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Abstract

Verification of an Algorithm for Persistent Object in
Non-Volatile Memory Using Spin Model Checker

Hiroyuki Iiboshi

Emerging a non-volatile memory is byte-addressable and retains data even if a
computer power is lost. A system using non-volatile memory can persist data simply
by writing data to the memory. However, it should be noted that non-volatile memory
is accessed through a volatile cache. Since a programmer can not know when the cache
is written back, the programmer must control a persistence order by using instructions
to write-back cache lines to keep data consistency.

In order to save the programmer’s labor, some researchers are developing a runtime
system of a managed language such as Java which manages a persistence order. In such
a system, instead of persisting all data, the system persists data selectively on an object-
by-object basis. An object persistence algorithm is an algorithm for the runtime system
to persist Java objects. Generally, the system using the object persistence algorithm
makes an object persistent by copying the object on DRAM to non-volatile memory.
Objects on DRAM are called volatile copies, and objects on non-volatile memory are
called persistent copies. Since a user program may rewrite a value of an object during
persisting of the object, the object persistence algorithm requires appropriate exclu-
sive control and is difficult to develop. Verification using formal methods is useful for
verifying the correctness of the object persistence algorithm. Model checker Spin com-

prehensively checks whether a specific property holds in all execution paths of a model,
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which abstracts a program. In this paper, we confirm the validity of the persistence by
replication, which is one of the object persistence algorithms, by using the Spin.

In persistence by replication, the programmer specifies a set of variables to be
persisted from static variables. This set of variables is called durable root. Then, the
runtime system persists objects reachable by following a reference from the durable root.

There are two properties that the persistence by replication must satisfy: (1) a
value of the volatile copy and a value of the persistent copy match except for an object
being written, and (2) every object reachable by following the reference from the durable
root has a persistent copy. These properties may not be satisfied when references to the
object are rewritten. Therefore, we developed a model of reference rewriting and object
persistence of the persistence by replication algorithm. In the model developed in this
paper, execution is started from a specific memory state, and multiple threads write a
reference to an arbitrary object according to the persistence by replication algorithm.
We check an arbitrary execution path by changing a state of the memory at the start of
execution. At any point of execution, if the values of DRAM and non-volatile memory
always satisfy the above properties, the algorithm is correct.

Since the model checker can check a finite number of execution paths with realistic
check time and memory usage, there are restrictions on parameters such as the number
of objects and the number of user threads. If we try to check all execution paths with
one model checking, it consumes a large amount of memory, so we can check with only
small parameters. In order to take the parameters as large as possible, we divide the
execution paths by a start state of the execution path.

Using the model we developed, we conducted model checking for the persistence by
replication algorithm with the number of objects was 5, the number of threads was 2,
and the number of writes per thread was 1. As a result, it was found that the persistence

by replication algorithm satisfies two properties within the range of the parameters set
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in this paper.
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AL & ZI2i3, forwarding KA > & O (D pcopy) % CAS fir4r T BUSY & > ) Ff
MafEiciE &z 2 (3-517H) . CAS a2 L 284, o @ forwarding R4 ¥ ¥ 1%
JLANULL 725729 2L hDT, R r—0AIcHEZIAL 617H) . 2L T, &
AR EIKZTHh 5 forwarding KA ¥ ¥ % NULL IZJRT. CAS BRI L 72854, oIk
forwarding KA ¥ ¥ #FbH, BIAFLI N T2, KF{GLAEDEHTH L, Wi
ICE X, o DB L %2 v bKEiLT 204632 5. ensure_recoverable BI%I3 A 7
Y7 L RAGULT 22T ) BB TH D, ML 3.1.6 fiTidN2 (101T7H) . 20,
M a v — LB ba Y —olificE At (12-1317H) .
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3.1 KT X4

1 putfield(VCopy o, Field f, VCopy v) {

2 PCopy on;

3 while ((on = CAS(&o.pcopy, NULL, BUSY)) == BUSY);
4 if (on == NULL) {

5 o[f] = v;

6 o.pcopy = NULL;

7 return;

8 }

9 ensure_recoverable (v) ;
10 PCopy vn = v.pcopy;

11 olf] = v;

12 on[f] = vn;

13 SFENCE;

14 }

X 3.3 putfield D7V 3Y X4 ([1] & b 5IH, —iBEEE)

3.1.6 A7V bhKEEDODZILIYX L

7Y 27 b QKA L, (1) AEFENE X €Y Rkt 2 ©— M ogEEZ2 fER LT
forwarding XA ¥ # IcEFEZIAL, 2) Xt av—DfizAfiftar—lcar—12%, O 2
DT B2 EDTE S, (1) 1F shade BIFUIC k5T, (2) 1% ensure_recoverable BY%
ICk>THT). 61T, T 200K TITG OLE LT,

ensure_recoverable (D 7V T XA %M 3.4 ITRT, © WAHALNRE R DA T
PV b ThHDL, r oS RNSTEFETE LA 7Y 27 bR TKRLT 246813 H 5D
T, AFULBLE A 7Y = 7 b % worklist THEEY %, worklist NOF 7¥ =7 +h»
5ZMINTOLAKGULHTIOA 72 = 7 b % worklist ITEMT %, L) LD IRE
EEBERRE R A 7Y = 7 b OB B b Oz EETE 5 (1217H) . worklist N
F 7Y x 7 b EAKFAIE E IR % L ZIC worklist 225 MRS s (517H) . worklist
NDOA 7Y =7 bR TKFILIN, HikholoZnDl b7t 7Y =7 b 2KHLT
L 8E 7 (417H) .

914 fTHTWE o O SHEINTWVEA 7Y 27 b % worklist ~NEMT 3 & EHIT, o
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3.1 KT X4

DEFME =Dkl aE—~fliZEL T2, ZORIChAL Y FIZk>T o DED
HSMAON WML DH 2 (2. DEIE) . Z2D7® 18-20 fTH DM X - THiFEM:
E—Dfl L kb a € — DR KT 2 2 L 2ME»DTVD, —HL koo ElE, —K
THETHZELET,

15 fTH® MFENCE I3 TR COFBD X E ) 77t AMPICHET L7 2V AGAETH 5.
BLIZIK 7 2V AMPADRRro7tT25E, x86 7—F T 7F vIZBWT, #HFEEaEr—
Dz AKfifl 2 € —~E3EZAL%Z, fiFMa v —ofb LAkl a € —off & o Hisha
WBCSREEMER D B, DX D, KL E—~DED 2 =% T SHIIC, 2 B3 Ef
ISR T LR LI TL £ 9.

SYNC BZ DT, shade BABUZ DV TN THII T 5.

shade BIBD 7L 3 XL 2K 35 12T, o Kb aE—22 20REL DA T
7 b ThHD, FTAEREATY LKA 7Y P ERUKREIOEBAEMRLTEE,
CAS iy 2 ffi> T forwarding A1 v ¥ 2 HE#2Z2 2 (417H) . forwarding & A ¥ ¥ Dff
23 BUSY 2o 783413, BUSY T% < %% £ THET 5. forwarding £ A » 423 BUSY
2% %5 DIX, putfield BB I C—DARIEZEZAATRLE L ETHD (1. DI
#) . BUSY Th< %2 ETHRIET 2 2 & T, forwarding R4 ¥ ¥ DHEZIAA LHDOHFE
ARG I %%, £, forwarding R4 >~ ¥ 5 BUSY ¢4 NULL T3 %2 \»
BaiE, tho ALy Fp@Eo o HED forwarding R4 ¥ Y ICEHZIAAKZTWS, &
BDOAL v FDFEIIRGIC forwarding R A V¥ 2FHZiAL ) L LIS, CASamzffioTw
2700 TEL S —HPRKT 5. Kl a ©—DIERICII L 7 AL v Favkii ki
ALy FiZ# 5,

7T-14 fTHIEBRIC KB a E—=2MEo T a5 DU TH %, responsible_thread
3B 2 Ly P20 2B%TH 2 (81TH) . BEIC o DKFiALAE T L T2 54;
A3 H L7\, responsible_thread IC X > THGUND AL v FBE L EGE, fib
DALy FRRIKGLIE—Z2ERL Twb, ZogalE, Kifhae—2ERL & A

Ly FEITG 26T 2065 03H %, responsible_thread ICEX > THHED AL v K5
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3.1 KT X4

1 ensure_recoverable(VCopy r) {

2

3

if (shade(r) == TRUE) {
worklist.add(r) ;

4 while (not worklist.empty()) {

5 VCopy o = worklist.remove();

6 PCopy on = o.pcopy;

7 RETRY:

8 /* copy */

9 for (Field f in o.fields) {

10 VCopy p = olf];

11 if (shade(p) == TRUE)

12 worklist.add(p) ;

13 on[f] = p.pcopy;

14 }

15 MFENCE;

16 CLWB_RANGE(on, on.size());

17 /* verify x/

18 foreach (Field f in o.fields)

19 if (o[f].pcopy '= onl[f])

20 goto RETRY;

21 /* complete */

22 }

23 SFENCE;;

24 }

25 SYNC() ;

26

3.4 ensure_recoverable D7 )L Y X4 ([1] & b 51H, &)

SN Btd, BERICLTERUA 7Y 227 M LT shade BABZIFOH L TWw2 &9

CEEREWRT S, U, AKFLNREGDOA T 27 FEITSEEOL— TR TETWS C

L2 HRT %, BEIC shade BB DOETHK DO TV BEDT, old worklist IZEMI LT

5139 ChHhsb. 20D, 2D L2 565137\, depends_on BAEUIZGI B L LT

XNFEALY REMUOHLZALY FOITG 20t65 5% (11 17H) .

ensure_recoverable A%t SYNC BA%iZHI U ITG I2jE 35 AL v FREIT/NY 72
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3.1 KT X4

1 shade(VCopy o) {

2 PCopy on = alloc_NVM(o.size());

3 PCopy fwd;

4 while ((fwd = CAS(&o.pcopy, NULL, on)) == BUSY);
5 if (fwd !'= NULL) {

6 t = responsible_thread(fwd) ;

7 if (t != current_thread) {

8 /* thread t is making o recoverable */
9 depends_on(t) ;

10 }

11 return FALSE;

12 }

13 return TRUE;

14 }

3.5 shade ®7 LY X4 ([1] &0 5IH, &)

19, SYNCOIE T L2 ZiCiE, r & r 2O EEARARTRTOL 7Y 27 + Dkiibh
FTLTWwS, ZHUuckD, 3. oBaikInsg, 2oL E, AEWKHLHS AL v
FIiZZ>Twb A 7Y 27 MMETRTKFMLDTE T LT 30T, AifbHMS AL v F%
RIT 74—V FZI7VT7TL0EBH 5. SYNC DT LT 6, KipfkiHS AL v Fa2 R
T74—NVF2ITXTIYTT 25 ETOMICKHENZADRH D, ZORIMDOAL v B3
responsible_thread PIBZ WS A H 5. L, TD X % depends_on BAKIC Ko
T SYNC ZBEICHZ 72 ALy FEZINPESYNC LEI ETB2ALy FAFELU ITGIZAST
LEJ &, SINC ZHA ALy F3b )~ SYNC 20T ETH ) DAL Y NI
fflInmlITLE ). Z2D%d, SYNCZRATWEAL Y FEITG Z2HF&LAEWVWE ) I

depends_on P2 4L L 2 17 U7 S o,

3.1.7 XKim{LIEHAL v FDREK

forwarding 4 ¥ ¥ #HEZIAAL AL v P EKFALIHL AL v F2 I 572012, K

Gl a ©—iid Kb 2 Ly F288kT57-0D 74—V FZ2HET %, shade B
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3.2 #HELZ X 2Kk LD 7 3 X LT TR EE

Tt at—%ERT % £ &, NEFREMEX €Y Rickbifl o ©— AR % fER L 72k
BT, KELHM ALy P25 T2 74—V FICHED ID 25 EAATEL. T3¢,
CAS % ffi> 7z forwarding £ 4 ¥ ¥ DFHZIARICHEII L 72 & &, FRFICKFAEHS AL v F
ZAZICT I ENTES,

3.2 HWRUCLBZXEALDOFILITI X LD HRITNEEE

BRI X 2K Tl, durable root 225 S %> THELERRE A A 7Y = 7 b &2 KEifb
T2, Thbt, KlbNRERL2A 727 ik, %< EDH 1 DD durable root % 7
FARBALIN TS A 7Y 27 b2 oSRINTwS, L, KitfbNRERLZA 7Y 2
FOHRIZAKFALI N TR WA 7Y 27 b 3D > I fy, GHEEOERI KON L EZD
F7V 27 MIWMATLE), §35E, WAKLA 7Y 27 FANOZRIIAIEREICED, &
HHREVEX B Y LOMEPAESRIREICE S, 2 —FDHREETE % DId durable root 7217 7%«
DT, durable root 2L ZMZW>TEFETE LA 7V 27 P 2AkEMLT2DIE7 514 4
DEMLETH S, L7H> T, durable root 225 FERBER A 7Y = 7 P B3TXTKFfL S N
TR UL S kv,

oI, FaV I LE TR TR I LNT e AT 5D MiREEa Y —TH D —
7 C, HREOERPI Kb L ZIIKGULa e —Da» KRS, L, 2= 71 s 7 4
IC & B ESAARD ARG 2 E—IT KRS T o 7 h, Kiifba e —Iid#L
WA & WCEDNRAE T 2 2 L ick b, ko T, M2 E— Lokififla ¥ — 23 UfEIcfj 72
NTVLIEPRBETH S, 72721, HFMEav—Lkflar—IcE > S FARFICEZA
LI LA D T, HEEIAANRLE LA 7Y = 7 MIFAE 2 v — Lkfifba e —
DEHIEE 7 BRI T 5. BB X 2 KB LD 7V T AL TERBED R0 7T A
ZRELTRL0T, HEAATOMEDHANSNL 2 L3R, 2D, HIAARDE
T9 % FTIREFEMN o E— LKL a € — Dl 2y, & EIALET EE ZIAARD VT NPD
fETHIUT R,
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3.2 #HELZ X 2Kk LD 7 3 X LT TR EE

DbEzfEds e, HEIC X 2KEALIN . T REWEEIZRD 2 OTH 3,

e durable root 2> 6 2H %> CEBEMRER A 7Y = 7 M3 TR TKFifba v —2F>D
o HXIAABHDA TV 27 FEERWT, ¥ -l L kit a ©— s —3%
T3
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B4E

FILIIVZXLDETIVE

4.1 B®REH#H

AWFZE T, EEIC X 2KFLO 713 XLH8 3.2 i Tl 7 2 DDOMWE 27z LT
%7 Spin ZffioTHNZ, K2, XEV 7 7 AMBDANEZZEEL TH 2B HED
7z SNTVL BN 2 701 MMLib bH 2, ZnsoWEiX, £ 7Y =7 Mics
WEZIATNL L TSI N 25 0HE2RH 5. #lZ1E, durable root 7> 5 £
Zillo CHEEEMRER A 72 27 P26, KfbINTwuiant 7Y =7 FADOS%2EZIA
b9 E LSS, SHZ2HZADHICSREDA 7Y = 7 P 2kEbT 2 0835 %5, 47
Y7 MSEEZACGAOIELEETARS o, HEIC X Bk 7r ) X4
DIHIL, IETHBI—FE2MH-> THHL SHOEZAALHEAARMEI A 7TV 27 b
DIAKGALDE TN 2R L 72,

R TERT 2 €TV, FEDOWHNRED & FEIT2HO T, HEIC X 2 Ko
putfield D 7L 3 X LICHh> TEEBAL Yy FCHEEDL 7P 27 b~z EZIAL,
COXIRET VR, YIHHREZZEZ TEBHIEERT 2. FITHOTXTOIRE 2 2D
MWEZH L Cwuiud, MALZE T VL TEEIC X 2 KD 7 LY ZAZIEL
VW, DT, R4 7Y 27 PASHEFEERALALY FOZ L2 T—AALY R LS,
A1 ICAHEDET VDU Z AT, ZOHITIE, AKiftInnTwinr 7y =7 M1
DRFLEN D 2 IREDPWIIRETH 5. FIT»HE 2 L, TROREDLTNHPIER T
%, PROREICE, 1 OHOT7—A ALy FRRICSHEEHSIAALES, 2 O0HOT —
AALy PRI E2EZIAALLZSS, ZOMEBZIACSHP R 2REVHFET 5. %
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4.1 BT

ALY KD .

EETAH . .

FIHAIRRE

‘;1 Ay

ZLwR2o .

ETAH . .

O KBLETNTVBRWATIT VN «— B8

O &EbaneA TV o~ @ : curable root

B 4.1 AR TR T %5 €T VOB

7= AL v Fidputfield D7 N3V X LICH-> TSEZ2EZALOT, HEIZIGL TA
7Yz bERKGET S, B2, R EDIREETIE durable root 2 6 KL I LTz
WA T2 bANDBEET—H ALy N1 BEZADDOT, FFFICSHEZ LS THENEE
B2ODF 7Y 27 FRAGRLL TS, ZD%, HROREDS I 5ICHDIRENER L
T, ETDRET LREBICR 2 £ TEBRZHRVIEY, JO X)L TllikEr» 5ERTE
5T RTCOREET, 2 O0D0WHEINMLZINTWDE I E2EID 5.

A7V bRER, A7V 27 FNHOZRBRZLLE AL LI 7 72ATITINT
T 7 LS, AL TERT 27 LVOMREDE N IX, REMKBRRICET 24 7Y
I NI T7DECICES, LEEDBoT, MABREGEED 7 DICIZREL2TXRTDOF 7Y =7 b
757 DI — IO THRNBNEDRD 5,

TRTCOFA TV 27 b 757D =2 1 HOETAMETHRNE) L$25E, —JEiC
AV ZKRBICGHET 2720, ETIUVREDNNIX—F2/NI ¥ I5%28% k5. TEZ
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42 F7V 7 FDETI

o PythonTOISL
EFIOER
!E%i
1B A H
O O
ATITI NS TOLER

X 4.2 EFIUREBEDOWN

BZIRD T A= %RELTB0IC, FARDFATREZGWIREDOLY 7Y 27 75 712
EoTHHIL T3,

ETIUVREORNZX 4.2 18T, FIHIREBICE T 24727 F 77 70 kEST
Wk I REFLOHIE MR L, Python 7’0275 A% THNEIER L e 4 72 = 7
N5 7 2B OHORAATETVEERT S, R LIETLIXRTUIODLTHEEL T
7 —=BEOD 6 R, HEIC X 2K 7L ) LB 2 oW EZRLTED,
IEL v,

4.2 ATV MNDETI

HAEEaE— 3R Z2EFZADLH D 7 + — )V F L forwarding R4 v ¥ 2 HEZAL
74— FEFD, —J, AKbfba €—3#REEa - HCHED 7 4 — L P E, Kb
WALy FORAL Y FID Z5t#kd %74 — NV F&ei>, 479 =7 b Ok AL v
FiZ, M3 E©—0 forwarding KA Y ¥ o 2HIN T i kEfbay—Iic ALy FID

DELERIN T 5,
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4.3 7 X —Z IR

4.3 INTA—SHIR

B 75 HATIREH & fEH] X € Y & CTlE, Spin THARS Z LR TE 2 REBOBUIIARED
T, NIRA=ZIC K BHIRZ DT 2 0HEDH B, RIFETIELLT DT A =82 HRITLT
W5,

e 7—HhHAL v FDOE
e T 77 D
e 74— VRO

e VT—A ALy FOEZIAAFIE

INHITMAT, MMLib D85 X—THr Ny 7794 XALHRI N3, Ko, ARt
HTRI—HAL Y FOBUZ3IDOUTET S, T3¢, 220U EDRALY FETE X%

ITG E 707212127 5,

4.4 EBHRICEDKGEEDETIV

MMLib {57, HHEIZ X 2 KHALDE TNV EIERL 2. FRLZETLOHE LT,
ensure_recoverable B5t D % X 4.3 1278 3. Promela O XiEIZ & 2 & W 2 TR,
BADEPaA—FLIFEAEWMET S LHICEBL T3, Promela DBIEUIA v T 1 ~
B0 T, ROz ZDF EFLBITHKINT 22 L3 TE R, 20D, A I74 v
BRI SIBUC R D 2 &N T 5 72 0 DA 2 I L TFEOHY. #l 21, #la— Pl
worklist_remove (&5 5% S 2 W TH 223, ET N TIRED HOEMETH S 0o 5]
Bt >T\w5, %8, current_thread_id ZV—7 VY R FZ2i#kil T 570D AL v FID
ThH5b.

BMENRT NIV AL EHEAOBENT 077 L2 KREL Tk, ZOREZLZT O
IZ, putfield ZWMPFUHITHIICEH ZIAANRE LA 7Y 27 b2uy 7 L Tw5, 2L T,
putfield DETHK b Th oy 72T 2. vy 7 2HUT, WRTHHHCIE7 =V
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4.4 BEIZ X ZKEHLDE T IV

AL T\w3,

4.4.1 QObserver ALY K

HHRENRLZ T —nEIDRHET 27012, Observer ALy FEWIMEHAL v K
ZPEE L7, Observer AL v FIZEEORED S FIT2HBO T, @ffhiz7—AAL Y F
235, 2L T, Mo - MR E -2 T, IELWIRERE ) 2%
B, BENIZIE, durable root 2> 5N 2 E—D 2z THETE A 7Y = 7
FIZ2WT (1) &2 T forwarding 4 ¥ & 23 null THRWI &, (2) R 2 -2 K25
Rkl a =R >R EFE LW I L 2IHEPD 5,

7L, 7=AALy FORZZzEZALRTOL 7Y 27 MZOwTIE, (2) MM S
NEOEAEDRH L. 207, (2) 120 TE, ZHATOSH EAHBEOSHD Wy —
HTHNFRVWHDE LTI, 7—H AL v Fid putfield 2N RIS, FHZIAALXN
REBDATV 27+ EHZARHOME, FEAABRDOEZ T —H ALy FZEIZilRL T
B Z2LT R - LA E—~DHZARR ATV ICKIINT, putfield
DEITVPED> oL T8 Wiz 7Y 73 %, Observer ALY N, 7—AAL v
FOREZIABPDOF 7Y 27 FIZDOW0TUE, HZAAHTOME L HZIAREDOMHEDOM /T & Hilg
LT, It E& BT IUIIEL WIREETH % LW T 5.

4.4.2 NYPREEDERESE

responsible_thread & depends_on, SYNC X, 7—74 AL v FEODHIRIZL->T2>
PDEDALVY FET 2 ITG 37070 12 TH 2 L2 o THEELTWE, £V -2
ALy FREDITGIEL T 222 TREZES, (DITGIELTVARY, (2) B
DHDBIET 2, 3) BHOAL Y FHRBELTVS, oLTFrThz, K443 1TG 1B
TZREOREEBER TH S, EIWHEE-oEEDT—HAL Y Fid (1) DIRETH D,

ensure recoverable ZWMUHI L 72 & F1Z (2) IC#EE T 5. depends_on IC K-> TITG »®

— 21 —



4.4 BEIZ X ZKEHLDE T IV

4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22

23

VCopy o;
worklist_remove (current_thread_id, o) ;

PCopy on = READ(PCOPY_ADDR (o)) ;

retry:

int £ = 0;
do
f < FIELD_NUM ->
VCopy p = OBJ_FIELD(o, f);
if
;1 p != NULL ->
shade (current_thread_id, p, result);
if
result == TRUE ->
worklist_add (current_thread_id, p);
result == FALSE -> skip;
fi;
WRITE(OBJ_FIELD_ADDR_NVM(on, f), READ(PCOPY_ADDR(p)));
else —-> skip;
fi;
f++;
else —> break;
od;
FENCEQ) ;

X 4.3 KEAb7 23U ZLDEFNLDHE (ensure_recoverable D —Zk)

PrAEINIEEE, (3) BB TS, SYNC I, HEDRED (3) ok e &, ITG HD A

Ly FPRTHI ) $THIET 2. —75, (2) Ko7t Eid (1) IKEBT 5.
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4.4 #HEIZ X 2 KEULDE T IV

ensure recoverable
\ FOH U

-———————
@ SYNC 7% &#18 @

depends_onC
SYNCCRIHATE T ITGZHE

4.4 T—hAL vy FoITG BT 3 REERK
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Bo5E

RE Y HIAEHNDHIR

RIFFETIER L 72 € T A O—EBIE, WIHHREBICB 24 7Y 27 s 77 7038571
ERERERD BT 5 EPRAERICDD S, EPDETLERERRES T 5T
COVTHMERHMT 2 2 LT, BT 2RERERS T2 LB TES, KETHE, B
FRPB—E T 237 =220 T, Z2 L TAYITHRAER R —ET 5 2 &£ 2nditHIicow

T3,

5.1 ATV MJ57DHEIBIC & BIREHDHEIRE

20ODA T2V V7 7ML, A7V 27 FEOSHBEGRE SRR L oo
E—zfgtkavr—ic, Kfbtae—2kifbta € —IcB 3§ X9 N —BRIFEET 5
EERBITHD L), HEICK 2 KBILOT7T VY ZLEA 7Y 27 b2 IDICKk>TK
MLEWDT, HEREVPELVAESIE, 7Y =27 77 70AMABRESIELW, 22
T, A7z NI 7 RERTBEE, TCIERLALT T 7 LERG T F 7 I13E R
T, TTFVOHEHET S, il LT, K51D777 18777 2 3HWICARLY T 7
Thh, R AEC—DA TP M1, 3EATV b2, AVZENETNHIEL TV,
Kb aE—IconTh, A7 =27 b1, 2BKAIRHIEL TS, 777 1I28WTH
7Yz b1, 2RBKELENTVREZDT, 7797 21280 THMIBT 247272, 1
DAFALI N TS, DT 77128V TA TV 27+ 2056 3 NDOSHE2EZIALLED
BRAEMGRICOWTEZS, V=D ALy FREEDOA 7Y 27 MIEZIALZ LB TELD

T, EDOT I 7DBEBICEVTA 7Y 27 106 4~~0BE2EXAL LI RIREEIZNT
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5.1 7Y =7 757 DHIRIC Xk 2 REEE D HITk

D KEILRIOA T U b

DKEEEh AT IO b
18R

- I BEAHBFEDOSR

M 51 FBZZF 7 DB

BEFEATH L. KDV 7 ODMEMPICET 247227 0 ID 26077 7ICMIET
2k EEINUE, DY T 7 OMEMEPELSNS.

BRI X 2K ILDO 7NV TV RLIEFE ALYy FE IDICK>TKA L BWWD T, 7—A A
Ly FREICHEITNE %2 55H L 7R IZ AT OIREE & MRS T 5. 22T, 7=
ALy FTLICEEAANRAEL 7Y 27 FE2BEELT, 200X Ly FEITEEZALST
L TREER R WX HIT B, 7271, durable root 13RI A EE DT, T
DALY FHRHEZIARARETH 5.

T—HhALy FTEICHEAARTRELRA 7Y =7 P 2EET 256, A7V 757
DFATLHEDKEICA 7Y = 7 P OFEZRAAHY AL v F2ERET 508N H 5, 1207 —
ARV Y FBMERDOA 7Y 27 FOFZAAZHELT 254, ALV —AZALy FB#HYT
24727 MCEFFICEHEEZAL X9 RIREBIZFHRS Z L TERL, 2070, HY4T 3
ALy FTEILA 7Y 27 Ptz st TXalz 20, FUGAREESIRT 2 L E DR
5%, 8, ETHlRALIICT = ALy FOFEFTHNEIIZIEARELZOT, GREHR
B ChH B L T2, Lo, V—AALy FRITOEIRL 27210 D 7T 7 135KHani
D777 EAMTHL, ATV 27 FVOOREBE LA TV 27 F 75 7 ORBHIEDH %
B 5.21CmY. ROLEDF T 27 77 7BREFRATH->7E LT, JLDT T 7 LS,
6 22O0HDY 7271, DT 770647V 1 E3RANEZRLT T T7THS.
F7Vx7 P11 EZRELLDBALY F1IDPEFEZIAARAWRAEL 7V 27 D CHETSH
5. K06 3O2BDT I 71, DT I T7hHALy F1EALY F200%2 AWWEZ 72

FD7I 75O CTRMTH S, K6 4DHD I 7%, DT I 7064 TV 1L
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5.2 HIRAEDIE LW & DFEH

O :aLyripgzEraasgE O : ALy R2pEEAHTEE O : durable root

5.2 HEAARMHBZEZR LA 7Y 27 77 7 ORBEHIEDH]

4B ANNEZ 1T 577 ThHD, A7V 71 E4BZENETNAL Y F 1, 203FHEIAAN

A4 7227 FTHY, HWIZHRGR 3D TRETIE R,

5.2 HIERAEDIEL WS & DEERR

AfiTlE, 5.1 Hi CBXR7REBEDOHIGTEIC K > T, X2 2 LB TE 2 REIELD>
TWVAREWI EIZOWTOIFHZBRR S,

AECTERL 72 ET LTI, ETVOYIPREIC X > TRR T 2 RE0LD 2. 2L T,
BRI 2REOFIZ—DTH LI —DEEFNTUE, RAERRIEZZI—Ichb, Z0lt
D6, WIHPRE L FLBEOEREZMIED T 2 2 L3 TE 5. UTOMWTIE, EEOH
WHRABIC A L C, MAERED T 2 L ) BMAFRADOUIIREDNERET 5 2 L2 R T,

5.2.1 EHE
ATIIHORTIST

O ={01,02,...,0n} ZATV UM (JFMEar—Lkifba—Dlif2E8L) OFH
BREA, E=0x 0 DHEERBLEFH. ATVIIMNIZT7% =54 G = (0,Eqg, Lg) T
BT, L, Eqg CEIHDIEIES, Lg: O — Label 137 VUGB ET S, Label
EINRIVOFREATH 2. 7%, HFEME 2 ¥ -0kl a € —2, durable root %
EI)0, BEIAAWRLAL Yy FOE#REZET. 7 VIEEBOERE2EA9 2 (B2,

durable root DKF{fLat—) boD, HFEEaIC—poKkEi{flLatrt—CTHs I LTk,
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5.2 HIRAEDIE LW & DFEH

Tbb, O DKFEZZEBEHFEIE—F/-R3KEIAE—D Lo 1) E—/TH 3.

RN 2 v —D kit a € —~Dil% forwarding pointer £\ \», ZHNDINDOAZSEE

>

|

5.
A7Y 20757 G=(0,Eqg,Lg) W TOFMZ2H-TLE, GI3EY (valid) TH
BEED. EL, mIZEBETHY, 74—V FOBEEELTVE, ZUTHRNT T 7134

JWHRRBIC 2 D 37D T, DBERZMRA T 27 V777 DAREZS.

o (EFHDHHMIE— 012DWVT, o0b 6% forwarding pointer 1ZH 41, o 225 H
5 2 2 m il

o EEDKftLat— o 22T, o IZA% forwarding pointer 14 1 1,

o JKifiifl 2 =2 S M 2 ©—~DliZ %0,

e A% forwarding pointer 237 W iKfifl 2 € — X AZHATH 2 (A24bH %40

W)

YT T2 VT T DOREERE G LT 5.

AFCEI NI TT7 GIRL, MRk — R ED R ESE VO ={oc O ok
GleBOTHFREar—} LEXT LS. G=(0,Eq,Lg) €G LEAV C VCq BT D
Gtz dEE, GIZBTV ZRIEULLKBIEESNhTWS LS.

o fEED v e VIZX L T forwarding pointer (v,n,) € Eg DHIET 5.

o fEED v, e VIIRL, (v,0v) € Eg < (ny,ny) € Eg.

O LOEHHE g: 0O = O0ICRL, g DERIBEDTD X ) ICHRRET 5.

(0,0 ) € EITHL, g((0,0)) = (g(0),9(0)) EEEKT 5.
ECEIRL, g(BE)={gle)|ec B} LEHT 2.

e L: O — Label I L, g(L) 2, g(L)(g(0)) = L(o) TH % 7 XNAHFEH L IERR
ER-R

G=(0,Eq,Lg) € GIZHL, ¢(G) =(0,9(Ec),9(Lg)) LEHRT 3.
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5.2 HIRAEDIE LW & DFEH

BREETI

AMEDREETIVORZ B vz, REERR TS = (S,—) TERY. XL, S =
G X E? X Sipner 1FIREES, - C S xS BB BRHRTH . Siper DERIE, 70T T4
ATV IREDMOWNET— 7 DREZ LT, EBIIVICIE, (G, er, e, 8m) € S DHE 1 KT
GRBRBEROAT 727 777, H2 37 e1,e FZFNZENAL Y F 1RO 203FHE
AL TPEDSTH 5,

I7—REOESEZ Err CS L35, — OREWHEBINEIGEZ » LHE, s s T
Tl EkE gAY EEL S CSIEOnT, Vse S, Vs, € Err, s A* s, THDLEE,
STIRELF .

O LR g:0 = 01220V T, g DEBEREZISICDLTITD X I ITHET 3,

® Sin € Sinmer XL, g(sin) &, sin PHICEENDS 0€ O il e € & ZTXT g(o),
gle) KB L 72 b 0 LT 5,
o s=(G,e1,e2,5m) €S ITHL, g(s) = (9(G),g(e1), gle2), g(sin)) EEFET 3.

Gr € G %, durable root 26 &Ml %Z - Lo THNETE 2R a v —DEABIEL
CABALSINT BB LI R T I 70028675, COLE, MIBREBEEICS
% I = {(G,(01,71),(02,72),8%) | G € G1, 01,71,02,79 € VCq} LEHET B, 1L,
Sin € Sinner (FREE TNV DYHRED Sipner KT 2EL, O LOLEDOEHS g 12K L T
g(sD) =80 £92 (0FD L IATY 7 bRMEEERY) . ETIVREOENE, 1
WEETHDLZEZRTIETHE, AMETIToLETARETIE, T DETHEATH S

I CTWEETHS Z L 2R LT, o ZREFHIEPRIBES & 75,

5.2.2 AR TIT>ETIVIREDIEL M

ARICE T 2MEET VL, EEPS, 77327 ID ORNIFEHZDEEZZIT L\,

¥, AETEZL LI —RED, 772027 D ONIEZOHELZ TRV, fEo
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5.2 HIRAEDIE LW & DFEH

T, UTMOHIENE Z 5.

WE1 g% O LoTEOSHE LT3,

(1) Vs, s' €S, s =5 < g(s) — g(s).

(2) Vs €S, s € Err < g(s) € Err.

il 1 PO LT E R 5.

i 2. (FED sp € [ 12DV T O LOERE g BFEL, Vse € Err, g(so) A% se %56

X, T I3%4.

F, Loy DIEV i S, DFOWENSZ 5.
#WE 3. TEDsgclIic2VT, O LO&HE g BFEIEL, g(so) € Lonk.
WE 2, 305U TOEMMNFZ 5.

FE 1. g LR 61X T LA,
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B6E

REMR

ARETIE, LT N2l S B EDFERICOVTHRS, I L 72BBE 1L

To@Eny,

e CPU : Intel Core i9-10920X CPU (3.50GHz, 24 27)

A€ :256GB

OS : Ubuntu 20.04.3 LTS

Spin : 6.5.1

GCC :9.3.0

BAETIE, 7Y 27 VDSR2 2D AT A=Y OFEEMBEHA L, FRF7 2 =%
DEREWCBWTERLZT 7708, WG 7 7 200 L 2 0WGED 75 7 DR EER
6.1 (2T, FRL 7 7 Z2HIRL 2 WEED T 7 7 DBELER LT 77 7D %EHRS &,
ZNEFNELZ 0.26 £5, 051 fFICEFTHIRTE T3, AR TIEZ 7 7 ERICEDET
WEER L THRET 2720, 77 78OS RMNICRERMOEMEIC RS, 2070,
W72 77 7 ZHIR L 72 2 & CHMAERMZ 8 cE L vz 5,

MMLib 2 & % X €Y 7 7 2 A B DANE AL, SC DEH & TSO DHEIZ DWW Tl
Nz, 120FETNVOMEICHEL X EY, RAEREHOVFE L, MERKTELLLAEY D
REZE6.2ITRT. WTNOBMEILEWTH, NTEROD ko, FHXE YA
B EFEmARBOWTN G SCITHRE E TSO DANKEL R>TED, XEVT /7%

AR AN Z TG EDIREPHATWS 2 L3bn 5,
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£6.1 RELINRIA=FEERLTT T 7D

AR/ 5 4
74—V N 2 2
ALy F¥ 2 2
ALy R EOFEZAARMEK 1 1
CS A E 41,006 | 1,232
HIE L 22\ 60 77 78 161,051 | 2401

£6.2 1O0FEFNLOMEICEL 7 AEY LR O
AEYETI SC TSO

F7Y 27 M 5 4 4

g2 ® ) iR (MB) | 1,039 | 353 | 1,544
TR () 11.00 | 2.73 | 19.98
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BTE

o

L
=N

AMADBENR TH 2B X 2Kk [1] (X, durable root 7> & &% Wl - THEA]
BB A 7Y =7 b RAFALT %, BFREWREIC X 2KF LT L) RATh B, ElEAREE
2 & BKEAL T L ) R a0F, AW E FRMICHIIREEIC X > Tl T 2 HECRIETE
LHREMED D 5. AutoPersist[2] 13ZD X BTNV TV XL DHITH %, Kl I nicF 7
Yz PR DRAM hicab—2Flhwiw) ki, HEICK KL ZRZEZ T LT
JALTH S,

HEUZ X KL 7L 3 X A0, #{iFEE 2 € — oz kbl a € —~5 3 FIL, &
N—=YaL 7% Tdh5 Sapphire8] DA 7Y =27 Fat—7 LY RALIESTHESNLT
VW3, Sapphire DA 7Y 27 Fab€—7 LY ALIE, 2—HF 75010k 4 7P
7 P OEOFHZHZ LIfTL T, DRAM 6 DRAMANEA 7V 27 b 2aE—T570
DTNIYALTHS, Sapphite DA 7Y 27 bat—70 Y ALIEF[9 THIELWI L
DHERINTE D, KIFZEOHRR L —BT 3,

RIFZETIE, Fry v 20HERLBF vy v 2 OHZAARLFAUETREI 2 LREL
THAE L7, LaLl, EBEO CPUTRX vy v andEERAA L REZIHFTEERINS
AN ® 2. [10] 13, Intel x86 7—F 77 F v & ARMv8 7—F 5727 F + FCF vy a
DEHEZRELUIENPRZ 2562 BB LIEATYVETLVEZERL TS, IOXEVETILEH

WL 7R EIISROWETDH 5.
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B8E

Ebobic

AT, EEIC X 2 KELD 7L T Y ZLDIEL & 2 € FILHA A Spin % i > TH
7, HEIC X 5KkFifliE, durable root 2> 6 FEENRER A 7Y = 7 b ITRTAFAL S
NTEY, HAEIE—DEE AT HHEE 2 —DEN T LI WEZED, T X —
ZIZkBHRDOTTE DS DREEZFIND 2012, 1 DT FIVME THAN B IREEZ I
5FHER 2 O Az, 121F, 2—HF ALy FIck2#BHZAAONE, $9 12134
WIRREE LCTHEKT 277 7DHIETH 5. ZDFEHE, A THREICH WAL I XA —=FD
HiPH I, IS X 2K 2 DOWEDNEL SN TV S 2 Ebhol, 51, EL
2777 OB X > T, MEARNE 1/4 BRERHET 2 2 23 TE L,

SHOBEE LT, FRLAEETFIL 2o @8I X 2 Ko 7L 3 XLADKE &,
¥ry v aDHERLUIEEZZE L 2MEVH 2. KR TERLET VI, HEIZX 5K
FALDERI a2 — F LR L) B THEBINTLEDT, 7LV RALOfE2EHL 7L
E, BAICETNVIIKRTE S, 2070, AWIETHEELET V2 28T, £HR
DTP7NTY ZLTYH 2 ODMWEPIMENT WS Z EDMICHEZRETE S, ol &zflis
T, 2O00MEZR> 72 FHEB X 2K GALO TN ) AL 2 KRBT 57 0DIERZEZ
2 EMTESD,

AHETEF vy P2 DFZRLPEZIAALFAUVEE TR 2 L REL THREL 2% d,
vy aDHFZRLUEBPANGE D7 L) ZHEAEHXTH AR, Fry s az2EEL T
BET 256, ¥vvyaOEX—FEHrThiE) LHDREE L TRbh 37O, METS
RIEBDSKE BT 2B H 2. X oy P 2 OHESIELIEZER L MEZ{T) 20
IZIE, ISICHRET2IREZES THENDH 5,
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]

AMAZITICHD, L DTHELZ VAL E E L mA LRSS R H =
HEB A2 & AR AR EBEEARIE T 2R RHR G B I i e L £ 9. 7,
MEZ L TL S o @A L RERZE QB S & LATR AT 0 & O #ILH L Bk
7.
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9]

IR, INARBERER, ARk, 4 7Y = 7 F OFLEAREEIC Xk 2 Kfifkz ) — PN
V7RO TICHEBT 273 XL EZOPEHE. HAY 7 by = 7REERE 38
[HIR 2 aiiam L5, Sep. 2021.
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