Game Theoretical Flexible Service Provisioning in
IP over Elastic Optical Networks

Wei Lu, Xin Jin, Zuging Zhu
School of Information Science and Technology, Universitysoience and Technology of China, Hefei, China
Email: {zqzhu @ieee.org
(Invited Paper)

Abstract—In this work, aiming to enhance network automation  provisioning schemes for different types of requests inVer-
and service faimess, we formulate a stackelberg game for fttole  EONs [7-11]. Most of the existing studies assumed that the
service provisioning in an IP over elastic optical network (P- service provisioning is managed by the service provider in a
over-EON). In the proposed game, the service provider is the . . . o
leader and maximizes its revenue by pricing the lightpaths n entirely .centrallz.ed ma.nnere., _a” the deCISlon.S ‘f,"re .made on
the EON layer and changing their capacities adaptively, wie the service provider’s side. This unilateral optimizatwould,
the incoming requests are the followers and determine their on one hand, bring heavy workload to the service operator, on
routing schemes and capacity requirements individually tomake  the other hand, cause service unfairness since the opésator

the maximum profit for themselves. To study the existence of ;
Stackelberg Equilibriums (SEs) in the game, we consider bbt free to degraQe the QoS of those cheaper requests for serving
more expensive requests.

the single-logic-link and multiple-logic-links scenaric. 4 )
Index Terms—Stackelberg Game, Stackelberg Equilibrium,  In this work, to enhance network automation and ser-

Flexible Service Provisioning, IP over Elastic Optical Netvorks  vice fairness, we propose a game theoretical flexible servic
provisioning model in an IP-over-EON, in which both the
|. INTRODUCTION service operator and the incoming requests can make deci-
Since Internet Protocol (IP) is widely used among emergirgipns for their own benefit. More specifically, we formulate a
networks services and applications, IP layer has becomestackelberg game in which the service operator is the leader
necessity of today’s communication networks. Meanwhite, and maximizes its revenue by pricing the lightpaths in the
transport the ever-growing IP traffic timely, having an athe EON layer and changing their capacities adaptively, while
optical network as the underlying physical layer is a timsle the incoming requests are the followers and determine their
pursuit in the telecommunication industry [1]. Recentlgstic routing schemes and capacity requirements individually. T
optical networks (EONSs) are proposed to overcome the batudy the existence of SEs in the game, we consider both the
tlenecks of traditional wavelength-division-multiplegi(WD-  single-logic-link and multiple-logic-links scenarios.
M) optical networks [2]. With a finer bandwidth allocation The rest of the paper is constructed as follows. Section
granularity, EONs can largely enhance network capacity aidpresents the stackelberg game formulation for flexible
flexibility by customizing any-size of transmission chalsneservice provisioning in an IP-over-EON. Section Il stuglie
[3, 4]. For this reason, the architecture of IP-over-EONs the existence of SEs in the single-logic-link scenario. As a
envisioned as a promising solution to the next-generatiemtension, the multiple-logic-links scenario is consatkiin
backbone networks, and therefore it is crucial to study ttf&ection IV. Finally, Section V gives a brief conclusion.
concerned problems in an IP-over-EON [5].
Fig. 1 shows the architecture of an IP-over-EON. Basically,|- STACKELBERG GAME FORMULATION FOR FLEXIBLE
the IP routers in the IP layer are interconnected with the SERVICE PROVISIONING
bandwidth-variable optical switches (BV-OXCs) in the EON A directed graphG(V;, E;, L,) is used to model an IP-
layer by short-reach fibers, and the logic link between two I®er-EON, wheréel; and E; are the IP router and logic link
routers is supported by the underlying lightpaths. To fodvasets, respectively, in the IP layer, aiid is the lightpath set
the incoming IP packets to their destinations, an interatedi in the EON layer. For each logic link € FE;, its associated
IP router first modulates and transforms them into optichghtpath setL, . C L, iS {lpex : k = 1,2, ..., |Lo¢|}, Where
signals via the plugged bandwidth-variable transpond®¥s ( Ip. ;. is the k-th lightpath inL, . and operatior| - | returns
Ts), and then transmits the optical signals to the assacite the element number of a set, and therefore its capacity gqual
OXC for long-haul transmission with quality-of-transms to the total capacities of lightpaths ih, .. Owning such a
(QoT) guarantee [6]; when the destination IP routers hawetwork, the service operator aims to maximize its revenue
received the optical signals, they demodulate and tramsfom service provisioning for diverse requests by pricing the
them into electrical packets via the plugged BV-Ts, and drdightpaths inL, and changing their capacities adaptively. For
all the arrival packets. Wherein, how to provide flexibleviee each lightpattip. », € L,, we define its price function ak. j,
provisioning for diverse requests is one of the fundamenitd capacity ag’. ;, its hop counts a#l. ;, and its modulation
problems. Previously, researchers have investigatecettvice  level as)M. ;. On the other hand, the cost of a frequency slot



Buoxc (1P Rover - = ShortReach Fiber Problem landProblem 2together form a stackelberg game,
IP Layer /@ in which the service provider is the leader while the incagnin
vt requests are the followers. The SE points are the ones from

which neither the leader nor the followers have incentives t
deviate. The mathematical definition is given as follows:
Definition 1 Let (P57, CS7") be a solution tdProblem 1and
L}, c;) beasolutiontdroblem 2L* £ {L;  } andC* £

v
L EIT (
ﬁ 5 {ct}. To be an SE, the poirPS”,CS”" | L*, C*) satisfies:
EON Layer
RSP(PSW7CSP* 7 L*7 C*) > ]%SP(PSF’7 CSP7 L*7 C*)7

i i - - P* P* * * P* P*
Fig. 1. Architecture of an IP-over-EON. Ri(PS ,CS L) > Ri(PS ,CS 7Lo,myci)7v'ri~

0,74

(6)

for any feasible point$PS” CS", L, C).

To find an SE, we should study the best response of each
player. Specifically, on the leader’s side, since there iy on
one player, the best response of the service operator is to
solve Problem 1 To do it, the best response functions of the

Cek @ followers should be studied first. On the followers’ side oan
Mey - Cstor cooperative game on competing for the lightpath capacities
) ) _ ) is formed due to the constraints in Eq. (2), in which all the
wherec is a strategy profile of the incoming requests abogjayers tend to reach the Nash Equilibrium (NE) points at
their capacity requirements. Meanwhile, the following €oRyhich no players can improve profit by changing its strategy

(FS) in the EON layer id/,, having a capacity o’
when the modulation level i§, i.e., BPSK. Then, the revenue
of the service provider is calculated as:

RSP = Z Pe,k(c) - Uslot : He,k ° |—

lpe,k,eLo

straints should be satisfied: unilaterally. Therefore, we can first so\Rroblem 2 given
i < Cony Vper € Lo, 2y P°" andC®. Then, with the obtained * and C*, we solve
ri€Dilpy € Lo, Problem 1for the optimalP>" andC>" .
where D is the incoming request set; is the i-th request, I11. SINGLE-LOGIC-LINK SCENARIO

¢; is the capacity requirement of, andL,, ,, is the lightpath F imolici . dv th kelb in th
set of r;. Note that, for an incoming request whose source or simplicity, we first study the stackelberg game In the

and destination IP routers are not direct connected in the :ﬂf,}gle-logw-lmk scenario and analyze the existence o BE

layer, its routing scheme has to go through intermediate '(Ijbf‘s '"EStrat,Ed mf F|g. 2, on _the serY|ce provider's sideg
routers, thus including a set of lightpaths. Hence, we fdateu efine the price of unit capacity;,, as:

Problem 1for the service operator as: 1
pra(c) = S + B, (7

r; €D Ci

max  R°F (PSP C° L, C),
PSP>0,CSP>-0 . . . .
3) which decreases with the total amount of capacity requirdme

st Z ¢i < Ceky Vipe € Lo, on it to encourage traffic aggregation but also has a basie pri

Ti€DHpe k€L, of By, to guarantee a non-negative revenue. Then, the service
wherePSP 2 (P, Ipes € Lo}, CP 2 {Cu : Ipes € Lo}, provider’s revenue is calculated as:
L2{L,, :r € D},andC = {¢; : ri e D}. . RSP (c) = pra(c) - Z o U(Eymm Cha, ®)

On the other hand, a tuple;, d;, C;"™*", CI"**,G;) is used eD '

to denote request;, wheres; andd; are the source and desti-
nation IP routers, respectivelg™" is the minimum capacity WhereU, . ..., is the cost of unit capacity olp;,; which can
requirementC?"%* is the maximum capacity requirement, an®e calculated according to the second part in Eq. (1). We can
G, is the utility function. giverPS” andC>", r; determinesits find that: 1)C1 ; tends to be equal t§ .., c; to maximize

lightpath setL,,, and capacity requirement to maximize RS", and 2) whenBy ; > U, ... RS? increases with the
its own profit, which is calculated as: total amount of capacity requirement. Therefore, to mazémi
R*P, the service provider needs to set a proper valuesor
Ri=Gi(c) =~ D, Perileico), 4 to attract the most traffic otp ;.
lpe,k€Lo,r;

On the incoming requests’ side, by referring to the sigmoid
wherec_; is a strategy profile of all the incoming requestéunctions, we design the utility functio@’; as:

exceptr;, and P, ; ; is the price function ofp. ; with respect gres
to ry, satisfying P. x(c) = 3, cp Pe.i(ci,c—i). Therefore, Gi(ei) = Sy—rTE—— )
we formulateProblem 2for requestr; as: 1+e M+

where¢™** is the maximum utility value that request can
max R(PP.C® Losic).  (5) % v ques
Loy, CLo,CMMiN < <Cmaw create, andy; and j3; are two parameters to control the shape



Logic Link Capacity: C, , (Pry il P21, G2}

. ‘ Incoming Requests: {1y, 75, ..., 7jp|} ‘_ . ‘_ ‘

Request Set: Dy 1 = {1,713, 75} Request Set: Dy 1 = {1y, 13,75}
P11 1 Pl S -
p11(c) = Se + By l H Bi(coin1) = €,V 11 € Dig Bi(coi21) = Cip1, V7i € Dyy
, ¢ !
B. : G110 =0Cp1- Z Ciza = Cy1-
o 1 €Dy Ti€D21
cmin cmax ¢ ‘ A ) N .o
! ! SE Point: {¢111,¢3,1,1,¢51,1,B11,Ci1}  SE Point: {¢21,C421,¢421,B31,Cs1}
gmax N J
— pa— Ji
PLa@=pa@-Zc  Gile) = ——am——- Gaa T cias
cmin g cmax ) 21, 5.2,
1+e “i i
(a) Service Provider’s Side (b) Incoming Requests’ Side Fig. 3. Stackelberg game in the multiple-logic-links saéma

Fig. 2. Stackelberg game in the single-logic-link scenario

as setD. ;. i, their SE points are interdependent that the
request inD. j .- 1+ should also satisfy:
of G;. Then, the profit of request; is calculated as:

Ri(ciyc—i) = Gi(ei) — pra(ei,c—i) - ¢

* *
Cie = Cioet ks YT € De g er 1 (14)

V. CONCLUSIONS

_rnaac 1 i . . ) X
= ~ g’vam 5 (CV S + Bi1) - . (10) In this work, we studied game theoretical flexible service
14e ocimoper ’ - provisioning in an IP-over-EON. We formulated a stackegper
Given c_;, the best response functidsy of requestr; is: game in which the service operator is the leader and the incom
o RN — ing requests are the followers, and analyzed the existehice o
Bile_s) 9" = log(Z5g— - (14 /1 = g,:"'a_w»a) -1 (11) SEs in the single-logic-link and multiple-logic-links segios.
i(C—i) = )
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