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0000000000000 0DO0000000000O0D0DO0DOO0OMirchandaney
et al.[11,12]0 Mitzenmacher[13]0 Dahlin[3]| 0 0 0000000000
gogbbobooobobuooboooooobbboooobobooobbboooob oo
O0000000000000000000000000000D00O (Undiscounted Markov
Decision Processes, UMDP) 0 0 0 0000000000000 O0OO0OOOOODODOOOOO
guobbbogobbboooobbooobboooobobbboooooboooobobn
(Neuro-Dynamic Programming, NDP) O OOOOO 2|0 0000000000000 0O0O
Ob0ooooboooboob0ooboboooboobooboNDPOODODOODOODO
00O (Reinforcement Learning, RL)[18| D 0 000000
o0Oo200000000000000bO0D0DDbOOoOoDbOoOobuUuMDbPOODOODOOO
gojddddd200d0oooo uMbPO 00000000000 UUUUOOO 1D O
000000000 DOModified Policy Iteration Method, MPIMO [14,16) 0 0000400
OONDPOOOODOOOOODOODODOODOOO Semi-Markov Average Reward Technique
(SMART)[4]0 Simulation-Based Policy Iteration Algorithm (SBPI)[7] O Simulation-Based
Modified Policy Iteration Method (SBMPIM)[15|0000050000000000000O
OO0OooONDPOOOOODDOODOOOODODODOODOODOODOODOODODDODOO
0000000000000 00000000000000Q0O 200000000000
googobogoboobooboboobboobobobboobboobbooooboogson
gbobodbboobboooboNDPOODOOUODDDODOOODDLOOOOLODDbDOOUObDDOD
gobebbooobbbooooboobod

2. 00000000
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!
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(source)
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U 1. gobobodggd

0100000001000000000000000000000000000 20000
000000000000000000000000000000 000000000000
0ool,...,»,000000000000000000000000000 M,=/{1,...,n}0
M=1{0,...,n}0000
D0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000 B; (i € M)
00000000000000000000000000000000000000000
000000000000000000000
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00000000000 ¢(t=0,1,...)00000000 [t¢t+1)00000000000
0D00000004:0000000000000000 A®DS;()0000A®(#)DS;(t)0
0000000000000¢t0000000000 Pr{A(t) =1} =a(l), Pr{S;(t) =1} =
oi(l), ieM,, (1=0,1,..)00000000000000¢0000040000000
000000000000 X,()0000000000000 X(t) = (X:(t);ieM)00
00000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000 = (f(x);x¢c
X)0000000000000000000000 f(z) = (fi(z);ieM,)000000
0000000000000000000200000000000X00000000
000000000000000000B; (ieM)0000000

X={(zieM); 0<z; <B;, i € M} (2.1)

gboogboboogobuogbooobuoobboobobbooboobboobooon
gbobbooboobooboobon
gboogbodgbobbodoboooboobboobbooboboobboobonon
obobboboobooboobooboobobbobeeobbOobbOOobOOn

K@) ={(fsic M) Y fi<ao fitm<B,ic M}, meX  (22)
JEMs
000000000000 00000000 (22)00000 I = {r; f(z) € K(z), = € X}
0000000
000 X(H)D0 X(t+1)0000000000 0000 feK(X(#)DD000000
00 A#DDDOD 000000 S() (e M,)0000000000000000000
000000

Xo(t+1) = min{Xo(t) = > fi+ A(t), Bo} (2.3)
1EM
Xi(t+1) = max{X;(t) + fi — Si(t),0}, i € M, (2.4)

00+0000 2000 fO000000000¢+10002’' 0000000 p(a,«, f) =
Pr(X(t+1)=a/|X(t) =2, f)00000000000 (2,2, f) eM)DDO00O0
0oo0ooooo

plz, ' f) = H qi(zi, 2, f) (2.5)

ieM

0ooo
0000000000000 gfze, 2, f)00(23)000000000000000000
00000000000000000000000000000 (20— Yy, £) 00000
D000D000 (2 — 20+ Yuen, )000000000000000000 B, 0000
00 ah— 20+ Yene, s >00000000

a(xzy — (zg — ZiGMs fi)) , for 0 < aj < By
qo(zo, x4, f) = Zszo—(Io—Eing ) a(l) , for zf, = By (2.6)
0 , otherwise
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0000000

0000i(ieM,)00000000 ¢(a,2), f)00(R4)00000000000000
000000000000000000000000000000000000 (z;+f,)0
00000000000 (z;+ f;,—2) 00000000000+ f,—2,>0000000

oi((x; + fi) — ) , for 0 < 2} < B;
(v, 7, ) = Q220 4p, 0i(0) , for 2/ =0 i€ M, (2.7)
0

, otherwise,

goobodgo
goboboooooobooooobon:

CHl.0000000010000000000004(ieM)00000O
Chk. 000000000 0000010000000000000
Cr.00000000o0n0:i(ieM,)0100000000000000O000O0

0000000000000 00000000 0000000000 r(x,«,f)0O

r(x, @', f) = C(xy— Z fi) + Z CH(x; + fi)

1EMs 1€EMs
+ [{x{):BU}CRZl X OL(BO — Ty + Z fz + l) (28)
=0 iEM;s
— Y Cl(wi+ fi— )

1EM

obooboobobobIxb Xbooooo1oooboooboobooboobooo
000000000 fO00OD0OO0OO0OC0OOOO r(x, f)O

r(@, f)=>_ plaa, fir(za, f) (2.9)
x'eX
oooooon
goododoooooooooocuoobooo uMbPOOOODOODO0OOOOOOOOOOO
000000000 [1,8,16)0

9+ h(e) = min {r(e£) + 3 pleal DhE), e (2.10)
DDDDgDh(m)DDDDDDDDDDDDD zU00000O0O0O000O0O0 00000000
DDD(Z.lO)DDDDDDDDDDDDDD W*:(f*(a:);a:EX)DDDDDDDDDD
googoogno g*DDDDDDDDDDDDDDDDDDD(ZlO)DDDDDDDDD
oo oo bouogooog
OO00ONDPOOOOOOOOOOUOOOOOO0OO0O0O0O0O000O0000000 g
DDDDDDDDDDDDDDDDDDD(2.10)DDDDDDDDDDDDDDDDDDD
googoooooboboooooogoooooboooooooooooboooogg
Odogoooopooooooogooog
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3.0000000

(210)0000000000000000000O0O0O00O000 (Modified Policy Iteration

Method : MPIM) O 000 OMPIM O Howard[8]|0 OO0 OO OO0 (Policy Iteration Method

:PIM)0000000000O0O000O0O000000000000O000000000O0

O000000000000000MPIMOOODOO (Value Iteration Method: VIM) O OO

O0000000000000000000000o0000O0O0vIMOOOOODOOO

O0o0o0oMPIMOOOODOOOOOOOOOO

0000000 (MPIM)

Step 1(0000): 000 &, € XOOOOOA (2,) =000000000 k= (h(z);x €
X)DODOD0ooOOoooD#«"el,0000O0 LOOO0O0Oe>0000,0000m=0
o000

Step 2(00000): zecX0000O

"H@) = min {r(@, f)+ ) pla @’ (@) - " (@)}

g
fek(@) x'eX

00000 f(z)0 ¢"t(z) 000000 " (x) = fM(x) 00000000000
f " e)0 g™ (x) 000000000 0000

Step 3(0000): w(x) = h™(x) + g"t(z),e e XOOD [ =0,1,...,L—10000
0oo

Wt (@) = r(@, (@) + Y pl@, @, 7 (@) (@)
z’'eXx
ooooort(z) =wh(z) —wi(z,),zc X 0000 ma}i{]hmﬂ(m) —h"(x)| <el
xe
JoooooooooiboibDOm=m+10000step 200

Puterman[16]0 0000000000000 OMPIMOOOOOOOOOOOO

4. Jjdooooobbboboooooga

NDPOODODOO MDPOOOOUOUODODODOOOUODLDOOOOUODLDODOOOUODDOOUONDP

gofdooooogoooboooobbbobbooooooooobbbobboooboooon

OONDPOOOODOOOODODO SMART[4]0SBPI[7]0SBMPIM[15| 0000000

godddoooobbobbboooooogooooo

4.1. SMART[4]

SMARTOOOOOOOOOODO (Semi-Markov decision process, SMDP) 0 0O NDP OO

O000000000000000000 Q00 (Q-Learning) 000 O0D0O0OODOODODOO

gugodooooobobbbbuooooo

Semi-Markov Average Reward Technique(SMART)

Step 1: m = 00000 Rua(x, f) = Ruew(z, f) = 000000000 7 = (f(z);x €
X)ellOODOOOOODODOODO xzoe XOOOODOODOOOTC=00000T =00
00000 ¢g=0000000000000000000000000 v = (7,7)0
00000000000 n=(n,n)00000

Step 2: m < MAXSTEPSOOODOODOOStep30 000000000 ODOODOODOOO
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Step 3: DO ODOOOOODOODOOO nm,y DO0O0ODOODOOO

o Y0
= i
Lt L 7 m

Step 4: 00O [0,1]000000U0UO000O00O00O0U<1—19,000

ff=arg min Ryy(x,, f)
fe Lm
O00f=f0000000000 K(x,) 0000 0000000000000
O0D000 fO0DODO
Step5: 00000000 DODODOODOOOOO #,.,00000000

Timm = 7(Tm, Ty, )

gbooboogoon
Step 6: U0 UOU0OOO R, UODOODO

Rnew(wmu f) - (1 - er)Rold(wmy f) + 'Ym{rzmm —4g + min Rold<wm+la ,f)}
fek(em+1)
Step 7: :f = ffO0000Step8 00000000 Step 901 01
Step 8 DD DOOOOTCOTOgOOOOOO

- TC

Step 9: Roa(®m, f) = Rpew(@m, f),m=m+1000 Step 200

4.2. SBPI[7]
SBPIO PIMOOOODOOODOODOO0ODOOO0ODOODODDOODODOOOOODOOOn
Simulation-Based Policy Iteration Algorithm(SBPI)
Step 1(0000): 0000 eNI0000000 2, e XOODO0DODO0ODOOO MOO
Um=00000
Step 2(00000000): gm0 R"ODOOOODOOO
(a) DODOOoOoOoDoOOO¢gmoOoOoOoOQ
() 0oD000oD0D =z €e XOUOODOODODOODOOODODOODOOODOOOO
@, .. xy 000000
(i) ¢" =00000t=0,...,M—100000 (@, 2.,) 000000 ¢"00
goooooo
1

m_ (1 - _—— \g™
9" == =)" +

(e, T, £ ()

(b) DODDOOODODOOOR"ODODDOOOO

(i) 00 Step 2 (a)-(1) 000000000000 0000
(ii) 00000 2000000« 000000000000 LOOOOOO
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(iii) 000000000 (zg, @y,...,2) 000000, 2.) 000000 w(w)
(i=1,2,...,)000000000

w(z;) = w(x;) +vn''d;

Uibidywooboobooubodb ;000000000000 < 10
dt:T(wt7$t+1,f(33t))—gm+w(wt+1)—?,U(mt)lj oo
(iv) R" 0000000000

K (x) =w(x) —w(x,), € X
Step 3(0000OD0): 0000 xeXOOODODO

m+1 . / m+1/,..7
x) = argmin {r(x, f) + x,x', f)h x
FN (@) = argmin {r(e, f) ;m P (@)}
DDDDDDfm“(a:)DDDDDDDDDDDDDDDDDDDDfm“(:z;)DDDD
" =" 0000000000000000000m=m+1000Step 200

O00000000000O0o([r oo Step2 (a)0 L,O00000C0O0O0O0OOO0O0OO

00000000000 L,=10000000(M) 0000000000000 Fox-Landi

algorithmO0 000 [16)]0 0000000000000 0ODOODO(d)0000DOODOOCOOO

good

4.3. SBMPIM][15]

SBMPIMOOMPIMOOODODOOOODODOOOODDODODODODDODOODOODOOODDOOOOO

O000000000000000[15|000000000000000O0O0000BOODOO

guoooouooooooboobbon

Simulation-Based Modified Policy Iteration Method (SBMPIM)

Step 1(0000): 0000 x e XO0000000 £.*00000000000O0O0O0O
OO0 k000N (0<np<1)000000000O0O0OODOODOOOOOOOO0OO
0SS, =o0000000000000000D00D00DO Sr=900000 TC =00
r=x)Odm=[1=10000

Step 2(00000000): 2¢ S, 00008, =8,U{z}0Sr=S,U{z}0z0000
Owv(z)=10000f(x) 000 000000000000 O00O0OOOOO0OO
0000000000000 0u(e) =r(z, f(z)0000ze S, 0000z ¢ S0
O000Sy=Sru{z}luv(e)=10u(z)=r(z, f(x) D00 O0xec S, 0000

v(e) =v(x)+ 1, u(x) =u(x) +r(x, f(x))

00000000 000 f(x)D00000000000O0O0O0OOOOOO0O0
000000000

TC =TC +r(z, f(x)), =2

OO000D0l=k000 Step3000000000I=0+1000 Step 20

oobooooooOoOOODOOOOOO0O0O00O0OO00 20060 490
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Step 3(¢y000) : 0000 ¢g000O0DOOOODODOO

_TC

9= 7%

Step 4(h0O0O0) :S, 000 2,000

ha,) = (1 - T2y @) — gy 4 LR (12

k ko to(x,)
0000O0z(#a,)€S,00000
) = (1= 2 wie) - g) + 2D ) - e

0000
Step 5(00000): 0000 xz€ S, 0000
. / ’
w(®w) = fewgr(lglﬂm)){r(w, f)+ w%p(w,w , [)h(=)}
00000 f(x)=f0u(x)=100000000KN(, f(x) (€ K(x) O f(z)00
0000000000000000000000000000p(z,2,f)>0000
¢ ¢ $,00000008,=8,U{r'}0v(x)=10000f(z)0 20000000
00000000000000000000000000000w(@)=r(,f(@))
0000h(«)=h(z)0000wx 000000 f(z)0 wxz)00O000000w()
0000000000000 f(x)000000mO0000000000000000
000000000 S;p=¢07TC=000=10m=m+10000Step 200

5. 000
51. NDPOOOODOODOODO

ObooooooNbPOODOOOOODOODODOODODODOODOODOODODOOD
gooooobbbbbbbobbbbdoooooooobobobbbbbbobobobon
MPIMOOOOOOONDPOODOODOOODODOODODODODOODODODOODDODODO
gbobobuoooobbboogbbboooobbbuoobboboo

all)=X1-=N 1=0,1,... (5.1)
D000D000+0000000000000

oi(l) = (1 —py)', 1=0,1,..., i € M, (5.2)

D000000000000000000n =20XA=040p; =0.20u, =0.30CH =2 (i €

MIOCE=150CF =0 (ie M,)0000000000000000000030000
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) Bi=5@GeMO2) Bi=8(ieM)O3) Bi=10 (i € M)
go0o0boooobobooboboboooobobbooooooD 216, 729, 13310000000
0000000DOS/VO (CPU: AMD Athlon XP 2200+, Memory: 512MBOOS: Windows
2000)0 00000
godddddoooooooobobobooboboboboboboboi1ooobbooobobobobbbn
0000000000000OMPIMOOOOO e =10°0m =200SMARTOOOOO
(0, mr) = (0.4, 5% 10°)0 (30, 75) = (0.6, 5 x 10°)0 MAXSTEPS = 1.0 x 10° ( 2), 3) O
0000 1.0x107)0SBPIOO OO0 n = 0.90m = 500000 L = 10000 SBMPIM O 0 0O O
O0n=080k=500000000 =400000000SBMPIMOOOOO0 KNe, )00
f=(f.f.. . f)ekOOOOOOD 20000

A ={Usiemy Y -1 <Y feifeex

JEM JEM; JEM;
KB ={(fs ie M) fi-1<fi<fi+lie M) zer

D000KN(z, f)=K@)nKAf)NKE(fH)DDDD
010000000000000 SBPIO SBMPIMOOOOO0OO0O0O0O0 MPIMOOODO
00000000000 0000000SBMPIMOOOOO0OO0OO0O0O0OO0OOOOOOOOO
009%%00000000000000SMARTOOO00O0O0OOODOOOOODOOOODOO
(15 00000000000000000000000000D0000O0ODOO00OOOOO
SMARTOOOOOOOOOODODOOOOO0OODOODODOOO0OO0ODOODOO0OODODOODO
000000000000000000000 SMARTOOOOOODOOD0OO0O0O0O0DOOO
0000000000000000000000D0D00000000D0D0O00D0D000O
000000000000000000000000000000000000 SBMPIM
0O000000000000000000000D0 200000 2000SBMPIMOO0
00000000000000000000000000000000000000000
000000000000000000D0000000D00D000000D0OD0201)0
000000000000000000000y/OMPIMOOOODOOOOOOOOO
O0000000000000O0SBMPIMOOOOO0O0O00O0DOODOOOOOOSBPIO
00000000000000000000000000000000000000000
O0000SBMPIMOOOOOOOODMPIMOOOOOODOOODODOODOODOOOO
O00000O0SBMPIMOOOO0000O0OO0OO0OOOOOOOOOOO

1. 000000000000000000000

googog 1) 2) 3)
MPIM 5.906 4.987 4.844
SMART 6.363 5.641 2.283
SBPI 5.878 4.991 4.848

SBMPIM 5.894+0.066 4.968+0.087 4.834£0.101

5.2. 000000 DUOO00OOobO

SBMPIMOODOONDPOOUOODODOODOOOODOOODOOOOOOODODLDOOODOOO
0000000000000 00000000(5,17,200000000000000000O
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35 T T T T
30 -
25 - g -

20 | L i

CPU Time

15 e i

200 400 600 800 1000 1200 1400
The Total Number of States

O 2. 0NDPOODOOOOODOOODODOODODOODOODOO

000000000000000000000000000000000OOOOOOOO
00000000000000000000000000000000000000000
00000000000000000000000000000000000000300
0SBMPIMOOOO00000000000O0O0O000000OO0O000000000000
D0000000000000000000000000000000000000000
00000000000000000

000000000000¢t0000000 X,()000000000000000000
000000000 Ki(t) (eM,)0000000000

5.2.1. 000000000

gbogbobuodgbboboboobbuoboobboobbogboobboooonn
00000 E[S;(y))00000000ooooooo«0oooooono PO

E[S;(t)]
ZieMs E[Sz(t)]

000000000000000000000000

Doo0o0o0o0o0

Step 1: H = Xo(t)D K;(t) =0 (ie M,) 0000

Step 2: 00O H =00000 X;(t)+ K;(t) = B; (i€ M,) 0000 Step 400

Step 3: 00 P00 j0000000000000X,(t)+K;(t) < B;0000K;(t) =
K(t)+10H=H—-10000Step 20000

Step4: 0000000 K(t) = (K;(t); ieM,)000¢00000000

P = (5.3)
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02 1)000000000000000O0OO
T MPIM  SMART SBPI SBMPIM

(2,000 11 @Oy Vv @) v 1) V
(2,01)  (2,0) (1,1 (2,00 v (20) V
(2,02) (200 (20 v (20 Vv (20) V
(2,0,3) (2,00 (0,2) O (2,00 v (2,00
(2,04) (20) (20 v (20 Vv (20) V
(2,05) (200 20 Vv (20 Vv (20) V
(2,100 (1,1) (02 O (L)  (1,1)
2,1,1) (200 (02) O (20  (20)
(2,12)  (2,0) (0,0) O (20  (20)
(2,1,3) (2,00 (0,2) O (2,00 v (2,00
(2,14) (200 (20 v (20 Vv (20) V
(2,15) (200 (20 Vv (20 v (20) V
(220 (L1 (02 0O @11 v 11 V
(221) (1,1 (0,0) Ly v L) v
(222) (200 (02) O (20 Vv (20) V
(223) (200 20 Vv (20 v (20) V
(224) (200 (20 v 20 Vv (20) V
(225) (2,0) (0,0) (2,00 v (20) V
(2300 (02) (200 O (02 v (02) V
231 1) @Oy v L) v 11)
(2,32)  (1,1) (200 O (2,0) 1,1
(233) (200 L1 0O (20 v (20) V
(234) (200 (L1 O (20 Vv (20) V
(235 (200 (20 Vv (20 v (20) V

5.2.2. 00000000000OOO

000000000000 0000DOoooooooooo0ooooooonoooooon

0100000 2,3,.. 0000000000000 1000D00O0DODO000O0OO0DOO n

00000000000 Oo0D 1000000000000 o0oooo0toooooan

gobbobbooooob..ggobbb¢:t+100000onbbobb«+100=n000

000 1000000000000 00bO0oo0boooooooooooooooon

000000000000 00000000000000000000O0000DO0D0O00n

OO0000O0DOO0oO0oOOo0oOoooboooboooooooa

Oo0O0oDoOoooooooon

Step 1: H=X,(\)UK;(t)=0(ie M,)0O0O00000¢t=000037=1000000
000 j0¢+—10000000000000O0000O000

Step 2: OO H=00000Step 400

Step 3: K;(t) = K,;(t)+10H=H—-10000,=5+10000005j=n+1000
j=10000Step 20000
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Step 4: 0000000 K(t) = (K;(t); ieM,)000¢00000000

5.23. 00000000O00O0DOO
gbobooggboogobooobobboobbooboboooobbooboooboon

Odooooooooooooooo+sooooo.00o00 L, 000000000
X;(t
Li: ()7
E[Si(t)]
0000 (4)000X;(1) 0000000000000 000O0O0O0OODOO0ODOOODOO
0 K,()00D000000000 L0000

i e M, (5.4)

I Xi(t) + Ki(t)

i ESi(0] i€ Mg (5.5)

0000000000000 000D00O00C00O000oooOO ()00 0Ooooog

0001000000000 0000DO00O00DO0bOobOOoOobDOobDOooDOooDoD

OO0oooooooooog

Step 1(0000): H=X(H)OK;(t)=0(ieM,)ODODODO

Step 2(00000000O00O) :D00H=00000 X;(t)+ Ki(t)=B; ie M,)0O0O
00 Step 400

Step 3(0000O0O0) :00000 ;00000

g = arg min {Ly; X;(t) + K;(t) < B}

DO00K,(t)=K;(t)+10H=H—-10000Step 20000
Step 4(00000) 0000000 K(t) = (Ki(t): ieM,)000¢t00000000

5.24. 0000000O0O0O00ODODO

OooobooooobbooooobooseMPIMOOOOODOOODOODOOOODOoOOoOO
00000000000000000000000OD0ODO (29 0000000000DOOO
0000000000 (b.)OOODODODO0DO0OoOoooooooo Z,=(1—-X\)/A00000
O0MO0000000000 (.2) 000000

OobooobooooooSBMPIMOOOOOOOp=09000004000000000
gdd = =10000000000000000000000000O0ODOOO0OOOODODO
NM+MCB[6)|OOOOOOOO0O0O %% 0000000000000 0000000O0O0O
gobobooooobobboooobboon pd

(5.6)

oooooo

0000000000000000000000n =40B, =100B; = 2, (i € M,)0
pi=05GeM)OCE=3G(ieMOCE=50Cr=1>GieM,)00000000000
000000000 p00.1001.00000000000000000000300000
00000i0000Y,0000000000000000Y;-min;,Y;0000000
O00300000RandomO0 000000000 ORoundRobin 00000000000

oobooooooOoOOODOOOOOO0O0O00O0OO00 20060 490
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OOO0OShortest 000 ODO0OO0OOODOOOOODOODOODOOOOODOpOOOOODO
O00o0o0oooooooADOOO0D0Do0.71400.55600.45500.3850 0.33300 0.2940 0.2630
0.23800.2170 02000 0000 30000000 0ODLDODODODODODOOOOSBMPIMO
OooooooboOooobooooooOooooooboboooseMPIMODOOODOOO
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ABSTRACT

A DISCRETE-TIME LOAD BALANCING PROBLEM BY
NEURO-DYNAMIC PROGRAMMING ALGORITHMS

Atsushi Inoie Katsuhisa Ohno
Kanagawa Institute of Technology — Aichi Institute of Technology

The meaning of load balancing is to dispatch jobs among resources of a system for maximizing the
system performance. This paper deals with a discrete-time optimal load balancing problem that minimizes
an expected total cost. This problem is formulated as an undiscounted Markov decision process, and is
solved by the modified policy iteration method. Since the modified policy iteration method can not solve
practical sized problems due to the curse of dimensionality, a near-optimal load balancing policy is computed
by neuro-dynamic programming algorithms. We further compare this policy with heuristic policies such as
the random policy, round-robin policy and shortest policy.
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