04T, RIELLE K4 GC
T4 40 2 FAN GC iR se i, FLIX LY GC ZEFEHR A2 AN CPU K58 ). B R Linux 5& 1P 22 4% 51 35 11
I DL P K, AR T IEH GC R FR AT I 7], 110 GC ZR 2 A0 2k N IR ARCR 25 A 57 Linux (7710 S0 T 5
AN GCATLETE GC LRFEZ A1) 5r 43 A5 M2 Parallel GC AT 55 P\ FI AN 23 1) 41 5 4 SR 1 . T 5
WIFEA GC AL PAFIBI GC ZeFE R BN GC ZeFEANAE [F— M L, Fra 81 GC R 2 5, 7T seF H
FIR M) CPU W 58T GC AT45, FHRHEH AT T8, 33 GC 145 202 /Ml GC RIS,

Parallel GC B&vl TALA- GI LR GC Z6FE 2 M 68k, 4 GC ZkFE5 3 CPU K [ Fr HIEA AT HUAT GC
{50, & 2N A GC ARG T 5. (BAT45- 55 U 7 e MAT =S o GC A2 I A HIAT: %5 A F1 vh 9
B TR 4 GC 2GR AR HAT 25 DA AR A 2%, 414527 U R MR AR w5, SRR A T4 GC e i & L B iR o
CPU I i) Jr 2545, Suo 2 N PIAAL TAE B B4R R4, K GC R P 8144 CPU # L, I MLE GC L REAE 1
Ml 2 S5, G FURAN B U ET CPU A% I 51 3 TR, BT € M) B S CPU _EJAT . X 55 G5 U AS 11, Suo %5
N B TARE 84T GC 41 GC LFE, VENAFSS 7 B B bR, T8I X R0y 398 7] LAfR AL 4 58 GC R 4545
WK, o2 RGTBUR IR Z 5 45 0K GC, #2155 T Parallel GC [RIF4TBE. PEAEINR BoR, X640 4% /7127 A
K5 N RIS BAT B ) PR 00 50%.

Scissor Ll i X JVM HE Y £E B 20 0T, ¥ Parallel GC 7EZEFE 2 18] FE47 R 8 ARG Y 1] A3 )1 A T I 35 44k .
Parallel GC 24 T 528 GC AT45 AT HAT, FaHE A A7 4% X 5% 5r, GC LR R A 3R BRI BOKE IR X 110 17 540 545 DL 3
LR G ST IR, AR 24— AN GC LR 47 BT 10 IX el A A7 3% 4 B 30 e Ath GC R I, % GC A
AEAE XA TT 4A A, R B5 DX 3 1) Ak 2R A6 1 24 117 DX 38 B0 AR B b DB AE B 7= A= 1R o6) G 43 A0 A 2 i K
A7, 1R 2 XIRAE GC BFERAETEAS D A7 TR 52, 18 i DX 3l S R 808 110 DX Sl A9 st B0 55 5 tH B, K343 GC
S H A BH ZE SR A MO ) X IS B /D 2 GC ZRFEIG B34 Scissor 7F GC L2 AbH £ 4 4% I, SE i —AM¢
T D3 4 DR DI A7 15 R 52, 1724 40 5 DRSS A7 3 SR AR B T 2 S, TR 5% T X3 G D[Rk
1T Parallel GC 4 A FAEH X S — 02, WU N 51 DS H B 436 T 23 ), 53 AR HE SR A 17-AB T LA
NI, T XU N T — 2 1 GC AT T Ak, HrT LA 23R 5 GC TAEMIFFATRE. B4 T A7 %y
EEAR K PRI 5 [X 35k, Scissor £ T ANEE 5y, MR W AT CABEAIR 1) N 47525 i J). Parallel GC 72X %48 2l fil% Dl Hik
TEAE RIS — AN 1) B 5| SEOB  AO TE A TH 4. Yu 25 N PR B Parallel GC 78+ 55475 % 4 (g ok i, 75 22 24 hn
5 DI 4 16 R 2 BT ARSI RN, XA T R R DAL, Yu 258 A PR GC it R ¥
b RAR R RYR XA R, S HAEIE RS SRR/, W GC 2R R AR PR (1) — A0 G AT A — Y X 3, D] B
FRPE LIROR B 45 3, A3 3 A S B .

TERSFIH AL GC 51 CPU I I, % 451 CPU #2438 AT LA T-7E Parallel GC 1f14s R 115 B BX
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EALAR F 6 K EAE R FEAESR ¢ IVM AL R 424 479

HRPAT LR, th TOIEd 2 (1) GC ZefExt GC LM SRR BT I, L4 6= A= mIAE H. 8t Parallel
GC 7£ CPU K L I, &4 F CPU BRI GC &, XEBWHEE GC MAeREEM B &a o
CPU # W&, M Platinum F|HiX— £i, ¥ Parallel GC 4 R 15 B4R 1) CPU X W8 Y 4 BL 25 . FH 2678, S
Minor GC 4 7 15 5 5 FH SE 3R 1R 5% . ARAE WIS, 7E Cassandra 25 K ERMES A, BEAMT 5% ARG D50 G457 B 4
M PAFIX ) 22 . 2% Platinum £EAHE) I DX AP AR BT T 3850 FH 46 GC W SR I 4k 8 5 i 2R R 5 5 Wi,
TFAE LR P AF A B BB AN B S X Sk, 77 GC i 3 el B 4% DXk, S s o 7] XSO 5 S I PR DA B O T 5K
T B 1 A BT A R E AR 5 N5 B i A 22 4, Platinum {5 T AE{FRFPE A7 2537 B8 (memory protection keys), 13
B GC R TAEZFEN S . 54 Platinum &8 T B $19 55 W AEHREYE (restricted transactional memory), 5KX
XS AERE BN I TR, Xof 52 1 o) SRR X 3 2 0 G AT R AB T, AR TE XS B 20 505 T Be % R 3 — 2. i s
Parallel GC 2503 2 —AN I R W 4E 2%, Platinum 3255 7 JVM [3E4K CPU FI) FH 28 F0 JRAT R, I AT LUK T 1) JR8 48
IRBFARHEIT 80%.

72 AR 2: BEF G1 GC ERKIDBERR

U G1 GC SR FE T IX S A3 Rl 43 S, 76— s FERE L REWE AR A9 B 1 TR0 A7 9 6T B2 B Y, 1B LA I A 4
TAEGIAEARKR 2, AN BEF S B ARAC B ) A7 56 S 03 LUK bR T/ KB A A S 2, Bl ol 5 (9 2 o A 39
555 tHARMR AR T, A G AR 4 T I e [l X, SEAE R DX, BAREAR XX 3 FARE RS B, CLEE AN REIE 2 X 73 AN [A) i
AR G T K, T A Sl Fh R AR A B, AR F P 50 B IS AT I S AT BN G F i, A A R
AHIE A0 A — N EAR R, J8D % % 128 3 IRl AR 3 DL

NG2C7* 6t G1 GC #i i 2 N AN, F545 75 iy YT AIUT (006 5 B 76 R MEAC I B . NG2C 3R IT &
R 0 50 B o G 2 oy TR A R R A I AT R, T SR S AT R R R, NG2C KA G JRAE
(7 P 7 2, K GBCR AR AR D8 W SR B TR R I AERRAR, A4 1 DT i A I 2R R A el
FRAH RAF WA FE A FE DX IR, OB B BN AR I X . E GC JEH Y o, XS A i AR M X Sk s F 5l
SRR IR —FE, TEAEE N G LR T — 2 BB A 4 [, A3 G B T B2 AR AR, A — MR 2 B X
SR T LAAE IS AT AR 75 Sk T ABAS B, O T 85 Bh JF R 3 BB L R, NG2C PR T —F i LA, f#
TAERE AT S /N UL I, B 52 25 2800 G0 A i 301 20 A1, SRR (17 R AR e 5 B NG2C 5 i b R 3 HL
L.

POLM2"7E NG2C LA (fHEfli b, 3 T AR LA TT 2 3 A%t Tava Y5RS (4K M. POLM2 M 43847
5 B B B M T G i A JE A, S AR Y A AR P I RS AT R POLM2 £5 100 G w1 i i (1 o 200 A
ARZS AR AL B A EOR X AN AR %, T HE R T 4 ANER2Y, Hob o el W5 sl 1B ASM, 44
X G AL B IEAT IR, HA S — A0 G ID; 23 A0 GC 45 2 Ja A FH P T B CRIU 454738 IR 4
0 AR D HTEAE TVM 1B T — BEI ) 2 5 0 3k % % TD UCEC Dy S B e, /o B4 B 7 B B A7 5 1 GC
R, LRSI GC R EUE A X AL B A G AERE TN, 3 2830 ASM £EAH M (1 5 A A7 B b T AR E
B, T4 4 FiE B NG2C 5%, BT R MRS AL E b S IR S 2 A A5 8 WIHI ], POLM2 I H 8 501
FAPSREAT I 43, AN R P AR AH AR AT B A ER 156 %, 6 bR B0 TR LA AN RN AL o, B A3 81 2 i JR I b
AR T DA B X 4

ROLP %t POLM2 #i/& T NG2C #£ JVM [ W ¥ . POLM2 TAELE Java 71705 L, 17 ROLP %t4:id JIT

B, 77 T AR R S T 5, DAL ROLP PRI AT K NI P fE S S 55 NG2C A5, ROLP XS
G ISR AR Tl % R 3 16 A7 SRR G R IR AR 07 B2, 16 A7 HI SR A3 0T G2 T IR 2 Rt b B0R RS
RERION B0 A iy I IBOC SRAE— DR R AR B, 3RS 16 > GC A 5. R RAEm R Mgt
SR R BAAFTE I 18], K AE R R BOA N IR AR . I R 4E D 16 A2 F B0 RS, J TAEX S i
I A 85 20 0 0 FRD S, R R R P A R BB o P 3 [T, o 8] PR 2 (B0 0 A0 i i 224 T e 50D A5 2L 2
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. O T LEMRARTE 7 B 53 1) R I BRI A 4E 4 I B kG, ROLP HAd A3 X 204 A 1) s et R4S R B0,
TEXT N A 28 s AN I 6% BN OL T, ROLP 1] LRFIGER IS 50% (1 2 4EiR.
73 I &

EAWNHET IVM L3 GC HFEAAE AR, Hoh&Fxf Parallel GC BIALAL 773 5 T CPU FIJHZF0 GC 72K
FATIE, IO T % %51 FI I S8 B, M6 G1 GC BILAG 7 VA A S 2 G 20X 43 T AN R A= iy LI %, BEAIK
T RGN FAFEARK 2 8] B s IR B 413 GC R I AL B AR BE 0% 538 160 56 K i B HE 4 25 45 Bl g 5=,
R0 TG P AEAE FH B 0 B A PR, 340, 3R R ARRI o0 St 1) v R BT o, B — 58 IR R 1B A7k
i 5 G B AR AEAR T

8 FEEHIA TR JVM 1L

—YCHNE R PE ) CPU, AT, Bl S50 1 A A 10 T S A AN I 5 K, SRR 22 57 R A R R 6% DR 4 HE 48
AT AR TVM A7 SR REAR T, T TAEERR T R A B SRR A A 4R R B AE 2L N AT A% TVM P Re R B 7
V. YR TAEK POAE S AR 444 (memory disaggregated architecture) W FH T~ KB Ab BEAE AL, I i 32 s B0 1)
ASHAR IR N AF 53 RS I AR 26 — 28 T RN 5 R A7 4% (non-volatile memory, NVM) 5 A K H#i 4b #
FEALT () JVM H, FIJH NVM AL 5 8) A BEHLAF BT 4% (dynamic random access memory, DRAM) P4 A7 1 H
JE 77, IFIH NVM £ AAEGE R PR DD R B A BEHEZE MO 5. 3R 7 B T A5 A BT 38 TVM (R
GBEALECR.

7

BT OB AATT IVM AR BOAR 73K

ALHA X i STV RE T HoAty T A
FETPIAFAMRAND %8 % 10075 1) S 22, SEMGC AT 45 K B 40 0 5 10 4% B T 44 A 46 B 5 Semeru®” 051

BTV AMIAL V54 75 AR | IR T 0 T2, B2 O (OSDI2020) [80.81]
HETFNVMIIIVM A DRAMKIVMAE K EEHESE 1 FINVMAIDRAMIE & (K TVMHE A Panthera™” 54,82,83
WA TR NS, BEARENL5 %, 1225 0, SRR TR 7, B0tHE A qb (PLDI2019) [54,82,83]

8.1 MRILEAR 1: ETAESBREMMITRE IVM BUiR AL

PAAF 90 i AR 00 5 R AL T A 0 T FR P A7 U7 TR BEA, A4 49 I AL B8 0 mT LA — TR RIS, AFLAE %
F AN AZ Vi 1), TEFE A7V iR A TH 2 ELBEREIT 1), 1 JVML X G 14 225 IR A7 8 T 2 8 O A7 1, PR TILAE A7
O R ZEAA B X G A BAE A S B PO AE R, 6 G ) 15 R Y AL TR 48 GC 1) Ab 3 I R TG v
DS 0T G 43 AT 1A 2% ) = ek, A4 8 058 20 At A %o KO Ak BEAR AN PAT 2% TVML (W28 e 4R 52 PR 5T LA 24
W GC HIELE AT AEEER I T AE J7 35X, 48 Sk G i A b A0 R0 23 18] Jeg 3 1

Semeru 5 7 — P Aaz IVM, 4156 5k T R 4% W A7 U7 ) (remote direct memory access, RDMA) (1] PN 475>
FEBER, ¥ GC HIEN R4y TAEAL H P 25 H5080 530 11 P4 A7 IR 454 S . Semeru K BT 1K W AF BHIRALA — 22 R
1) IVM HEASIA], 48— T AR 85 2 1 CPU AR S5 s Hh (F) A A7 bk 23 1), e A N AE R 55 28 0T B B — Bo N A7, 4
TXEWE . CPU IR% 2% B B HE — DB AAAE B IBAT A7, S5t RRPAT NV TR Y, H 70 8 A7 B 2R il i
RDMA M AERS 45 TR AEIRSS 3576 CPU RS54 LARMIRII, FIH 2 42K CPU ZRds0 A & 533 1K
A7 BT RR SR 0 I A3, IEH S R — WS HL2 Ja BTk, D T $E s G B2 G I8 W AE R, % T BTk
B P75 HE 0 B3 AR Y 0 Sk AR IR e, i P mT DU B R AR SE A B ) AR e . A HE g A7
()i g 3k — 52 LI, Semeru il & 45 R #1151 GC, H CPU AR4- 4575 B A & WZZA7 23R, AT RS S5 i 4 b
TP B IR 4 SIS AR DG X3k, H 4Ok B CPU IRSS 48 IR S 1) 58 T8 1Y S X 5 G B, A JE 82K 3F kb
ek

ZEBL A, NumaGiCP %t 5 4748 T 19 35— 30 #2371 (cache-coherent non-uniform memory access, ccNUMA)
BRI GC A GRS 55 FH A A, NumaGiC 4k T NAPS®f T4, 45 GC 4t ] LUAR Y ik
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5 DRI G TAE N A, JE RS K T R BUE AR RO T2 b AR b, R T kA R AT RO 5
G KB A58 3 Y A7 U5 1), NumaGiC it 7 3 oot G AR 3t 5 | P F6) P4 77 A1 8 S s, 385 1 P 4 R o 5 R 375 I gl £
IS FF R R BT #6715 05 R, T GC LR AT AE Y 500 GC RN 5, A6 ) 5 3 B B BT AT 4235 0 S M8 5 £
GC ZREFLET . S TIXFh s R 7T REM 7 AN, NumaGiC 3t T GC AES 97 BUE R, 78 GC L2 A AR I
FIH A GC R MAT 55, £F AT IR SE0E 12, A8t v LB A7 R I % S 31 GC 4R RE TAERI S5 05, ik B g xt
SRR B 5 A AL 4 H 1. 28— R 460 T, NumaGiC AH b 5348 1 Parallel GC 7] LK B 44k G4 T
i 90%.

8.2 MR 2: £F NVM BITES JVM RTFHRRE

DRAM £ TVM HE Py 4730 % A IR A7 A B, RV 1505 o Bz vy R 8%, (B AR o3 &5, ShFBAEK, O BTl
G R AN AT RE A A, A5 R R IR A 4 e R IR I R 5T, DRAM 75 B2 R 3Z BRI I 7. il NVM
i —Fh AT DRAM FIRESE 2 18] (RAEA# A R, S04 4 LL DRAM SE B A9 PS4, A T 25 T bR () 3 5 3, 7l
%] LA DRAM ) 1/3%4 3F BB A AT A 4045 PE. NVM 5 DRAM 20 B0 & P AEFRIE, S RSt 15 T 1 3
T B AT R Ak T A4k 1 .

Panthera ¥4 NVM B 1 E0 A0 BEHE AL (1 ]I A7 3R B8 2 1, &) Spark #2415 51 2 1) RDD 2% 47 % 1], $& 7+ 44 b
HR¥) 2% Panthera Kf JVM [ Parallel GC # /R BV & WA H]. Hrh 4R 24450 th DRAM 415, W 2B Gl dE vt %
HIPE A, Z A — 40 th th DRAM 41, 724K I T 7235 Mo B B2 RDD X%, 55— &4
NVM £ %, A7-f A8 F B i AR i J8 1182 K 19 RDD . Panthera 33 5 4 73 HT P 58— ANBAZELE JRVE K RDD 1)
AR 2 AR RSN ARG 2R 9 8 O 2247 RDD 2 K [ 235 LSS0 48, 7664 DRAM I T LA
TG A (K128 47 RDD, #2447k 7F NVM L. Panthera 75 P4 A7 FUI I FH AR Hb 7 vk 8 4828 R 16 s 07 5 040 . A7 fik
IR, 5 Parallel GC A5E4— 8142, briE £ DRAM L) RDD, HB4L 570 B 32 B 21 2 AR AR AR R X 35, 38
T GC SEAT R BRI HRE, T AR 0B ARTE ) RDD — A2 S B 54X, 258518 Minor GC F % 7.
Major GC 41 57 3 L bR 18 Fr, JRAR4E RDD F AR U8 FH B0 IR B, S AR 88 AT 1 SOl 2. A&z T,
Panthera 7] LAZEJRA WAE_ LI PERE R I 2% K /N 2 DRAM A 771 BE 35 F-. 25480, Teracache ] NVM K42
it DRAM FIZEA7 I )y, Tl 3L 1/O WS AR, SEHLE & HE A7 A7 R L 17 Flat™ [ AR i DRAM Il NVM
[V & N A7 25 2R 2847 RDD.

NVM (R ARSI AE RO A BEHESE () #5522 . Espresso* 24 T —ANBh Bl IVM B 58 RF A
LE] NVM L1572, 10 GCPersist™ 41 Ji£ T Espresso [l -T- Spark A% 7Y 54 (checkpoint) $5 & £, Sz L bRk e b 1k
2. Spark [¥] RDD 221738 # 17 f# £ DRAM P47, SR A e BIREEL R, WURBAT 8% TVM £ LI R A7 4 o
(I FTAT A7 W7 r B %, mT ARG vh T 97 I 7 A 31, (R RS 15255 AR AR A v B, TR G2 NVML ] DA g
THH . Espresso AL ABSANEE AL A4 7 VR AR 10 [R50 S, A7 A0 0E S w23 T BT 31 NVM, 4R 1 NVM
(K152 5 Pk g A1 DRAM N A7 (1 M BB IR A7 48 — 52 25, BRI ) 20 3 R e S s g o 12 i AU AT 2803 A7 8 5% )
GCPersist {8 GC I HL, K45 AL [0 TAEH Parallel GC (0 TAERIHHT, MAE GC K4 /2 & it fith, RDD *f
G AT BENE (R FF B A5 GCPersist HAKRIFE AT FER GC ML, MARAT G TTdbric £ 3 75 S5 AL R 43,
I G R DUR I 6 5, ASTR] A2 9 DURG) F RS BT T NVM, 15N SRR ZAEAR Z A0 ) — AN J HE X 45K,
i 4h, GCPersist 5 HIXT NVM HE X HEATH14, 7€ C L piA 2% & 0010 RDD. H T 525 M6 A 5 4K IH (R B 72
DRAM P47, NVM [KREA AL 5 B R — AN %40 F T MO &2, IR GCPersist | AT 45 $hAT T FE 4R JR
AIRBE N IEAEA 2 5, AHAE LR A R b o S PG 3 T A 2
83 /N 5

AT LT X T R A S [R5 R R A A, 50K P A7 23 A S I FH - B b BRAE 4R, i ¥ GC
R4 AL, Bok/D T X G AT R T IR AR P9 A7 U )5 A 5K NVM R DRAM [RVE A5 A A7 45 44 5 1 N K 25080 Add 31 ATE
BT AR TVM, T NVM R B BT RE AT, 358 8 R B50d A BEME S (4 22 A7 R Rl e i Al . sk 26
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AT AR PR 58 (R B PR AR 3, 0 AR K Ak BRHE R 555 XA 1 10 45 5 B AT s /R .
9 BERRKRRE

ARSI TAESE TVM AE RS AR BEHE SRR A7 45 (R BE ), 6 1) 2B R St R AT T b, A5 A5 1Rl
R T AE KBRS A I T, BAAURYEN IVM LR, B 2 v SRR A AN J, 110 L iitis AT
I PRBE 1) TV 7E AR b 8 35 R B T 1 €17, s TVML ZE 4 P PR B35 (¥ M B A6 F X AS TR 2.
R b FENE SR AR LR A 2 5 2 5 ST A 0 VS8 54 b B0, A4 R A A2 R 1 TVM AR AL T —A
WFFCR L ASCERB AL TAF C2AE A SN AR B, Bliont G e, RSNV I 3055 — R AIAR K [ S 5
HERE, 4 8 XX LLARAL T VA AR RIS MO B AT T B SR B, T LA R A B IRAFAE € e R
P, A4 (1) & KB HESSR AT IR, AR BE I ANAL; (2) BERTTF A X HELL AR B JERE AR N BRAR, 5 20T K
FOEIHI) TAR; (3) wT IR RTR] Sk b, 258 5t (4) 5 ) SR AR I 1) B2 2% P oo ) A2 2% P v 2.
EUT AR Jai RAE AT TVM AL RE [ 8 1 S5 A M, A SCIN A AR ST AT T i (1P A T e k5 S8 0 T

R 8 KAWEALHAELL N K IVM AT VT LE

WAL TEHTRE T B
purssetrtt b P B PR M B e s it e

9.1 HEIERRAFHNFER

A8 VR 388 AN DORERE SR IR A A7 A B g, TR TR S K I Bt A B . A DA A — e R
R T AR B R 1K) GC S, (HIRAT 7853 7% R TS B A A7 BE S B i 2cdfa (K75 ) A AR PR

(1) FEFIHESR A A7 DURE GC Jo i S AT AS 12 1 ¥ 3 1R Ak 152 375, W1 Flink, Spark Tungsten # ¢ /
HESN A AFAF TR A7 L. A HEAT A A7 AEFEAR GC I [R) R T+ K4l 1/0 3 52 5 1T, ARG E A BAT — e A3, B
TVM S5 3 AEHES D Py A7 () R SEAR T HE A A2 01, 50 AN AN Y A7 (KA P 22 A P O S B4 3070 40 (i, b - SR A A 2
()R K I, ARSI A 75 SR HE AN A A7 R 1K GC AR ST AN I FAAT A4 10 5, T LSk ) ik
HE T G0 A7 DO G2 [P RS A A, A0 XL iy J] SUIRT AR £ 50 G 7 o P e e o R GC.

(2) BtV ) £ 225 1) Jag 38 AT I 18] Jay P 2 B GC SRR St Ak HAE SRS S 1) 1) Al AN18 2 I T 2
AL L GC 2, A 4% K — 58 (R 3t D Bl o RACIE AEHE W A7 P A AL A, B AR T CPU 2 A7 i A
TLB fiv . w1 K P A7 15 VR B RS S B0 X 5 I B 7090 25 R0 — o5, B0 (¥ HE 2 5L 1] R A7 47 B
IR R TC T AR T LTI 2 AN LES K8 Y A7 50 A0 Sy SR PR 5325, 90 42 OGS i 3 A7 M) (R 5Py N A7
A SR, IR N A7 SRR N R S A A1 ).

(3) X R A s K IR 7 FU A Sy FUAL IR, A DCAE TAR T, Skyway EL AT AxT 5K 18 m 199 465 A i
I, 1M Gerenuk FLEZALA AR TR UE R FIVE. 25 TEULA UL EACK A T A7 SO GAF it e, ASRBTST A )
LASRAHE A 47 DR 5 ) A g A, T IR SR A2 i S AP S04 S, IR ORUE SO 7679 2 T 4% i I 1) 22 4] .

9.2 AEERARARAN GC BiEN
RESHE N T A A A S PR R A AN AL AE B 0 5 74 i P U ARO HE K, A AACBILAE A [) Ak BRI BON S A P A
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X G A B )AL, A R TAE— e BT LB T KB IAE IS 0 Gob) GC B 152w, {E Al GC
SLVRAEIEAT N REAE AT AN IR 1) P A7 A P AR 2R AT 1 388 0 U 20 75 B

(1) RHHE N (¥ 9 A7 TS AN R AR PR BRI, (AL GC SRS AT B I 1 Y 1 B, KR
I GC FRFRI DI SE G485 3. FERPhIET ) s 5 [ 38 B 1A g T 13 20/ GC B8, IR — 58 REME 3@ b R ok
M A B R. 554k GC S50 i shms N AEAE FF E A I ER GC, A fe iGN Py A7 A 1048 fh, HAT — 2 il
Je k. BRI, K HH I FH AEIB AT I S GC S50 TR SR T Fil2 A7 % 20, {5 H T TVM R BAT S AEAI R (2 1. Kok
FF9E AR W] LSRR A B 20847 I 1R I 3422 1, Ao v/r o R AE R AT AN R BO GC S i,

(2) T IVM RO HcHs Ab BEAE AL RIS AT IN (K45 B AC BAT PR, H AT 58 GC HYEISATIN [ 3& M B Ak HUR)
FRT-HE /N BERT GC iR IEHLAS J T, 154 6 K B4 A 2 3a AT I 15 338 R 2 1) (A U PR T R BB AR B g %
WS, BRI Ah, 52 S HR RN TARE T T HASEOR R, X058 T AR A A IR 880 IR R B R AE
BRI AR AT . AR AR, KECHESL AT DL 223806 AN [ A BRI B 3 A7 PSR T T, V8 b I A
B IVM ZZH, IVM 456 )8 RAG R4 A IR 9 A7 08 RS, I RS A B A AU (RIS AT IRHR B BE 2 1) GC S48
9.3 BERH JVM BITEHL

AT I TAFE G T A% GC BH{E, TVM ¥ i i [R50 4E, AR X SeRAL VA AT e B I N T S £ (¥ CPU 3%
eo NAE IR R #F 0. el v vl B IR R, 33— D AR I TR (B4R 11,

(1) ZEB BN Java WA, 285 31 % GC 4432 Shenandoah Fl ZGC U2 BRI F, IX 86 3 2 525 LR AL GC %
{5 I 6] 24 H A, 2745 I 6] _EAHEE Parallel GC A4 BN H. (H4 T 4E4 GC LeRe iy 4 fe ) — SERL A, 1X
I GC HVEFESIN KRG RS, BAMER GC 2RI AN ] 4 M2 (i AE 45 CPU 354+, BRI 7 T S B8R IR
Kt N Al A Ik 28 GC SV, B ZR R AT IS ) 2 AR 3900, %1 H i 38 2 1Ak TAF & 357 4E Parallel
GC Bk b, AR TAE AT LK E AT AR, 2 35 DX S5l ) B3 ot 5 48 3, RS A B0 28 5 2 B9 b, Jl i A1
ARFRGAR, Pk X IR R GC Sk R KIS, 5306, kL K GC BN #s b & — ANl LAGR SRR AN K
figt el fi B2,

(2) BLAE DAL T AE HotTub ik 55 H A JVM KRZEE TVM ¥4 )3 5l i TR0 A i ol . (B 4 55— A B B
TVM AT 851N 22 [ P A7 TF4Y, J% A8 731X Rl Ab 7 v 0 LAY F - P A7 8 V5 S5 5K I B oA 8. ROl o T4 m]
DL 2 TVM 20 IR 75 15/1F1 38 (Checkpoint/Rollback) A P57, 44 IVM W14k 5 HO M G4 AL e fEAE 1,
TEF AT SARAS I, # TVM [F13E I FBT 15 LB 574 J3 3. 59 ML 22 A7 (5 AL = ol DL— e FE AR v
TUATH JIT Sk,

(3) A T HhBh IVM 75 EHE B Hh SRR R 5, W A o e 1 HL AR AR o R, IR IR A T AR A0 Yak,
DSA %5 55 B R A 1 R ZC A BRAE AN R B AR o A N TR, ST T B TF R fun. mEii
TAE QI ROLP, POLM2 2y 7 AR T A48, W AL GC B I8 47 IHIn A S A7 3% I 18] (O 48 T AT 4%, 51
BE ST RS, AR IS0 TAE T LA F 5 ARG BT e R, 6 B FH AT 2 11 5 e i s 5 (e 14U, LA
JEE R G A R 0 TR T A, AR TAERIE LR, 68 TVM 453847 I (¥ 630,
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