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Leakage power constitutes an increasing
fraction of the total power consumption in
modern semiconductor technologies due to
the continuing size reductions and increasing
speeds of transistors. Recent studies have
attempted to reduce leakage power using
integrated architecture and compiler
power-gating mechanisms. This approach
involves compilers inserting instructions into
programs to shut down and wake up
components as appropriate. However, the
approaches proposed in the early studies are
only applicable to single-threaded programs.
When it comes to multithreaded programs,
there should be an alternative hardware
and/or software mechanism(s) to deal with
the additional concern of the interaction
among threads. The uncertainty of the
execution sequence of threads makes it
difficult for compilers to analyze the
utilization status of the power-gating
candidates of a multithreaded program.
Simply applying power-gating management
for multithreaded programs with the previous
work will most likely break the logic that a
unit must be in the active state, i.e., powered
on, before being used for processing since
the unit might be powered off by a thread
while other concurrent threads are still using
or about to use it. The reason why we are



concerning about the energy management for
multithreaded programs is that
multithreading is becoming an increasingly
important part of modern programming. One
reason for this is that multithreading enables
a program to make the best use of available
CPU cycles, thus allowing very efficient
programs to be written. Moreover, the rising
multi-core architectures need multithreaded
programming to boost their performance.
Another reason is that multithreading is a

natural choice for handling event-driven code,

which is so common in today's embedded,
highly distributed, and networked
environments. In view of this, in this project
we propose compiler techniques based on the
previous work on power-gating control and
multithreading analyses with hardware
supports to manage leakage energy
consumption for multithreaded programs on
both single-core and multi-core processors.
Also, we enlarge the management to the
collaboration between compilers and
operating systems. We provide a
comprehensive solution for leakage energy
management of multithreaded programs in
order to cope with the demand of low-power
and high-performance applications.

Keywords: Compilers, Multithreaded
programs, Leakage energy management
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Predicate Register | PEP1 | PEP2

PEP~

mf ‘
1'\ irtual g E

. " Power-Gating l
 Candidate Cy J'

N ___“
l GND

-
I Power-Gating 1 .
i Candidate C, :

N s
L GND

Figure 7.
BEOAPTEFHFENTRAMLEL R
- BEFEwaT A E RP

(1) Predicated-power-on operation :

i. Power on Candidate i if predicate
bit pgpi is set.

ii. Increase the reference counter of
Candidate i (rc;), which keeps track
of the number of threads that
reference the
candidate at this time, by one.

iii. Unset predicate bit pgp;.

power-gating

(2) Predicated-power-off operation :
i. Decrease the reference counter of
Candidate i (rc;) by one.
ii. Set predicate bit pgp; if reference
counter rc; is zero.
iii.Power off Candidate i if predicate
bit pgpi is set.

(3) Initialization operation :
The initialization operation is designed
for cleaning all predicate bits and
emptying all reference counters when
processor is starting up.

Figure 8 % Figure 9 4~ %% 7 7 &%

Power-gating mechanism with predication support

Candidate 1 < Predicated-power-on
operation % Predicated-power-off operation
e BEAR N FB T £ o Figure 10 REg T
Initialization operation = # #2 ;% 7 %
oo

lock 1ci;
(pgpi) poweron Ci;

rc; = rcep + 1;

pgp: = 0;

unlock 1lci;

Figure 8. Predicated-power-on for Candidate
1

lock 1lci;

rc, = rcy - 1i;
pgp1 = (rcy == 0);
poweroff Ci;
unlock 1lci;

(papi)

Figure 9. Predicated-power-off for Candidate
1

pgp1 =
rci =

Pragp2 = ... =
rc = ... =

Figure 10. Initialization



4.3 Component Activity
Driven Parallel Execution
Graph (CADPEG) :

PR R FRE AT RS
B 20 % e A > A ParaIIeI
Execution Graph(PEG) 7 & # > { i&- #
+ 3 B 1 Component Activity Driven
Parallel Execution Graph(CADPEG) - 12
[ A g B 9 e CADPEG #Gimiipl o
Figure 11 5 — i CADPEG 4> 5| ]

7. CADPEG ¢ » v ip gt JL A g =
<UD RR - 3

(1) - ® node ¥ % (object , name , caller)
755 ¥ & node ¥ - B AH-
Z M EL o B de o ngno,...
CADPEG i #_iz ¥ node % % 7n

2 [ end i

nN e m
v e

K i b o

() REFHLEE LA bl bty

(B) pid et BRI LBECAT
b4 C1,C2,...CN_

@) #wpmr @ Cl kAT o

m &% node 5./ > m n K~ & ~ 25

7 o blde > C) ~ 4 node 10 § @

F] component 1 -

7" CADPEG &4 - B#HPE v ¢
#-5 ﬁ 7 (multlthread evevts) &~

B3

e

(1) Event producing node > 12 . P £ 7%

(2) Event consuming node » 2 5. C £
T

2 Figure 11 % &]> B ¢ o creation nodes (*,
start , *)% notify node (* , notify , *)r*f‘u A
4 3¢ % event producing nodes P > ¢ i € &
Bl A4 R T Fa(* | begin , *)% (*,
notified-entry , *)i& #& event consuming
nodes C- 14 event consuming node gLk %k
&  event producing node *X] T v i 3y
7 5 4% ¢7 353 0 event consuming node & F_
¢ % 2 event producing node #% 7 . {5 4 §

17 o

N sk Y

Thread t; Main tg Thread t,
thread creation 1 :
. L .-L ) . '\--(*’begln'tO).f thread creation
ng - ng Y
s begm t) Ic o (tistartty) P -
l'lr.] N4 - ]‘13/:.— ¥ \ Ny~ ~
\ (*,* 1) /i I'_ (tg.Start,to) P . ( begm te) _/C
Nyg,- N Ny, _ ‘\lzlld
. (xendt)) P | (a,notify,to) P (a wa|\t|/|ng tz) )
:. | Vv g
[} 1 T (jointy) ) G (a notmled entry, tg) C
read join------- \
; N A N4 N
Ng,
U (to,join, to) C (O end t) P
P: event producing node n b ¥ .
C: t i d 7,
event consuming node ( (*,eﬂd.to) thread join

Figure 11. A Component Activity Driven Parallel Execution Graph (CADPEG) example
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m ¥ 3 %k 0 event producing node %
event consuming node > 2% i { & - H ef
TES RS

(1) cons(n)&_4z & event producing node n
14 ¥ 97§ event consuming
nodes -

(2) prod(n)&_4z & event consuming node
m 4p ¥ cH#7F  event producing
nodes -

% ¥ 1 Figure 11 % &) » n3 5 event
producing node > @ np; & B ¥k <0 event
consuming node > #7142 cons(nz) = {ni1} »
prod(niz) = {ns}

4.4 May-Happen-in-Parallel
Component-Activity
Data-flow Analysis
(MHP-CADFA) :

;gfg'“ 4.3 3 & 1155 CADPEG » & frai.%? 3
AT SR FEARN AR A
2 May-Happen-in-Parallel (MHP)analysis
T 5 A #H > L & - H xR
May-Happen-in-Parallel
Component-Activity Data-flow Analysis
(MHP-CADFA) -  Figure 12 &
MHP-CADFA #7% ¢ @& * e o3¢ o

MHP-CADFA i &£ d & B384 o= !

(1) Sequential Component Activity
Analysis phase (SCAA) :

% SCAA L - e > A & A& - B
CADPEG node g ~ it i@ * 2510 %
7 enF o0 i CCAA phase i¢ # o
Mo R RS T NPT E -
% CADPEG node ¥ z_& 3 CAN(N),
CAout(n), CAgen(n), CAkiLL(n), CAuti(n)

SR B L BHE - B

TET CAI(OHRE - T - -5k

,,,,,

1. CAGEN(n) :

AN T nodenpF o, FEZE
% i component > fjédzwa FLx = e
THRELEY o

CAiL(n) *
AR noden o FEA G &
* 3| X i component o2 e

RN

CANN) e 44 A2V 72 %7
&4 node n pF > % T components
L3 Jakie s ) e pH AL
Figure 12 «r(1)5% -

CAout(n) €_% 4§ #7544 {7 = node
npF > § T fhcomponents £ F F Ak
% A e -5 o 38 & Figure 12
(2)5 -

CAuiil(n) £_% &-hF 4= CAour(n)
FEAMR D AL B AN

CAout(n) ¥ 3z 4% component number ;

Aa oo CAun(n) & & R 5 & &0
node 7 o Bl ko F A
C/A\OUT(?))\:J *ﬁ - ﬂ} ;,_‘_% ":EFLCI’ E'Jé—_

Cl o+ & 23 & Figure 12 (3)

Ao
CAT(t) Z_#-#13 J>t thread t
CADPEG nodes =7 CAyii & & #a83
B > 12 & 53 #A component & *
A% = B3t o 3B 2 38§ Figure
12 eh(4) 3¢

Figure 13 #74g 57 «18_SSCA phase &

= ©°



CArn(n) = U CAour(m) (1)

m: a predecessor of n

CAovur(n) = CAgen(n) U (CAin(n) — CAxrr(n))  (2)

CAyi(n) UC where C; € CAour(n) (3)
CAp(t U CAyi(n) (4)
Vnet

UvnEcons('n) CAU“‘l (frn) lf n e P>
MCAGEN(”’) - UntEp?‘od(n) CAU”! (TTL) if n e Ca (5)

0 otherwise.
CAyi if C,
MCAkLL(n) = {Umeancw’od(n)) varlm) 17 € . (6)
0 otherwise.
MCAk L (n) = U (MCAk L (m) UMCAKLL(M))
m:a predecessor of n
— MCAgEN (M) (7)
MCA[N(TL) = U MCAOUT(TTL)
m: a predecessor of n
U Ukem‘od(n) MCAOUT(k) if n € C (8)
0 otherwise.

MCAour(n) = MCAgen(n)U (MCA(n)
— (MCAK[LL(TL) UMCAK[LLI(TL))) (9)

MCA paraiier(n) UC where C;" € MCA N (n) (10)

Figure 12. May-Happen-in-Parallel Component-Activity Data-flow Analysis equations

(2) Concurrent Component Activity

3

may-happen-in-parallel

iz T AP & - B CADPEG
node ~ £ @ & 7 MCAn(n), MCAout(n),
MCAGen(N), MCAKkiLL(N)i2t & & - A%t
ERFREEGGERP 2z o A PREFR AT
&= B8 &% %4t CADPEG node 2.

Analysis phase(CCAA) :
CCAA - 4 » 1 & F jz &

component-activity shF i o @ 57 & 3
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Algorithm 1: The algorithm of Sequential Component

Activity Analysis (SCAA) phase

Input : A multithreaded program and its relative DACPEG.
Output: The DACPEG with component activities information
of nodes CAyr¢;() and component utilization

mformation of threads CAr().

foreach basic block b € input program do

foreach node n € b do

1
2
3 CA/n(n) :=CAour(n) =0 ;
4 CAgen(N) = CA(;'EN(n)U{(_'n},
where (;, € components that node n will use :

5 CAkrLL(n) := CAxror(n) U {Cn},

where (), € components that node n will not use;
6 end
7 repeat
8 CA‘{N(n) = Un’Ea predecessor of n CAOUT(n’) ,
9 CAovr(n) = CAgen(n)U

(CAin(n) — CAkrrrL(n)) :

10 until Ve, C4rn (M) and CAour (M) converge:
11 end

Collect component utilization information

among

threads and nodes.

12 foreach DACPEG node n € thread t do
13 CAywi(n) = U C),, where (), € CArn(N) ;

14 CAT(t) = UCApti(n) ;
15 end

Figure 13. The algorithm of Sequential Component Activity Analysis phase

B e

1. anc(n)E_vizx + 4 4y & node n
predecessors 14 % iz predecessors
R4 L o

2. cons(n)&_jz & event producing node
n =4p 4 ST event consuming
nodes °

3. prod(n) ¥_4z & event consuming

18

node m e4p ¥ & 57 5 event

producing nodes o

£ ¥ i &% MCAN(), MCAout(n),
MCAGeN(N), MCAKILL(N) iz % & & Fii
ol

1. MCAGen(N)fc & ehF 3~ 5 = fa T
A5

<1> % noden ¥ Ppr>i & Zch



Algorithm 2: Data analysis algorithm for concurrent com-
ponent usage

Input : A multithreaded program and its relative CADPEG.
Output: The program with may-happen-in-parallel
component-activity information.

1 foreach basic block b € input program do
Initialization

2 foreach instruction i € b do

3 MCAn (i) = MCAouT(i) = ¢

4 MCAcEN(i) = MCAKkLL(I) = ¢

5 MCAKILL"“) =0

6 if i € P then

7 | MCAG’EN(') — Ui’econa(i) CAUTLU!)
8 end

9 else if | € C then

10 MCAgEN (1) = Ui’eprad(i) CAUTL(V)
1 MCAk1LL() = Uy eane(proay CAUTL(I')
12 end

13 end

Iterative approach to compute all sets
14 repeat

15 MCAKILL’(i) = Ui’:apredecessor of i
(MCAK;LLr(i'F) U MCAKILL[i’)) — MCAGEN(i’)

16 MCAIN(I) = Ui":a predecessor of i MCAOUT(V)
17 if i € C then )
18 MCAnN (i) = MCAN (i) Uileprod{i}

MCAouT(i')
19 end
20 MCAouT(i) = MCAgEen (i) U (MCA()

— (MCAKkr1LL(i) UMCAKL1 (1))
Symmetrize all CADPEG component usage

21 foreach C'' € MCA(i) do

22 if CAurr (i) € MCA(n) then

23 | MCA(n) = MCA(n) U CAyil(i)

24 end

25 end

26 until all sets converge;

27 foreach instruction i € b do

28 MCAPparattel(i) = |J Cm, where e MCA(i)
29 end

30 end

Figure 14. The algorithm of Concurrent Component Activity Analysis phase
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v 7 A& 4 1 Cnodes s it i@ BRONPM-EE S B L ARE

TR PR SR g S R 2
<2> 4 node n £ C P> 1 & &z % 1§ CCAAphase i & i #7{ 4rib
& v “T¥ s h P nodes hw #4277 ¢ threads #F¥ &
@ g FlmA it F MY R A
<3> HepEA L 28 L o MCAPARALLEL(N)iz B & & > 4oyt

% % MHP-CADFA fc & 1 3 ¢

52 -

35 23 & _Figure 12 e1(5)5¢ -

MCAKiLL(N) Yz & hF A 5 3 1

A 4.5 Multithreaded

<1> % node n . Cp¥ > 3 & 4z Power-Gating Analysis
& v 974 P nodes 12 3 & (MTPGA) :
% P node e L i g #

FE A2 432 A4 DRy
S A Bk o AP gt g
BRI - BT ST AR
38 o N & _Figure 12 59(6) 5% - FHRBEDBETANEES Z L FRE
¥ % kR R ¥ 4~ 5 (Multithreaded
power-gating analysis, MTPGA) = ;* -

MTPGA % i & (A i .- BV
EECP 0 rts s RIS M G- g 2425
#& »~ Predicated-power-on operation ; @ #
B s @ * = & {54 » Predicated-power-off
operation o # f* * 2 T Figure 15 %
>3 §_Figure 12 en(7) 5% - Figurel6 = sE B Rz p iz—- BEAL o
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R AT L M e i I
Mg g F o AR
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LTk G a7 e
FaTFRARp2Zw L RBAER

* im0

MCAIN(N) # 4z & node n %75
predecessors 7 MCAouT =185 & -

MCAouT(n) L & 4o B e~ 2 T 3

e MTPGA = 74 &
. kT A 4 - MR }g,
<1> Node n ﬂ\jféaﬁ%%_@gh;u - ‘—'/ ] 7f SR
=2 mﬁ#ﬁ]?i@)‘liﬁm?ﬁﬁ;;ﬁo— B2 d
=

Po¥
<2> % node n #7 fedy {7 4 F o
BT FRANTY

e IR EFR o

s 4 B % - 1 Predicated-power-on
operation ; @ — B4 F PhFHEE AL - B
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May-Happen-in-Parallel Region

- T T Thread T, Thread T,

| |
| |
: ' 0
| Do
| | 2 P Q
‘____} )
]

Candidé’t‘e_not in use I

Figure 15. Two threads in a may-happen-in-parallel region and their utilization statuses of the
power-gating candidates

Candidate in ué;e..,_

May-Happen-in-Parallel Region
Thread T Thread T,

.".
3

Q
|

(— ]

|

Figure 16. A probable placement of predicated-power-gating instructions upon the MTPGA
results for Figure 15
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start (1))

A(T,.C))
start (1,,C))

D

end (T,,C))
A(T,.C))
— end (1))

Figure 17. A illustration of the cost model for MTPGA

DT R W dp £ 7 g 0T . BE>APLTEA BIC
BRPTFNBTRTAEMEZHLE D (1) M(C)) =MINy A (Ti, C))

Ci Cop-Cy1tx KB7¥ g PFE T4 (7 BEBHRAHET 00 F A L en C

R T T T AP E A T A SR A RPN o

OB S5 PR Gt AR ARE

o

(1) A(Ti, Cj) = start(T; , Cj) — start(T;) :
PN ERE BT B e R R - (2) M (Cj) = MINy A(Ti, Cj) :

ZCAERR T PEFE R - , .y
: BEBRAHYY PG R PG

N R L T S

B G AR A Y

(2) A(Ti, Cj) =end(T;)—end(Ti, Cj) :

[l

PSR EE s - G R Ak
P TiAEERPETER
AT B SN AP

Figure 17 if ¥ %+ 12 Thread Ty ¥ &0 B )
J LA ' i 8D R M B ] chi4E 40 % Equation 1,

Component C; % & kP + it & B 3050
T PR g Ol & T o

Eon(cj) + Eoff (Cj) + Kj X (Ep’r’ed—on + Epred—off)
+ (M(C5) + M(Cj)) X Pricar(C5),

Equation 1. The total energy consumption of the predicated power-gating mechanism
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Eon(Cy) + Eopr(Cy) + (M(Cj) + M(Cj)) X Prear(Cy)

Equation 2. The total energy consumption of the normal power-gating mechanism

Eon(Cj) i IE:off(Cvj) gi Kj X (Epred—on in IEpred—off)
+ (M(Cj) + M(Cj)) X Pricar(Cj) <

Eon(Cj) un IE:’Off(Cvj) + (M(C]) ER M(C])) X Pleak(Cj)

Equation 3. The inequality of the energy consumption

Kj X (Epred—on + E;D?‘Bd—off)
]pleak' (C;) - P-rleak’ (CJ)

M(CJ) + M(CJ) >

Equation 4. The cost model of the MTPGA

Algorithm 3: Algorithm of the multithreaded-power-
gating analysis.
Input : A multithreaded program and its MHP and CADFA

with Sink-N-Hoist information.
Output: The program with power-gating controls.

1 foreach MHP region do
2 foreach power-gating candidate C' do
3 if M(C') + M(C) < THRESHOLD? then
4 Place a power-on and a power-off instruction for
C' at the beginning and the end of the MHP
region, respectively.
5 else
foreach rhread do
Place a predicated-power-on and a
predicated-power-off operation before/after
the candidate operates for the first/last time
within the thread.
8 end
end
10 end
11 end
'{THRESHOLD = 21 X Bpred—on + Bpred o)

]P)I('ak((") — ]P)I‘ll"(lk((')
Figure 18. The algorithm of Multithreaded Power-Gating Analysis
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BTN Prleak(Cj) A ehE i Cj
Fo G MR BIR s - S
BE R 218 enZR P et 5 ,ﬁ Fo (- #
Fop AR Ay AR e I - e Rk
BT oene SO LR ) o

TR DT RB I F DR S
Equation 2 H ¢ Pie(Cj) 5 — 4 ¥ K i
T R R cycle eAF AL o

PR o A AR T R ] D
BEGVELZNTRMIBIRE ko
G FTRR
WAl € R 5 T ehgE > 7RA Y 7

SN

[EMEJREIERY

B £

’ %

FAE AR i

g % iE TR 4] - Equation 3
ABFRP- s e

M o IR N3 2 {8 > Equation 4 1 &
AP g BE R RE TR
£ cost model #1554 -

@ Figure 18 #1&f + chd_MTPGA

wEE e

46 X 17 Sfei-d)
(Concurrent Programing
Models) :

A end (7 A2 807 (concurrent
programming model) : OpenMP ~ CUDA -~
OpenCL » it {7 /% » #£31

(1) OpenMP :

OpenMP #_1 £ % 2z % 48 (Shared
Memory) e 8 4 4 F 9 & R 7 iz g
fo 3k > 12 A {7 ¥ (Master Thread) 5 i=

24

2R UE o E) R R S
(Fork-Join Model) k 2 4 &2 7+ L {7
W . (parallel region) = 7% %1 F a3 7 3

7\ (threads) - & #2;V % B

¥ # 8 OpenMP

PF oo R R Prw £ F (core elements) sz
o H 5 OpenMP 42558 @ 4o » Z 752

FHAEFTRELR
FED

=

HEETELS S
e L o

£ % B4 (Shared Memory) » 4
(Thread
Based Parallelism) - OpenMP &_#&
MEZEREMFEIERGH
AR R R REALRT B

£ g e 7

TR hT SR

& pr-B o (Fork-Join
Model) :
OpenMP  &_1rt — i 32 4 7 ¥
(Master thread) s i & a3y (7§
Jo RSB 3 L7 9T R 3T sk
it (Statement) EREA R A
1 (parallel reglon) t# o gAY
a jiﬁ T oz (FORK)I - &2+
T (T «:t{m B 4T f—?m/%@
wﬁ@mh«t ° FRILR IS
Fi7ms (JOIN) & iF » jpenily
st R FEA R
B OESY it 5 0 [ BA X iy iE
B BB T A
REFFHEFDBERABERETL o de
B8] Figure 19 #1-r

%< & % (core elements) :

OpenMP = w & %  (core
elements) £_2% 1§ &Ae s E B

# 2#ER OpenMP pFerk 4 £ ch
PR R R AR AT T e e S
4o 3| F T (T F B pF g (7 4 e
£]3¢ (thread creation) » 1 T4 %



master
thread

{ parallel region }

{ parallel region }

Figure 19. Fork-Join-Model

(work sharing) » F R kB g =
(Data-environment management)
HnOF s BOWH (thread
synchronization) » i€ * & = f <3t
7 pF e b 742 B (user-level
runtime routines) ¥ % B ¥ #k
(environment variables) % {3-/% £2 57
5 o

(2) CUDA :

% 358 (kernel function) 3 CUDA =+
vl GPU 4 (FHc B8 5 e = > T U {7
HAAAEEE AT RANFEIRER
FARRA S QFRERY o F -
HHGPU s ot~ § 3 B REA B
BRSNS ELE LERES
HERTAEE -

® 1% 3% (kernel function) : CUDA

Grid

' Block (0, 0)

C Limd ehCF3 o LiFdERies
%% % CFT A, d e
el et el N B2
1 CUDA 34 {7 5 5| T {7 g 34 (7
N =t o

® . {7 ¥ F¢ k& (Thread Hierarchy) :

& CUDA *# » 3 {7 ¥ (thread) 5 %
v ol aE Y HE L o ¥ CUDA
P BREEE B BHE
H7 (threads)H = — B3 7 5 %
H.(thread block) » =+ B 7 & K
Hd - Bt (grid)- 7 470 F #
Jeindt 7 ID & FAREP o P
SAERN R PR AH ID L ER (F

R

® =B rs & (Memory Hierarchy) :

Block (1, 0)

e | | |

Thread 0,0) Thiead (1,0) Thread 0,0) Thiead (1,0)

Host «—>

>

i —

Figure 20. CUDA Memory Hierarchy
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HFERT D ESRE I
- R
S 82X - FHp gy PR(BIEYE RPN IEHTHE
e FRERAF) *
¥ Rl T BAR S & Peig R
* o i
PR e =g e DR
DRAM
4 Figure 20 #777 » CUDA 3 {7 % A2V EE AP 123 C enda N A5 7 R
WHRFHFTE S R R 55 L 7 (Data-parallel) & iz 53 &
Al EBRTEET L G E 7 (task-parallel)en-T {7 = ;8 {7 ;
(register) » & B 7 F B (thread block) » T L 7 (Data-parallel) » & %
e 2 ZRBTETY DRI GFE TP o 2 &k T N BR gt
g RE R EHG AR é.{tﬁﬂ o HT ¥ % (N-Dimensional computation
I FEANT LG R e domaln) 1Y L 25T E B
(global memory) - % # e faf¥ (Constant 1 i3 g (work-item) > 48§ 3%
memory) B| E_75 L & 4758 K * hy e o CUDA » Z & e 7 %+ 1
¥+ CUDA s {iflire g » 2t T8 p BRI T A S TEY
i frl i s g B o (work-group) (48 ¥ CUDA <thread

block);» f.1 F@EE P h1 (F38 B
FUIAEE 8 T LEFRW
(synchronize) » @ % OpenCL *# -
SV BATEME EFERRF
Z3%T {7 (task-parallel) » % iz 73T
T Y o BT HARR A 4 4
Bihs BREFEI UpHET
i F% o % OpenCL » > 53T 7
E LIRS B RE
OpenCL #4777 Fps > ¥ 13 £ 0
B RE N LR o

(3) OpenCL :

OpenCL 3 B 38 én B B 5 4% 4250
FroEPCLEARFEEH Ao 2
Ao d T F s L F R T F
(data-parallel) & iz 5% {7 (task-parallel) >
# K 4p 02 5 CUDA & ¥ Plp 02 4
OpenMP > B %5 ey 7 98 B B 12 42 5 3%
3+ (program) i 5 & VA 5 & B
(in-order) & §* & (out-of- order)*t 7 o
OpenCL :hze R &8 FF & ~ R % &
CUDA #g12 »
® f% 5 3K+ (program) :

® 3 {745\ (execution model) : B PR g B
= TS R Xy 3N 50—

2w (kernel) » A A v 7 H =
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Memory

Work-item Work-Item

Local Memory

Workgroup

Private
Memory

Private
Memory

Work-item Work-item

Local Memory

Workgroup

Global/Constant Memory
Computer Device

Host Memory

Figure 21. OpneCL Memory Hierarchy
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e
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25 B 18 #-78 (memory model) :

4 Figure 21 #7771 > # 7 =R
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4 & p 3 R %702 CUDA
A oo T e g4 (Local
memory) > = 3t - 1 TE (5§
4 16Kb)® - #0123 CUDA h
FaRWM o 28 /F kR
(global/constant memory) » ¥ £ 3
& B e &2 CUDA iz
¥R o 1R (host
memory) » >+ CPU ¥ e it o 7
ALEAS > 3% SR TR A R
.3 KR (device)? ek B iR il
Hpg s i (host)-> 2 3¢ (global)->
% 3 (local) -
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A7 %FBHITE AR E
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#pragma omp parallel

Implicit barrier

Figure 24. Parallel region

#pragma omp parallel for

Implicit barrier

Figure 25. A example of the distribution of the for loop's iterations
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#pragma parallel for Core 1

for(i=0;i<n;i++){
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//do some work
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//do some work

if() {

//do some work
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Figure 27. The example for the idea’s problem
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Tum-Off Rate Energy

Concurrent Threads - .
FPALU FPMUL MUL w/ PPG  w/o PPG  improvement

matrix ], matrix2,fir2dim biquad_N_sections 2217%  21.55% 14.71% 3561722 39132.17 90.97%
convolution, n_complex_updates, lms, n_real_updates 68.48%  80.48%  59.17%  7159.10 10892.27 65.73%
fir, complex_multiply, biquad_one_section, mat1x3 84.65%  88.86%  86.95%  5078.80  8858.30 57.33%
dot_product, complex_update, real_vpdate, matrix1 21.87% 20.67%  19.69%  34807.91 38584.68 90.21%
matrix2, fir2dim, biquad_N_sections, convolution 22.65%  3047%  15.93% 31989.53 35796.24 89.37%
n_complex_updates, lms, n_real_updates, fir 68.63%  8095%  59.11%  7580.15 11320.04 66.96%

complex_multiply, biquad_one_section, matlx3, dot_product  93.59%  9431%  96.39%  3859.34  7497.21 51.48%

Figure 30. Component turn-off rate and power consumption of four concurrent executed
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