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float z[1000];

sum = 0.0;
for (1= 0;1<1000; I++)
sum += z[i];
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Example

Cache Location
Memory Index || Fully Assoc | Direct Mapped | 2-way
0 0,1,2,0r3 0 Oorl
1 0,1,2,0r3 ] 2or3
2 0,1,2,0r3 2 Oorl
3 0,1,2,0r3 3 2or3
4 0,1,2,0r3 0 Oorl
3 0,1,2,0r3 ] 2or3
6 0,1,2,0r3 2 Oorl
7 0,1,2,0r3 3 2or3
8 0,1,2,0r3 0 Oorl
9 0,1,2,0r3 1 2or3
10 0,1,2,0r3 2 Oorl
11 0,1,2,0r3 3 2or3
12 0,1,2,0r3 0 Oorl
13 0,1,2,0r3 ] 2or3
14 0,1,2,0r3 2 Oorl
15 0,1,2,0r3 3 2or3

Table 2.1: Assighments of a 16-line
main memory to a 4-line cache
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IR

double A[MAX |[MAX]., x[MAX], v[MAX];

/¥ Initialize A and x, assign y = 0 =%/

/¥ First pair of loops =/
for (i = 0; 1 < MAX: i+4+)
for (7 = 0: 7 < MAX: J++)
y[i] += A[1][3]*x[]]:

L. Cache Line Elements of A

f Assign vy = 0 %/ 0 A[0][0] [ A[O][1] | A[O][2]
. I A[1]1[0] | A[1II1] |A[1][2]
/+ Second pair of loops =/ 2 A[2][0] | A[2][1] | A[2][2]
for (7 = 0; j < MAX: j++) 3 A[3][0] | A[31[1] | A[3][2]

for (1 = 0; i < MAX: 1i+4+)
y[i] += A[L1][3]*x[71]:
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program A

program B

(Virtual memory )

main memory

program C
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| W

Virtual Address
Virtual Page Number Byte Offset
3130 - (I3 1211 10| --- |1
10 -] 1|1 010 -1

Table 2.2: Virtual Address Divided into
Virtual Page Number and Byte Offset
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_Mﬂ:ﬁ(lnstruction Level Parallelism ,ILP)
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7K £R 451 F

VF . %79.87 X 1045 6.54 X 103 [

Time Operation Operand 1 | Operand 2 Result
] Fetch operands 0.87 x 107 | 6.54 x 10°
2 || Compare exponents || 9.87 x 10% | 6.54 x 10°
3 || Shift one operand || 9.87 x 10* | 0.654 x 10*
4 Add 0.87 x 10* | 0.654 x 107 | 10.524 x 10*
5 || Normalize result 0.87 x 107 | 0.654 x 107 | 1.0524 x 10°
6 || Round result 0.87 x 107 | 0.654 % 107 | 1.05 x 10’
7 || Store result 9.87 x 10 | 0.654 x 10* | 1.05 x 10°
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7K 22 5 1

.fnl.' +.fi = 0:; 1 < 1000; i++)
zli] = x[1] + v[1i]:

. 1Fx SRR R EZLGIFP (10-9F))
o IXAMforfEI K275 227000440

float x[1000], y[1000], z[1000];
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Time || Fetch | Compare | Shift | Add | Normalize | Round | Store

0 0

1 1 0

2 2 1 0

3 3 2 1 0

4 4 3 2 1 0

5 5 4 3 2 1 0

6 6 5 4 3 2 1 0
999 999 9938 997 | 996 995 994 993
1000 999 908 | 997 996 995 994
1001 999 | 998 997 996 995
1002 999 998 997 996
1003 999 998 997
1004 999 998
1005 999

K Sk

AR
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AN 152

CHHE AR (Multiple Issue )

BEIG, AR

THATFEFP

for (1= 0;1<1000; 1++)

P
[ D _anl

adder #1

z[3]

+ yli];
2[4]
z[2]

or—

L3>

adder #2
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AR (Multiple Issue )

» FRLK: WWHBITUER FEN LT
» FIDZR: TIRERITTEIBITIN KT
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Z=X+V;

if(z>0)
W=X;

else
W=Y,;

&

MR ARG ENE R, EOO0R
HEHITHw=y.
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| FEfEZ 2T

o FHRIER (Coarse-grained ) :
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A programmer can write code to exploit.
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| BBMAKI42 (Flynn’s Taxonomy)

(AN
e\““a
\acg\o\lo“ SISD (SIMD)
© Single instruction stream Single instruction stream
Single data stream Multiple data stream
MISD (MIMD)
Multiple instruction stream | Multiple instruction stream
Single data stream Multiple data stream
0
/OOL'@
/‘@O,
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SI M D (Single instruction stream Multiple data stream)

m SRR AR PR A 2 R O EalE 1 SE B AT

m CREAH R R T T 22 H s T

= NY{i data parallelism.
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SIMD example

n data items
n ALUS

control unit
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SI M D (Single instruction stream Multiple data stream)

o UNRFRA T A Pz A4 2 I ALUWE ?
o IEAHK AT 55 AL HE
s Ex. 4 NALU F115 36 0

1 X[0] X[1] X[2] X[3]
2 X[4] X[5] X[6] X[7]
3 X[8] X[9] X[10] X[11]
4 X[12] X[13] X[14]
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A = ALH2S (Vector processors)

o BRAERUE R B R =, TAES K CPURERE
AN IR TR IR =,

s M EZ/EES (Vector registers)

n HEUSAF0itt FH ERAE EOAH ) m) B 1 [R] A 56 e Y
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A = ALH2S (Vector processors)
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H| B

A S (Vector processors)

s X AFESE (Interleaved memory)

o AR 2 Tbank, HE~bankn] DL AR5 (7]
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GPUs
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M I M D (Multiple instruction stream Multiple data stream)
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_‘b&%ﬁ%%%%é}ﬁ (Shared Memory System)

CPU CPU CPU CPU
A i\ M i
W W W W/

Interconnect
)
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Memory
Figure 2.3
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UMA multicore system

Chip 1 Chip 2
Core 1 Core 2 Core 1 Core 2
n ™
Vi Vi
Interconnect
A
Vi
VI A T AT Y Memory
I A
A% Co S AR 1] 1. .
Figure 2.5

UMA: Uniform Memory Access
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UMA: Non-uniform Memory Access
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ﬂ]ﬁ I\, %é}ﬁ (Distributed Memory System)
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—N
Mé}ﬁ (Distributed Memory System)

CPU CPU CPU CPU
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W Y W T W
Memory Memory Memory Memory
N i ) M
W 4 \ 7
Interconnect
Figure 2.4
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Figure 2.7
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s 7 H
. E%E‘ (Direct interconnect )
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Figure 2.8
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4 HmE (Bisection width )
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Figure 2.9
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BRIV K (Hypercube)

w5 2 BT HL B BN 4%
L =L AP
o BT IR A B AR 2 R R Gt
o BT TR NS —4EEE S TR B,
HIE AN RS A B
n ?‘égi&, — BN TG S g S TR
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Figure 2.12

BBV (Hypercube)
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three-dimensional
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H

m [ H] 2 X 2% 1) T B AR 1
n A2 X HRHFFE (Crossbar)
= Omega M %%

o JHEH SRR IR — HAC TR AR A R, B
/l\ﬂ\}% ﬁ#Aéﬁﬂj\%ﬁﬁg‘%né/\éﬁﬂ L %%E% ’
1K L PRI o — A i X 28 3% 2.
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Figure 2.15 -
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L A RE X

o ARAMEAEN, FATECGER R 22 E 218 H 1Y
Hb 75 B2 22 I [

s JEIR (Latency)

s MAGEVEIT R R 21 H BT R 5 ies — 4
T A I I ().

s 175 (Bandwidth)
o A TR B — A1 B B o
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TH S i a] = I +n/b

ZEIR (seconds)

H B S K (bytes)

T 1t (bytes per second)
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Cache—& 4

BTt | B
A AT S 5 35 : t

Cache 0 Cache 1
xx )
Y MY
Interconnect
i
\/
Figure 2.17
X Z y1
I Z P Cache ML ENE RS
y0 Z1
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Cache—& 4

y0 7& Core 0 AAE A&
yl ' z1 Core 1 FIFAE AL &

=

x = 2; [*ILEARFE*/

Time Core 0 Core 1
0 y0 = x; yl = 3*x;
| x = 1; Statement(s) not involving x
2 Statement(s) not involving x | z1 = 4*x;

y0 H & 45 RFE 2
yl LR IE 6
2] = 2?7

AR
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S Cache —3 {4

s 2R A,

o (ES 2 EAESIPATARAE 5 88 v DA B2 2 5
W EZ “EH” 2.

n 24core O FHi 1M fF H.Cached fIx 1 &l A
N, etsiEn e ﬂ%f%ﬁiﬂéu

s W corellEAE “INFT” B2k, ERFIEXD
$EHT, R H 2 CacheH BXEIASFRIE N
E[SER:]

AV ELEX o8
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| HETHFHK Cache —3it:

o S —FPFRN H IR M, 1% H A7
5/~Cache linelfjR 2.

s Y PR EMER, SiaedlHE, B
G 85 1% A & cache line & N AEVE
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| REGHFREAEEELE TR
n BTG P2 0] DAER 7 oK &

s HETNIE. ..
o (EHLENIERET
o JB BN HERE FHfork 2 N4 EE.
s ZPNEEREHATIES.
o (BT A EFE T
N =FVIE NI

« EREPATIESS.
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SPMD — single program multiple data

s SPMDIE)F A 1] HATFE TR, i AE
1260 >0, ZRETF BT AME 2 DN ANFE
ﬁ? M.

if (I’m thread process 1)
do this;

else -
do that: ég;g}
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| T EFNRE

1. 7EIEREIZAE 2 6] 43 Be LAk
(@) B HFRILRFEIS RN TAE= REHIE (i)
(b) 15 /ML

2. ZHEBFRILAEF] D,

3. ZHEBERRILLAE 2 1A R iEAE.

double x[n], y[n];

for (1=0;1<n;it++)
x[i] += yli];
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| EEES
s DS
s FARFEEIGITS, forkiZFE, MR semk
AT 55 G, 45 W is
s TIRIIE R, B2 g2 JE 5
FET
n PSS
o QLI IR AT S, (HLEAHZ L E 2
Bl T T
o PERERE LT, [HRJEESIRPY RS R,
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/i

63

my_val = Compute_val ( my_rank ) ;

x += my_val ;

Time

Core 0

Core 1

0

Finish assignment to my_val

In call to Compute_val

Load x = 0 into register

Finish assignment to my _val

Load my_val = 7 into register

Load x = 0 into register

Addmy_val = Ttox

Load my_val = 19 into register

Storex = 7

Add my_val to x

| dea | td| pa| —

Start other work

Storex = 19

AR
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e 2 4

printf ( "Thread %d > my_val = %d\n" ,

my_rank , my_x);

|

Thread 0> my _val =7
Thread 1 >my val =19

[

Thread 1 > my val =19
Thread 0> my val =7

&f@ﬁib*& 101
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| SEfE P

o SR
i X
-Eﬁr

o R8I (HJwE81)

my_val = Compute_val ( my_rank ) ;
Lock(&add_my_val_lock ) ;
X += my_val ;

Unlock(&add_my_val_lock ) ;

&!@[’7‘3’7‘;& 102
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my_val = Compute_val ( my_rank ) ;
if (my_rank ==1)
while (! ok_for 1); /T2 EIR*/
x +=my_val ; /*If FL[X */
if ( my_rank == 0)
ok_for 1 = true; /*1LZFE1 5 Hrx*/

é’;fpﬁ;&);‘;& 103
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J_{é_% frid

char message [ 100 | ;

my_rank = Get_rank () ;
if (my_rank ==1) {
sprintf ( message , "Greetings from process 1" ) ;
Send ( message , MSG_CHAR ,100,0);
telseif (my_rank ==0) {
Receive ( message , MSG_CHAR ,100,1);

printf ( "Process 0 > Received: %s\n" , message ) ;

)

@/’ ('4’7‘;'% 104
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| X EHnt AR HE S

shared int =. . . ;
shared double x [n ],y [n];

private inti, my_first_element , my_last_element ;

my_first_element = .. . ;
my_last_element = . . . ;

/ * Initialize x and y */

for( 1= my_first_element ; i <= my_last_element ; i++)

x|[1]+=y[1];

&f@ﬁib*& 105
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L BN A ) R

s BN RE T, HAHEREOK T H]
stdin. FZESLENAEEFF, HAFLFAEE
2 FEONs 17 o] stdin..

s (BN ILEZANFIETF, ra s
|2 R E8A] PLT (Rl stdoutflstderr.
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L BN A ) R

a SR,

T-%ar H 2R ST H stdout BRI 1)

ANEM, ERZHIEM N, B 175 H

b, AB PRI RER I —?ﬁﬁﬁiﬂﬁ/ﬁ

7','FFJJ Ly StdOUtEﬁiﬁJ Ll o
o IR HH DN AZ G 203 AR Rl H R R 2R
FEHranksk1D

AR
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fan N\ /5 H R R )

o HH BRI S 22 VT A R stdin <

stdoutalstderrz Zh AT ART BN AR . 451 4
, BRHRRIEFE ] AT H 3 W RE SO
AT, (HERA W INEEIEE ST
A A B S A
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serial

ﬂAE‘; IE—I = parallel

%4\@3‘3 T

paraIIeI: serial /p
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HATAL R N 1,

T

S — serial

-

parallel
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4 N
Tserial
T
E _ S _ L parallel ) Tserial
p p P 'Tparallel
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| FPATRE B HINGE AR AR

D [ | 2 | 4 | 8 | 16
S

0] 19 | 36 | 65 | 10.8
E—S/p| 1.0 [ 0.95 [ 0.90 | 0.81 | 0.68
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A R 178 _E AT
ﬂ*?l i ;)(ﬁ «%(

FFINE LL

pll 1] 2 | 4] 8 | 16
Half | S| 10] 19 ] 3.1 | 48 | 6.2
E[[1.0]0.95|0.78 | 0.60 | 0.39

Original | S || 1.0] 1.9 | 36 | 65 | 10.8
E [[1.0]0.95 | 0090 | 0.81 | 0.68

Double | S [[1.0] 1.0 | 30 | 75 | 142
E [[1.0]0.95 | 008|094 | 0.89
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M
16 | | | | | | |

—x— Half size
14 L | —+— Original
—e— Double size

12

10

Speedup

Processes
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-

o
©

o
(o

o
N

o
o)

o
o

Efficiency

0.4

0.2 i
—— Half size
0.1} | —t— Original ]
—e— Double size

0 2 4 6 8 10 12 14 16

Processes

T
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AT TR IR

T

parallel serlal / P + 1 overhead
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A FH B ) 20

Bl #fhA /R 'EfE (Amdahl!’s law)

» FRAFFTA RS ATRE AR REE 4T, BT

%, e

AR AR

&

oK aEbA%
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Example

n 90% 1 B ATAE Y 7] DL AT 1L

s T Z Dip, IATHAERE “ 78RR
u Tsenal 20 b

o A SFATER IS AT IS TR

09X T/ P=18/p
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Example (cont.)
o ANEIFATA” H 0 HIIBAT I R -

0.1xT serial — =2
| JILEL;I\ B@Eﬁf HTJ‘ I\Eﬂy\j:
Tparallel =0.9x TserlaI/ P + 0.1 X Tserlal =18/ P + 2
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Example (cont.)
s JIELL

Tserial 20

S = 09X T/ p+01xT - 18/p+2

serial
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1 AT

o AHESHD G, QIR — SR AT DLAL BRI AS W 3
PR, A e nl i R

o IR AEBL AR AR I B = I, v DA4EFRF [ E 1Y
R, BRGNS, ASARE P AR YR A

2 (strongly scalable) .

o WIRAESG IR ZAZE = R ,  RA DUAR A
SR IN 0] BN A Be R E R AR, AR
JFEr NS Rl R (weakly scalable)

-
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It‘ E\\
= What Is time?
o H UG 3 &5 SR [R) 2
n N BRI 5R 0 B2 P v 2
x CPU H}[a]?
o B LR 65‘
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»
L
double start, finish;//,_\\\fii>

start = Get_current _time();
/= Code that we want to Ti

K2 A4 T BRI A

%/

finish = Get_curyent tim&():
e seconds\n", finish—start);:

printf("The elapsed time =

MPI_Wtime omp_get wtime

A YRR ; 124
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»
L
uuh]e start, finish;

start = Get_current _time();
f#= Code that we want to time =/

finish = Get_current _time():

printf("The elapsed time = %e seconds\n",

finish—start);

oK aEbA%
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S
L
shared double global_elapsed;
private double my_start, my_finish, my_elapsed;

/% Synchronize all processes/threads =/
Barrier();
my_start = Get_current_time();

/¥ Code that we want to time =*/

my_finish = Get_current_time ();
my_elapsed = my_finish — my_start;

/# Find the max across all processes/threads =/
global_elapsed = Global max(my_elapsed);
if (my_rank == 0)

printf("The elapsed time = %e seconds\n", global elapsed);

&91%3/5’55’)k4é% 126
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Foster i /5 %=

1. %43 (Partitioning) EEHATHITE S AEL
P B R N2 IMESS S

— I W AE T
5

JH AT RLFATIRAT Y

—_ >
(4
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Foster i /5 %=

2. ##{Z (Communication) 'Eﬁ%ﬁ‘ﬁ~5}5ﬁiﬁ
) H SR FRAE 55 2 [8] 75 BEFRAT W LSl A5

:%)ﬁ ﬂb}; & 129
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Foster i /5 %=

3. BELE S (Agglomeration or

aggregation) KEE—Ibr

k‘

{55 H R KHIAESS -

Bilhn, an5A-

- 55 ALY

1T, BAHEEA]
LR

R N A A S T

2K

o /] —]
L o ] __|

U E B 55 AT

- 55 BIAT ZHIT A

AR
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Foster i /5 %=

4. 537l (Mapping) B _E—2E&HHMESS
o3 e 2 AR I 2R AR

XD BARIEAS e M, SR HERE
LR S 2 B TAR = KBS ()
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Example — E/ & (histogram)

s 1.3,2.9,04,0.3,1.3,4.4,1.7,0.4,3.2,0.3,4.9,2
4,3.1,4.4,3.9,0.4,4.2,4.5,4.9,0.9

\
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1 BRI

A1~ 40: data count

— AN K/ data countf) i ¥4 data
f/ME: min_meas

% KAE: max meas

. FREIANE: bin count

a bk wWhE
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—y

| AT --H O

1. bin_maxes : —/~X/NANbin_count) ¥ &

B

2. bin_counts : —/~K/INAbin_count® %%k
H
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Foster 7 {1 i P 25

Find bin ees |data[i-1] data[i] datal[i+1]]| *°°

)

see (bin_counts[b-1]++||bin counts[b]++]| ***

Increment
bin_counts

&fﬁ)/&}‘b*& 135
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A ANIEAE B 7 — M e 5 R

Find_bin ««. [data[i-1] datal[i] data[i+1]]| |data[i+2]]| 2=

Ve /

see |loc_bin_cts[b-11++||loc_bin_cts[b]++

AN

loc_bin_cts[b-1]++ ||loc_bin_cts[b]++| ee-e

N 7

sse | bin counts[b-1]+=||bin_counts[b]+=| e
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/\\Q:E': (1)

= Eg’ﬁj—;/\/}i
o UHEAUAE A AR E R S 1 - U8 1 2 2R A
s AT
s Flynnsr28i.
n AT
s RATEVERE FHIMIMD R4 A &, It
KRG I FE 2T H— Nl 0 3 35k
AT M B B —FE 7 H A
» SPMD (HFEFZE8dER) 7.
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/\\Q:E': (2)

n Fn N HY
» RANTB B, Hp— PR fE ] DL
i) stdin, BT #FE AT PA1; o) stdoutflistderr.

o ORI, HTAEEM, B 7 A,  FAl
8 Al — AR Vs ] stdout.
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/INGE (3)

s R
o JEEEE
W ES
o [UEIRESE (Amdahl's law)
« 1 EE (Scalability)
n TR BT
» Foster /i

AV ELEX 140
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