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Abstract In this paper, we consider the resource optimization of virtual networks which have the subset of the resources of
the physical network. The physical network manager should provide his/her resources to virtual networks so that all virtual
networks satisfies their requirements. However, the demands in virtual networks may change in time, and the virtual network
whose demands increase requires more resources. Thus, re-optimization of resources is required. Though frequent resource
re-optimization makes the network unstable, resource re-optimization should be completed immediately after the lack of re-
sources occurs. To solve this problem, we consider the resource optimization method based on the predicted demands. Our
method uses the idea of the Model Predictive Control(MPC), which is a method of process control with predicting the system
dynamics. Through numerical evaluation, we demonstrate that our method avoids lack of resources.

Key words Virtual Network, Network Slice, Model Predictive Control



1. 0 0Q0gd

gooooooooooobooboboooooooooooo
00000000o0ooooooooooooooooooodg
Oo0o0oooooooooooboboooooooooooo
OoOoOoOOoOoOoNnooooooooobooooooooooo
00000000000 U0ooooooooooooooO
0o0o0oodooooooooooboooooooooooa
Joo00o0o0ooooDOo0ooooooooOooooooooo
0ooooooooooooobooooooooooood
00o00000oU0oUooU0oooooo0ooooooooo
go0o0oodoooooooooboooooooooooa
0000000o0ooooooo0oo0O0ooooooooooo
O0o00o0oodoooooooooobooooooooooooo
00000000oooooooooo0ooo0oooooooo
0o0o00oododdoooooooooobooooooooa
0000000000000 0oo0ooUooooooooo
0000000000o0ooooooooooooooooon
go0o0oooooooooooooboooooooooo
00000000oooooooo0oooooooooooo
0o00o0ooooooooooboooooboooboooooa
00000ddooooooooooooooooooooog
O00o0ooooboDoobOooooooooooonooboooo
0000000000000000000oooooooooO
goooodoooooooooooooobooooooooa
ooo
ooo0boodoooboooooooobooooboooooo
0000000 (MPC; Model Predictive Control) [2] OO OO O
gooooooMpPCOOOOOOODODODOODOOOOOOO
goooodooooodooooooobbobooooooooa
00000000o0oooooooooooooooooogo
0o000ooooooooooooooooooooooooo
0000000o0ooooooOoOoo0o0oOooooOoooOooo
0o000oododooooooooooooooooooooo
00000000o00oOoCOoU0oooooOooooooooo
O0o0o0o0oO0o0o0ooooooooobooooooooooa
0000000oooooooo0oo0o0ooOoogooooooo
pgooMpCOO0OOOOOOOOOOODOOOOOODODO
000oooooooooon 3,410
gooooMpCODDOODODODODODODODOOOOOODODOO
00000o0ooooooooooooo
0000dddog2.000000000000000000
gooodooooboobooooobooo3.ooMpcOnoonog
goooooooooooMpPCOODOOOOODOOOOOO
gooooOooooo4.00MPCOOOOOOOOOOOO
000000000oooooooOoS.00oooooe. 0O
Oooooooooooooooo

2. DOoboOobobobooobogooo

gboooooooooboocooooobooooobooooboooo

000000000000000000000000000
0000000000000000000000000000
00000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000

00000000000D00D0 SO00O0000 s000
00000000000 V,000000000000000
000000 LOO00leL0OD000I00000 BPY O
0000000000000000 V,0000000000
0 By,, 0000

21 00000000000

0000 s0000000 s00000000000000
000000000000000000000V,000000
00000000 s000000¢000000000000
000 X°(t) = (25(1),25(t),...,23(t))" 00000000 fO
0000000000000 000 t00000000 s
000D0+00000000000000000000000
0000000 s00000000000000000 R(t)
000000000 OR(1)0040000000000000
j000000000000000 7, 000000000
00000000000 ¢00000000 s0000000
00000000 Y*(t) = (yi(t),ys5(t),....y7 )" 0000
000000DoOoDooOoo

Y*(t) = R*(H)GX* ()

goooGcU0O0dooooooooooooooooopoooo
i, 70000000 ;0000 0000000100000
oooono

gbod soboboooooooooooobooooooon
O7°)0o00o00oooooooUoooouoooon
000000 RPy)OUDOOOUDO

Vi€ Ly (t) £ Bv,,

O00D00000R(H)00D0000000D0000000
O000RY(+) 000 ¢+00000000000000000
R(t)0D000000 T°()000000000000000
00T(+-1)0000000000000000 T5(t)00
000D000000D0000000000000000000
0000000000000000000000000000
000D00D00D0000000D0000000000000
0034000000006 00000000000000
0000000000000000000000000000
000000000D0000003.00000

2.2 0000000000000
000D000000000000000000000000
0000000000000000000000000000
000D000000D000000D0000000000000
0000000000000000000000000000
000D000D000D000D0000000000000000

2



Y*(t)00D0000000000
000000000000000000¢t000000000
0000000000000000 By,,(t)00000

Vi € Ly (t) <= By, (t)

S.t. ZBVS,l(t)gBl
ses
DDDDyls(t)DDBVS,l(t)DDDDDDDDDDDDDD
gooooodoboooooooago

3. bgbooooobobooooobooobooo
googoog

3.1 0000000000

MPCOOOOO000O0000D00000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000 k0000 y(k)OOODOO0OO 7,(k) 0000000
0D¢00000000 ADODOOOOO0 [t41,t4+A 000

0000000000000 A =3 lyk) —ry(k)|? O
0oooooooo
(u(t+1),---,u(t+h))= argmin J; (1)

w(t+1), -, u(t+h)

00000000000 |00000000000000

000000000000000+¢0000000 u(k)00
00000000 yk)O0OOO0OOD0DO000000000
0000000000000000000000000000
000000000000000000000000 2(k) 0
00000000000000000000

z(k+1) = o(k, 2(k), u(k)) )
y(k) = p(k, 2(k), u(k)) ©)

0000¢,000000000000000000000
000000000000000000000000000
000000000000000 (k) 000000000000
0000000000000000000000000000
Ot+1,t+h 00000000000 w(t+1), -, u(t+h)
00000000000000000000w(t+1)0000
0000000000000000000000000000
0000000000000000000000
000000000000000000D000000000
0000000000000000000000000000
000 Au(k)=u(k) —u(k—1)0000000000000
000000000000000000 [t+1,t+A 0000
000000000 J; =33, |Auk)|| 00 () 0000
0., 000000000000000000000004J;0
J,0000000000000wO0O00000000000
0000000000 (1)00000

(u(t+1)7...7u(t+h)) = J1 + w2 4

arg min
u(t+1),u(t+h)
gooooobobodotbbwbOOOOOO0O0oDOOOobOOOoODO
goboooooobooooooooooon

3.2 JO00ooOoooooobooooobooo

goooooO0oOoOoOoO0o0oOo0oOooooooooooooo
goooooooooooooOO0O0O0Ob0b00000oo
goooooooooooooo

do0oUoooooooooooooooog R (k)0 MPC
000oo0ooooooooooooooooooooooo
Y(k)DOOOOODOUOOUOOOODDOOooooooMmy? (k)
gooooooooooooooooooo@oooooo
oo000o0o0ooooooooooooooooO0O000DD
g0oooooooooooooooooooogd

goooo0oo0oo00oo0OAHOODODOOOODODOODODOODODbO
gooooo Xs(t)DDDDDDDDDDDDDDDDDDD
oo0o0o0ooooo0o Gooooooooooooooooog
D= (di,do,.)T 0000000000000 d, D kOOO
g0o0ooooooooooooooooooooooooo
oooooo R(yOUOOO

00 k+100000000000DDOO0O0O0CCDOO

Y(k+1)=G-R(k+1)-X*(k+1) )
00000000000000000000000000000
OooooOooooooooooooooooooooooo
000000000 ¢(k)000000¢ (k) 0000000
oooood

(k) — By, "

Sk)= [yl( S 6

¢*(k) ZZ—ILle ©)

€L
0000022000 z000000000 000000
ooo (15)I]IZII]|L|B;DDDDDDDDDQ’S(I@)DDDDD
0000000000000000000
goooo¢+toobo:0d0ooobobobooooood
00 k(1) 000000000000000000

hi(t) = diri i (t) (7)
k

000000020000000000000000
00000000D000000000000000J; =
(= w)¢ k) 4w DL hi(t)/f) D00 0D D00
0000000 0000000000000000000
000000 =Y |ARK)|00DO00OO00DOOCO
000000000000000000000000000
00000000 ¢00000s000000000000
ooooooo

t+H
minimize : Z (1 — w1 —w2)¢°(k)
k=t t1
f
+wy Zhi(t)/f

=0



+wz[|AR(K)|) ®)

subject to : Vk,(* (k) = ZEZL [yls(/f)|L—|B'ivs,l]+ 9)
Vi hi(t) =) dirix(t) (10)
k
VE, Y (k) = G- R*(k) - X* (k) (11)
vk, Vi, Vj, rf,j(/c) €10,1] (12)
Vk, > rik) =1 (13)

i€p(4)
gobogboobobobo vy dbooboobuoobUdwe O
gobobooobbuooobbuobobboobobboooboo
oooooouooooog R(t+1),---,RPEt+H)ODOO
0o0o0oooU0ooooUoUooO RPE+1)0O0O0D0O0O
0ooo0o0ooo0oUuooUOooUoUOUD @#(k)oooooog
gogobboooobbooobbooon

4. J00O0O0OOOOOODOObOObDOOOO
goooo

000000000000000000000000000
0000000000000000000000000000
00000000000000000000 Y*(#) 0000
0000 0000000000 00O0000000000
0000 By,,(k)0000000000000000000
0000000000000000000000000000
0000000000000 000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
00O
000000000000000000000000000
0000 By, (k)00000000000000000000
0000000000000000000000000000
0000000 s00000i00000000000000
00, ;000000000000000 »,(k)000000
00000000#,0i0000000000000000
0000000000
0000000000000000000000 k+100
0000000000000000000000 Y*(k+ 1)
00000000000000000

~

Yok+1)=G R (k+1)-Y*(k+1) (14)

3.00000Y*(k+1)00000000000000000
00000000000000000000000 ¢*(k)00
0000000000

/s _ +
Cs(k) _ Z [yl (k|)L|BB;V5,l] (15)
leL

0o0o0oUoUooUo¢e(kh)oooooooooooooo

oooo
00o00o00000000o000 A (k)00000000
goooooobooobobooooooooooobooooboobooo
gobooooboooooobbooouoobooooboooooboo
0000000000000000oono #,;(k)000000
00dri;(k)0000000000000O00O0OOOOOO
goboooobooooooooboooobooobobooooDooo
gobooooobooobbooooooobboooooboDboo
O000By,,00000000CO000O0OCOOODODOO
goooogoooobooooboouooooboouooDooo
goboooooboobs.ooboboooooobooooooonn
goboooooooooo
ooO0:0000000C0000O0C0O0O0O0KkODOOOD
goooooo dpy 00000000 00ooooooooo
ooooobooodooooooooooboooooooobooboon

hi(t) = derii(t) (16)
k

00003.00000020000000000000
D0000000D000000000000000000
D= S (= )¢t () + o Sy hi(9)/|L)) DD D D
0000000000 00000000000000000
00000000 =30, 3,2, 1ABy,,| 00000
000000000000000000000000000

00000000 ¢+000000000000000000
0000000000

t+H

minimize : Z ((1—wy — wg)zcs(k)

k=t+1
\

+wiy Y LIk (t)/IL|

s =0

+w2 Z Z IABv,
s l

) an

s _ +
subject to : VsVk,(* (k) = ZEZL % (18)
Vs¥i, ha(t) = Y diri () (19)
k
V1> Bv,. =B (20)
VsVk, Y*(k) = G- R (k) - X* (k) (21)
VsVk, Vi, V4,5 (k) € [0,1] (22)
VsVk, Y rii(k) =1 (23)

i€p(4)
5. O O

5.1 0000
ooooboobooooooboboooooooobooboooooooon
goboouobooboooooooDo

5.1.1 0000000000
gl1o0b000oytbooooboobooobooooobooon
ooooobooooooooboooooooobooooon 20

4



01 O00ooOooOooooooooo

ooooono

5.1.2 0D0O0O00ooooooooooooon
gooooo20000000000000C0000O0DDO
gboooboooooooooooooboOoooobooooo
oo0ooooooooooooOOO0OOOoObOODOOoOoO
goboboooooooooooboboOooooobooOoOooooon
000000sin0000000000000D0D

+
zi(t) = {Asin (%) +n+B EI} (24)

00000 2>00000 2000000 000000A
O000000BOODODONDOOODAOOOOOOOnODO
00000 000000000
000000000000000000000000000
0oooooooo

a) 00000000 1

00000000 1000000000200000300
502000000000000000000000000 60
0008000024 0000000000000000500
0Do0oooooDo00200000000000000
30050000000 6000000000000

b) 00000000 2

00000000 2000000300S500000 600
8020000000000000000000 100000
000000000000 60000 800002400000
000000000005000000000000300S5
0000000 120000000030050000000
18000000000000000000000000000
00000000 1000000

51.3 000000000
00D000000000000000000000000
000000000000D00000000000000
000000000000000000000000000
0000000000 &i—s,Temst1, -2 (s 21) 00000
Srco@i—ssk —li—sr)’ 00000000000 Ik =ak+b
O000000000000000 &44% = kyx 00000
0ooo
000D000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000

goooooooooooooon
5.1.4 000000000000D0D
gooooooooooooooboboloo1oooooo
oooooooOo00O0 Ah=100000000000 100
gbooboooooboooboboboooOobdfdw = 0.020
wy =04000000
5.1.5 000000000
gooooo3pooboooooooooooooooog
goooooboooooooooooboob 30000oonon
gooooooooooooooobobobboogod
52 0000
52,1 0 O00O0O
4. 0000000000 CPLEX[5S]O00O00O0O0ODODODO
0000000000000 o0o00o0O0 R=200000
goooo0osbooooooooooooobboboooboooo
U0boo0000w =0990we, =0.002000000000
goooooooooooooOO0O0OO0Ob0b00000o0o
oo0oo0o0o0ooo
5.2.2 0O0OOOOODOOO
gos3ooo0oooooooooooooooobooobon
gs3ooooooooooonooooooooooon 300
oo00o00o0oooooo0O00000000A=1000 4.0
gobooooDoo0 CPLEX [5s]0000000b0000o0on
gooooooooobooobooooOooOoboooDoObOoooboOoo
w; = 0990w, =0.00000000000000000000
goooooooooooooobobooooon
5.2.3 000OOOOOOO
go0o0ooooooooooooooobobobobooooo
Oobb0w: =0990w2 =0.000000 4. 00000000
U0 CPLEX[S|]CO0000000000000000b000O0
oo0oooooooooooooooO0O00ODb0ODb0000o00
gobooooooooooooooooobobobboooooo
goooooooobooooooooooooo
53 0O O
g200000000000000000O0C0O000DODO
gobooooooooooooboboboobooogon

P (t
goooooooboobobooooooooooooooon
goooopooooooooOOoOooObO0ob0000oooOo200
gboooooooooooooooooooooO 200000
gbbooooooooooooooooooooooooon
oo00o0o0o0oooooo00000000000000100
gbobooooooooooboooobobobooooooo10
oo000o0o0oooooooooboooooooooooOoon
gboboooooooooooobooboooooooooobooo
g000o0ooooooooooODO0O00DbD
gdbooooooooooooobooooooooooboon
gooo0ooo0ooO0ooO0oOOooOooooboOooooooon
goboooooooooooooOOoOboObObOboOooooono

5



15| 1

0.5

Maximum Link Utilization
=
%
L
Maximum Link Utilization

0 0
0 100020003000400050006000 0 100020003000400050006000
Time Time

(0000 (MO0O0O0OO0O0O0 1) () O00O0@O0O000000 2)

2 2

15 15

0.5 0.5

Maximum Link Utilization
=

Maximum Link Utilization
-

0 0
0 100020003000400050006000 0 100020003000400050006000
Time Time

(c0O0O0O0OO0O0O0 @OOOO0O0OO0 @@ OOOOOOODO@OoOOOOO
on 02

15 1

05 | 1

Maximum Link Utilization
o =
Maximum Link Utilization

1 1 1 1 1
0

0 100020003000400050006000 0 100020003000400050006000

Time Time

(e 000O0O0O0ODD @ODO0O0D () 000000000 (DO000000
o o2

02 00000OO0OOOO0OO0O0O0OOOOOOOOOO0O0O0O0

goooboouoooobooboooobboOoboooooDooo
goboooooboooooooboboouooboooboboouoooo
gboboobooooooboobobobobooboooooo
gobooocoooooboobooobooooooboooooo
gboboboboboboooobooboobobobobo
oobooooooooon
gboboboobobobooobooboboboboobobo
gooooooboooooboocooooooboocooobooooboooo
ol1gobooooooooboooooobooboooooo
goboooooboooboooooobobbooboooooDooo
gbobobooooooboobobobobooooboooo
oooooobooooooboooooooooooOoooobobooon
gboboboobooooooobobbobobobooobo
gboboobooooobooboboobob

6. 0 0O O

gobooooooooboobooooooooboooboooooo
gooooooboooooooobboouooboooboouooboo
gobooboobooooooooboooobooobooooDooo
gboooboooboooboooboobobobOooDOoon
oo

gobooobobooobooooboooooobobobooooo
goboooobooobobooooooobbooboooobooDooo
goooooobooooooooboouoobooobbouooDooo
oobooooboooooo

od ODooooooobOoOoOoOooooobOoOoOoOoOoooon

(SCOPE)OOonoOog

O O

[1] R. Sherwood, G. Gibb, K.-K. Yap, G. Appenzeller, M. Casado,
N. McKeown, and G. Parulkar, “Flowvisor: A network virtualization
layer.” Technical Report, Stanford University, 2009.

[2] S.J. Qin and T. A. Badgwell, “A survey of industrial model pre-
dictive control technology,” Control Engineering Practice, vol. 11,
pp. 733-764, July 2003.

[3] bOOO,00O00,0000,0000,0000,0000,
oo oo,0000,“000000000O00DOOOODOOO
000oo0o0ooO0o0ooy00000000 000000
(IN2013-78), vol. 113, pp. 7-12, October 2013.

[4) DODOO,0000,0000,0000,0000,0000,
00 o0o,0000,“00000000000D00000O00
000o0000o00o00o0o0O0o0O0o0O0O0o0ooDOoDon
oooOoy00o0o0000 000000 (IN2013-194), March
2013.

[5S] “IBM ILOG CPLEX Optimizer.” optimization software : http://

www-01.ibm.com/software/integration/optimization/

cplex—-optimizer.



