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(Human multitasking)

HIAHE, ZONTFEASS

trm.c — abstract-machine I =R EIRRE

R EHE BEXPO AW EE BE O THEFK )
BREER C trm.c X  C x86-gemu.h C x86.h v & M -

v ABSTRACT-MACHINE am > src > x86 > gemu > C trm.c > @ _start_c(char *)

- C am.h : " "
ﬁ%g% e ; #include '"x86-—qgemu.h
vosre 3 Area heap = {};
2 LS 4 int __am_ncpu = 0;
> mips
R{EER L\‘IL\\! ﬁl> > native ° , _
5 platform 3 int main(const char *args); i, .
0 : —
o i::;v 8 static void call_main(const char xargs) { 7k iE E _/l\ 1 Q&’ ) E/\J Eb 4%
. N— 9 halt(main(args)); x E - E
v gemu 19 }
Eﬁ v boot 11
S = bootblock.o 12 void _start_c(char xargs) {
genboot.py 13 if (boot_record()->is_ap) {
- main.c 14 __am_othercpu_entry();
M Makefile 15 } else [{ ? R/ / = Rava
start.S 16 __am_bootcpu_init(); . y 1} $1 % &E I—I \
C cte.c 17 stack_switch_call(stack_top(&CPU->stack jj l_ — Jl_)
~ ioe.c M 18 ﬂ
C mpe.c 19 }
start32.S pl)
start64.S 21 void __am_bootcpu_init() {
trap32.S 22 heap = __am_heap_init();
250 AE#EE, C&IE 277 88 (R {rap64.S 23 —am_lapic_init(); F -t b " " n
2 Zan_iospic_init(); dCl dDOUL Nnuman muititaskKing
- vmece o 25 am_percpu_init(); .
-~ a3l —am_ L
= o y | C x86-gemu.h 26 }
C x86.
M Makizuz 27
S 28 void __am_percpu_init() {
S s 29 __am_percpu_initgdt();
p— 30 __am_percpu_initlapic(); I u u
e > |n 2008, It was estimated that
.gitignore 32 } ,
fi LICENSE 33 . . .
| M Makefile 34 void putch(char ch) {
@ T Rtroytayel $650 billion a year is wasted in
36 outb(COM1, ch);
X éjaﬁj > KH 37 } |
, > HiEgs
— | - — O US businesses due to

multitasking.



https://en.wikipedia.org/wiki/Human_multitasking
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42 Years of Processor Data Hennessy/Pattarson

“A New Golden Age”

H. Sutter
“Free Lunch is Over”

“First Reconflgurable Wave”
Adaptive ), Elixent, Tr nd,
l‘.‘.ur;)f‘u' s, Chameleon S-, stems,

Quicksilver Technology, M Singlo-Thread

- T —RER BRI RANRAENHE, S
2ER—E, (BRBEAMLYFE, REEE
| : (M) EAR FRIFEAE, SMCESRZONEEERS
Tl . Tpicl Powe BT ROMIET, MEMERFELE, Q6.

(Watts)
‘ T BB, EEATIHE!
*

Logical Cores

PPN
‘ ® @ GO G SN NS ¢ ¢

““_ﬂ_
1970 1980 1990 2000 2010 2020

Hennessy and Patterson, Turing Lecture 2018, overlaid over “42 Years of Processors Data”
https://www.karlrupp.net/2018/02/42-years-of-microprocessor-trend-data/; “First Wave” added by Les Wilson, Frank Schirrmeister
Original data up 1o the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2017 by K. Rupp
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e ARANE (B2z) L, EFaEENWREN, REE—XRER, AR
R BEIRERIT S, MEELERFREREIR, 1IRREFTEREAEIR !

Speedup

User code

Traditional e CPU

Uniprocessor | )
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s MRZODHIRE LAE, WO, RAEENEAHTH, EAEEEXREIE

[EHYRAER?  Unfortunately, not so simple...

¥/ School

' |

' |

: |
Speedup : 3.6X i
: l
' |
' |
|

User code

crul B [crulE cpulH(cpulBcrulB[cru

|||||||||| u | ] J — - py=
MUltlprOceSSOr E[CPU]E[CPU]E 3(crulH(crulE cpulH(cpulB|crulB|cru
S - S5 b b Y Y
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Tt ABRNBE—MBER ARSI

e Amdahl’s Law:

1-thread execution time

» BATEXFHITINELE: speedup =

n-thread execution time

> LR AT AR ATICRIEE B D BILEHIAp, iz A rIAHITHRIER D 9] —
CE: NEMEZEEAE R UHATH, WREFHE ﬁu):ﬁ@ﬁﬁlﬂ’]lﬁﬁ'}niﬁb{#ﬁ{t)

> BAFEBRTHITRITANGER F, ZRIILELE (BEEFERETHMITR) A



oy BEERHS TIEF M
.I$Scﬁoofon igent So e i [ “I

AMTLAENNZE—THRIERFIRFEN?

|
e« Amdahl’s Law: Speedp — —p_ ~__Parallel fraction
Sequential fraction T umber of threads

- EMEERMRSHICPU, BRTFALFTHNBALS, BRAETMME

o TSoin b, BREEASa#AMLT, HbtlParallel Max|a)gi:

- HENTERERRANNT, TEER: FNHTTE, ETHR0itE

n
> “FRERTHATIERT®RM?  (ER: WRBE“—R"H5HIE, 3@@%%%( 2)/|\}M‘_I5ﬁ7f 17! )

*Turan Theorem and Alternation technique in Combinatorics



e % $A1’—“F'EI$ %Bn: ‘ ‘ I
& st "

J'JI'I'/A?*ZII]ET' —MRIERFIRFXN?
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I I

l .
Speedup : 36X i
’ :
I I
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User code

Multiprocessor 3 (cry)B[cry) {croHerolE {eru
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> ARNERIERFRIIZOZ—

- BRIERZNRZSNEERLSM (WHEIIR. IR, XERALGM) £
1SS REIRR FRIAIAE

> ARNRZSITAEZIREB THRIERFINITHZ KM EBNRIRRRS =,
o« FYMNIGXMRERER TR EAMIE BERM
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HARNERBAEZIE (Thread)

° 'H_/A;/TEE2£$E : /\EW@E/‘]}R?T;IIL

BEEMHS TIEF e ‘ ‘ |

> HAMIAU EFXOMEmR, XEZRE=E. HTE

Per-Thread State Per-Thread State
Thread Control Block Thread Control Block

(TCB) (TCB) SLRMERRER

Po Point Y AT AL, 1R
{E R4 DARBET I
7. BfE. e
ITE.

Shared state

AY|

5 7 54z, AR
AR 5 Z TR
1T, AEtIA
A ERIAIT, X
THREFTA]E
B2 EEAR!

(]
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s MWIRSHNAEXRE, ZTEIEMZESTHEZERFRVRES

> RS AGIECIENZNAS, RSEIBAARRMMERIRE—TSIENT

Thread 1

Thread 2
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« MIKSHRIAERE,

TEHIEMZE S T HZERFRVRE,

W

> IBRESNEIZCIENZNAT, IRSEIBAERSRMERRIF—1TSEIENIT—D

Choose a thread, say, $,, to step

Per-thread
1 St at e n

Per-thread '~ Per-thread
“Statell ﬁ

Per-thread
| “Statell

EREENZE: BAXERthread, A1T—Fs, — 5, AMXMTMIASEMN ATRERFE

HEIRS, BELCRTEEINT SR T thread BFPRSSs; — 57, XEMMLAFAAE
Mt ATET, thread| FEBE XN KE”, MEEAIENER FRETHE!




Ly ik $A1¢'51$£%|375
g Schoo [f [Tg ftw c(iEg ring

AI]: PosixE A& FZEAP

Thread call

Fe 12

const pthread attr t * attr,
void * (*start routine) (void¥),
void * arqg)

Pthread create(pthread t * thread,

Bl — 1 & FEthread, EJELDALS (arg) &7 E (start_routine) , attr@ X1
ZizNEMY, EAIAZINULL, PIDAE pthread attr 1n1tZ*§{§|€%}]§z‘*'ﬂg = Y

RN MR

Pthread exit(void *retval)

EARBBE RGN, ARASKIMEAE, HEPthread joinE SNATBRE

retval, (£: BEMEAERIZEREL, start routineE RV &IEth R, HIfmE

Pthread_join B 2% 1R ElreturmiE ) HI(E)

Pthread join(pthread t thread,
void **retwval)

(PFEZEE 2)FFkTEthread45 R, threadiR[EIRYENF# 1K ZE retval e E R 1F

Pthread yield

EIRICPURMER (INEE&Deprecatedy, HEFF

sched_yield)

Pthread detach (pthread t thread)

{E2izthread NMEAIRVHFEjoin, BMEEHREERBAHERIE, B+

pthread_detach(pthread_self(); —> 2 B2 “fRE”
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o« GiEM—EZHYIRN. MAE. B1T. FITMERIEER

Thread Creation Scheduler Thread Exit
e.q., Pthread_create() Resumes thread e.q., Pthread_exit()
Init Deady “ " R " Finished

Threadyields
Scheduler suspends thread

e.g., Pthread_yield()

# Thread waits for event
" e.g., Pthread_join()

Event occurs \
e.q., other thread calls Pthread eX|t()

Waiting

o HBEREEEITMER, HContextt 2ECPUL, HREEANZIL L, SEELTHME

HET RN ETCBTEOS I
Aready¥|&R _ EFFRAE, I%iZ04TFF0MEN, ETCBEOSAHIFRIETFFS!

R TFFRITBHAE

\-\III \‘:;
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{51l-F

#include <pthread.h>
#include <stdio.h>
#include <stdlib.h>
#define NUMBER OF THREADS 10
void *print_hello_world(void xtid){ . _
prlntf("Her Worlde Greetings ‘from threed sd\nl, tid): ° é}ﬁ'1¢ﬂjﬁ%L i'%'j][l
pthread _exit(NULL);
1 —lpthread
int main(int argc, char xargv[]) {
pthread_t threads [NUMBER_OF_THREADS] ;
rntastatus,; 2!
for(i=@; i < NUMBER_OF THREADS; i++){
printf('"Main here. Creating thread %d\n", i);
status = pthread create(&threads[i], NULL, print_hello _world, (void *)i);
ifi (status = @)1
printf("Oops. pthread create returned error code %d\n", status);
exit(-1);

}
}

for (i=0; i < NUMBER_OF_THREADS; i++){ pthread_join(threads[i]l, NULL);}
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o FIRRERPIUAFIHRZGHRAZAMERS
> IRERGI=EHIEERIERNEEA RN IERE
» CPU EFHZEEE 7 100%

» ZiEHSC/RAITINF 2 A RERY
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GDBIifihii Z & =

« BEARm<:

» info threads: STFFBEZEE

» thread thread- id' WE‘—:‘UIDW thread-id BNZ&iE, (FEN“SHBIZ%
*D”, E-L\/{ 'fTEE |:Ilu\

» break line thread thread-id: Zf2|D N thread-id BNZ&FRROEE

linefTiglti=


https://sourceware.org/gdb/onlinedocs/gdb/Threads.html
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Heisenbug

» MAENZIZIEE (BIRIEM—1%IEHT N—F) , UAAIEE“HIB N EEHZ
BERS (BTHEARF) , sESERFRIFEEZLEIBUG, AHXEBUGHEER
M. LR (A28 —/RITEFBERE E1E)

o BEMEFANTVINOVIBEHZEUE, HeisenbugstB AZIRFIRT4, RRZAT =78k
i, XEPEFESERNIIFEZEILINRIZZEAENET:

> RFIIRK
gl EA 4SS
> ER—PULERR
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R 1% (atomicity)

s R — T RFIERNRFEAE— T ERE"ES"NER LI ERKAZIERISLH
HZ T Ef D HR, —iki, EREMITEE:

> [All or nothing]: — N RFIHERIFRA Tﬁﬂ”fﬁ¢§%5$$—}Ri\§Biﬂ?ﬁ%Eﬁ,
BA—REAME, ARINFAEREFES

> [Isolation] — N RFIERREAZELZSNFEASREMIRIETIN! EAnpR
BRTRXITHEZEZENRFBAEXTRFERIEZA, BAEEZEF!
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R 1% (atomicity)

o ARMMEMNIEHE AR ] A4 2L 75 LA T AT HEAER FRY!

o FTHNBERESZ/D?

#define N 100000000
#define NUMBER_OF_THREADS 2

long sum = 0;

void *T_sum(void* nothing) {

for inE H =0 1 <N ) MOV GesUm, | cnax
Sum++; e add l - %raX
s ey e s SeLm

}

int main() {

pthread_t threads [NUMBER_OF THREADS];
pthread_create(&threads[0], NULL, T _sum, NULL);
pthread_create(&threads[1], NULL, T_sum, NULL);
for (int i=@; i < NUMBER_OF THREADS; i++){ pthread join(threads[i], NULL);}

printf("sum
printf (" 2xn

Sld\n . sum):
slavns, 2L % N):
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[RFIERKIER

Thread 1

Thread 2

mov Ssum, 3%rax
add 1, %rax

mov %$rax, S$Ssum

mov S$Ssum, $%$rax
add 1, %rax

mov %rax, S$sum

=] =

[All or nothing]iE &

Thread 1 Thread 2

mov S$sum, $%rax

$rax

mov S$sum,

add 1, S%rax

add 1, Srax

mov $%$rax, Ssum

mov $%$rax, S$Ssum

Sum ,E'\;:I\:i%hm
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R 1% (atomicity)

EM{ERA T Lsum++Z R — T “B N IER"ERIBIANXT !

#define N 100000000
#define NUMBER OF THREADS 2

long sum = 0;

void *T_sum(voidx nothing) {
faro(int i =0 1 < Ger)al
asm volatile(“incg %0": “+m" (sum));
+

¥

int main() &

npthread _t threads [NUMBER _OF THREADS];
othread_create(&threads[0], NULL, T_sum, NULL);
othread_create(&threads[1], NULL, T_sum, NULL);

for (int i=@; i < NUMBER_OF THREADS; i++){ pthread_join(threads([i], NULL);}

printf("sum
PLRIRETEY 2%n

Sld\n", sum}:
SldNny 21 & N
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Isolation]i5#

Thread 2

=% [E—"\data (data race)

= incq sum A EERE—TEHIZHLMIXTIES,

(B (EEWNE Ethread 1351tk

58) B—TEHRENHIXTIES, &
RS ESumBIE INAFT |
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[RFIERITRK
4N :

o« [RFIERITRIKR

> BNIRER S AT

- SIEEEITHRIEEMR AR, tIIREIZ—1%iz1T([All or nothing] o/ A{RIL)

> SRR Z AT

- HREBRAFMEHTHITE ([All or nothing]F[Isolate]EP I E{RIE)

—

+ 1960s, AXFHREHZENFLIXUEREFE (EF)

o BJLFFREMIEZEER, EZ Dekker's Algorithm, FREERIFF N EIENE K



https://en.wikipedia.org/wiki/Dekker%27s_algorithm
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» ERHIRFIEEAFEANEET

> |lock(&lk)

> unlock(&lk)
- SLIIEFRX (critical section) Z [B)RY4EXT B 171

- FERFRBEMER DU R AFITINT

> tbIh, RIERGFERHIP—1“F&7BAFI, worker thread & #FEPAFI R HIE
ANIEFRX !
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InE1%E (In-order)

525 1% -

> RERETREREEERINFRIT!

o« 7AM, REALINEX, EXEIESREBINFAITHAEE!

> EiREEFi e @dreorder instructionsE L FEF !

> XEMWERSZRE METRENR, B—BEr25fz, RESEEME S
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BE1E (In-order) £k

o« YIRFTH O1 RIN?

#define N 100000000
#define NUMBER_OF_THREADS 2

long sum = 0;

2 LH 4 = = -
void *T_sum(void* nothing) { su%;;.__.f}EH\, EEBINEXET
fer Cinte i =071 < [N g84 )] P,
Sum++;
}
}

int main() {

opthread _t threads [NUMBER OF THREADS];

pthread_create(&threads[@], NULL, T_sum, NULL);
othread_create(&threads[1], NULL, T_sum, NULL);

for (int i=0; i < NUMBER_OF_THREADS; i++){ pthread _join(threads[i], NULL);}

printf("sum
printf("2xn

S ldA\nit, sum);
ssld\np 2L & N
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BE1E (In-order) £k

Unfortunately, not so simple...

o WNEEFITFH 02 FEIN? ERIFEEITHI? [Isolation]i®2EEH, REX
THIRAZREMATE!

#define N 100000000
#define NUMBER_OF_THREADS 2

long sum = 0;

e ] ﬁ N N
void *T_sum(void* nothing) { T#ftftjgsun1+:=100000000
For lint A =01 <N dtg)d B
Sum-++;
}

}

int main() {

opthread _t threads [NUMBER OF THREADS];

othread_create(&threads[0], NULL, T_sum, NULL);
othread_create(&threads[1], NULL, T_sum, NULL);

for (int i=@; i < NUMBER_OF THREADS; i++){ pthread_join(threads([i], NULL);}

printf("sum
printf("2xn

S ldA\nit, sum);
sldNnf o 21 & N
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BE1E (In-order) £k

s BRE—TEENGF, -O2(i1

bool done = false;
void *T_loop(void* nothing) {
} while (!done); ) WML RT if (!done) while (1);
void *T_setbool(void* nothing) {

done = true;
i

int main() {
pthread_t threads[2];
pthread_create(&threads[0], NULL, T_loop, NULL);
pthread create(&threadsii], NULL, T setbool, NUEL};
for (int i=0; i < 2; i++){ pthread join(threads[i], NULL);}
printf("main stop");
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=R AT

o HiE1 IERERIHA “MMICABESZEL” BY barrier

> asm volatile ( memory");

- Barrier W X5k miFaaXE “FILOUEE{ERNEFE”

o 752 {ERvolatileZ=, nicEE Xload/store JAFILAL

> bool volatile flag;

SR, XEMILERIEATURNEFERL R, X NRNBRARE: i
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"NF—EERES

o MALEREFEITIEEFNIT (RiFFSRKRENITIETDITEL, LIS
AEENIERFINHITELFRIT) .

> LU FERIERIATFEIES (Wlcache miss) , MR BARIRAE B4
HIEIWIT, MMIREIAFRIEAIITIE!

o RAMXMELF=SFEZ T UERERA—ERIEFINF !

« RF—HIEMREL (Memory Consistency Model, EFRATFRE) BRIAE X
T AEIZONTFREERNFIREEEEREINF.



https://research.swtch.com/mm

W) EESSIE %IZ Hl

lIIﬁF' ZNYEFERY (Sequential Consistency)

[ —EUEAR B A 7 DA M RIE:

> B7%, MEROERIRThFR —%Y,
> HX, T™= RN TS Hiz

Thread 1 Thread 2 Thread 3 Thread 4

AIVER— MBS E REGEE— MR RRAERENGE R, B

/)ir

SR — TR —BERAYTA IR AERIIN
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> B ZRAE, SiE1E

0]

LR e =0 Oy = ()

void T1() {
e s [l
. SYRnC synchronizel):
DrEnGiiasdil )

s

void T20) 4
VAT BT B el o
sync synchronize():
PEINERL Sl v

I3

J

EURE N NENRERR LN 1ZET A7

T1 (), Z4iz28

5 — 24 4&E R (Sequential Consistency)
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5 — 24 4&E R (Sequential Consistency)

S IR 25 _
EJ_J“')\}_% EJ_J“')\}_‘_FV_ PN E.l”lﬁr%_

<
[l
=

<
1
=

FTEN KA TR FTENHRA TR ——
0, 1 1, O
’ ’ 1, 1

ATREFTENH 3k 0, 0 137 @
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lIIﬁF' NSRS (Sequential Consistency)

+ AMBXLZE:

lubuntu@primary:~/Home/0SCodeShow/third/automatic/mem-model$ ./mem-model | head -n 100000 | sort | uniq -cC
16798 0 0
65322 Oi ]
17878 1 0

72 al gl

« T7A, x86RFIHICPUAZFFSequential Consistency!

« B |, BEIMHELBEREHE ZIFSequential ConsistencyfJCPUT (Dual 386, MIPS
R10000E &2 #08X 1)

« E7F5FSequential ConsistencyfxZefy #1148 F ETHIEZ !
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TSO(Total Store Ordering) 1= HY

e 0, O EBEAIFEIN?

£y 52

— y = 1
L SR BHIAT2R KR x, RSy, ENTFHE2
; ME, HEANTSy, ABBE (RAXME
x =1 : A EERTTEL 7, BN ELRFAAINEAE
¥ =, XAy RGEERY) , EERE—
T =y | 'l' #HELFRIT
FTENH SRR AT BER

0O, O
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. TSO —EMEESAI, BRI AR B TARBE . 25", “55"
BIEZ BN BRANIRE, EMBIESE NSRBI RIRE (X863H5H0M

EMvIAY =1
2 IX TR EY)
Thread 1 Thread 2 Thread 3 Thread 4

il i L - ) S i S il o

! ] g 4 ! | b

< [} 3 3 ) h 4 |
4 I 3

— T LERTLEHMLERERNFEIEHCHNE! B, “Bi"E/BA—! BTG ERIX B NS REEIRXZNZFNINEF Z—28Y
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B A FIE R (Relaxed Memory Model)

o« AMRULERIAEIE B IR A FIR(EZ EINE, tBEhsE, &5, 5§
125 E 5 #5R1F 2 B1ER rI BARL = B r] IL(ArmAIRISC-VRYAFAREY) ,

Thread 1

W, 1w




1] BEEHS TiE=be
¥ School qf ﬂnwlfigent Software and Engineering ‘ ‘ I

T A ZFIE R (Relaxed Memory Model)

» MERMTR F—METHRZEANFHEELENH . M TFEEMNNZIZED 5liathread_AS
thread_BfUIBER, RIFEFTETHIE, BREIINclagKBARKETIRESTME. A
m, ERMLNEFRET, AlgEsttE (EEZERINFEA—E) , TSORE NZ1EiRAY.

#define NOT_READY 0;
#define READY 1;

int data = 0;

int flag = NOT_READY;

void thread A(void){

data = 123; BIANFRET, EEIFH, FZ2FEAEHRFREFE(__sync_synchronize()
flag = READY;

}

void thread B(void)

{

while ( flag !'= READY) :
handle(data);
F
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