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Abstract— This paper studies network resource allocation 

between users that manage multiple connections, possibly 

through different routes, where each connection is subject to 

congestion control. Our goal of network efficiency and 

fairness is the rate allocation between users, in a manner that 

optimizes a user-centric NUM(Network Utility 

Maximization)  problem. In a first proposal, cooperative 

users control their number of active connections based on 

congestion prices from the transport layer to emulate 

suitable primal-dual dynamics in the aggregate rate. For the 

case of non-cooperative users, network stability and user-

centric fairness can be enforced by a utility-based admission 

control. We also study stability and fairness issues when 

routing of incoming connections is enabled at the edge 

router. The proposed algorithms are implemented at the 

packet level in ns2 and demonstrated through simulation. 

Key words: Communication networks, cross-layer design, 

optimization 

I. INTRODUCTION 

The core objective of the project is to allocate network  

resource between users that manage multiple connections, 

possibly through different routes, where each connection is 

subject to congestion control and also to improve fairness 

and stability. 

Users can open an arbitrary number of connections 

across the network, skewing the overall rate allocation. In 

fact, aggressive applications often use this technique to vie 

for a larger share of the bandwidth ―pie,‖ but even 

nonstrategic users who happen to overload a common 

resource will be rewarded by a higher allocation.To achieve 

this objective, we propose to actively control the number of 

flows per user, assuming the underlying per-flow allocation 

is unchanged from the standard models of congestion 

control.  

 
Fig. 1: Architecture. 

A fair general assumptions on the network 

topology,that the aggregate rate a user obtains in a certain 

route increases with the number of connection  in this 

route.Achieving user-centric fairness therefore requires 

controlling connection numbers in a decentralized fashion, 

assuming temporarily that users are cooperative.we  propose 

a decentralized admission control rule based on user utilities 

and thus tailored to proposed user-centric fairness.  

II. LITERATURE REVIEW 

In [1] Impact of Fairness on Internet Performance : We 

discuss the relevance of fairness as a design objective for 

congestion control mechanisms in the 

internet.Specifically,we consider a backbone network shared 

by a dynamic number of short-lived flows,and study the 

impact of bandwidth sharing on network performance. In [3] 

Flow Rate Fairness- Dismantling a Religion : Resource 

allocation and accountability keep reappearing on every list 

of requirements for the Internet architecture. The reason we 

never resolve these issues is a broken idea of what the 

problem is. The applied research and standards communities 

are using completely unrealistic and impractical fairness 

criteria. The resulting mechanisms don’t even allocate the 

right thing and they don’t allocate it between the right 

entities. 

In  [4]  Flow  Control  over  Wireless  Network  

and  Application  Layer Implementation:Flow control, 

including congestion control for data transmission, and rate 

control for multimedia streaming, is an important issue in 

information transmission in both wireline and wireless 

networks. Widely accepted flow control methods in wireline 

networks are TCP [1] for data, and TCP Friendly Rate 

Control (TFRC) [2] for multimedia.  

In [6] Layering as Optimization Decomposition:A 

Mathematical Theory of Network Architectures : Network 

protocols in layered architectures have historically been 

obtained on an ad hoc basis, and many of the recent cross-

layer designs are also conducted through piecemeal 

approaches. Network protocol stacks may instead be 

holistically analyzed and systematically designed as 

distributed solutions to some global optimization problems. 

In [8] Stability of Primal-Dual Gradient Dynamics and 

Applications to Network Optimization : This paper 

considers dynamic laws that seek a saddle point of a 

function of two vector variables, by moving each in the 

direction of the corresponding partial gradient. In [10] 

Achieving network stability and user fairness through 

admission control of TCP connections: This paper studies a 

network under TCP congestion control, in which the number 

of flows per user is explicitly taken into account. We present 

a control law for this variable that, in combination with 

congestion control, induces as equilibrium the maximization 

of social welfare measured at the level of users, rather than 

the level of TCP connections. 
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III. FLOW-LEVEL FAIRNESS LIMITATIONS 

We consider a network composed of links, indexed by l, 

with capacity ic , and a set of paths or routes, indexed by r. 

End-to-end connections (flows) travel through a single path, 

specified by the routing matrix  R ( lrR  = 1 if route r 

contains link ,l and 0 otherwise). rx  denotes  the  rate of a 

single connection along route r . Let rn denote the number 

of such connections, with rrr xn denoting the 

aggregate rate.  The rate through link l can be expressed as 

rr lrRyl   

Connections present in the network regulate their 

rate through some congestion control mechanism, which we 

model as seeking the solution of the following convex 

optimization. 

A. Problem 1 (Congestion Control): For Fixed { rn }, rn >0 

 rrTC

r

r
r

nUn /max Pr 

  

The above optimization provides a notion of ―flow-

rate fairness,‖ where UTCPr reflects the choice of the 

congestion controller,and this utility is assigned to the 

individual connection  rate xr = r  /nr . These utilities are 

assumed increasing and strictly concave; we focus here on 

the usual -fair family, which satisfies UTCPr (xr) = wr


rx and 

encompasses many commonly used fairness models. 

Decentralized methods to solve Problem 1 involve 

the use of duality. Let pr denote the Lagrange multipliers 

(prices) associated with each link constraint, and qr denote 

the aggregate route prices 

qr=∑l Rlr pr. 

The Karush–Kuhn–Tucker (KKT) conditions for 

Problem 1 in-clude rrrTC qnU )/('

Pr  , equivalent to the 

demand curve 

                          rx = rr n/ = )(
Pr rqf

TC
 

with 
1'

PrPr ][  TCTC Uf   . In particular, for   - 

fair utilities, 

)(
Pr rqf

TC
= 

/1' 

rr qw  

Therefore, congestion control algorithms behave as 

decen -tralized ways to solve Problem 1, where UTCPr  

reflects protocol behavior. This in turn defines a mapping  

n: where, given the number of connections  n= rn

in each route,the resource allocation   r  is calculated 

as the solution of Congestion Control Problem 1. 

IV. USER-CENTRIC FAIRNESS OVER MULTIPLE PATHS 

Assume that there is a set of users, indexed by i , that open 

connections in the network. Each user therefore has a set of 

routes  r  and receives an aggregate rate of service 

 


ir r

i  . Let Ui be an increasing and concave utility 

function that models user preferences instead of protocol 

behavior.The associated user-centric notion of fairness can  

be expressed through the following NUM problem. 

A. Problem 2 (User Welfare): 

                     
r

max )( i

i

iU   

Subject to link capacity constraints rr lrRyl     

Here, the sum in the constraints is done over all the 

network routes. Each route is associated with a single user, 

and if several users open connections along the same path, 

we duplicate the index r accordingly. Note also that the 

above framework is very general, with a user defined as a 

set of routes. This can model users downloading data from 

several locations, multiple parallel paths, the single-path 

case, etc. 

V. UTILITY-BASED ADMISSION CONTROL 

The model in Section IV is applicable to the case where 

users cooperate by opening or closing connections based on 

an appropriate feedback from the network. Since selfish 

incentives of users do not encourage this behavior, we 

cannot generally count on this cooperation. In such cases, 

the network must take the role of controlling connection 

numbers, for which the simplest means is admission control. 

This approach was advocated where a stochastic model of 

connection arrivals and departures is discussed, and 

admission control is used to ensure the stochastic stability of 

the system when the average load is larger than the link 

capacity; this is done without addressing fairness in the 

resulting resource allocation. We now would like to de -rive 

a decentralized admission control rule that can be enforced 

at the network edge and such that in case of overload, 

resources are allocated according to the User Welfare 

Problem2.  

From our analysis in Section IV, we see that in 

order to achieve fairness, each user must increase its number 

of connections whenever r

i

i qU )('  , i.e., the user 

marginal utility is greater than the current congestion price. 

If on the other hand the inequality reverses, the number of 

connections must be decreased. Consider the following 

admission control rule for incoming (new) connections 

If   r

i

i qU )('      admit connections on route r 

If  r

i

i qU )('      drop connections on route  r 

where   


ir r

i  , as before. We call this rule 

Utility-Based Admission Control. 

A. Admission Control in the Single-Path Case: 

In the single-path case, each user is associated with a single 

route r , and thus we can write Ur for the user utility function 

instead of  Ui. In this case, the previous rule reduces to 

              If    r

i

i qU )('          admit connections                           

              If   r

i

i qU )(' 
  

      drop connection.  

Assume each user on route r opens connections, which 

arrive as a Poisson process of intensity r , and brings an 

exponentially distributed workload of mean 1/ µr . 

Connection arrival and job sizes are independent and also 

independent between users. 
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VI. CONNECTION-LEVEL ROUTING  

A. Necessary Condition for Stability: 

Our goal is to characterize the stability region of a routing 

policy. Routing policy to exist, it is necessary that the 

network is ―stabilizable‖ in the sense that there is a partition 

of the user loads such that the underlying single-path 

network is stable. To achieve this we have to find the values 

for which 
i goes to zero-in-finite-time. 

B. Decentralized Routing Policy: 

In a multipath setting in which each user may choose among 

a set of routes, it is natural to try to balance the loads by 

using the network congestion prices measured on each route. 

A simple feedback policy for routing is, at each arrival; 

choose the route with the cheapest price. Some rule for 

breaking ties when there are multiple routes with minimum 

price.Since congestion price is inversely related with 

connection rate, this is equivalent to routing new flows to 

the path with the best current rate for individual 

connections. In the case of parallel links of equal capacities, 

the identification is exact. Assume that the network is 

composed by a set of parallel bottleneck links. 

VII.  IMPLEMENTATION AND SIMULATIONS 

A. Scenario 1: Controlling the Number of Connections: 

We implemented a packet-level simulation of the control law 

in the network simulator ns2 .We have two users that 

download data from three servers, with the topologies and 

link capacities depicted in Fig. 2. In order to introduce an 

imbalance between users, routes have different round-trip 

times (RTTs). Each user then begins with a single TCP 

connection per route, governed by TCP/Newreno. With this 

choice, the congestion price qr on route r is the packet-loss 

probability along that route, and this is measured by the users 

counting the number of retrans- mitted packets within 

connections. 

 
Fig. 2: Topology simulated in Scenario 1. 

 
Fig. 3: Results for Scenario 1 

The corresponding total rate evolves reaching the 

desired allocation. This is achieved by splitting unequally 

the shared link, but in a decentralized way. A similar 

scenario, but with uncooperative users, was presented; in 

this case, admission control can be applied, leading to the 

same allocation. 

B. Scenario 2: Fairness via Admission Control: 

In this case, we simulated the linear network topology of 

Fig.4,with single-path users that generate connections 

according to a Poisson process.The network applies 

admission control, with utilities chosen from the  fair 

family with  =5
 to approximate max-min fairness. 

Simulations are performed in and individual connections are 

again controlled by TCP/Newreno. 

 
Fig. 4: Topology for Scenario 2. 
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Fig. 5: Results for Scenario 2. 

The max-min allocation for this network is
*1

=12.5 Mb/s and 
*2 =

*3 =7.5 Mb/s. In the first simulation, 

the user loadsare such that the network is overloaded, with 

each user load
i  being greater than its fair share. The 

results show that the users are admitted and connections in 

equilibrium, with total rates according to the first graph in 

Fig. 5. The max-min allocation is approximately achieved. 

Observe that, despite having the same equilibrium rate than 

user 2, user 3 is allowed more connections into the network 

because its RTT is higher, and thus its connections are 

slower.In the second situation, we changed the load of user 

2 to 
2 =4Mb/s (below its fair share), and it is therefore 

saturated as in Problem 3. The resulting rates are shown in 

the second graph in Fig. 5. Here, admission control is 

protecting user 2 by allowing its share of 4Mb/s and 

reallocating the remaining capacity as in Problem3 to
*1  =

*3 =10 Mb/s, 
*2 =4Mb/s. 

VIII. CONCLUSION AND FUTURE WORK 

We analyzed resource allocation in networks from a 

connection-level perspective with the intention to bridge the 

gap between classical NUM applied to congestion control 

and the user-centric perspective.We showed how to control 

the number of connections which can be used to impose 

these new notions of fairness, and how the users can 

cooperate in order to drive the network to a fair equilibrium. 

Moreover, We showed how admission control and routing 

based on typical congestion prices can be used to protect the 

network in overload and simultaneously impose fairness 

between its users.  

In future work, we plan to address several 

theoretical and technical questions that are still open. 

Stability results for admission control, and the stability 

region of the routing policy proposed are two important 

theoretical questions. In practical terms, it would be 

interesting to explore new network implementations based 

on current congestion notification protocols that will 

helpmake these decentralized admission control mechanisms 

scalable to large networks. 
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