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Abstract

In recent years, commercial ‘““‘multihoming route control” devices are used by multihomed stub networks to optimize the routing of
their Internet traffic. Previous studies have shown that “multihoming route control” can improve the Internet communication perfor-
mance of the multihomed stub networks significantly. In this work, we study “multihoming route control” among a group of multih-
omed stub networks that may belong to an organization and exchange large amount of data regularly. We show that greedy
“multihoming routing control’”’ schemes could lead to oscillations. We propose a user-optimal routing based “multihoming routing con-
trol” scheme that improves routing performance without causing oscillations. The proposed scheme is simpler to implement than optimal
routing based approaches. We show through simulations that the proposed scheme achieves performance close to optimal routing and

works well in various network conditions.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Multihoming route control; User-optimal routing; Selfish routing; Optimal routing

1. Introduction

Multihoming [1] has been traditionally used by stub net-
works for improving service availability. In recent years,
Multihoming Route Control (MRC) technology [2] has
been employed by multihomed stub networks to improve
their Internet access performance. MRC devices choose
the best ISP for Internet traffic of stub networks according
to measured qualities of alternate paths via different ISPs.
Measurement based analysis of the benefit of multihoming
[3] shows that MRC may improve Internet access perfor-
mance significantly for both enterprises and large data
centers.

Multihoming route control is usually done in a distribut-
ed manner: each stub network adaptively changes the ISP
of its traffic to a destination network according to its
own view of the quality of alternate paths via different
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ISPs. When (1) the traffic controlled by multiple MRC
devices shares bottleneck links and (2) the controlled traffic
accounts for a significant fraction of the total load on the
bottleneck links, the MRC done by different stub networks
may interact with each other. In such situations, greedy
MRC approaches may cause oscillations, as we will
illustrate in Section 5.1.

In this paper, we study MRC among a group of multih-
omed stub networks, for example, the networks of branch-
es of an enterprise that are multihomed and exchange
considerable traffic regularly among themselves. Since
access links of stub networks are more likely to be the bot-
tlenecks along end to end Internet paths, MRC among a
group of multihomed stub networks is more likely to cause
oscillations. A global optimal routing based coordination
method can be employed to avoid such possible oscillations
[4]. In this work, we propose a distributed ‘““user-optimal
routing” [5] based MRC scheme to solve the above prob-
lem. The basic idea is to use multiple paths provided by
multihoming simultaneously and move traffic gradually
during changes in network environment. Specifically, our
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scheme calculates ‘“user-optimal routing’ using the gradi-
ent projection method that is originally used in solving
optimal routing problems. User-optimal routing is simpler
to implement. Moreover, as we will show in Section 5, it
can achieve similar performance as global optimal routing
for this problem.

While our approach is mainly designed for MRC among
a group of multihomed stub networks, it can also be
applied to Internet traffic to a number of “top” Internet
destination networks that account for a large portion of
the Internet traffic of the stub networks. In this study, we
assume there are a few top Internet destinations for each
stub network and we use the same MRC algorithm for
these Internet destinations. We call the traffic among such
a group of stub networks as inhouse traffic and call the traf-
fic between a stub network and networks not in the group
as Internet traffic.

The rest of this paper is organized as follows: Related
work is discussed in Section 2. In Section 3, we give the net-
work model of the MRC problem. In Section 4, we intro-
duce the user-optimal routing based MRC scheme. In
Section 5, we first give an example to illustrate possible
oscillations caused by greedy MRC, then we compare the
performance of our scheme with the optimal solution and
show the dynamic characterization of our scheme using
simulations. Future work are discussed in Section 6. Con-
clusions are drawn in Section 7.

2. Related work

The benefits of MRC are studied using both Internet
measurements [3] and emulation [6]. Tao et al. [7] have
measured quality of alternate paths among between three
campus networks. They show packet losses are bursty
and no path is consistently better than others. Goldenberg
et al. [8] have studied the optimization of cost and perfor-
mance for multihoming. All the above work does not con-
sider interaction between MRC of different stub networks.

The performance of user-optimal routing, also called
selfish routing, has been studied analytically [9] and using
simulations [10]. Qiu et al. [10] show selfish routing
achieves performance close to optimal routing for intra-do-
main routing. Similarly, our work shows selfish routing
based MRC achieves performance close to optimal routing
based MRC.

Centralized and distributed gradient projection algo-
rithms for optimal routing have been proposed in
[11-13]. Measurement based multi-path optimal routing
has been proposed in [14,15] where the cost information
is propagated using an overlay network. Our MRC
approach uses measurement based gradient projection
algorithm to calculate the user-optimal solution. It is simi-
lar to [14,15] but does not require overlay infrastructure to
exchange information, thus is simpler to implement.

In summary, our work leverages previous work on opti-
mal routing and user-optimal routing and targets a new
problem on multihoming route control.

3. Network model

There are two types of multihoming: NAT (Network
Address Translation) [16] based and BGP [17] based.
NAT based multihoming is usually used by small to middle
size stub networks because it does not require the stub net-
work to have an independent IP block and maintain a BGP
router. BGP based multihoming is usually used by a large
stub network that has independent IP address block(s) and
maintains a BGP router. Accordingly, multihoming route
control devices can be classified into NAT based and
BGP based categories, see [18] for a survey.

In this paper, we study MRC for large stub networks
that employ BGP based multihoming. We also assume
the stub network advertises its IP address block(s) to all
its ISPs'. In this case, the stub network can send outgoing
traffic via either of its ISPs, but it cannot control which ISP
the ingress traffic comes from. This is not a problem for
MRC among a group of multihomed stub networks since
all traffic is controlled by the MRC devices of the originat-
ing stub networks. For networks where MRC of ingress
traffic is desirable, NAT based MRC should be considered
which is beyond this work. The task of MRC for BGP
based multihoming is to map egress traffic onto available
paths provided through BGP based multihoming.

Existing MRC schemes work as follows [2]: the MRC
device use some means to direct the BGP router(s) of local
network to select a particular ISP for egress traffic to an IP
address prefix. Because BGP uses single route for an
address prefix at any time, MRC is also restricted to use
a single route. It is essential for ISP networks to use single
path for routing of inter-domain traffic in order to make
BGP scalable. However, for stub networks, it is not a prob-
lem to use multiple paths for egress traffic. Therefore, in
this work, we assume stub networks can use multiple paths
for egress traffic. To deploy our approach, multiple routes
need to be assigned for interested destination networks and
the forwarding engine uses our algorithm to decide the
fraction of traffic to send on each route. Hashing based
traffic splitting methods, like [19], or reordering robust
TCP, such as [20,21], can be used to avoid the packet reor-
dering caused by multi-path routing.

We assume that the traffic controlled by the stub net-
works accounts for only a small part of the total traffic
on any link of the backbone networks which is usually true.
Under this assumption, the MRC of traffic of the stub net-
works would not affect the quality (or level of load) of
backbone links and we abstract a network path between
the ISP edge routers of two stub networks as a directed
“virtual” link with a given quality that may change over-
time. In our simulations, we also abstract paths from ISP
edge routers of a stub network to an Internet destination

! While it is possible to control the incoming traffic direction through
selective advertisement of addresses to different ISPs, such a control is only
possible over longer timescales and may leave the stub network vulnerable
to network failures.
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Fig. 1. Topology consisting of multihomed stub networks, the edge
routers of their ISPs and the paths among them.

as “virtual” links, thus ignore the access link bottleneck of
remote Internet destination networks. The above abstrac-
tion of “virtual” links is only for evaluation simulations.
Our algorithm works without such requirement. Since we
are studying MRC among a group of stub networks, we
also abstract each stub network as a node. Therefore, a net-
work we are studying consists of: (1) nodes representing
stub networks in the group; (2) nodes representing ISP edge
routers of the stub networks; (3) nodes representing a num-
ber of top Internet destinations of the stub networks; (4)
links representing access links of the stub networks; (5) vir-
tual directed links between ISP edge routers of different
stub networks ; (6) virtual directed links between ISP edge
routers of the stub networks and the Internet destinations.

Depending on whether the group of networks multi-
home to the same set of ISPs, there are two types of topol-
ogies for traffic among the stub networks: (1) Symmetric
topology: When all the nodes multihome to the same set
of ISPs, the path from a stub network i via ISP k to any
other stub network, say j, normally reach j via ISP k. Thus,
the alternate paths between these two stub networks are
“parallel”’, they merge only inside the stub networks we
considered. (2) Asymmetric topology: When nodes multi-
home to different set of ISPs, the alternate paths from a
stub network to another stub network are not necessarily
“parallel”. Two paths to a stub network may merge in
one ISP of the stub network or in other AS between the
two stub networks. This is decided by the BGP relationship
of ASes between the two stub networks.

Fig. 1 shows the partial topology of a “4 x 2” network
(“A x B” means the topology has A stub networks and
each stub network has B ISPs) . The ISPs of different stub
networks are different. For clarity, we only draw paths
from stub networks 2, 3, and 4 to stub network 1. Other
paths among the stub networks and paths to and from
Internet destinations are ignored.

4. User-optimal routing based MRC among a group of
multihomed stub networks

“User-optimal routing” [5] is optimal from the point of
view of each user. It is also called “selfish routing”. Like
previous work on “‘user-optimal routing” [10], we assume
traffic consists of a lot of “infinitesimal flows” and each
user controls such an infinitesimal flow. At equilibrium of
user-optimal routing, each flow is routed along a path with

minimum end to end delay. Thus no user can reduce the
delay of its traffic by changing the routing of its own traffic
unilaterally. Previous work [10] showed that “selfish rout-
ing” can achieve similar performance as “optimal routing”
[11] for intra-domain routing. As we will show in Section 5,
for MRC, the performance of user-optimal routing based
approach is also close to optimal routing based approach.
One of the advantages of user-optimal routing is that it is
distributed in nature and easier to implement.

In this section, we first introduce the concept of optimal
routing formulation of our MRC problem. Then, we give
the user-optimal routing formulation of our MRC prob-
lem. In the end, we give our algorithm for the MRC prob-
lem. We give the optimal routing formulation here because
it is the base of our main algorithm and we will compare
the performance of our algorithm to the optimal solution.

4.1. Optimal routing

4.1.1. Formulation

The problem we studied can be formulated as a form of
optimal routing [11] problem. In a general optimal routing
problem, routing traffic on a link incurs some cost that is a
function of the total load on the link and the optimal solu-
tion maps all traffic on all “physically possible” paths such
that the overall cost is minimized. In our problem, only a
limited number of paths are given and we need only to
map traffic to these paths.

The cost function used in optimal routing is usually a
continuous non-decreasing convex function. A common
cost function used in earlier optimal routing work is the
delay on the link weighted by the traffic volume on the link.
The objective is to find a routing solution that minimizes
the average delays experienced by all traffic. Using this cost
function, other performance metrics, packet loss rate and
congestion are partly considered because these metrics
are correlated with queuing delay of a link. In practice,
the loss can also be considered by replacing the delay in
our formulation with a virtual delay function. In this work,
we use half of the expected TCP hand shake time [22]
as the virtual one way delay function, i.e. delay+
Ty gstate (Joss rate < 0.5), where T is the TCP SYN
timeout, initially three seconds [23]. Here, we assume the
reverse path has same delay and loss rate as the forward
path. TCP handshake round trip time is used in comparing
qualities of alternate paths by previous studies on multih-
oming, e.g. [3]. When loss rates are small, e.g. less than
1%, the sum virtual delays of links along a path is roughly
same as the virtual delay of the path.

Before giving the optimal routing formulation of our
problem, we define following symbols.

e N: set of nodes representing stub networks;

e M, set of nodes representing Internet destinations of
ie N,

e K set of nodes representing ISP edge routers of
ieN;
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e P;: set of virtual directed links representing valid paths
between ISP edge routers of i and ISP edge routers of
j, where i,j € N, i #j, or paths from ISP edge routers
of i to Internet destination j, where i € N, j € M;;

e (i,j): link from i to j, where i€ N,j€ K;ori€ K, j€ N,
or virtual link from i to j, where i € K, j € M,, n € N or
iek,,jeK,, (ij) € Py, mnec N, m#n,

e d;(x): virtual delay function of directed link (7,/), where
x is the load on link (i,j), i€ N, j€ K;ori € K}, j € N;

e d;;,: virtual delay of virtual link w, where w € P, i,j € N,
i#j,orieN,je M;

e r;: traffic demand from i to j, where i,j € N, i#j or
ieN,je M;

® x;,: fraction of r; routed along path w e Pj; where
iLjeEN,izjorie N,je M;

e u;: load of ingress Internet traffic on link (i,j), i € K|,
JEN;

e Si: set of paths (virtual links), egress traffic on which
passes link (i,k), where i € N, k € K;, i.e. {(m,n)|m =k,
neK;,jeN,j#i,(mmn)c Py Ul(mn)m=k,nec M;;

o Sy set of paths (virtual links), ingress traffic on which
passes link (k,i), where i € N, k € K;, i.e. {(m,n)lm € K,
n=k,jeN,j#i, (mn) € Py}.

The optimal routing formulation of our problem is as
follows.

Minimize:
C(x) = Xijwhijdijw + Z tiidyi(ti)
ieN ,je(N\i)UM; weP;; ieN keK;
+ Z tad i (ti) (1)
i€EN keK;
Subject to:
Zwepl_jx,-,w =1, (ieN,je(N\i)UM,) (3)
tix = Z Xiwhij, (i € N,k € K;) (4)
weSir
tki = Zx,-jwr,-j—‘ruk,-, (l EN,kEK,) (5)
weSk;

where (1) is the objective function, i.e. virtual delays of
Internet paths (virtual links) experienced by traffic con-
trolled by MRC devices plus virtual delays on access links
weighted by traffic volumes; (2) is non-negativity of routing
vectors; (3) is to ensure that all traffic are routed; (4) and (5)
are traffic volume on access links.

A measurement based multipath optimal routing algo-
rithm [14] can be used to route traffic in response to net-
work changes. However, the algorithm needs a overlay
network infrastructure to measure the first derivatives of
the cost functions of all links in the network. Thus it needs
to measure the first derivatives using traffic disturbance
method. In our approach no such information exchange
is required.

4.1.2. Characterization of optimal routing

We give the characterization of optimal routing here,
because it is useful to design an algorithm for user-optimal
routing as we will see in Section 4.2.2. According to [11],
the characterization of the optimal solution x" is:
oC(x*) - 0C(x*)

=

x5 >0=

ijw

)

x; W axijw

(ieN,je (N\i)UM};w,w € Py)

(6)

In other words, at the optimal point, for any source—desti-
nation pair, shifting a small amount of traffic from one
path to an alternate path that is not used by the source—
destination pair will increase the total cost, and shifting a
small amount of traffic to an alternate path that is used
by the source—destination pair would not change the total
cost. In summary, at the optimal point, changing routing
solution x would not lower the total cost.

4.2. User-optimal routing

4.2.1. Characterization of user-optimal routing

The characterization of user-optimal routing is that
user-optimal routing allocation is positive only on paths
with minimum end to end delay [24]. In our MRC problem,
it is as follows:

dij +di (tw) +dp(tr;) = dipe +dy(tu) +di(ty),

. (ieN,je(N\i),w,w ePyw=(k,1),w=(K,I);
xfjw>0:> .

xl.jw > 0= dijw’ +dik/(tik/) = dijw +dik(tik)

(iENajEMhWaWI GP,'/-,W: (k7j)7W,:(

L %))

(7)
When the delay function of a link is continuous and nonde-
creasing, there exists a unique equilibrium solution [24].

4.2.2. Formulation of user-optimal routing

Because the similarity of the characterization between
network-optimal routing and user-optimal routing, user-
optimal routing can be solved using algorithms for
network-optimal routing with a specific cost function
[25]. Specifically, we need to define the cost function of a
link, /, as

Di(x) = /0 d,(1)dt (8)

Therefore, the user-optimal routing problem can be formu-
lated as the following optimal routing problem and can be
solved using the algorithms for optimal routing. Minimize:

D(x) = Z Xijwhijdipw + Z Dyi(tii)

ieN,je(N\i)UM; weP;; ieN kekK;

+ Z Di(tir) )
iEN keK;
subject to: (2)—(5)
The solution for this optimal routing problem has the
characterization given by (6). Thus
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oD(x*) - D (x*)

OX;jy - Ox;j
dijw’ +dik’(tik’) +d1"(tl") = deW+dlA( zk) +d[j(tlj)7
(iGN,jG(N\ ), wow € Pyw=(k,0),w = (k',I ),
dijw +di (tw) = dijw+du(ti),
(ieN,jeM;ww ePyw=(k,j),w

x5 >0=

ijw

(10)

=)
(11)

That is equivalent to (7). Le., the solution has the same
characterization as the user-optimal routing solution. And
because of the user-optimal solution is unique, as shown
in Section 4.2.1, we actually get the user-optimal solution.

4.3. Distributed asynchronous algorithm

An important class of algorithms for solving optimal
routing problems are the gradient projection methods[11].
They are also suitable for distributed implementation. In
this work, we implement a distributed asynchronous
gradient projection algorithm [11] to solve the user-optimal
routing problem formulated in Section 4.2.2. Minor modifi-
cations are made to improve the convergence speed: normal-
ization of delay difference and randomized waiting time.
This algorithm is more practical than other projection meth-
ods because it requires simpler calculations at each iteration.
Because important information needs to be exchanged dur-
ing optimal routing calculation, the sum of first derivatives,
are end to end delays of alternate paths that can be measured
directly, the distributed algorithm can be implemented more
easily than normal optimal routing algorithm. The algo-
rithm for each node is shown as Algorithm 1.

Algorithm 1 (User-optimal routing based MRC (for traffic
fromitoj, where i€ N;je€ N, j#iorje M.)).

loop
measure all one-way end to end virtual delays,
Lijw:w € Py
find the minimum virtual delay to j, /5
for all w € P;j;, w 75 w do

xiih = max{0,x};, — o (Ijw — L)/ ljw}
end for
x§/+wl = ZWEPU-,W?éW‘xUW
wait for random time 7 € [0.57,1.57y);
end loop

Our algorithm works as follows:

(1) Each node measures the end to end delays of alter-
nate paths from it to a remote node every ¢ seconds,
where T is uniformly distributed in [0.57,1.57] to
avoid update synchronization. Each measurement
consists of a number of samples to filter noise.
Because our algorithm is based on the difference of
delays of alternate paths, it does not require clock
synchronization of different nodes.
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(2) After the node gets measured end to end delays, it
updates the routing vector x for this destination as
shown in Algorithm 1. This is according to the gradi-
ent projection algorithm [11]. &' is the step size, for
distributed implementation it is usually a constant.

In this algorithm, we assume that the traffic demand and
path quality does not change too rapidly compared to its
convergence speed. This is true when the network traffic
consists of a lot of small flows. The algorithm converges
to user-optimal routing given « is small enough [12].

5. Evaluation

In this section, we first show that greedy MRC may
cause oscillations using simulations. Then we evaluate
our user-optimal routing based MRC scheme. The evalua-
tion consists of two parts: (1) Since our scheme is based on
user-optimal routing, it is important to ensure it will not
cause network wide performance degradation. We perform
a number of simulations to compare the performance of
user-optimal routing based MRC with the optimal solu-
tion. (2) We study the dynamic behavior of our algorithm
in various dynamic network environments.

We wrote a flow level simulator for the simulations. The
delay and loss rate on each access link are calculated
according to a queuing model. To get the delay and loss
rate for different link utilizations, we use piecewise linear
approximation models built from samples of ns-2 [26] sim-
ulations. The two models are Poisson queuing model, M/
M/1, and a Pareto (8 =1.5) queuing model, P/M/1. The
parameters of the ns-2 simulation are as follows: The aver-
age packet length is 558 bytes(calculated from a backbone
trace); The link capacity is 100 Mbps; The buffer size of
each link is equal to the product of 250 ms and link speed.
The resulted virtual delay function of a link is a continu-
ous, non-decreasing, convex function.

We generate traffic matrices using a simplified version of
the Gravity model [27]. To generate inhouse traffic between
nodes (stub networks), we assign two uniformly distributed
random numbers to each node i, 0; D; €[0,1]. Then the
traffic demand from node i to node j is calculated as 2 O;D;
where « is a parameter, O; and D; model how active node i
is as a sender and as a receiver. Similarly, to generate Inter-
net traffic, we assign two uniformly distributed random
numbers to each node i,0,,D; € [0,1]. The egress and
ingress Internet traffic of the node are fO; and D], where
p is a parameter, O, and D, model how active node i is in
sending and receiving Internet traffic. In our simulations,
we choose the o and f§ to make the expected volume of
inhouse traffic as 50% of the total traffic. The egress Inter-
net traffic is randomly distributed to five Internet destina-
tions (each has a random weight uniformly distributed in
[0,1]). The ingress Internet traffic is randomly distributed
on all ingress access links (each has a random weight uni-
formly distributed in [0, 1]).
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We generate a network topology in two steps: (1) we
map stub networks onto some of 17 major cities of the
United States; (2) we generate the path delay (i.e. propaga-
tion delay) of alternate paths by multiplying the measured
one way delay between the two cities on AT&T backbone
[28] with a random number uniformly distributed in [1,1.6].

5.1. Possible oscillations of greedy MRC

In this section, we use simulations to show the possible
oscillations of “greedy” MRC schemes for routing among
a group of multihomed stub networks. Here, we scale the
traffic matrix to make the maximum link utilization 95%
assuming traffic are equally split among alternate paths.

The greedy MRC scheme we illustrated here works as
follows: (1) the gateway of a stub network keeps measuring
the one way delay and loss rate of alternate paths to other
stub networks and a few top Internet destinations; (2) the
gateway decides whether to change the routing path for
traffic to a destination after a random interval that is uni-
formly distributed between 0.5 and 1.5s; (3) the gateway
changes the path for a destination when the ““virtual delay”
of currently used path is 20% larger than the minimum of
alternate paths and is larger than 40 ms (we define “virtual
delay” as a metric of overall path quality, see Section 4.1
for details).

We randomly assign a path for traffic to a destination at
the beginning of simulation. The result for a ““8 x 3” topol-
ogy is shown in Fig. 2. We can see the average virtual delay
of all the traffic in the network keeps fluctuating that
reflects the oscillations of the “greedy”” MRC scheme. Sim-
ilar observations were made for other greedy approaches.
These observations motivated our approach.

5.2. Performance compared to optimal routing

We calculate the global optimal routing (“gopt”), user-
optimal routing (“‘uopt”) and static load-balancing (“elb”’)

3500+ B
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2500+ ]
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average vdelay(ms)
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Fig. 2. Possible oscillations of greedy MRC.

MRC solutions for randomly generated topologies and
traffic matrices. The ““static load-balancing’ here is to split
traffic evenly among all alternate paths. The topologies are
of size “4 x 27, “4x 37, “8x2” and “8 x 3”. For each size,
we generate one symmetric topology, six asymmetric
topologies and five traffic matrices. We scale the traffic
matrices to make the maximum link utilization 60%,
95%, 110% and 125% assuming basic load-balancing rout-
ing is used.

From the simulation results, we observe that the topol-
ogy type (symmetric/asymmetric) (see Section 3), queuing
model type (Pareto/Poisson) do not make significant differ-
ence to the simulation results. The explanations are as fol-
lows: (1) although packet arrival process under Pareto
queuing model is more bursty than Poisson queuing model,
the delay and loss rate still increase near and above 100%
utilization. When link is over-utilized, the delay and loss
rate for both type of packet arrival become very close. That
is why we see the similar performance for both kind of
queuing models in our simulations. (2) Because of the
Internet traffic on links is not balanced, optimal routing
and user-optimal routing have similar performance
improvement for symmetric and asymmetric topologies.
Results for different sizes of networks (4x2, 4x3, 8x2
and 8 x3) are also similar. Therefore, only the results
for topologies of 8x2, asymmetric topologies and
Pareto queuing model are presented here, as shown in
Figs. 3-6.

For each simulation input(topology, queuing model,
traffic matrix), we calculate the total routing cost, average
delay, average loss rate and maximum link utilization for
“gopt”, “uopt” and ‘“‘elb”. The average, minimum and
maximum values for simulations of each configuration
(same topology type, same queuing model, same network
size, traffic matrices that resulted same maximum link uti-
lization for “elb”) are plotted in Figs. 3-6.

For the queuing models we studied, queuing delay is
very small from utilization of 0 up to utilization of 90%.
Therefore, from Fig. 4, we can see the average delays for
all three routing approaches change very little when aver-
age utilization increases from 30.6% to 63.8%. However,
because the difference of propagation delays of alternate
paths, “uopt” and “gopt” can reduce the average delay
by nearly 2 ms.

From Figs. 5 and 6, we can see the “uopt” and “gopt”
based MRC reduces cost by reducing loss rate in the net-
work. This is equivalent to reduce the maximum link utili-
zations in the network. Since for queuing models we are
studying increasing link utilization up to 90% will not cause
packet losses and obvious queuing delay increase, the
“uopt” and “gopt” based MRC result in higher maximum
link utilization (usually less than 100%) when the average
utilization is low.

The conclusions we draw here are: (1) The performance
of both approaches are very similar, which is consistent
with previous work [10]. (2) Because the delay and loss rate
increase significantly as the link utilization approaches
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Fig. 3. Optimization objective of 30 simulations: average, minimum and maximum.
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100% or exceeds 100%, the performance gains of user-opti- 5.3. Dynamic behavior

mal routing based MRC increase with link utilization. (3)

User-optimal routing based MRC can achieve lower delays

and lower loss rates at the same time.

We study the convergence of our algorithm under fol-
lowing three types of scenarios: (1) we generate a random
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8 x 3 topology and a random traffic matrix, assign initial
routing allocation according to the “static load balancing”
algorithm and let the algorithm converge to user-optimal
equilibrium; (2) at the equilibrium point, we select 30%
of paths among the stub networks and increase the delay
of them by 50 ms and let the algorithm converge; (3) at
the equilibrium point, we select 30% of paths among the
stub networks and mark the path as disconnected and let
the algorithm converge. Here, we define convergence as

3343

the state when the maximum difference of virtual delays
of alternate paths used by traffic to one destination are
not larger than 5 ms. To converge to a state where the max-
imum difference is not larger than 1 ms or less, it takes
more time but gets similar overall performance. In the sim-
ulations, the traffic matrix is scaled such that the maximum
utilization for the “elb” routing approach is 110%.
Results of two sets of simulations are shown in Fig. 7.
The different sub-figures in each figure correspond to the
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Fig. 7. Convergence of user-optimal routing based MRC in different scenarios (step size = 0.02).
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Fig. 8. Effect of different step sizes.

three scenarios (1), (2) and (3) explained above. We can see
that the algorithm converges fast to a near-equilibrium
point, in a few seconds. The convergence time for the “link
failure scenario is shorter than other scenarios because the
algorithm responds to large virtual delay difference faster.
The link failures cause traffic to be switched to other paths
immediately and cause high virtual delay on some other
paths.

We also study the affect of different step sizes on the
convergence of the algorithm. The convergence from
“static load balancing” to ‘“‘user-optimal equilibrium”
of one previous simulation (as shown in Fig. 7) is shown
in Fig. 8. We can see that the algorithm converges
quickly for several step sizes, converging faster with
larger step sizes.

6. Future work

In this work, we assume the errors of measurement can
be smoothed out. A stochastic approximation [29] analysis
of the convergence of our algorithm when measurement
results are corrupted by errors is desirable.

Although fixed step size is good for implementation of
distributed MRC, properly decided adaptive step size
may increase the convergence speed of the user-optimal
routing based MRC.

7. Conclusions

In this paper, we have studied Multihoming Route
Control (MRC) among a group of multihomed stub
networks. We showed that simple greedy MRC
approaches could cause oscillations and degrade the per-
formance of the data communication among the group
of stub networks. We proposed a user-optimal routing
based distributed Multihoming Route Control scheme

that is simple to implement. We have shown through
extensive simulations that the proposed MRC scheme
improves performance in various network conditions
without any oscillations. We have also shown that the
user-optimal routing algorithm converges reasonably fast
and achieves performance close to that of global opti-
mal routing.
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