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CONTEXT AND MOTIVATIONS

Increasing massive calculations

HPC : Physical calculations, medical data, weather
Data center : Google search, Facebook

Significant increase in energy consumption
Optimization of the ratio performance / watt

Heterogeneous micro-server

Several execution resources : CPU, GPU, FPGA,...
Different properties : execution frequencies, energy consumption

Platform : RECS@IBox Compute Unit 3.0 (Antares)

[<JCHRISTMANN W )
INFORMATIONSTECHNIK + MEDIEN . | N S T | T U T
o _ CARNOT I . p
Massinissa Ait aba | 2 " A




!'Q!SCE HETEROGENEOUS PLATFORM SCHEDULING
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NOTATION

(to) =t (1 (e )2l —(tn)
~ Chp Ctzy Ctys Ctp1n

>>>>>>>>>>>>>>>>>>>> Ct2,3
° Data e

. Tasks -

- T={t;,ty,..., ty}, IT| =n Y

© W={wywae, wa}oo Embedded

- Ctj;;1: cost of communication between CPU GPU

each pairs of tasks t;and t;;;,i < n

« Platform CPU v | FPGA

+ P={pyps, Pm} IP[ =m

i F={f1,f2,...,fm}, fleZS'"Sfm
- Cmy,: cost of communication between
each pair of processors py and p;

- Execution cost of task t; on p; processor Completion of Total energy

- Execution time: execut;; = w;/f; the application l§ consumed by
-+ Energy: e;; = w; * sz (Makespan) the system
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STATE OF THE ART

Machines environment criteria
Articles Finish execution Approximation Methods of
HCS | PREC | DVFS Energy Ratio Resolution
Makespan
Zhong, Xiliang, Cheng v constraint objective Model + Heuristics
(2007)
Lee, Young, Zomaya o N I
(2009) V v v objective objective Heuristic
Young, Pasricha, . . .
Maciejewski (2013) v v Vv constraint constraint Heuristics
Longxin, Kenli, Li v Vv constraint objective Genetic algorithm
(2016)
Perez Vasquez (2014) Vv Vv Vv objective objective 5 euristiol
areto heuristic
Tarplee, Friese, I I Game Theory
Maciejewski (2016) v objective objective
Xie, Xiao, Li (2016) v V v objective constraint Heuristics
Aupy, Benoit,Dufossé, . i Heuristics and exact
Robert (2013) v v v constraint G v algorithms for particular cases
Our work V V objective constraint V Approximation algorithm

- HCS : Heterogeneous Computer Systems
- PREC : Constraints of precedence
- DVFS : Dynamic Voltage Frequency Scaling
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PROBLEM MODELING

°* Variables

*  start; = starting time of the task t;

. ~_ |1 iftaskt;is placed on the processing element p;
g 0 otherwise

* Constraints

Each task must be
executed once

Xi,j=1 Vi=1..n
C . I | m n n
onstraint on tota !
H(P) S Z s < i Z . 2 < z . 2
energy consumed P) Xij* ejj <E , with > Wit ff <E< > Wit i
1 i

T ! i=1 ]:1

D= 101

) < startjy4

Starti+Xi’j1 * EXECUti’jl + Xi,jl * Xi+1,j2 (Cti,i+1 + th:jz

s | Vi =T.mVj, = T.mj #,

*  Objective
*  Minimize (Makespan): Z(min) =start, + err=11xn,j * executy ;
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METHODS OF RESOLUTION: SOLVER

° Mixed Integer Quadratic Constrained Program (MIQCP)

(

Z(min) =start, + Z Xp,j * €Xecuty

j=1
m

ZXi]‘=1 vVi=1..
j=1

(P)< n m ,
Zlel*e1]<E w1chwl*f1<E<ZWI*f
i=1j=1

startj+x;;, * execut; + X *Xjyq Z(Ctiliﬂ + Cm; 1,j2) < startj;q
le = 1m,V]2 = 1..m,j1 * jz

\ xij €{0,1} ,start;=0,i=1.n,j=1..m

* Solver
* Implementation in C++ of the model (P)
«  Data modeling (application and platform)

@ Quadratic constraints

: oo @
@ Scaling up difficult N | mINSTITUT I.p
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METHODS OF RESOLUTION: 1) PREEMPTIVE SCHEDULING (PS)

* Find the processing element p; with j = max{l € {1..m}, i, w; * f; < E}

n
W = Zwi
i=1

P1

P2

Pa Pjr1 WHfi, >E

Ps

Time

O
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METHODS OF RESOLUTION: 1) PREEMPTIVE SCHEDULING (PS)

° Saturate the energy constraint

P1

P2

P3

P4

Ps

‘N]‘+1 Pj W*sz <E

Pje1 Wxfi >E

Timé
fi <f,<f3<f, <f:

Energy = W * f]-2 + Wjyq * ]-2+1 =E
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METHODS OF RESOLUTION: 1) PREEMPTIVE SCHEDULING (PS)

* Distribute the tasks on both processing elements p; and pj1

i=1
P1
P2 k= tk'+ tk”
kl
i=1
n
b Pj+1 Z wi = Wjyq
i=k’’
A
Ps

Time

!
Cmax

CI _W]+Wj+1
max-— fi  fis1

O
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METHODS OF RESOLUTION: 1) PREEMPTIVE SCHEDULING (PS)

P1

P2 tk= tk/-l— tk”

P3 p] ZWi =VV]

b Pj+1 z wi = Wiig

Ps

—

Time

fy <f,<f3<f, <fs Crnax

Lemmal: The set S of schedules that saturate energy constraint is dominant
Lemmaz2: For any schedule s € S, C3,4x = Crax

Theorem: Algorithm PS provides the optimal solution for non—preemptive scheduling

W W

/ j j+1
Crhax= fi +

J

fi+1
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METHODS OF RESOLUTION: 2) NON-PREEMPTIVE SCHEDULING

P1
P2
P3
P4
Ps

Transform the solution of the preemptive scheduling to obtain a solution

realizable for the non-preemptive scheduling

_—:

Time

f, <6, <f3<f, <fs

n
W=ZW1 =W, + Wj;4
i=1
Energy = W; *sz + Wijyq >|<f]-2+1 =E

Massinissa Ait aba

B INSTITUT
CARNOT

112 o« M e

1P




° Transform the solution of the preemptive scheduling to obtain a solution
realizable for the non-preemptive scheduling

* Case 1: execute tasks t; to t, onp; thentherestonp;,
2:’:11 Wi 2:?:V1+1 wi

v,€ {1..n} ie Cpogy = min{ R S+ Cly,vy,, +CMyjpn D2 Wi > W)
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
P1 °
[ ]
p2 L
[ ]
p3 °
[ ]
P4
Ps
Time

fi <f,<f3<f, <fs

n
W=ZW1 =W, + Wj;4
i=1
Energy = W * f2 + Wi, *£3, = E

P1
P2
P3
P4
Ps
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METHODS OF RESOLUTION: 2) NON-PREEMPTIVE SCHEDULING

° Transform the solution of the preemptive scheduling to obtain a solution

realizable for the non-preemptive scheduling
* Case 1: execute tasks t; to t, onp; thentherestonp;,

* (Case Z: execute tasks t; to t,,, onp;,4 then the rest on p;

L L X2 wp o By, Wi \%
v2€ {1- . n} 1€ Cmaxz = mln{ lf‘I + Zfﬂ + Ctvz,v2+1 + ij,j+1v Z?:v2+1wi = VV]} 2
j+1 ] Z W' > W.
s e
[
° i=1
[ J
[ ]
°
[}
[
[ J
P1 °
[}
P2 L
° n
P3 °
o0 0000000 o Z wi = W;
P4 i=vy+1
Ps
Time

Energy = W * f2 + Wi, *£3, = E

P1
P2
P3
P4
Ps

P1
p2

P3
P4
Ps
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° Transform the solution of the preemptive scheduling to obtain a solution

realizable for the non-preemptive scheduling

* Case 1: execute tasks t; to t, onp; thentherestonp;,

* (Case Z: execute tasks t; to t,,, onp;,4 then the rest on p;
* (Case 3: execute all tasks on p; S
ZWi > W
ol ]
° i=1
[ J
[
[ ]
[}
[
[ J
P1 °
[}
P2 .
P3 ° ‘ a
o0 0000000 o Z wi = W
[ )
P4 ° i=vy+1
[}
Ps ¢ °
- " o
Time o
[ J
[ )
[ ]
f1 szSf:;Sf‘l_st L
n ¢ [ ]
el
W= Z w; =W, + W,
i=1

Energy = W * f2 + Wi, *£3, = E

P1
P2
P3
P4
Ps

P1
p2

P3
P4
Ps

P1
P2
P3
P4
Ps

METHODS OF RESOLUTION: 2) NON-PREEMPTIVE SCHEDULING

Pj+1

Cmaxl

‘V|

Time

4
4
4
L
4
4
4

bj
Pj+1

»

Cmax3

Time
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METHODS OF RESOLUTION: 2) NON-PREEMPTIVE SCHEDULING

° Transform the solution of the preemptive scheduling to obtain a solution
realizable for the non-preemptive scheduling

* Case 1: execute tasks t; to t, onp; thentherestonp;,

P1
p2

* (Case 3: execute all tasks on p;
Z w; =W, P3 bj
ol ¢ ]
R L] i=1 D4 pj+1
@ 1

° Ps

* (Case Z: execute tasks t; to t,,, onp;,4 then the rest on p;

Time

° Crax1

P1 °

p2 .

P1

B,
~ w
[ ]
...
o [ )
° [
[
[
[ ]
[
[
[
(J
v
il
<
=
“_LM
t
e
\Y
s T T
» w N
4
|
s 3
+
-

Ps @

[ ]
—> o Ps >
Time ° ) ¢ Time
[ ]

f1 <f2<f3Sf4<f5 .‘ P1

@ o p2
Pa ,/ Pj+1
Ps ) 3 -
— : Cogs TIME

Cmax — mln{cmaxl» Cmaer Cmax3} ’
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METHODS OF RESOLUTION: 2) APPROXIMATION RATIO

*  Chax. Optimal solution for non-preemptive scheduling

*  Cpax. Solution obtained by the approximate method (NPS)

*  Cpmax. Optimal solution for preemptive scheduling (PS), Cjax= % + %
j j+1

. . . L C W f
Theorem: the approximation ratio in the worst case is given by ———= < e <
Chax Wi L+t fj
i
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METHODS OF RESOLUTION: 2) APPROXIMATION RATIO

*  Chax. Optimal solution for non-preemptive scheduling
*  Cpax. Solution obtained by the approximate method (NPS)

*  Cl,ax. Optimal solution for preemptive scheduling (PS), C/ax= f—]’ + f,]TT

. . .. . . C W fivq
Theorem: the approximation ratio in the worst case is given by ———= < e <
Chax Wi L+t fj
7 i

w

In the worse case, we execute all tasks on the processing element p; : Cpax < -
]

with W =¥ w;

W
f]

Cmax

Chax Wi | Wit fj * Wits
2y W +
fj fj+1 J fj+1

C C C w

’ * max max max

Cmax < Cmax — c* < c’ — c* = f*W:, 1
max max max Wj+] )
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METHODS OF RESOLUTION: 2) APPROXIMATION RATIO

*  Chax. Optimal solution for non-preemptive scheduling
*  Cpax. Solution obtained by the approximate method (NPS)

*  Chax' Optimal solution for preemptive scheduling (PS), Ciax= - + f’—“
j j+1
_ L . o Crmax W fj+1
Theorem: the approximation ratio in the worst case is given by —— < e <
Chax W+ 2 J+1 fj
7 i

. W .
In the worse case, we execute all tasks on the processing element p; : Cpyax < 5 with W = YL w;

w
Crmax - f; _ w
Cax %_I_ W1 W+ f; « Wjiq
f; fj1+1 J fj+1
Chiax < Chax  — (D gomax _, fmax o 0
max  Cmax Cmax .4 J _Jt1
7 fj
L <1— < =
i Wit S p (Wi W)
fj 11 fj+1
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NUMERICAL RESULTS

* Implementation in C++ of PS and NPS algorithm
+ Solver Cplex to solve the model (P)
* 30 instances generated randomly for 3 different sizes, small, medium and large

Number of tasks Number of machines

® preemptive scheduling solution

20 4
® Non-preemptive scheduling solution 50 9
® Cplex solution (time limit = 1h) 100 9
500 11
* Results 10000 11
Makespan
140
120 1850%
1629%
100 1468%
80 153%
60 0,27%
7,02% 3% 4,85%
40 2.25% 2,25%
0
20 4 50 9 100 9 500 11 10000_11
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NUMERICAL RESULTS

* Implementation in C++ of PS and NPS algorithm
+ Solver Cplex to solve the model (P)

* 30 instances generated randomly for 3 different sizes, small, medium and large

® preemptive scheduling solution

® Non-preemptive scheduling solution

® Cplex solution (time limit = 1h)

Run time

Makespan
140

120

100
80 > 60m
60

<0.5s
<05s

50 9

40 <0.5s >70s

<0.5s
0

20 4

Number of tasks Number of machines

20 4
50 9
100 9
500 11
10000 11
> 60m
> 60m
>60m
<ls
<0.5s <05s <0.55<05s <1ls
100_9 500 11 10000_11
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CONCLUSION AND PERSPECTIVES

Scheduling problem on heterogeneous platform
* Optimization of the performance/watt ratio

Scheduling a chain of tasks
* Preemptive Scheduling: optimal solution
* Non Preemptive Scheduling: approximate solution with a guaranteed performance

Perspectives
* Extension to more general classes of graphs (DAG)
* Tests on real applications and real platform (RECYS)
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