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Abstract—We consider the contract-switching paradigm for
studying the inter-domain traffic engineering problem. In the
contract-switching paradigm, each ISP in the Internet is ab-
stracted as a set of edge-to-edge contract links. We formulate the
optimal routing problem for the contract-switching paradigm by
considering three objectives, namely: 1) maximizing throughput,
2) minimizing delay, and 3) minimizing bandwidth usage. We
solve the optimization problems on realistic network topologies
and show that the routing solutions developed using the contract-
switching paradigm provides significant improvement in perfor-
mance compare to the BGP routing framework with respect to
the three objectives. Moreover, our simulation study also reveals
that the contract-switching paradigm performs close to the best
performance that can be achieved in the Internet in the absence
of any abstractions.

I. INTRODUCTION

Attaining the goal of a high-efficiency inter-domain traffic
engineering (TE) involves many factors ranging from technical
capabilities to economics and policy [1]. Due to the multi-
provider nature of the Internet, business goals and policies
have to be respected while trying to attain this goal. ISPs have
to play the game of increasing their connectivity and attracting
more demand by establishing more peering and transit points
with their fellow ISPs, and yet compete with those same
ISPs as a business. We focus on the platform where this
ongoing game is being played, i.e., in inter-domain routing.
The existing routing architecture of the Internet follows a two-
level model. Intra-domain level employs proactive approaches
focusing on reliability and quality. Intra-domain TE has be-
come a common practice with numerous methods such as
MPLS [2], DiffServ [3], RSVP [4] and link weight optimiza-
tion for Intra-Gateway protocols (e.g., OSPF and IS-IS) [5].
Using these methods, many researchers have proposed both
online and offline algorithms that consider network throughput
optimization, congestion avoidance, interference minimization
and increasing network reliability [6], [7]. Given practically-
accurate traffic demand matrices and greater control within
domain borders, intra-domain traffic engineering can achieve
relatively stable performance on even multi-objective combi-
nations of these performance metrics. However, current inter-
domain TE methods in general are unable to attain particular
performance targets like quality and reliability. Unless ISPs
establish a community, which is not easy to do, inter-domain
TE techniques are mostly constrained to outbound traffic
load balancing; and other TE goals and desired networking
practices are only expressed indirectly. Common expression
methods include increasing LOCALPREF, ASPATH, or MED
at peering points where less inbound traffic is desired [1].
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Limitations of inter-domain traffic engineering have at-
tracted many researchers to studying cooperative traffic engi-
neering mechanisms where neighboring ISPs work on feasible
traffic management outcomes for the benefit of both parties
[8]. Promising benefits of cooperative traffic engineering have
driven research community to develop signaling protocols to
mediate such negotiation and distributed decision making [9].
Another challenge in this context is the counter-productive
effects of intra-domain and inter-domain traffic engineering
policies if they are not designed with careful consideration of
their interaction with each other [10].

A key characteristic of the Internet’s routing architecture is
its abstraction of an ISP as a single node - or a set of nodes
- in the case of multiple autonomous systems (ASs) per ISP.
This abstraction model eases the task of inter-domain routing
significantly. However, the cost is the loss of path selection and
flexibility beyond shortest-path routing in terms of AS hops.
Sufficient flexibility at the routing level is crucial to practicing
TE. Thus, recent work explored ways of overcoming this issue
by techniques like inter-AS source routing [11], GMPLS [12].
Introducing link-state mechanisms to the inter-domain routing
were also considered as a way to enable more controlled and
diverse path selections [13]

Some recent papers have proposed changing the abstraction
of an ISP at the inter-domain routing level. Pathlet Routing
[14] abstracts an ISP (or an AS) as a set of virtual nodes
and gives more flexibility to the routing administrator in
engineering the inbound or outbound traffic. Our previous
work also explored this dimension by abstracting an ISP as a
set of edge-to-edge links [15] . The core idea in our approach
is to allow ISPs to expose themselves to the other ISPs as a
set of edge-to-edge contracts, which we call “contract links”,
overlaid on their internal Interior Gateway Protocol (IGP).
An internetworking paradigm of contract-switching [16] arises
from these edge-to-edge contract links being used as the basic
building blocks of inter-ISP transactions, including SLAs as
well as routing. In this paper, we focus one fundamental
question: “Is the abstraction of ISPs as a set of edge-to-
edge links sufficient to reach an optimum inter-domain TE
practice?”

We compare our contract-switching paradigm (CSP) with
the existing BGP model and an ideal model (OPT), where
all ISPs share their full topology information with each other.
For all the three scenarios we solve the routing problem with
three different goals reaching beyond simple shortest-path at
the inter-domain level: maximum throughput, minimum delay,
and minimum bandwidth usage. In the BGP model, an ISP is
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abstracted as a single node and thus all traffic for a particular
destination can only be directed to a single next hop neighbor.
In the CSP model, incoming traffic for a particular destination
can be split into multiple streams depending on the number
of edge-to-edge links serving this particular ingress point.
Lastly, the OPT model allows selection of all end-to-end paths
separately and traffic load balancing across all of them rather
than within an ISP. Our evaluation clearly shows that CSP can
utilize almost all of the available end-to-end quality which
cannot be attained by the BGP model. We also argue that
the optimal inter-domain traffic engineering solution within
the CSP model can be attained through localized message
exchanges among edge routers.

II. CONTRACT-SWITCHING: SYSTEM MODEL

Each ISP has a set of edge routers (ingress or egress) at
which the ISP peers with some neighboring ISP. The traffic
can enter or leave an ISPs domain only through these edge
routers. This includes the traffic from upstream ISPs as well as
the traffic from hosts within the ISPs domain. In the contract-
switching paradigm illustrated in Figure 1, each ISP in the
Internet is abstracted as a set of edge-to-edge contract links.
The edge-to-edge contract links are advertisable contracts
between pairs of edge routers of an ISP.

Let there be IV ISPs in the Internet. Let R; denote the set
of edge routers of the ISP ¢ and let £L¢ = {{j,k} : j,k €
R;} denote the set of edge-to-edge contract links of the ISP
i. Let LP denote the set of all inter-domain peering links in
the network. Note that the peering links are links between
edge routers of two neighbouring ISPs. Let £L = LP U L€
denote the set of all contract links which includes all the intra-
domain edge-to-edge contract links, £¢ = UN,L;, as well
as the inter-domain peering links £P. Thus, in the contract-
switching paradigm, the network can be modeled by the pair
(R, L), where R = UY | R; is the set of all edge routers and
L denotes the set of all contract and peering links. Between
each pair of edge routers j and k belonging to the same ISP,
there exists two contract links {j,k} and {k,j}. If j and k
belong to different ISPs, then {j,k} and {k,j} denotes the
peering links between the two ISPs.

Each ISP is a collection of routers (edge routers as well
as other internal routers) and router-to-router links. Let R;
and L; denote the routers and the router-to-router links that
belong to the ISP j, respectively. The set of all routers and
router-to-router links in the network is R = UY | R;, and L =
UlNzlLi, respectively. Each router-to-router link, (z,y) € L,
has a bandwidth capacity of C, units. Note that (z,y) €
L denotes the actual router-to-router link, while {j,k} € L
denotes the contract or peering link. For two routers x and y
that are physically connected, there exists two router-to-router
links, (z,y), (y,xz) € L, having bandwidth capacity of Cy,
and Cy,units, respectively. Each contract link {j, k} € L is
constructed using a set of physical (router-to-router) links, and
therefore represents a path between the edge router j and the
edge router k. If {4, k} is a inter-domain peering link, then it
would typically correspond to just one physical link. Let 6;
denote the set of physical links that are used to construct the
edge-to-edge contract link {j, k}. We assume that 60;;, is fixed

and given. For example, path 60, can be the min-hop path
between the edge routers j and k, as shown in the Figure 1.

Let D denote the set of all destinations in the network.
Each source and destination host is attached to a particular
edge router through access links as shown in Figure 1. Let e4
denote the edge router to which the destination d is attached.
For simplicity, in our formulation we assume that the source
nodes for destination d cannot be attached to the edge router
eq, but it can be attached to any other edge router.

Peering Links (between edge

Contract links (between edge nodes nodes in different ISPs)
7 -ty

In the same ISP (edge-to-edge))

P
Vi

Router-to-Routér "
Links

>
4
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Fig. 1.  Contract-switching as a framework: An ISP is abstracted as a
collection of (edge-to-edge) contract links. Figure shows three ISPs A, B and
C, each advertising two contract links. The dashed lines represent the router-
to-router links and peering links, while the solid lines represent contract links.

III. OPTIMAL INTER-DOMAIN TRAFFIC ENGINEERING
USING CONTRACT-SWITCHING

In the formulations provided below, we assume that each
flow on a contract-link follows a single, fixed intra-AS path.
While this may be non-optimal, it allows us to focus solely
on the performance that inter-domain traffic engineering can
attain, even when a simple intra-domain routing policy is used
(representative of current intra-domain routing practices).

A. Maximum Throughput Routing

We first formulate the throughput maximization problem for
the contract-switched network architecture. We introduce few
additional notations before stating the problem. For each edge
router z, let u? denote the total traffic, up to a proportionality
constant, originating at the edge router z (from the sources
attached to z) for the destination d, where d € D. Note that
ud = 0, if there are no sources attached to the edge router
z for the destination d. Given the end-to-end demand pu, we
wish to obtain the maximum value of the factor o by which
the given end-to-end traffic rates can be scaled while satisfying
feasibility constraints. Let h?k denote the flow on the contract
or peering link {7, k} for the destination d (d € D). For a given
edge router z, let Q. denote the edge routers that are connected
to z either through a peering link or through an edge-to-edge
contract link. The throughput maximization problem can be

stated as follows: max « @))]

d
S.t. h]k Z 0,

2.2

deD {j,k}eL:(x,y)E0;x

V{j,k} € L and d € D, )

< Coy Y(wy) €L, ()
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andVd € D,z € R,

Zhge_ Zh(eiz:

ecQ. ecQ.

and, if 2 #eq,
. @)
—a) i cr My, if 2 =eq.
Equation (3) states that the total flow on each router-to-router
link should be less than or equal its capacity. For a given
router-to-router link (z,y), the set {{j,k} € L: (z,y) € 0,1},
denotes the set of all contract links whose paths use the
router-to-router link (x,y). Each edge-to-edge contract link
also carries the flows for several destinations. Therefore, the
total flow on the link (z,y), is >, p Z{Lk}:(%y)e%k'h?!f.
The paths used by the edge-to-edge contract links within
the ISPs determines this constraint. Equation (4) is the flow
conservation constraint to be satisfied by the edge-to-edge
flows h?k at all the edge routers in the network for all the
destinations.

B. Minimum Delay Routing

Next, we formulate the minimum delay routing problem in
the contract-switched network. We are given the end-to-end
demand p. We wish to route the traffic along the contract links,
in such a way that the total delay in the network is minimized.
Towards this end, we associate a convex cost V, (f) with each
router-to-router link (z,y) in the network that represents the
delay in the link (z,y). In our simulations, we use V,,(f) =
Cz;— R which represents the M /M /1 delay expression. Here
Cyy denotes the link capacity. Alternate link costs (convex
in f) can also be considered. The minimum delay routing
problem can be stated as follows:

dooVe(d D

(z,y)eL deD {j,k}:(z,y)€0; 1

min

hy) 5)

The constraints for this problem are given by Equations
(2) to (4), with o set to 1. In Equation (5), the term
DUk (y) €0, 2deD h,, represents the total flow along the
router-to-router link (x,y).

C. Minimum Bandwidth Routing

Finally, we consider the bandwidth minimization problem.
In this case, the objective is to minimize the total bandwidth
used for routing the given end-to-end demand .. Note that this
problem can be formulated as a special case of the minimum
delay routing problem described earlier, by defining V,,(f) =
f. The objective can be stated as follows:

2D >

(z,y)eL deD {j,k}eL:(z,y)€0;k

min

h] (6)

IV. ALTERNATE FRAMEWORKS FOR BENCHMARKING

Next, we consider two frameworks that will be used to
compare and benchmark the performance of the proposed
contract-switching paradigm for inter-domain TE.

A. Global Optimum

This framework considers the complete Internet topology
without any ISP or AS-level abstractions. The throughput
optimization problem in this framework can be stated as
follows:

max (6%
st fgy >0, VY(z,y)€ LanddeD,
M of < Cuy Yy €L

deD
S-S d{auf, if 2 # eq
z2Y xz d . B
(S1oF TEQ: o Zs Mg if z = €d

Here ;jy represents the flow on the router-to-router link (x,y)
for the destination d and (), denotes the routers that are
physically connected to the router z through a router-to-router
link. Here ¢ denote the total traffic, up to a proportionality
constant, originating at the router z (from the sources attached
to z) for the destination d, where d € D. u‘j = 0, if there
are no sources attached to the router z for the destination d.
Also, note that the sources will only be attached to the edge
routers. This formulation obtains the optimum flows along
each router-to-router link in the network. This framework
offers maximum flexibility for routing the end-to-end demand
and hence the solution represents the maximum throughput
that can be achieved in the network. The minimum delay
and minimum bandwidth problems for this framework can be
stated similarly.

B. BGP framework

The BGP framework abstracts each ISP in the Internet as a
single node and finds the path with least number of ISP hops.
Within an ISP’s domain, routing is done by OSPF or RIP
protocols. The BGP framework is simple and widely used, but
it provides least flexibility in the choice of paths. We obtain
the throughput, delay and the total bandwidth used by the BGP
routing approach for comparison.

V. SIMULATION RESULTS

We solve the inter-domain traffic optimization problems on
Internet topologies generated using three techniques. First, we
consider random network topologies, in which both the inter-
domain and intra-domain topologies are generated randomly.
Next, we build more realistic Internet topologies by using the
BRITE [17] and the GTITM [18],[19] models for generating
inter-domain connectivity. For intra-domain connectivity, we
use the topology maps of the ABILENE and the GEANT ISPs
that are available online [20],[21]. In Sections V-A, and V-B,
we discuss the random and BRITE topology generation models
and present the results of the numerical study. The results
for GTITM topologies were similar and hence omitted due to
space restrictions. For fairness of comparison with the BGP
framework (Section IV-B), we use simple min-hop routing
at the intra-domain level, when using the contract-switching
framework.
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Fig. 2. Average throughput on 50 random Internet
topologies. The number of ISPs is increased from
10 to 30, while the size is kept fixed at 10 routers.

Fig. 3.

generated.

A. Random Topology

We first generate random Internet topologies, where both
the inter-domain and intra-domain topologies are generated
randomly. To generate a random network, nodes are first
distributed uniformly randomly on a square plane. A link
is placed between two nodes if they are within a certain
distance from each other. We first randomly generate the inter-
domain connectivity graph and then replace each node in this
graph with another random network that represents the intra-
domain topology. For each peering link, the edge routers are
chosen uniformly randomly from the routers of corresponding
ISPs. The number of routers within each ISP is kept the
same for all ISPs. There are 100 sources and 2 destination
nodes. Each source node and destination node is attached to
a randomly chosen edge router. The destination node for each
source is chosen randomly. The traffic demand for each source-
destination pair is chosen uniformly between 1 and 10.

Figures 2, and 3, and 4 show the results of the maximum
throughput routing on random Internet topologies. In the
figures, CSP, OPT and BGP, refers to optimal routing using
contract-switching (Section III-A), global optimum (Section
IV-A), and the BGP framework (Section IV-B), respectively.
For the results shown in these figures, the capacity of all
the physical links was set to 500. Figure 2 shows the av-
erage throughput when the number of ISPs in the network
is increased. The number of routers within each ISP is 10.
Each data point is obtained by averaging over 50 networks.
From the figure, we observe that the OPT routing approach
offers highest throughput compared to BGP and the CSP, as
expected. It is important to note that the throughput offered by
CSP is significantly higher than that of BGP, and is close to
the throughput offered by OPT. This behavior can be observed
even when the number of ISPs in the network is increased.
Also, similar results are observed in Figure 3, where the
number of ISPs is fixed but the size of each ISP is increased.

Next, consider the results shown in Figure 4. We obtain the
average throughput for a range of capacity values. The capacity
of all the links are kept equal and is increased uniformly
from 300 to 500. The throughput increases with capacity as
expected. It can be observed that the CSP routing approach
offers nearly the same throughput as the OPT for all the
capacity values shown. For clarity of figures, we have not
shown the error bars for each data point. However, the data

Size of ISP

Average throughput when the size of the
ISP increases. 50 random network topology were

1
20 25 30 300 350 400 450 500
Capacity

Fig. 4. Average throughput on 50 random Internet
topologies for different capacity values. The capac-
ity of all physical links is the same. Each network
has 40 ISPs with 10 routers per ISP.

from the numerical study showed that performance of CSP
was well beyond that of BGP for all network realizations.

In Figure 5, we compare the total delay using the OPT,
CSP, and the BGP routing approaches. We consider a sample
random topology with 10 ISPs and 10 routers per ISP. Figure
5 shows the total delay in the network, for increasing values
of capacity. The end-to-end demand is fixed and given as
before. Initially, we find that all the three routing approaches
are infeasible, that is, they have infinite delays. OPT becomes
feasible when the capacity is around 140, while CSP approach
become feasible when the capacity is around 180. However,
the BGP approach becomes feasible only when the capacity is
around 400. Since BGP uses the same paths for many source
nodes, the links tend to be congested. Hence the capacity of
the links must be made higher in order to support the BGP
routing approach. The total delay for all the routing approaches
drops rapidly as soon as they become feasible. OPT has the
least delay among the three routing approaches, while CSP is
close to OPT.

B. BRITE Topology

Next, we generate more realistic internet topologies using
the popular BRITE generation model. The BRITE model can
be used to generate the complete Internet (intra and inter
domain) topology as well as just the inter-domain topology.
We use the BRITE topology generator in accordance with the
Albert-Barabasi model to generate the ISP connectivity graph
(inter-domain) for a given number of ISPs. For the internal
topology of each ISP, we use the topology maps of either the
GEANT or the ABILENE ISP (available online) with equal
probability. The GEANT ISP consists of 23 routers, while
the ABILENE ISP consists of 9 routers. The edge routers are
chosen randomly for each peering link between two ISPs.

Figure 6 shows the average throughput for the BRITE
topologies. Comparing the Figures 6 and 4, we find that the
throughput offered by CSP is closer to OPT than what is
observed for random topologies. Next, consider the results
shown in Figure 8, where we compare the total bandwidth
used for the three routing approaches. We observe that BGP
uses maximum network bandwidth. This is due to the fact
that even though BGP minimizes the number of ISP hops, the
paths used by BGP may not have the least number of router-
to-router hops. Therefore, the total bandwidth used tends to
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Fig. 5. Average delay on a sample random
topology with 10 ISPs and 10 routers per ISP for

different capacity values. ISPs were generated.

be high. Also, the total bandwidth used increases with the
number of ISPs in the network. We also find that both CSP and
OPT use the same amount bandwidth. This can be reasoned as
follows: the optimal routing approach for minimizing the total
bandwidth would to choose the paths with least number of
router-to-router links hops. Since both the OPT and CSP have
the flexibility to choose this path, the bandwidth turns out to be
the same and is also lower than that of BGP. Figure 7 shows
that OPT and CSP have similar delay on a sample BRITE
topology. This can be expected to hold for other networks as
well, since CSP and OPT have roughly the same throughput
on average for BRITE topologies.
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Fig. 8.  Average total bandwidth used on 50 BRITE topologies when the
number of ISPs in the network is increased.

VI. CONCLUSION

We studied the optimal routing problem in the Internet by
abstracting it as a set of edge-to-edge contract links. Tradition-
ally, the routing problem is studied either by considering the
complete topology of Internet without any abstractions or by
abstracting the ISPs as nodes. We have shown that the contract-
switching abstraction provides significant improvement in
throughput, delay and the bandwidth used, over the BGP
routing approach. Moreover, our simulation study has revealed
that the performance of the contract-switching framework is
close to the optimal routing performance that can be achieved
in the Internet without any abstractions.
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