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Because of multi-
core processors,
concurrency Is
now a critical
aspect of
software design.

What does this
mean?

TIILFIAT7 -0ty
H—0=BEITKY,

IR A ks

TEReTICHITEHIEE
HEREGHOTULE
j—

NI [ZEKRT S
TL&D?
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[ B 4 (3 5114 )

* Hardware offers * N—FRHTILEIRFNIE

concurrency — IRELEST —

4%

how can software use VIR T7IEENEZED LS

it? [ZERATESTLED?

® \What is needed to write ® i) JrHT7EERHT S

concurrent software? [ZIZRIMAPAHETLEY?
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VIMITTIEENEESTFR
R

Better modeling Bn1=TOTSLOETLY

Internal to programs,
leads to better %?%ﬁmkt@ﬁﬁ@%%ﬁ

human interaction.
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ETFILR—ROAVE1—T412F

@ ' PR
Atomic Cloth = = ) & Climate
Model Body Model Financial Bel\r;li\(/jlglral Facial Model
Model Model Model
Mathematical rules and variables  IHEE[ZiF LN D FHBI|A524
that approximate reality 1IE(3:~ :IDI:O:L—Q—?‘J‘\EEEEK

Allow computers to recognize, BIEZ L TCHRETRIEET

manipulate, and represent ideas o
RElCT D

Example: Modeling body

motion... B - RTFa—EF—aDETIVT ...

Raw 4 A— A A= DB ETILDARIE FRRKIF
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£ LIS AFIMEEERT 1= D EELER

: ETI)LE. FIA, 5. S :

Examples: {5 -
* Gesture recognition — * UxRFv—RH -
Is that a command? ENIEWETIMN?
* Image enhancement — ° *f)‘—“”)?ﬂ“\j(\ —
Is that noise? TNIE/AXTTh?
® Character recognition — * XFRH -
Is that the target TNITERETEHAIXFTIMN?
character?
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[ B 4 (3 5114 )

* Hardware offers * N—KOTIL B FIR A
concurrency — 95 —
how can software use VIR T7IEENZTED LD
it? [CFIFHTESAMN?

IR DAV S b BT S
7’—’&)' Z‘gmut(i ?

* \What i1s needed to write
concurrent software?
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My eight “Tips” for concurrent
software development

WA I T7ZHFET H1-HD8DDEVH
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Ek #1: Think Parallel

Approach all problems TARTHOUET: '§IJII‘SE0)
looking for the Al RetEZ L TSZ&Ly

parallelism.

Organize your thinking to ®EEDREZEZARRDTT
express the parallelism. i Fl Pz =R IZL TS0

Think parallel first (not an =#I<:

P TEIZDUNT

afterthought). & Z TS
(B TEATILIEHTY)
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Ek #2... MFIEZETFA...

NG

Why? EEM?

CIALR LAV F—R ATIL® a—RL—3aY

20075128, TOKYO



WHHEIZBFH3DNDEE

“Scalabilit

*Correctness  *IEST:
*Maintainability *# "%
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: TBB IRILIZKBRy—) 2T vs. “/\VFO—F"
(3D LARL—o2 T 7T lr—2ay)

Number of Processors

“Higher level” programming ‘BER TJAJIIVT-ETILTIER
model must aim to yield F—) 5% 2RI AZITETEENREE
better scaling. Hshbd

Increasingly important as we
move to heterogeneous
multi-core processors.

MIEERNTAD=FRAREIILFIAT
?gtwﬂ—«#&ﬁ?‘ét&%l:i%t
&
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WHHEIZB(TH3DNDERE

*Scalability 'Z/T—i‘ EJT14—

*Maintainability *# 1%
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W TOTSITI2E 1T BN

*L—RAVT 423V (FRE)
>

°* TukavY

— g,

“Higher level” programming “&EL4" FOJ 5205 -ETILTIHR

model must aim to yield r—) %R/ BHICITETEEABE
better scaling. LY (A

Increasingly important as we -t hRAFAOS—FRETILFIAT -
move to heterogeneous TOtyH—~ABITTRESHIZEESE
multi-core processors. VA
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WHMEIZHITH3DDRE

*Scalability *Rr—3SET4—
*Correctness ®*LE=!

SaintainabS S EFE
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&R-F14E

HRIEDER

HMRIEDFA (TBB)

Thread Setup and Initialization

STION MyMutex, MyMutex2, MyMutex3;
i) £

)

sors; }
int nthreads = gei_
HANDLE *threads = (HA/
InitializeCriticalSection (&M
InitializeCriticalSection (&My!
InitializeCriticalSection (&MyMuis:»75:
for (inti = O; i < nthreads; i++) {
DWORD id;

# (nthreads * sizeof (HANDLE));

if (work_queue_head == NULL) {
work_queue_head = q;

Y else {
work_queue_tail->next = ¢
i
work_queue_tail = q;
b

&threads[i] = CreateThread (NULL, &. o s b 7 : starty;
for (inti = 0; i < nthreads; i++) { opy = stopy;

WaitForSingleObject (&threads[i], INFINIiE }: generate_work (&pch);
3 3

bool schedule_thread_work (patch &pch)

Parallel Task Scheduling and Execution {
const int MINPATCH = 150; EnterCriticalSection (&MyMutex3);
const int DIVFACTOR = 2; work_queue_entry_t *q = work_queue_head;
typedef struct work_queue_entry_s £ if (g '= NULL) {

patch pch; nch = g->pch;

struct work_queue_entry_s *roxi; vl queue_head = work_queue_head->next;
¥ work_queue_entry_t;
work_queue_entry_t *work n (&MyMutex3);
work_queue_entry_t *wort ¥
void generate_work (paic T
{ int startx, stopx, st&:i generate_ v

int xs,ys;

startx=pchin->stz: pchin->stopx;

starty=pchin->st pchin->stopy; void parallel_thread (void “&

TCH) || ((stopy-starty) >= MINPATCH)) { {

startx)/DIVFACTOR + 1;
‘-starty)/DIVFACTOR + 1;
stopy; ys+=ypatchsize)
stopx; xs+=xpatchsize) {

+1iN(xs+xpatchsize-1,stopx);
«IN(ys+ypatchsize-1,stopy);
k (&pch); 3

his patch */

1_entry_t *q = (work_queue_entry_t *) malloc (sizeof
o ntry_t));

q->pch.siarty = starty; q->pch.stopy = stopy;

g->pch.startx = startx; q->pch.stopx = stopx;

g->next = NULL;

patch pch;
while edule_thread_work (pch)) {

render_one_pixel (X, y);}}

EnterCriticalSection (&MyMutex3);

LeaveCriticalSection (&MyMutex3);

or (int y = pch.starty; y <= pch.stopy; y++) {
for (int x=pch.startx; x<=pch.stopx; x++) {

if (scene.displaymode == RT_DISPLAY_ENABLED) {
for (int y = pch.starty; y <= pch.stopy; y++) {

GraphicsDrawRow(pch.startx-1, y-1, pch.stopx-pch.startx+1,
(unsigned char *) &global_buffer[((y-starty)*totalx+(pch.startx-startx))*3]);
i

This example
includes
software
developed by

John E. Stone.

Thread Setup and Initialization
#include "tbb/task_scheduler_init.h"
#include "tbb/spin_mutex.h"
tbb::task_scheduler_init init;

tbb: :spin_mutex MyMutex, MyMutex2;

Parallel Task Scheduling and Execution

#include “tbb/parallel_for.h"

#include “tbb/blocked_range2d.h"

class parallel_task {

public:
voi

erator() (const tbb::blocked_range2d<int> &r
for (int y = r.rows().begin(); y !'= r.rows().end(); ++y) {
for (int x = r.cols().begin(); x != r.cols().end(); x++) {
render_one_pixel (X, y);
3
by
if (scene.displaymode == RT_DISPLAY_ENABLED) {
tbb::spin_mutex::scoped_lock lock (MyMutex2);
for (int y = r.rows().begin(); y != r.rows().end(); ++y) {
GraphicsDrawRow(startx-1, y-1, totalx, (unsigned char
&global_buffer[(y-starty)*totalx*3]);

b
parallel_task () {3

IS
parallel_for (tbb::blocked_range2d<int> (starty, stopy + 1,
grain_size, startx, stopx + 1, grain_size), parallel_task ());

CIALR LAV F—R ATIL® a—RL—3aY
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&RF1E

HRIEDER

Using abstraction (TBB)

Thread Setup and Initialization

{DHMRILDBIREHNHS

int nthreads
HANDLE *threads = (H»g
InitializeCriticalSection (&N’
InitializeCriticalSection (&My! - {
InitializeCriticalSection (&MyMuis 3%
for (inti = O; i < nthreads; i++) {
DWORD id;
&threads[i] = CreateThread (NULL, &,

- starty;

for (inti = 0; i < nthreads; i++) { 5i0py = stopy;

WaitForSingleObject (&threads[i], INFINIiE generate_work (&pch);
3 3

bool schedule_thread_work (patch &pch)

Parallel Task Scheduling and Execution {
const int MINPATCH = 150; EnterCriticalSection (&MyMutex3);
const int DIVFACTOR = 2; work_queue_entry_t *q = work_queue_head;
typedef struct work_queue_entry_s £ if (g '= NULL) {

patch pch; nch = g->pch;

struct work_queue_entry_s *iicxi; work queue_head = work_queue_head->next;

¥ work_queue_entry_t;
work_queue_entry_t *work
work_queue_entry_t *wori:
void generate_work (pa
{ int startx, stopx, sta
int Xs,ys;

‘BER TJRJIIV7FETITIER B

n (&MyMutex3);

S,

» - S (pch)) {
) SR ERT AR ERA LS
‘/ E S A I—I \ =pch.stopx; x++) {
V)33
kT DISPLAY_ENABLED) {
Hond i
<= pch.stopy; y++) {

> p— > . L o
*A 1-: B b‘ AT D :) — 7 x f-d: 7 ) b ; : 7 = [.(S(t;g;(a:t’y;l*:c;tz(l::-;-(pch.start.x—startx))'*S])'

IOty —~BITTEEELICEEE 0

5%

stopx-pch.startx+1

10N My!\)/IL‘J(tex, MyMutex2, MyMutex3; T B B : O pe n M P ’ 347‘3 l} _': (j: g :fﬁgseilf:srii;ﬂt.h-.

er_init init;
yMutex, MyMutex2;

Parallel Task Scheduling and Execution

#include “tbb/parallel_for.h"

#include “tbb/blocked_range2d.h"

class parallel_task {

public:
voi

erator() (const tbb::blocked_range2d<int> &r
for (int y = r.rows().begin(); y !'= r.rows().end(); ++y) {
for (int x = r.cols().begin(); x != r.cols().end(); x++) {
render_one_pixel (X, y);
3
by
if (scene.displaymode == RT_DISPLAY_ENABLED) {
tbb::spin_mutex::scoped_lock lock (MyMutex2);
for (int y = r.rows().begin(); y !'= r.rows().end(); ++y) {
GraphicsDrawRow(startx-1, y-1, totalx, (unsigned char
&global_buffer[(y-starty)*totalx*3]);
X

b
parallel_task () {3

IS
parallel_for (tbb::blocked_range2d<int> (starty, stopy + 1,
grain_size, startx, stopx + 1, grain_size), parallel_task ());

CIALR LT =R ATIL®
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EVb #2: MZEEFERALTIOIS A

Helps with the 3DMNFEL

three key iRl D fiEIRZ
challenges: BlT5:

« Scalability  Rr—SE)T4—
e Correctness
e Maintainability « {&5F1%
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Bk #3: ALYE (BID) TGS 2RI (G#R) IS
SELTFRYSEVS

Mapping tasks to threads AZXUVDALYREADE|YHT
should be done by some (ZULOHDIME LD LA

form of abstraction. [CoTHITHNADNRE

Program what to do, ESHIET M TIT%EL A%

not how. THMITFELTIRT IS
2

Increasingly important as

we move to =MW ANTADZT ARGV

heterogeneous multi-core  JLFa7-J0OtvvyHY—~%

Processors. TIBHESHLICEELGS

CIALR LAV F—R ATIL® a—RL—3aY
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Ek #4: WFEZATIZLT
EETLTAHTLEEL

To make debugging simpler, TNV EEEICT D10, WHiEE
create programs that can run Aﬂ?)\]l:b’z})?)bmﬁb"@%éi;)j
without concurrency. A5 L%ZHETT 5

First, run with CONCURRENCY  &#)I<, WHNMEATTRIT, TLT
OFF — and debug like you have W23D&IIZT /YT %175
always debugged.

Then, run with CONCURRENCY  RI<, WHIIEZA 2 TERIT, TLT
ON and debug the “special” W HIEIBE T & 4 IK7E " HIREZE T
concurrency issues. NV

CIALR LAV F—R ATIL® a—RL—3aY
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Ek #5: L\ DAYOE T AOEEAN.
ZLTEDLSICZAET HR/IRICHNZSH

Learning to keep locks under  OwZZFZE/ZHIHNT S DEE .S

control — is an expertise to DIE, FFEDFFZHE THEL TES
build up over years of B TR i

experience.

Transactional memory — FSF T TF I - AEY— —

may be very important but FEEIZEEZEEH, CDEFTIEH
will NOT eliminate this tip. Tzl

CIALR LAV F—R ATIL® a—RL—3aY
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bk #6: WHNEZRBIT LI/ SN
V—ILOSA4TF)—ZERTS

Don't "tough it out” with old HUWWW—/LZEFE->T“EEIZAS"Z
tools. ExLELY

This is critical to effective BRI TR DT FRIEIZIF AR
software development.

CIALR LAV F—R ATIL® a—RL—3aY
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EVbh #7: AA—STILGAE)—-F7AS—43—%FF

Why? TEM?

* reduce needless contention * WEDFNIAVTULAVERLT

* optimize for concurrency * Wi 5D I=IZFzE1E

* avoid pitfalls like false-sharing or ® Z#ILA -7 0Fvya-X

just good old cache thrash 3"‘{’/‘;_7%‘;7‘480)?%&L7H\l:;‘*§15h\672b\
K212

Many solutions exist —

4 VI o =S LAY _
including a very good one BLDV 2 —2328B B

| LTSS —T2 /=L
available ShFEEIZEALDED

open source from Intel http://threadingbuildingblocks.org
http://threadingbuildingblocks.org

CIALR LAV F—R ATIL® a—RL—3aY
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EVk #8: J—/0—FZEEPLT
Rr—ILT B &IITERET

The amount of work your HET-OT7RTS LN ESEEEIL
program needs to handle R sz EmmLES
Increases over time. HiEAE T T E

Plan for that.

Designed with scaling in Ryr—) o %#ZERBLTEHIN-T
mind, a program will handle A4S 4%, Ay —Oa7HMN
more work as the number  #iN33L&YZ<LDONEEITS

of processor cores increase.

CIALR LAV F—R ATIL® a—RL—3aY
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EnW i F{ETESH ?

e Amdahl’s Law o 7LA—)LMNikA|
® Gustafson’s . 7A9°—)b0)5£,ﬂ|1§¢‘d’%>
observations on ARV R #E

Amdahl’'s Law

CIALR LAV F—R ATIL® a—RL—3aY
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Work 500 Time 500
Speedup 1X
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gl

Work 500 Time 400
Speedup 1.25X
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S =
== =

-
e

Work 500 Time 350
Speedup 1.4X
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/—/“ HH%R
‘:</ rocessing cores ~0 time
"::_::r:_':::::r:.::a:“_:::ﬁ/:ﬁ
M'“““--n. e
~——— - -
‘_‘_'_,.o-"""

~ __...--H“"'" . H-.H_____h‘
. ; many processing cores ~0 time %
T —
-...,___‘_‘_‘_‘_ _....--"""H_”'
‘-m___ﬂ__" - —

Work 500 Time 300
Speedup 1.7X

CIALR LAV F—R ATIL® a—RL—3aY
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T LE—)LDEE

1l

“...the effort expended on “. . [FIXREICLKEEDEF|NIE

achieving high parallel DERENBRESNLGLDTH
processing rates is niE, LB EELFZRE
wasted unless it is L&DET 55 AIFXEEKIZES
accompanied by — Amdahl, 1967

achievements in
seguential processing
rates of very nearly the

same magnitude.”
— Amdahl, 1967

CIALR LAV F—R ATIL® a—RL—3aY

20075128, TOKYO



TLF—I)LDZEE| — 1 DD Rf#

“...speedup should be « RE—F7YTIEMEH (X

measured by scaling the 2EETADTITARTOty

problem to the number of H— DR AIBE R S —1) 5
- - = o - ./7

processors, not by fixing the

problem size.” LTHEIET RE=THA
— Gustafson, 1988 — Gustafson, 1988

CIALR LAV F—R ATIL® a—RL—3aY
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Work 500 Time 500
Speedup 1X
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Work 700 Time 500
Speedup 1.4X
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pigtolca

Work 1100 Time 500
Speedup 2.2X
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...a-"‘""ﬁ “"""—-"'-—-,_\_.H_‘_H‘
N processing cores 100
100 seconds ofwork each
f,-f"’"ﬂ

N processing cores
100 seconds ofworkeach
|

11—"‘"“—-—-_._\_\_\_l_‘_ ._'_'_'_'_,_,...--'-""'-r.;

Work 2*N*100+300 Time 500
Speedup O(N)
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— ) A—RZEOYTETRT—) T Z#5TET S

The value of it F1| AL EE Dl {iE [, 1H
parallelism is FRIEEHHOTLVEWE

easier to prove if Zz25&U%. BIIZEA
you are looking TWAEBEZDITOINEK

forward than if you YUf§HE (SR TEz

assume the world
IS not changing.

CIALR LAV F—R ATIL® a—RL—3aY

3

20075128, TOKYO



%"Eﬁl HLEDCFE

N

o O

N

. Think parallel.
Program using abstraction.

Program in tasks (chores), not
threads (cores).

Design with the option to turn
concurrency off.

Avoid using locks.

Use tools and libraries designed to
help with concurrency.

Use scalable memory allocators.

Design to scale through increased
workloads.

| hope you can see, In
these tips for software
developers, the
Implications for
hardware design too.

CIALR LT =R ATIL®

oo h bR

N

#ﬁ%&ﬂ:’&ﬁ% Lf=-7845L4
ALYRTIEEHLARYZETATS LTS

Wi HEHFENTEDA T %5%E
OvoDERZEITS

W HMEEEZRBNT DRIV —ILOTA
72)—%FIAT5

5;5%—57‘)1/-%%') —-7R45—43—%F A

J—HO—REEOLTRY—ILT B LSS
LT3

VIRIITEHRAEBD=HD
CNLDEVENN—EDITT
DEXET I E R E R R
HENDHIEZH/FLET

J—HRL—ay
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EIZ:AIADEITHA-TLS

1. Parallelism is intuitive 1. MHEIXERR
2.  Heterogeneous processors 2. ATAVZFRETOtyH—([FHE

are coming

3. Very high core counts are

coming

4. Ease of programming and

ease of use are more

Important than efficiency.

5. Parallelism can increase
performance much faster

than ever before

DELDIZ

Z2LDAT7EEE TS50y —IE
IREDELDIC

BELGTOT ST EFENPT X
MELYLEE
WHMEIFNFETRYENNTH—T>
RELYUEERIETHCEMNARE

WHE I IErT-7E et a2 A H T
A—/\—aVE1—4— STy,

6. Parallelism offers new A AHB AT LIEETRTOUR
possibilities FLNEELXZ(+5

7. All systems are affected -
supercomputers, laptops,
embedded systems.
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Learn Parallel ifi5{ELIZDULNTEAS

Think Parallel fi3|EBZ%1T5
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A2TIL
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e
 iwls S EEEE

IS m35780Ik..
nttp://go-parallel.com
nttp://threadingbuildingblocks.org
http://Whatif.intel.com
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