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@ We include quality levels, in addition to prices, for both
network and content providers.

@ We handle heterogeneity in the providers’ cost functions and
in the users’ demands.

@ The theoretical framework is supported by a rigorous
algorithm that is well-suited for implementation.

@ We perform sensitivity analysis in order to investigate the
impact of the transfer prices.
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The Basic Model
oe

Analysis of Two-sided Pricing in the Basic Model

Maximize Ucp, (Pc;s ey s Py ds;) = (Pey — Py )dinn — qul~

Maximize  Unp, (pe,> qe > Psy» 4s,) = (Ps; +Pr, — R)diin — Rl

Pi, can not be maximized simultaneously with py.

Theorem

The network provider will benefit from charging the content provider if

4aR — 4> >0, and o > B.

Saberi, S., Nagurney, A., Wolf, T. Internet Price and Quality petitio 7/21



Definition: Nash Equilibrium in Price and Quality

* * * * * *
UCP1 (pcl ) qcl 71751 ) qs] ) = max UCPI (pL‘l s qcy 7psl ) [Isl )»
(Pcl ey )EScp

* * * * * *
UNP1 (pclvqclvpsl»q.vl) = max UNP] (Pcl 7qq s Psy 7qS|)'
(l’:l »dsy )ESnp

Saberi, S., Nagurney, A., Wolf, T. 8/21



The Basic Model

Definition: Nash Equilibrium in Price and Quality

UCP1 (pcl ) qcl 71751 ) qyl ) max UCP] (Pq s qcy 717:1 ) [I;‘I )»
(Pey »9¢) ) EScp

* * * * * *
UNP1 (pclvqclvpsl»qxl) = max UNP] (Pcl 7qq s Psy 7qS|)'
(l’:l »dsy )ESnp

Theorem: VI Formulation of Nash Equilibrium for CP and NP

(=dint + BWZ, —pn)) % (pe; —p7,) + (2Kgz, +6(py —p2,)) X (ge) — q7,)

+(=dut + alps, +py —R)) X (psy —p5,) + (2RgS, + (R —pg, —py)) X (g5, — q5,) >0,

YV (Peysqey s Ps;ds;) € Scp X Shp.

Saberi, S., Nagurney, A., Wolf, T. Internet Price and Quality petitio 8/21



Definition: Nash Equilibrium in Price and Quality

UCP1 (pcl 7qcl 71’51 ) qyl ) max UCP] (Pq s qcy 7[):1 ) [I;‘I )»
(Pey »9¢) ) EScp

* * * * * *
UNP1 (pclvqclvpsl»qxl) = max UNP] (Pcl 7qq s Psy 7qS|)'
(I’:l »dsy )ESnp

Theorem: VI Formulation of Nash Equilibrium for CP and NP
(=dint + BWZ, —pn)) % (pe; —p7,) + (2Kgz, +6(py —p2,)) X (ge) — q7,)
+(=dut + alps, +py —R)) X (psy —p5,) + (2RgS, + (R —pg, —py)) X (g5, — q5,) >0,
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Theorem: Uniqueness of the Nash Equilibrium

The Nash equilibrium (p;‘l N 74.?1) € Scp X Snp satistying variational inequality is unique, if the
function F = —VU(pe,, e, Psy » gs, ) 1 strictly monotone over the feasible set Syp X Scp.
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The Oligopoly Model of Providers

The Network of Oligopoly Model

Content Providers

Network Providers

Users at Demand Markets

Demand function d;j for the content produced by content provider i and transmitted by
network provider j to demand market k:

dijk = dijk(Ps>‘1.ﬁpuqc)u Vi, j, k.
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The Oligopoly Model of Providers

The Behavior of the Providers
Content Providers
Each CP; has a production cost CC;:
CC;i = f,(SCPi,qc;), i=1,...,M.

The utility of CP;:

N o
UCPi = Z(Pfi 7p[j) Zdijk 7ffi(SCPi7in)'
k=1

j=1
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5
The Behavior of the Providers
Content Providers
Each CP; has a production cost CC;:
CC;i = f,(SCPi,qc;), i=1,...,M.
The utility of CP;:

Ucp, = Z(pf, Py Zd,,k — [ (SCPy, qc;).

Jj=1

Network Providers
Each NP; incurs a transmission cost CS;:

CS; = f;;(TNP;,q), j=1,...,N

The utility of NP;:

M 0
Une; = (s + i) (O Y diix) — f;(TNP}, g).
i=1 k=1
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y Model of Providers

Nash Equilibrium

Definition: Nash Equilibrium in Price and Quality

UCP,'(P:,‘:P}N‘]:N‘]%,-,P::‘I:) > UCP,(PCUPA:NQC,-JIAZ“-,P::(]:): V(peis qe;) € ’Cil»

¥ — * * * * ¥ — * * * *
P& = Plys - P 5 Pey - Pe,) A0 @8 = (a0, e Ty ey)-

Une, (P25 4225, 15,045 455) = Uney (s P 0259 450 d5,)s - V(P ) € K

— * * * * % — * * * *
P =055 Py o Ps) and g5 = (45,50 455y D)
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The Oligopoly Model of Providers
o

The Equilibrium Conditions of the Service-Oriented
Internet

Theorem: Variational Inequality Formulation of Nash Equilibrium

N 2 N 2. ady 9f..(SCPi,q*)  OSCP,
Z[_zzdijk_zzapjkx )+ f(aSCPAq,,)' SCP]X(pc,-—pZ.)
. . . C, 1

i=1 j=1 k=1 j=1 k=1 i Ipe;
M N 0
Odjjx Ofe;(SCP;, q7;)
3 3 B -y + )] )
i=1 j=1 k=1 9qe; 9qc;

N M O M O *
Bdiix ofs;(TNP;,q3)  OTNP;
_ di' _ U * ) YAS J
+ g [ § § ijk ) Eﬁ apsj X (Ps, +PU) + 8TNP,- apsj

| %@y s

o, (TNP;, 43

N N O adj; X
N B

Y(Pe, qe, Ps, gs) € K.

} x (g5 — q5,) = 0,

qs;
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Euler Method

We recall the Euler method for the solution of the Variational Inequality Problem. Specifically, iteration 7
of the Euler method is given by:

X = pe (X" — a, F(XT)).
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9000000

Euler Method

We recall the Euler method for the solution of the Variational Inequality Problem. Specifically, iteration 7
of the Euler method is given by:
X = pe (X" — a, F(XT)).

Theorem: Convergence

In the service-oriented Internet model, let F(X) = —VU(pe, qc, Ps, ¢s) be strictly monotone at any
equilibrium pattern. Also, assume that F is uniformly Lipschitz continuous. Then, there exists a unique
equilibrium price and quality pattern (p}, g}, py, ;) € K and any sequence generated by the Euler
method, where {a-} satisfies 77 ja; = 00, ar > 0,ar — 0,as 7 — oo converges to (p}, g, py, qr ).
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ly Model of Providers

[e]e]e]e]

Example 1

The demand functions:

dy)p = 100 — 2»8P.v1 - 2.11)51 + 1.31)L-z + 1.62q.\-1 + 1.63q(»1 — .42qu2, CP @ @
S

dyyy = 112 — 2.8p, + 1.3pe; — 2.7pey + 1.62q5, — 42qc; + 1.584c, .
The cost functions:
SG
2 2 2
cc =174, , CCy =24, €81 = 2.2(diy + dany + 45,)-
The utility functions, with p;, = 33:
o ()
Ucpy = (pe; — pry)dinn — CCy, Ucpy = (Pey — pry)darr — CC;.

Unpy = (s + piy)(dinn + da11) — €Sy
The computed equilibrium solution:

pl =75.68, p; =63.62, p; =0, g =2046, q; =10.08, g5 =22.68,

14 /21
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Example 1: Sensitivity Analysis
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Model of Providers

]

Example 2

The demand functions:
diyy =100 — 1.8ps, + .5py, — 1.83pc, + 1.59q, — 645, + 1.24qc, ,

dipg =100 + .5ps, — 1.5ps, — 1.83pe, — .6qy, + 1.84qs, + 1.24c, .

The cost functions:
S = 17(dn1 +45,), €S = 1.8(dian +q3,)- P @
CCy = 1.84[dy)) + di +qfl].
The utility functions, with p;, = p;, = 0: NPs @ @
Ucpy = (pe; — pry)dint + (pe; — piy)dinr — CCy.

Unpy = (psy + piy)ding — €Sy, Unp, = (psy + Py )dia1 — CS,. DM °

The equilibrium solution:

pj_‘l 29.19, p;‘l = 27.66, p:z = 37.38,

qy, = 18.43, g
Saberi, S., Nagurney, A., Wolf, T.
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Model of Providers

Example 3

The utility functions of the content providers:
Ucpy = (pe; — o) (dinn + diiz + di13) + (pey — pry) (di21 + dina + dinz) — CCy,

Ucpy = (Pey — pry)(don1 + darn + do13) + (pey — Pry) (doo1 + dooa + dpp3) — CCs. CPs @ @
The utility functions, with p;, = 23 and p;, = 21: }

Unpy = (psy + pop)(din + dina +dis + dany + dagn + day3) — €Sy,
NoRC
Unpy = (Psy + Pr)(d1a1 + diza + dios + da1 + danp + d3) — CSy. |\ (‘
The equilibrium solution: .

pMs (u) (=) (w)

pjl = 40.57, pjz =41.49, p*

51

= 8.76, p;; = 5.35,

q:l = 13.96, qu = 12.76 qjl = 36.67, q;z = 12.15,

Saberi, S., Nagurney, A., Wolf, T.
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The Oligopoly Model of Providers

000000e

Example 3: Sensitivity Analysis

10’

Total Utility of Praviders

35 40
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Summary
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@ We analyzed the effect of the price that the network provider charges the content provider for data
transmission.

@ The result showed that the network provider will benefit from charging the content provider if the
user is more sensitive toward the network provider’s fee.

@ We modeled a market of mulit-tier providers.

@ All providers are noncooperative and are assumed to be utility maximizers.

@ The users, in turn, reflect their preferences for the services produced by a content provider and
shipped by a network provider through the demand functions.

@ We used the Euler method to solve numerical examples.

@ Sensitivity analysis shows that the overall effect of implementing network neutrality
regulations (e.g., having p; = 0) may still be both positive and negative depending
on the parameter values and the model structure.
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