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An Implementation of Parallel Debugger
with Adaptively Replayable Lock

TakesHI MIEI T and NAOHISA TAKAHASHI T

Debugging parallel programs which consist of multiple processes communicating with
shared data is difficult, because these programs are often nondeterministic. This paper
presents a lock operation, called an Adaptively Replayable Lock (ARL), and a parallel
program debugger which uses ARL. The ARL enables to reproduce the nondeterministic
execution behavior of parallel programs by using a demand-driven replay method, and to halt
the execution programs when it ensures that all processes cannot proceed. This paper
describes the prototype implementation of the parallel debugger on a shared memory multi-
processor system, and shows examples of program debugging with the prototype debugger.
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WIS HER Oy 7 S AW 8 70 77 A7 8y HOEE 1595

E1TECER ToeRXF—Fu
lock Pid
Pid Pid Gpid
Cp oo Op parent-Pid
Demand Demand child-Pid child-Pid
DpFlag
DP7 O+ X# #Demand

7 HEIGHEEE D Y 7 B0 T — 5 ik
Fig. 7 Data structures of ARL.

xR 2 ETHBRORT 4 —n K OE%
Table 2 Contents of the execution record’s fields.

lock wvw 7 &%
=1 HEA 7Y 7 PIHEENTY3)
=0 (HEA 7Y 20 P REESNTNS)

Pid K7y HEH T 5 7 0 & 2 BRI
(2 — 2 VERRIT LIRS

Op 77 AHEH
=r (FeAHH UIRIEORE
=w (FXAAREDORS)

Demand SEITEROFLE/5ETIREE

=NONE (EFTERH 72 E)
=DO CREFTOETERM®H %K)
=DONE (E1TH A D)

K3 TOoRRTFT-TNVDET 4 —N ROE
Table 3 Contents of the process table’s fields.

Pid A7y A WEHS L 70w AT
(O — % VERAIF L5
Gpid OS WEHT % 71 & AFHRAF

(70— VERRT £ WE53)

parent-Pid 70w X 2Rd 0 — 4 VEHIT

child-Pid F70 ¥ X 2iR$ 0 —H VEIIF
DpFlag DP 757

=1 (DP 7o & R)
=0 (JEDP Fu+ )

#Demand FEITERZZF, RETK ./ — FOBK

status 70 ¥ A OFEECREE

=DemadWait (EITEREFEBFFEIREE)
=O0rderWait (E{TKTEBFFLIRE)
=Replay (FREEITREE)
=ARRIVE DP (DP i #3%)
=ARRIVE 2DP (2 X DP Z%3E)
=ARRIVE 3DP (3% DP 2 3l)
=ARRIVE BP (BP iz%li%)
=ARRIVE 2 BP (2 X BP ¢ #}3%)

Fuk A5 —7 N0 Pid i EIT508 O Pid & [@—
ThHD, KTy AR MEWAET 5, Gpid i, &
BD OS T 5 L 7o v AEBFTH Y, Pidss
ZOENIEE, YAFAIT—NMIZLD 0w X BEIE
TEDIHAWS, £, 7avAT—700 3 D
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(Pid, parent-Pid, child-Pid) # &, 3O fork &

created ZfERIP 7 — 7 BWHIHI T & %, EITERES

KD TR AVRRKRERDEECE, FOFOLR%E

ERRT S fork 2 OB u v 25RO 2012

M5, DpFlag, # Demand 2 #h#h, 3.2 HiTiA~N

7eDP 725 7 ko Ty REEHRRET 5. %7,

status OfE» S 3.2 Hi Tl BPEEY 5 7 O{E %

KDDBHIEMNTE B,

DpCount 1%,3.2 i TR/ DP 0t A TH 3.

4.3 CERRIRREID Y RS DBE

BICHWEEN o v 765513, HEF 7Y =7 bAd
772 AT B ADEE S HOBIERITS. %
TeEATEER T — N EHHEITE — N CREMENE
5., TNENLOEWEIC DB TR Icl~ 3,
(1)ERTERE— FTOAOEME EEINHEAL
TV x 7 MG U T, FEATREER O lock 1T test&
set K COBEOT Y 7R HERT 5, KT
LETuy ZEERROE LT, BIhg, T8
Dtk (Pid, Op) =FHEMZ 3,
(2)EFERE—FCOHOEME FEES it s
TV x 7 MICHIET 5 ETRREROE R lock 12 0 B E
EiAA, REET D,

(3)BEXTE— FTOAOE

1. PIdDBE B2 AERLTWE 7O AT —F

V(BT AT =TIV ERESR) REEAHL,
#Demand #5072 512 N, 1 M ks
37X,

2. B 0¥ X7 — 7 VO status % DemandWait

IZEE L, # Demand A5 1 DL 12 7% % & TRIKE,

3. MESNLFEEAL 7Y 27 NOETLHE»S, B

7T AD Pid #F 5, »D Demand 23 DO T
»5EAD (Pid, Op, Demand) O (. —R
EER) REEAHT.

4. B ¥ AT — 7D status % OrderWait 12
EEST L. H/,—No—28 O (Pid, Op,
Demand) O# (F&17./ — R LIER) 254 H L,
Demand #3 DONE % 5135 ~, DO 7% 5137 ~,
NONE % 51 6 ~ 17X,

B 9% A7 — 7O status % Replay W2 H

L, ACDBEMERKT.

6. %617/ — N ® Demand # DO W Z&¥E L, %17/
— RO PdWRT e xsF—7 N (770
TRAT =7V ERESR) O# Demand % 1 #a03,

1. RO X T — TN D status BEEIR T 5.
ARRIVE BP 2> ARRIVE 2BP % 5 8~ 77
<. ZhLIsbiE 4 ~F7<,

S

TEHRAHE

NS S
S D&
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8. B/ 0% A7 —7 Lo status % ARRIVE 2 BP
WEET S, EYux 20 DpFlag 81 7% 5139
~, 075X, 20OF FIH,

9. DP v 2% DpCount # 1 L,0 o7 5
dbxRIZ¥ 7 F NV EFT S, #T Ny 70 s 5
OEIEREFET 5, 1L xS 121558,

(4)BEETE— FToOHOE

1. AMEED 3 TiiAH L72H / — K ® Demand
ZDONEWZEEL, B0 ¥ X7 — 7 VD
Demand % 13U %, # Demand %0 1= 7ciuid 2
~, 1R B o i HOBEKT.

2. HY 0¥ A7 —7V®D DpFlag # {1 %513
3, 0% 50E 4 ~97¢.,

3. DP 7u ¥ A% DpCount % L L,0 1 -7 5
dbxR ¥ 7NV RS, #T Ny 7705 L
DEFEEZEET 5, 1 LR o 135,

4. B9 X7 — 70O Demand 781 LI Fiwz 7z
5 ETRBEL, HOSEKRT.

4.4 H#F)F/\v 7 dbxR DEMER

Beck 60387 v v a7 o 3 v 7w T EDL

Tur 7 Al LTHG:, BROMEHET 2
2775 AW dbxR B U 72 B A OB B
TEGIR 8 £ 91y, K8IZDP 722 EHH L

1 dbx version 5.10 of 1/7/90 3:12 (Sequent).
2 Type help’ for help.

3 reading symbolic information ...

4

5 (dbxR) show obj all

6 Access Histories (w: writer 1. reader *: replayed $: demanded)
7 Obj-0 O:tw 1:2w 2:3w 3:1w 4:2w 5:3w 6: 1w

8 [-2000]
9 Obj-1
10 {670]
11 (dbxR) run 1000 3 5000

12 (dbxR) replay obj 0 §

13 request:demand to object:0 index:5

14 Access Histories (w: writer r: reader *: replayed $: demanded)
15 Ob-0 0:1w$ 1:2w$ 2: 3w3 3: 1w$ 4:2w$ 5: 3w$ 6 1w
16 [5000]
17 Obj-1
18 [0
19

20 ** PROC:1 WriterEntry [OBJ:0 HIST:0] **

21 ** PROC:1 Writer In [OBJ:0 HIST:0] **

2 “WFNy T TOTSLDHA

23

24 %3 Stopped by stop in block at line 485 in file "process.c”

25 %2 Stopped by stop in block at line 485 in file "process.c”

26 %1 Stopped by stop in block at line 485 in file "process.c”

27 %0 Stopped by stop in block at line 485 in file “"process.c"

28 (dbxR) show obj all

29 Access Histories (w: writer r: reader *: replayed $: demanded)
30 Obj-0 O:1w" 1:2w* 2:3w* 3:1w" 4:2w* 5: 3w* 6: 1w

31 [-1000)
32 Obj-1
33 [366]
34 (dbxRY) quit
35 Good-bye

01w 1:2w 2:3w 3:3w 41w 5:1w 62w 7:0w

0:1w 1:2w 2:3w 3:3w 41w 51w 6:2w 7: 0w

O:1w™ 1:2w* 2:3w* 3:3w 41w 5:1w 6:2w 7:0w

8 dbxR DFEFTHI 1
Fig. 8 Debugging example 1 with dbxR.
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1 dbx version 5.10 of 1/7/90 3:12 (Sequent).

2 Type 'help’ for help.

3 reading symbolic information ...

4

5 (dbxR) show obj all

6 Access Histories (w: writer r: reader *: replayed $: demanded)
7 Obj-0 O:1w 1:2w 2:3w 3:1w 4:2w 5:3w 61w

8 [-2000]

9 Obj-1 O:1w 1:2w 2:3w 3:3w 4:1w 5:1w 6:2w 7:0w
10 [670]

11 (dbxR) stop at 113

12 [1] stop at "prime.c:113

13 (dbxR) run 1000 3 5000

14 (dbxR) replay obj 0 &

16 request:demand to object:0 index:5

16 Access Histories (w: writer r: reader *:replayed $: demanded)
17 Obj-0 O: 1w$ 1:2w$ 2: 3w$ 3: 1w$ 4:2w$ 5:3w$ 6: tw
18 [5000]

19 Obj-1 01w 1:2w 2:3w 3:3w 411w 51w 6:2w 7:0w
20 [0

21

22 ** PROC:1 WriterEntry [OBJ:C HIST:0} **

23 ** PROC:1 Writer In [OBJ:0 HIST:0] **

24 " WFNy I TATSLOHED -

25

26 %1 Stopped at breakpeint 1 in work at line 113 in file "prime.c"
27 %3 Stopped by stop in WriterEntry at line 161 in file "crew.c"
28 %2 Stopped by stop in WriterEntry at line 161 in file "crew.c”
29 %0 Stopped by stop in block at line 485 in file "process.c"

30 (dbxR) show obj all

31 Access Histories (w: writer r: reader *: replayed $: demanded)
32 Obj-0  0:1w* 1:2w* 2:3w" 3: 1w$ 4: 2w$ 5:3w$ 6: 1w
33 [2000]

34 Obj-1 0:tw* 1:2w* 2:3w* 3:3w 41w 5. 1w 6:2w 7: 0w
35 [119]

36 (dbxR) quit

37 Good-bye

9 dbxR DFETH 2
Fig. 9 Debugging example 2 with dbxR.

BEOEEEERL, B9ZDP & BP 26t L%
GOEERIERL T3,

B48 @ 5 THTXFEF “(dbxR)” %, AH|F v H
dbxR O 7> 7 N ThY, “show obj all” iZ4iE
A7V x 7 NOETEHOEREI/RT S n s~
DDA NTH S, 6~101THIZ T <> FOEMFT
WRTHZ., TTTHN 1TEOEEA 7Y = 27 b (Obj-0)
DEITHEFHTH D, X7 OETEHD Pid & Op O
ERLTWDS,

HTETY9 792 run 2~y REHWT, #F
Ny 77075 AORITERREGSL T 52, DP
DEEZNTWREWLOT, FEEFHB S 2w, run
<y FOBHIE, ETERETE-NTEZ 5B EE—
TH5,1297H Treplay 2% > FE2HWT, £FHA4 7
Yx7 b Obj-0 D5FEBDT 7 A1 DP OFEE #1T
5 &, dbxRIEDP & 2:RXDP &/ — FIZETEK(E
FEKXD, “§7 =27 BN CETEREZIES
niz/—FaERRT2057TH)., EITEREE 252
SNIET Ny TS AFEERREEBL, DPoO
IR R R, 1T %, 20%, 24~27T7HD
Ay —90, 4O 7o ANMEL LIz Z & KRR

FGHEE O v 7 2 AT 70 25 A7y 5O FEE 1597

LTw3, 29~331THCTHERL T\ 5 HER O ETR
BT, 7 BAMUCHBESR:  —FERELTL
5.

o, M8 LD/ —FizDP #%ET 2 &
EHZ, V—RI—=TFDI3THK BP #&EL Tw
5 (117H). 20k, HETIC v A 108 BP @
FELTEELQETH), che2RHELE7axR 2
ETO AR 2RBPIZBEEERDY, BT 3
(27,281TH). 2 THOETLHE P RT L1, 7
LA 1IZObj-0 D 3FHDOEZAAT 7w A 21T 5 Hi
WBPIEELTEILLTBY, Ihi2Ebabt 3
TR 2BLO IR A 3D Obj-0 KT 254
Lb, HEINTWR,

5. % =

5.1 {EROBEEL DR

Caver & ® P-sequence &Y Tk, HET— % ~D7
TAETNTCERILLT, 772X L7000
BRIFORIN % —~DDBRET — 7B TS, D
B, RITERRG & CHEETRIO 70 75 AFETH
BREE N, R vy 2840 %, £72, LeBlanc &
@ Instant Replay &2 ClZ, 77— ~O7 7 & R
, TOHET—Y DNV a VEETEL, &
T AWBEOBRET — SN~V 3 VEE RIS
28T, Rhvay 7 2EELTHWSE, Lal, B
B, IEFBEGROZWT 72 Addicst LTy, FEiEes
WETHIEIZ1T> Twknizo, Fuv X8 BP ¢
IEL T oD 7 a v A2 R ) HEET 2 #D T
LEH9,

ZHERLT, BTNy U TiE, FITEEOEREE
BEEHHHEEG R TH s 0y VS UiAD TEH
LTW3DT, #7/3y 77w A3 EEYIEER
RTHhs, 8oL, FF—% Z L CETBERESER
LTED, 2o ~OEZRAHEUINITZ 5D T,
FEATERRFC 70 2775 A0 DX 2 1870 b 7o,
% 7o, EATER EOIEIRALE DP 12, 72 70 —ER I 7 u
VADEES D L RRIEL, DPIcEE T 2 Db
B/ NMRO S LSMIFEEI TS e W L 2L
T3,

EH O HEEEE A Ay =08y & v SR
FIT Ny BRBEREL T3, ZDEETIE, L3
LB 7 a2 A DFEFTEEIET 2484 BP 28
BO7aXx RZEEL, TXTOELEN BP »SEEHNC
3T 2 D HBER/NNBE OGRS DETE T 2HE TS
22 rERLTWS, iz, WThh DA BP 255
ILLTBRI, & 2 A DET R LBER/INEDFETE
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ITEIESEHZ LR TERWI EEZHHAL TS,
OB/EIEE R WAL, M40 BP 3%k Y
— RO R LEEET HDOTC, FHEIFICTOv 2085
T BP ~NBIET 2 Z L3R T, FEL W
B, B DVIIEREBERIL L 2B IE, P-sequence
#% Instant Replay ¥ L FfRIC, BB E T/ 75 A
OFEENSEATLE S, /2, B/INROEEEITS 72
DI, Xy e—YEZEFELUCUEZEDIE Iz, &
BOEPED DH MDD 2 DT, % OE W&
BP O I EL BN o HEET2HED 2 LERDH
b, ZORDHEBCRTERET20»EHEL, #
DOHE, 7o AOETBLEL %5 ET, ET%
EBo¥ 20T, BEFICTT 7S A0 >UFIME L8
ToTnb,

BTN TR, BPRUIE2AWTHEIYEES
W, EfTRLER SRR E T 5 DP 2w 5 O T, PR
REC AT RET 22 ENRETE S, £/, DP 7
T ABWT, DP &£ 2 X DP & TOmHIE, FIT¢
NEMPWEHEEND LW, FEPARCHETE 2
728, DP 7'u ¥ A Z 5N BEFITRRETCH D, T
FZeBW T a2l AOBRIEOFEL/NS LT3 Z
EWEIRETH B,

5.2 EFEROZE

ETERICL 27005 LETADOBE L EES 2
7o, ETEGRBEEHARAAL 07T AETE,
FEITEREE 2 EAAE R VCEED T T 75 AEfTR
T 5, ETEHRPTO ET TR, BEOEMICL
N, LEF—F DT 7 AWM EETT LI,
Z DIBRE % FITRBRCHEET 2 BEVMZ o 0T v
5, RFNNy HCRETLE» S IP 7 — 27 2T
ENEEVDTC, 77X AL ADOHEFET
7 2 AR (read/write 233 1 bit) 721 ZEdk 3 5.
o THETF—I~O1HEO7 7AW T, 5k
TET—IREIF 1IN MVEECIIZoN T, %
7z, HIEiCHbNTe k9T, FEITESOERKEEY o v
JEHHRH A Z Lic kY, ETERKR vy
T LAOEEERE DTV, & o, ERIRSHEIFE
EOTFRFHE T, RETEEESSIGHE 7075
LDOETRMICE 2 28EN0.1~0 5% FRE DL
KHIZ6NTWEZENELNTVEY, 20k
W, EERT 57— AR, WHIMB L OETE— OB
W5, ERNICETEAREEMHSAATT S S
LEETEETH, THHFFCE2HENICHE LS
25, F7z, LETMEFEHE T, FEHERD HH
BT I AENBLELIEDT, S%1E, LVEAY
BIGEA7T O 77 AR LT, BETERFO S w2
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KNETICG 2B B R E R TN 5 LB b

A\

5.3 fERDIETNT /Sy H & DEEE

AT T, M6 IRLI X2, HEcEY 2
FEITHIEBELZHA CAD - EICHEEN o v 7 &4
ARL t7u2rS<psma~y R %% 5 FEP &
UCREL, R85 1708y 7 pdbx & B
UTHR LT3, IO o Elss, SROMEO
TRPTV—0 B4 N OEEEERY, BEOTN
v A OBEEICHB 2520w, BOBX 5L, BED
TNy A S DHITERE DT, EHEDT /Sy A
RELTO B Z 0 FFATRETHD, FHLw
TNy THERERFERE UK, o BARA THEES
ERART 2 DIBHE O T Ny 4 L FREO TR TIT 2
LEHEZOND,

KIS, BTNy WP FHEETRO 7075 AETIC
G258 ERT L, 23, BEETE2TbA Vv
BOT NNy BEBORGEL, K7y FEREGE
BEOTOT I AETEILKT 2, BHEOT /Ny 508
B, B0 RIARERIR Y EIiT 2D 3 DT,
a7 AR OMIE RSB EHT I N TE
5, L, HEMEEZ2EL-ZOOT, BT L cHE
DAL T U R SHEED S 5, et L TRFAN
v AT, FETENR & B CETEE 2RI 20
DB T AQFTHEEITS 12, WEDTF /Sy
W ELNRT, Fud I AVEFOWFIMEIER S Bah
Hb,

FHERFOUTIM L2 L SY 520, FITERR
PCT7T—2EIP 7 -2 DWF2HELT, DP £TD
DB R/NRLFEFETEITY Lo, BETHEE2ESR
L7:FE BEEFEREERZ T 3) 23, Ezxon
5. ZOEEFETIE, FEBAINC, DP ADEEI
DEHR/NROSSBTNTRE D, EHIw FEETS
AL 2 B,

AFiEEEHEFEIZRE, DP AOBEIC LB/
PR, BLO, FiELE 7 0v 2 OFETIE IS
FERTHDZ ERFIET 5, 2O, AFENDP & 2
R DP OALE % HEBIARFICIRE L, 3 X DP OfiiE
PEETICEHNCRET 2D L T, ZEEFKIL,
DP, 2 X DP X U 3 2k DP A7 % T B GE  k
ETIHESSH B, L oT, KFHELEFFETIE,
HEE LD 3 R DP OMNESRL 25808 H 5, %
7o, ARFRN, EREFRICHTCHEROILYIMME
BhiABNH 5, = DORb I, BITFERE PC
7= DIRFICE B 70 7T KEITADEE R HIRE L
Twd, KFEEROIFICEREFDO 70 279 2000
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