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AREEEE ] HAR:

o oo BB AR FFAIATRE Y X

o *xx B Python 2 Z&ARAYHAS TR AV BEHL AT
o oo BURELTAHACHE AT HAT OB T4

11 JRRAVEAT

4.1.1  FEARHE

MR ERG Y, HK (Concurrency) @& FHARE 7 B PERPHEA R EEF B, — M RRE
FP A2 AMESFAE R ERINEDE, A ZORENTEW N EEERNIT. FEXSE, TR
ZE] T 47 (Parallelism),

o JFkR: ZAMESAERE AT, SRR 4
o JHT: MBS A0 BRI AT, SRIERE (R HE

Tk / ks
> I 1]
£% 1| 115 2| [fE5 1| [{E5 2
IRFVEZ
> I ]
Core 1 1145 1
Core 2 114 2

Bl 4.1 H 2 SHATH R BRE

I LR, AT b, SRR R AT DB AL H e ey S B A R, A
PIHEPAT; MAEZ AL L, Z2DEBARREIEFENBIT. AT AEBURIH LM —FRrAE .
4.1.2  Bynicsa S Ir ki 4

H R KA T IRUEAT S5 AEAL R U AR i DR IE R . 52, M AT 55 Z A1 EA TR Ul 46
I, REFP IR AARATEE A AR T BRI . 42T 55 LR/ — s, I L2 —MES5



XHZEAE AT E BN, W07 A TR AR AR S AR R B BRAL L, AR 4T 55 DI T v i
FHEARRRATEER, MBI A8
| # 2REFEE, FIHRESHW B K
2 def task():
global counter
4 for _ in range(N):
#%5—%: NEZLE counter PEELYFE

6 tmp = counter

8 # WA EREES WS, F—MESTREEZREMFEN counter

9

10 #HE Y ETHEATHEHEH

11 counter = tmp + 1

12 # “E-R-E ABRAERTRE, THREREHREZL

R 4.1 Bt

R L] i T MR 3 R RO R [ R TS 1 540 2 BT
BREL, I RGAE TR P T R R R . BRI, 2B & counter R — P AJRILEANE,
% 1 54155 2 FM HIF TG HEAE. — KA RR B INETEE LB =205 30y
BIME . HTIRETARE. FERER AR, BT — 58357 R IREFEE, REnTHE
RPN IRZ Y EFE A TIAE 55

BN, {E55 1 52T counter WU MK 5 B B ERS U , (£55 2 ] GESEHCEN A R 9 IHME
HoE WG mEAE, FETS VIREPITH SR HTREE, NIME RS 2 W XRhH AT 5 U
AT S BOEHERNIG, [FRH AR R B B S n 8. Ht, ZoRpliE RN 43tk
1155 Z AAFAE R Z IR S0 ARS8 7 B A S5 RO T AR BT, A M BEIA R AT M1
T Tk

i [, for FEFRIAM YR E & FFh—%& counter += 1, IAATEAEMR RS . Anftiy [1.9
IFEWEITR, REAERZRW R 555" =498 H, LOAD_GLOBAL counter Xf “i%”
${E, BINARY_ADD 52Ji “#” #:fE, i STORE_GLOBAL counter NIX{N “E” #E. HTiXx =BT
FEETIAT, eI LI N o] BER LM R REF TWT, ATTS | & B5d 4 1)

1 0 LOAD_GLOBAL 0 (range) # LB L FHELE range

2 2 LOAD_CONST 1 (10000) # HE 10000 \Fk

3 4 CALL_FUNCTION 1 # Y8 range(10000)

| 6 GET_ITER # REERE

8 FOR_ITER 6 (to 22) # for HHER, BT —JnEk; R EIFN B4 E 22

6 10 STORE_FAST o # BUMAREFANRTLE _

8 12 LOAD_GLOBAL 1 (counter) # [E] £BMALREE counter By YH{E
0 14 LOAD_CONST 2 (1) #HE 1K
10 16 BINARY_ADD # (&)Y $#AT counter + 1

11 18 STORE_GLOBAL 1 (counter) # [E] B4 EEE counter
12

13 20 JUMP_ABSOLUTE 4 (to 8) # Bk 18I 4
14 22 LOAD_CONST 0 (None) # Ju# None

15 24 RETURN_VALUE # R

U 4.2: task ERELN for AN counter += 1 JGIHFITE



N T LAWK, R AU I S Uy AT A, PR R B Bt (Lock)
SF 1AL o B R S DX AT TE) HEA P 152 3 X L SR PR DT AR, ARUEAT BN 2 A — T 55
BB AT S I T ARSI R, A B S Bt s i R A o e AR UL R B, 350485 counter [
“PE-TT AREMUABIRY, RV EAUN — SRR HIR R TR XA, TRIR ARG AR S 1
SRS 2 ZIAPHe, A B Z R, R AR A G R A PO T F AR i TR B -

4.1.3  Biaiomi 5 Ir ok

RBAHAA PUZ T KA IRV, BRI E TR P BB A AT TR SRR . 24— T3
WA PR — U T BT — 2P SR, R A2 E AU AT, AR & IR Rz,
A ITEL IR Z MM E ST, WA PAZ e I A7 0T

i [ i e R R R R A SR ) . RSB, SRR (A O
BRI E result, HHMFHEMMS T AT B R ARG RIS OB A IR R A2 ) T
PANE S IAT, DA B AT A A5 WRF RIS 4 SR A IR 1

1 | def dot_product(a, b):
result = 0
3 for i in range(len(a)):
4 # result MYRERB T —RBERWITHER
result += al[i] * b[il

6 return result
RS 4.3: SRS EATAEER R X &

M2 F, (U1 fd FORmZC SRR, P A TC R BT . 7E%SB, R
ZIAFAEILZ A AORES, MAFEAERS IR AR HORT . I, AR AR IR AR R AR — NS Y
1155, WTLATEZ AL SRAS FHATIET .

1 def vector_multiply(a, b):
result = [0] * len(a)
3 for i in range(len(a)):
1 # FAMLE W EURE ali] fr b[4]
result[i] = al[i] * b[i]

6 return result
b 4.4: FITRMAR B
RRF R, AT KR ATE T GRS RN, MR T R B AR TH R R K
e IR SRS ARSI S R, VR RN I B ] AR S A A L e AT IE
K.



4.2 Python gk ALl
TEIFBRT AT, BOLMIT T RIER . A, Python tRBIS, KL XA MAE L.

~N

( HR ) PVM
& &
[ PR I Y I e ] [ e I Y I e ]

Bl 4.2: JERE . AR IMRIY)Z R RN K

o MR (Process) 2 A RGEIAT R IR FEANVA BE R A BRLAE o N[ HERR 22 [0 90 A e Sr i i ik 225 1)
LR e, AT AR A LS (IPC) . fER WSEBl, —A> PVM {EfERARMRIE RS
PEREAE AR B I,

o &f (Thread) ZEHEMNIHATHIC, RERMERGEREWEARIITEAE . [H—U 2Lt
LA S AR B, (B4 B PA AL T B 30, SRR R ARSI, LA E AR T
RN, (AT A BRI 5 5 R e 4

o Bpf (Coroutine) 2—Fuzf el FASHREHRIITHIC, MAEF RS HIRE S Pl
AR ERF AR, QUERDIHOT AR, BRI RIS .

TR ES 4 Python W WL IF BALE] , F45 G Has AT mHRe IR I B AT S Fr I H P i H 37 5

4.2.1 L5

Z SR ] — R A QT 2 N PMITARSR LI K . Irf A L fm] — bk 2s(a], Rt =
BNTTAE, AR Ty 5| A S5 )L

o P s T B P AR AR (R AT S task RN LI R, W
GERBEFTEUNT 2N AR BUNT 2N oL, R th T se 4 520
1  import threading
% # task: MIZLE counter PATE R

i1 tl = threading.Thread(target=task) # €& % | &#%
5 t2 = threading.Thread(target=task) # f|Z % — /| &%

7 tl.start() # B L&A t1
s t2.start() # BEE &R t2

10 | tl.join()  # EHFEE t1 PATE X
1 t2.join()  # HHFAAE t2 PATS K

| # W RAER

14 print (counter)

Ui 4.5: LR RIN#HAE



Python )2 KFEHLHIFE CPython SLEL i Joyk LB EIE = L ERFFATITA, 32 28 e T4 R ke
#5451 (GIL, Global Interpreter Lock) HJfFAE. GIL &2 CPython fERERS NHRR I —Fp B JRALE], HAZL
BT AR, 22 A —MERFRREE PUT Python F-58% . (itk, Python Z &AM T 1/0
HEAULS, MMLEIETE . S5, TEX L850 F AR ATESERE 1/0 Bk PUTAL, e
TR P R A e 7 2 o

GIL 22— MR SOt BRRALE, AR E S E MBI s hileiiE . 456 w0 s Bl LR
), BIEFEAAAE GIL (IO T, 2 LA eI 8 By 30557 IR & T, M F2L
ERERGEH KA B. 78 CPython r, LAY AT RER EAEVA FIETE -

o HUT SRR Python S5 (WAL EER)
o HUTIHSERIE (10 1/0):;
o BAFHSALIIGFRIGEE, 1 tine. sleep() .

1 | def task():
global counter
for _ in range(10000):
1 tmp = counter
time.sleep(0.00001)

6 counter = tmp + 1
U 4.6: il sleep filt e AR VI

R [Ld 7EB ISR FEIAT tine.sleepO) VI, AR MR T X 1 A b counter IEHRME
SERMEY ). TE2 AR FIUT task BEH, time.sleep() 2 18Ik GIL, Milifi& LAy,
(A AT LA M T RS2 S 1 2 A AT, ST S SO 4 1 21

4.2.2 %

WETprie, RAE GIL fRIUE T [ — 200 — MR T, (FEHFARERIES FE RS 2 4
FATHE B A ERE AT XTI A R R AR R B, X AT REREZS LA [ 7 P )
RIFR MK (critical section) . #1lfi FIX R @I TATHY, WUAE AT A v mT g A e A V)
e, NI EI LS

N T X AR, Python $2{it T WA FZHLH, BN threading. Lock, HIF X5 X I TH+
PRI, AT DR G AP R AR S 1

1 | import threading
2 | lock = threading.Lock()

3 | counter = 0

5 def task():
6 global counter
for _ in range(10000) :
with lock: # Ju4lf, {Ril 37 T4

9 counter += 1

A5 4.7: ffi ] Lock £RP I =Ar &
TE_ iR

« lock = threading.Lock() AN H F41;



o with Lock: FEHEAfURBHANT (1 Zh3RICEN, 7EiR HHHREACEN;
o FERE LI — AR AT AR B, AT T I P R0 L AT
o Pk, BDREZFRKEVMS, counter += 1 (LRI, AELIEH EH I AL R,

4.2.3 Zikfe

Z IR I B 22 ST R AR R SRR R S B A thAT . B HERRAIIA LA Python fRREEAI
WAEZSE], BIORAFAE GIL BRI, RERSTEZ AZAL B S ENE RIS AR, th T aEREZ (R BRA
AN, R BRI R BB AEE . P BEE NS ERR ES (IPC) B, HITF BT
B, FEEZMEMREO. Wik, ZIRRERE T REOR, LR R CPU MRS .

1o 8 R T AR AR S IR G, B0 TR TR BT RIS . BEEE,
AT HREN) counter A RTEMARMZARIATEAAFAER), MRS S BA T . ik, R4
THRENFRIY AT T N BN, FHEREPE) counter HRFFUIIGIEAZL, mAH LR 0.

i | from multiprocessing import Process # 5 A% #riZfiik

3 N = 1000
. counter = 0 # FHAEFHLETE

¢ def task(counter):
#EE: XEH counter ENFHEHI KM AR ((HEH)
for _ in range(N):

9 counter += 1 # A YUmTHEFH AL E

11 if __name == "_main__"

12 # AlEWAEAE

13 processes = [

14 Process(target=task, args=(counter,))
15 for _ in range(2)

16 ]

18 for p in processes:

19 p-start() # BT #E (LA RIAFEZE)

21 for p in processes:

p.join()  # SfFHAEKALE

24 # FHMEPH counter RBHBHL
print("multiprocessing:", counter) # 1j%k% 0

R 4.8: ZAAR N E AT

4.2.4 B

e R — st PSRRI T, WE ISR S (W asyncio) MTTHEE. S&MEA
[m], PRI R MERR, RATE RN A (W avait) KA S RAAES UM, P, PIRRTERL
FE P AT B I A AT, (BICIE M 2 A S IE R AT 5

e L R T AT R B IR, bR TR ARSI R RIT. SRR, W
Z AL F] bk 2 (] R A E counter. TEAGIAHGEBIEIHILT, S WMFEEXS counter [ HUHH4IT



JPiAT, SREER N 2N BRI, WEPRAER AR SIA avait #24E, WA FIRE ARSI TR+ Eahik
HMIFTHL, EFARHAR A VLSTE “B -5 P9 MR S U AT, I B R AT 85951 2 e
Sidre FEXMIFOLT, 2R RERET MR B IR(EIEA T30, BB Rk, RALRTREBIA N,

1  import asyncio
2
3 [N = 1000

1 counter = 0

¢ ' async def task():

7 global counter

8 for _ in range(N):

9 tmp = counter

10 # await asyncio.sleep(0) # F ik HHATH

11 counter = tmp + 1

13 async def runner():
14 tasks = [asyncio.create_task(task()) for _ in range(2)]

15 await asyncio.gather (*tasks)

17 asyncio.run(runner()) # 3 A AT AE

18 print("asyncio:", counter)

R 4.9: PR BN #AE



4.3 AEARHACRY IR

W A HE T PAFE], 78 CPython SLElAH, ZAAhT GIL AYFRHIMEAL I H IR EIFAT
PRI, 3 5 A B 22 R R S BTV R SR, AR IR] 1 Rl S i ZAR AR () i A ML, Sl
FAR I 2R HIT A4 -

AATRE AR PRI BN 2R A (A AR s SRR e A € RMXE Rl B € RFXN,
HA C = A-B e RN g h:

K-1
Aik . Bk:j~
k=0

1t Python ', fx BRI =HIFH:

1 | def matmul(A, B, M, K, N):
C = [[0.0]*N for _ in range(M)]

for i in range(M):
i for j in range(N):
s = 0.0
6 for k in range(K):
s += A[i] [k] * B[k][j]
Clil[j]1 = s

return C

{015 4.10: Python Hi[4Feyk

4.3.1 JhFfeiksr Y

TEAEFETRIE Y, Cy BIVTERMT A, M B, (BARRRK Ciy ZIBEMH B FHX R, AT
PARFRERER 23R T 5 (block), FF AB BAAZHEAT VAR, AT B v £t oy it B8 9047k
BRI, FREEE SN 5, REReE ] DA R Bz 53

Cl(;)lock Z A(block) B(block .

Her, 84 C W TH il ATHR S5 B A Z AT HAR R A2, 1= BRI BT T 5E B

A B C=AB

aii a1 ais Q14 b11 b1 bis b1a C11 C12 C13 C14
Ay Aqg B — 55 1 4—115% 2—

a2 Q22 Q23 Q24 bo1 boo bos boa C21 Ca2 C23 Ca4

>< =

a3 a32 @33 a34 b31 b32 b33 b34 C31 C32 C33 C34
By — 155 3—— 1155 4—

aq1 Q42 Q43 Q44 ba1 bao bss baa C41 C42 C43 C44

Kl 4.3: BRI

i [LAFR, MR C AU TH, 44 THT DA, TSI . g Tk
XCRJ LA A AT B, BT S 1 MV Cu 2P B 4l Ay B f1 AeBay, TEW
JEAEER U R ITEF A S SRS ZU ) Jr s BT T R R, S R 3640 R B A
HFHAL.



4.3.2 srY bk C 9

g th— A/ B TR C B PR IRE S, A OpenMP Xt4MN2EIA#ET 2 LRI 71T
B N BBz E . OpenMP (Open Multi-Processing) s&—FfhfE C/C++ HsLil 2 L4711
FRPRE, T R R TR S RE R, BT DAL RIS A E 2 A LRI it T, $25 CPU
ZRA %,

1

)

3

#include <stddef.h>
#include <omp.h>

/7 G Ve 3

/7 A MxK JE[E

// B: KxN 4%

// C: MxN 4 [%

/7 ATt

// M, K, N: JETESE

// BS: ¥ K/ (Block Size)

void matmul_blocked(const double* A, const double* B, doublex C,

int M, int K, int N, int BS) {

omp_set_num_threads(4); // F3j#¥% & F L LEH

#pragma omp parallel for collaps
/7w C OBk (M)
for (int ii = 0; ii < M; ii += B
for (int jj = 0; jj < N; jj
for (int kk = 0; kk < K;

/7 AEAR (B B R
int i_max = (ii + BS
int j_max = (jj + BS
int k_max = (kk + BS

for (int i = ii; i <
for (int j = jj;
double sum =
for (int k =
sum += A

}
CLi*N + j] =

e(2) schedule(static)

$) { VT S
+=BS) { // #|#
kk += BS) { // E i EH

)

< M) ?ii + BS : M;
<N) ? jj +BS:N;
< K) ? kk + BS : K;

i_max; i++) {

j < j_max; j++) {
CLixN + j1;

kk; k < k_max; k++) {
[i*K + k] * B[k*N + jI;

sum;

KA 4.11: C 4B pEafes:

R, OpenMP EAH) & XUNF :

+ omp_set_num_threads(n): FEMHHFohig e LAfEE. WA

ﬁ

E28:

=N
A

OMP_NUM_THREADS %



#, A export OMP_NUM_THREADS=4. HRAWEIFTR, OpenMP 2 [l RGEHINHLAR
B, R CPU R PR A% DAL

. #pragma omp parallel for: FimBHIIFHIIREE ML LBIIFINGT, B MRRBMATRIRM 5
Ih AL

e collapse(2): KFSMEFIRIEER (I ii Al jj Felmyfs/FITHIBER) SIEBIIEF, PAIEL
T AL S, R B B

+ schedule(static): ik LRI I THI N B & 20, IE ArAs Uik (UREHIEROBL, 140
HEE A e et

i LRI, 75947 IF ~fopenmp 57

1 | clang -03 -shared -fPIC -fopenmp $1 -o $2

4.3.3  MEREXTEE LS

TR UAIAE Python M ZH C 155 L H R A H 7 B Ab B4 e v R 2L matmul_blocked, Kf
NumPy i AL A4S o BB T PE RT3, JFRF4S SR ag M 3] Python, SZEGH, FRATNF L T = FhsZ 8l
HPERE :

o 4fi Python SEEL: B i EMEI T EA R, BN

o AH C RIS + OpenMP 47 FIHFATZ BiSLBLAY matmul _blocked PR, it OpenMP

FATIRINZEER, LB 2 LA .

o NumPy 4[4y (BLAS ) : M NumPy MR REEME (261 mksE BLAS), /EhS%,

i IS ] DA EDUHB A [ SEBLAY PR REZE 57, AN S8 At 70 R RS i M1 22 R R IR AR -

1M, K, N =256, 256, 256
> BS = 64

7 A_np = np.random.rand(M, K).astype(np.float64)

s |B_np = np.random.rand(K, N).astype(np.float64)

9 | C_np = np.zeros((M, N), dtype=np.float64)

11 | # Python list

12 A_py
13 B_py = B_np.tolist()

A_np.tolist()

185 def matmul(A, B, M, K, N):

19 C = [[0.0] * N for _ in range(M)]
20 for i in range(M):

21 for j in range(N):

s = 0.0

10



39

10

41

for k in range(K):
s += A[i] [k] * B[k][j]
Clil[j]1 = s
return C
start = time.time()
C_py = matmul(A_py, B_py, M, K, N)

t_naive = time.time() - start

print (f"Python time: {t_naive:.3f}s")

# ______________________________________________________
# 2. native blocked (C + OpenMP)

# ______________________________________________________

1lib = ctypes.CDLL("./libmatmul.so")

lib.matmul_blocked.argtypes = [
ctypes.POINTER(ctypes.c_double), # 4
ctypes.POINTER(ctypes.c_double), # B
ctypes.POINTER(ctypes.c_double), # C
ctypes.c_int, # M
ctypes.c_int, # K
ctypes.c_int, # N
ctypes.c_int, # BS

start = time.time()

lib.matmul_blocked(
A_np.ctypes.data_as(ctypes.POINTER(ctypes.c_double)),
B_np.ctypes.data_as(ctypes.POINTER(ctypes.c_double)),
C_np.ctypes.data_as(ctypes.POINTER(ctypes.c_double)),

M, X, N, BS,
)
t_native = time.time() - start
print (£"Blocked C (OpenMP): {t_native:.3f}s")
N (. N
# 3. NumPy (BLAS)
R A

start = time.time()
C_ref = A_np @ B_np
t_numpy = time.time() - start

print (£"NumPy (BLAS): {t_numpy:.3f}s")

A 4.12: Python I A</ BAR ek

KRR BHATF

#: python bench-matmul.py
Python time: 1.331s
Blocked C (OpenMP): 0.005s
NumPy (BLAS): 0.008s

XA 4.13: Python i i A</ BRAL ek

11
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1) #XPEEERIEEE, AT ARSHBUE TRICRCR, I Bai e,
o ZFRRL

o FEFERURL
o rHLRN

2) FXEANEE, SCHUEET OpenMP FATLIRAS, Bkt B IEGTE, FITPAIERER TR .
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