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1. INTRODUCTION

Recently, ASes are increasingly adopting local route
selection policies to achieve their interdomain traffic
engineering objectives, such as satisfying the capacity
constraints of links between neighboring ASes, load-
balancing interdomain traffic, and/or minimizing cost.

Despite this emerging trend, so far there are few
systematic studies on the stability and efficiency of the
global Internet with route selection for interdomain traffic
engineering. A major breakthrough was made recently
when Griffin et al. proposed systematic models to study
the stability of path-vector interdomain routing (e.g., [1],
[2]). However, a fundamental feature of route selection
for interdomain traffic engineering in particular and traffic
engineering in general is that route selection constraints
(e.g., traffic assigned to a link is within link capacity)
and/or objective functions (e.g., load balance) involve the
route selection of multiple destinations. Thus, in route
selection for interdomain traffic engineering, whether a
route will be chosen by an AS for a given destination will
depend on what routes are available or chosen for other
destinations. Therefore, these previous models cannot be
applied to study a large class of common traffic engineer-
ing behaviors since they require that the routing decisions
of different destinations be separated.

In this paper, we study the stability of path-vector
interdomain routing when ASes coordinate egress route
selection of multiple destinations to achieve interdomain
traffic engineering objectives (the stable route selection for
egress interdomain traffic engineering problem). We first
identify that there exist networks where the coordination
of route selection can cause routing instability. We also
investigate the efficiency of route selection for interdomain
traffic engineering by showing an example with multiple
stable route selections but one of them is not Pareto
optimal.

We propose the first general route selection model to
capture the essence of route selection for interdomain
traffic engineering. Specifically, each AS partitions the
destinations into arbitrary subsets, and for each subset, the
AS can coordinate the route selection of the destinations in
the subset. Using the model, we propose the construction
of P-graphs, and derive sufficient conditions to guarantee

routing stability.
The route selection of Internet has its own special prop-

erties. Applying our general results, We prove a pleasant
and somehow surprising result that the current Internet
is highly likely to have stable egress route selection for
interdomain traffic engineering due to the ISP economy
of the current Internet.

2. INSTABILITY AND NON-PARETO OPTIMALITY

CAUSED BY MULTI-DESTINATION INTERACTIONS
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Figure 1. An example network which has no stable route selection.

Figure 1 shows a network where coordinated route se-
lection for multiple destinations causes routing instability.
For clarity, we show only the highest three route profiles
of A and B. The export policies of A and B follow the
typical export policies [1].

Figure 2 shows an example where a network with two
stable solutions and the second solution is not even Pareto
optimal. This example clearly demonstrates that to be
effective, negotiation-based route selection may involve
more than two parties. It also demonstrates the intrinsic
challenges of achieving stable and efficient outcomes for
general networks even when ASes adopt explicit negotia-
tions.
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Figure 2. An example with two solutions but one of them is not
Pareto optimal.



2
3. A GENERAL MODEL OF ROUTE SELECTION FOR

EGRESS INTERDOMAIN TRAFFIC ENGINEERING

We assume that 1) each AS chooses the best available
routes in order to achieve its own interdomain traffic
engineering objectives; 2) the preference of an AS depends
only on the route from the AS itself to the destinations;
3) each AS has a static export policy (e.g., dictated by
business contracts or common practice).

The network topology is represented by a simple undi-
rected graph G = (V, E). A path P in G is either the
empty path(ε), or a sequence of ASes (vk, . . . , v1, v0)
such that (vi, vi−1) ∈ E for i = 1, . . . , k. If P =
(vk, . . . , v1, v0) is a nonempty path, then for k ≥ i >
j ≥ 1, P [vi, vj ] denotes the subpath of P from vi to
vj . We denote by Ri→ the set of paths originating from
i, and R→i the set of paths terminating at i, ∀i ∈ V .
Also, we denote the set of paths from i to j by Ri→j =
Ri→ ∩ R→j , ∀i, j ∈ V , Each AS i attempts to establish
a path to each destination in a set Di ⊆ V . We refer to
a set of routes from AS i to all destinations in D ⊆ Di

as a partial route profile, denoted by rD
i . We denote by

R(i, D, A) = {rD
i |rD

i (j) ∈ Ai→j , ∀j ∈ D} the set of all
possible partial route profiles for AS i with paths from i
to destinations in D drawn from a set A of paths.

AS i partitions Di into a family of disjoint subsets Dik,
for k = 1, . . . , Ni, in order to coordinate routes to achieve
traffic engineering objectives. AS i chooses routes jointly
for all destinations in each Dik; this coordinated route
selection behavior can be captured by a route selection
function σDik

i , which, given a set A of available routes,
selects the highest ranked partial route profile rDik

i =
σDik

i (A), such that ∀j ∈ Dik, rDik

i (j) ∈ Ai→j , and
σDik

i (A) = arg maxr∈R(i,Dik,A) λDik

i (r), where λDik

i is a
total-order ranking function that has compact represen-
tations such as objective functions. AS i determines its
route profile by selecting partial route profiles for all Dik

independently; that is,

ri = σi(A), such that rDik

i = σDik

i (A), ∀k = 1, . . . , Ni.

A BGP system is a quintuple S = (G, pt, σ, D, P̃ ),
where G = (V, E) is the topology of a network, pt is
a peering transformation defined by import and export
policies on G, σi is the route selection function of AS
i, and P̃i is the set of feasible paths from i to destinations
in Di. We refer to a BGP system with Di ⊂ V for
some i ∈ V as a BGP subsystem. A BGP subsystem S

is self-contained if there exists Pi ⊆ P̃i for all i ∈ V ,
such that 1) there exists t, such that for all t′ > t and
i ∈ V , ri[t

′] ∈ R(i, Di, Pi); 2) Pi ⊆ {pt(i, j, Q)|(i, j) ∈
E, Q ∈ Pj}, ∀i ∈ V . A self-contained BGP subsystem is
represented by S = (G, pt, σ, D, P̃ , P ).

We define the notion of a stable network route selection
as follows. For a given network route selection r, the
set candidates(i, r) consists of all available paths at AS
i that can be formed by extending the routes chosen by
neighbors of i; The network route selection r is stable

if no AS i can choose a higher ranked route profile
from candidates(i, r); formally, r is stable if and only if
ri = σi(candidates(i, r)), for all i ∈ V .

4. STABLE, ROBUST ROUTE SELECTION AND

PROTOCOL CONVERGENCE

4.1. A Sufficient Condition for General Networks

A P-graph is a directed graph constructed for a self-
contained BGP subsystem as follows. There is a node
corresponding to each possible partial route profile rDik

i ∈
R(i, Dik, Pi), ∀i ∈ V, k = 1, ..., Ni. We do not consider
partial profile formed by paths in P̃i \ Pi. In a P-graph,
There are improvement edges and sub-path edges. There is
an improvement edge from node r̃Dik

i to r̂Dik

i if i prefers
r̂Dik

i to r̃Dik

i . There is a destination-d sub-path edge from
a node rDik

i to another node r
Djl

j if the path r
Djl

j (d) is
a sub path of rDik

i (d), where d ∈ Dik ∩ Djl. A P-cycle
is a loop in the P-graph of the following special format:
one or more improvement edges, followed by one or more
sub-path edges of the same destination, then followed by
one or more improvement edges, and so on.

We have the following sufficient condition for conver-
gence in a self-contained BGP subsystem:

Lemma 1: If a self-contained BGP subsystem SP does
not converge, then there is a P-cycle in the corresponding
P-graph.

Corollary 2: If the P-graph of a self-contained BGP sub-
system SP has no P-cycle, then the BGP protocol converges
on destinations in Di for all AS i ∈ V . In addition, let r∗

be the network route selection after convergence, then r∗
i

∈
R(i,Di, Pi) for all i ∈ V .

4.2. Internet Is Highly Likely to Be Stable

In practice, it is difficult to obtain P-graph in general
networks and check whether it contains a P-cycle. How-
ever, in the current Internet, route selection is constrained
by their business considerations. In particular, we say
an AS follows the standard joint-route preference policy
if it prefers customer routes over peer/providers routes
and decomposes coordinated route selection for multiple
customer-reachable destinations and for multiple peer-
provider-reachable destinations. Applying Corollary 2, we
prove a pleasant and somehow surprising result that the
current Internet is highly likely to have stable egress
route selection for interdomain traffic engineering due to
Internet business considerations:

Theorem 3: BGP is guaranteed to be robust and converge to
a unique stable route selection, if

1) there is no provider-customer loop in the network;
2) all ASes have fixed typical export policies;
3) all ASes follow the standard joint-route preference policy.
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