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Abstract—The ability of TCP’s congestion control
scheme to adapt the rate of traffic flows and fairly
use all the available resources is one of the Internet’s
pillars. So far, however, the elasticity of traffic has been
disregarded in traffic engineering (TE) methodologies
mainly because, only recently, the increase in access
capacity has moved the bottlenecks from the access
network to the operator network and hungry cloud-
based applications have begun to use all the available
bandwidth. We propose a new approach to TE with
elastic demands which models the interaction between
the network operator and the end-to-end congestion
control scheme as a Stackelberg game. Given a set of
elastic traffic demands only specified by their origin-
destination pairs, the network operator chooses a set of
routing paths (leader’s problem) which, when coupled
with the fair bandwidth allocation that the congestion
control scheme would determine for the chosen routing
(follower’s problem), maximizes a network utility func-
tion. We present bilevel programming formulations for
the above TE problem with two widely-adopted band-
width allocation models, namely, max-min fairness and
proportional fairness, and derive corresponding exact
and approximate single-level mathematical program-
ming reformulations. After discussing some key prop-
erties, we report on computational results obtained
for different network topologies and instance sizes.
Interestingly, even feasible solutions to our bilevel TE
problems with large optimality gaps yield substantially
higher network utility values than those obtained by
solving a standard single-level TE problem and then
fairly reallocating the bandwidth a posteriori.

Index Terms—Traffic engineering, elastic traffic,
max-min fairness, proportional fairness, Stackelberg
games, bilevel programming.

I. INTRODUCTION

OST of the state-of-the-art approaches and meth-

ods for traffic engineering assume that, given a
set of traffic demands with the corresponding origin-
destination pairs and bandwidth requirements (traffic ma-
triz), the network operator can freely choose the routing
paths for each demand (routing) and the corresponding
bandwidth allocation (or rate) which satisfy the band-
width requirements. A typical objective is maximizing a
suitable wutility function, for instance the network through-
put, or minimizing a penalty function, such as the network
congestion or a measure of energy consumption [1]. Such
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traffic demands are commonly referred to as inelastic, as
their data rates are assumed to be fixed and known a
priori, even though uncertainty in the traffic matrices can
be accounted for with robust or stochastic optimization
approaches.

The appropriateness of assuming inelastic demands is
often challenged due to the very nature of the traffic
generated by modern Internet applications, as well as due
to the recent evolution of network infrastructures [2]. In
the Internet, as known, most of the traffic is handled by
TCP (Transmission Control Protocol), which, thanks to
its congestion control mechanism, allows traffic flows to
adapt their rate so to, potentially, use all the available
capacity (new protocols which are rapidly gaining popu-
larity, such a QUIC—Quick UDP Internet Connections,
have a similar behavior). Given a set of routing paths,
TCP autonomously determines a bandwidth allocation
with the aim of delivering a best-effort service in which the
available network resources are fairly shared among the
different (concurrent) connections. Such traffic demands
are commonly referred to as elastic.

As shown in [3]-[5], the bandwidth allocation deter-
mined by TCP and similar protocols can be suitably
approximated by the solution to a well-defined (implicit)
optimization problem. In many relevant cases, such as
First-In-First-Out (FIFO) and per-flow fair queuing [5],
it can be shown that such problem amounts to, given
a routing, finding a bandwidth allocation which maxi-
mizes a certain measure of fairness.! In particular, it has
been shown that, due to the interaction with different
queuing policies and other congestion control mechanisms,
the resource allocation that is carried out in existing
TCP/IP networks can be well approximated by one of two
frequently adopted fairness paradigms: Max-Min-Fairness
(MMF) and Proportional Fairness (PF) [3], [5].2

Although the best-effort nature of TCP has been known
for many years, Internet Service Providers have been
exposed to the elastic nature of the Internet only recently.
Indeed, on the one hand, many applications have recently
become very bandwidth-hungry and capable of using all
the available resources for a relatively long time and, on

IIn this work, we refer to fairness mazimization rather than to
utility mazimization, which is more common in the literature, to
avoid confusion with the network operator’s utility function.

2The behavior of TCP is influenced by a number of factors, in-
cluding its version [4], the Round-Trip-Times (RTTs) of the different
connections, upper layer protocols such as, e.g., HT'TP [6], and the
presence of queue management mechanisms such as Random Early
Detection (RED) [7] or Explicit Congestion Notification (ECN) [8].
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the other hand, the capacity of the access networks has
recently started to grow very quickly. No more restricted
by the bottlenecks induced by the small capacity of the ac-
cess network, traffic flows can now fully reveal their elastic
nature to the operators, causing the network bottlenecks
to shift from the access network to the operators’ networks.
The impact of a high-access capacity is particularly rel-
evant when considering increasingly popular cloud-based
applications, where multiple data centers interconnected
through a geographical network host portions of the ser-
vice platforms that need to communicate.

When applied to the case of elastic demands, classical
approaches to traffic engineering developed for inelastic de-
mands have been successful, so far, only because the traffic
demands used to behave, de facto, as inelastic, as they were
limited by a tight bottleneck at the access level (i.e., one
outside of the network domain under consideration). Due
to the rapid increase in capacity of the access network [9],
[10], this situation is rapidly changing and it is bound to
become radically different in the future. Even if one could
use traffic shaping mechanisms at the network edges to
limit the access rates, which would allow for the adoption
of the classical methods, this would drastically limit the
traffic demands and lead to a waste of resources. Ad hoc
methods for elastic traffic engineering are, thus, necessary.
Our work constitutes a first step in this direction.

II. CONTRIBUTIONS AND OUTLINE OF THE PAPER

We propose a new traffic engineering (TE) approach
which models the current interaction between the net-
work operator and the congestion control mechanism in
a TCP/IP network as a Stackelberg game (i.e., a two-
stage game with two players, a leader and a follower,
the former playing before the latter). The model captures
the fact that the network operator plays first, choosing
a set of routing paths which, when coupled with the fair
bandwidth allocation that the congestion control scheme
would determine for the routing chosen by the network
operator (by maximizing an appropriate fairness measure),
maximizes a network utility function. Equilibria in Stack-
elberg games are found by computing a strategy for the
leader by which, taking into account the rational (i.e.,
optimal) way the follower would react to such strategy, the
leader’s utility is maximized. From an optimization per-
spective, their computation amounts to solving a bilevel
programming problem.

In this paper, we investigate the above Stackelberg-
equilibrium-finding bilevel-programming problem, which
we refer to as Bilevel Traffic Engineering with a Fair
Bandwidth Allocation (BTE-FBA), both theoretically and
computationally. For simplicity, we consider as network
operator’s utility function the weighted total throughput,
but our approach is sufficiently general to allow for dif-
ferent choices. We focus on two specific versions: Bilevel
Traffic Engineering with an MMF Bandwidth Allocation
(BTE-FBA-MMF) and Bilevel Traffic Engineering with a
PF Bandwidth Allocation (BTE-FBA-PF).

In line with the most popular flow-based routing proto-
cols, such as MPLS (MultiProtocol Label Switching), we
assume that a single unsplittable path is explicitly assigned
to each demand.

Our approach is fundamentally different from previous
works on fairness in traffic engineering which, to the best
of our knowledge, only address the single-level problem of
finding a set of routing paths and a bandwidth allocation
which, together, maximize a measure of fairness.

The aim of the paper is twofold. On the one hand,
we aim to solve BTE-FBA-MMF and BTE-FBA-PF with
mathematical programming methods. On the other hand,
we aim to quantify the improvement that solutions to
BTE-FBA-MMF and BTE-FBA-PF can yield in terms of
the network operator’s utility function when compared to
those obtained by ignoring the bilevel aspect of the prob-
lem. In particular, we will propose single-level reformula-
tions of BTE-FBA-MMF and BTE-FBA-PF which can be
tackled with state-of-the-art mathematical programming
solvers.

The paper is organized as follows.? In Section III,
we summarize previous work on traffic engineering and
fairness in TCP/IP networks. In Section IV, we lay the
basis for our bilevel TE approach and illustrate how to
recast the second-level problem of BTE-FBA (determining
an MMF or PF allocation for a given set of routing
paths) in terms of compact sets of optimality conditions. In
Section V, we quantify the worst-case difference in utility
function between BTE-FBA-MMF and BTE-FBA-PF and
two standard single-level methods. In Sections VI and VII,
we derive single-level Mixed Integer Linear Programming
(MILP) reformulations for BTE-FBA-MMF and BTE-
FBA-PF, either exact or approximate. Computational
results for different network topologies and instance sizes
are reported and discussed in Section VIII. Section IX
contains some concluding remarks.

III. PREVIOUS WORK
A. Traffic engineering in the inelastic case

Traffic engineering problems have been extensively stud-
ied in the literature. Depending on the protocol, the
routing may involve, for instance, the adjustment of the
link weights so as to determine a shortest path tree [15] or
the explicit computation of the routing paths used for each
demand [16]. For an overview, we refer the reader to [1] as
well as to the aforementioned [15], [16].

B. Fairness in TCP/IP networks

In the last 20 years, a lot of attention has been de-
voted to the study of the different congestion control
mechanisms implemented in IP networks, including TCP
and its variants. The pioneering work in [3] is the first
one to look at the bandwidth allocation achieved by a
congestion control mechanism as to the solution to a
suitably designed implicit optimization problem where a

3Preliminary versions of part of this work appeared in [11]-[14].
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fairness function is maximized. Several definitions of fair-
ness have been considered. Under suitable circumstances,
it has been shown that the two most popular ones, Maz-
Min Fairness and Proportional Fairness, well approximate
the bandwidth allocation determined by TCP [1], [3], [17].
For alternative definitions, among which those of Balanced
Fairness, Relative Fairness, and Maximal Fairness, we
refer the reader to [18], [19].

Informally speaking, a bandwidth allocation is Max-
Min Fair (MMF) if there is no way to increase the rate
of a connection without decreasing that of another one
which is receiving a smaller share. Differently, a bandwidth
allocation is Proportional Fair (PF) if it maximizes the
sum of the logarithms of the rates of the different demands.
Formal definitions are provided in Section IV.

C. Approzimations of TCP via fairness mazximization

We classify the nonalgorithmic works on fairness in
networking and traffic engineering in two main categories:
prescriptive and descriptive.

Prescriptive works typically focus on understanding
which type of fairness could guarantee the highest network
performance (e.g., which one could maximize the overall
throughput). Their aim is providing guidelines for the de-
sign of efficient congestion control mechanisms. Examples
can be found in [18], [20], [21]. A substantial body of work
has been carried out for the case of a given single path
routing with the aim of understanding the advantages of
enforcing different types of fairness [18], [20], [22], [23] and
their relationship to other performance measures such as
the overall throughput or the average delay [18], [20], [21].
These works show that, by giving priority to connections
with a smaller Round-Trip-Time (RTT), PF tends to
achieve a slightly better throughput than MMF.

Descriptive works focus on deriving analytic ways to
evaluate the level of fairness achieved by an existing con-
gestion control mechanism. They show that, in the general
case, a TCP-based bandwidth allocation can be quite well
approximated by an MMF allocation [5], [24], provided
that the RTTs for the concurrent connections are not too
different. The speed at which the transmission window of
each TCP connection grows is, in fact, determined by the
time required by a packet to reach its destination node,
plus that taken by the successive acknowledgment message
to reach the original transmitting node. Accordingly, the
smaller the RTT of a connection, the faster the correspond-
ing demand can occupy the available bandwidth and, thus,
the larger its rate can be. Empirical and analytic studies
suggest that, in modern TCP/IP networks with highly
heterogeneous RTTs and link capacities, the resource al-
location may be better approximated by PF [3], [4].

The fairness function maximized by the different ver-
sions of TCP is studied in [4], while [6] addresses the case of
HTTP-over-TCP. The work in [5] shows how the adoption
of different queuing policies such as First-In-First-Out
(FIFO), per-flow fair queuing, and Longest-Queue-First
(LQF) may produce different types of allocations (PF,

MMF, or one which maximizes the throughput, respec-
tively). Further studies on the role of fairness in other
TCP variants or in the presence of other mechanisms such
as Random Early Detection (RED) or Explicit Congestion
Notification (ECN) are presented in [7], [8].

D. Fairness mazximization in network routing

Algorithmic approaches to compute an MMF allocation
for a set of elastic demands in a given network topology
with link capacities have been extensively studied [1],
[17], [25]-][29]. When the routing paths are not given, a
substantial body of work has focused on the simultaneous
determination of a routing and of a bandwidth allocation
which are together MMF. See [1], [17] for the case of
splittable routing and [26], [27] for that of unsplittable
routing with a single path per demand. See also [28], [29]
for methods to compute an MMF solution for general
convex or nonconvex optimization problems. To the best of
our knowledge, similar studies have not been carried out
for the PF allocation of elastic demands. In our setting
where we assume an unsplittable single-path routing, we
refer to the problem of determining a routing and a
bandwidth allocation which are together MMF as MMF
overall and, by extension, we refer to its counterpart for
the PF case as PF overall (see Section V).

Other relevant works on fairness in resource allocation
include, among others, weaker definitions of fairness such
as Upward Max-Min Fairness (UMMF) [30] whose al-
locations can be efficiently computed via a distributed
algorithm, a study on how to obtain MMF solutions by op-
timizing suitably chosen nonlinear objective functions [31],
and a variational-inequality-based approach leading to a
form of fairness called Utility Proportional Fairness [32].
As to UMMEF, a linear programming formulation is pre-
sented in [33] to jointly determine both a routing and
a bandwidth allocation so to balance throughput and
fairness in the case of splittable routing.

IV. BILEVEL TRAFFIC ENGINEERING WITH A FAIR
BANDWIDTH ALLOCATION

In this section, we formalize our Stackelberg model and
the correspoding equilibrium-finding bilevel TE problem,
we give a formal definition of the second-level fair band-
width allocation problem for both MMF and PF, and lay
the basis for solution approach. After introducing a bilevel
programming formulation for both versions of BTE-FBA,
we illustrate how to reformulate its second-level problem
via a compact set of optimality conditions, which we will
exploit in the next sections to derive equivalent single-level
mathematical programming reformulations solvable with
state-of-the-art mathematical programming algorithms.

A. Problem definition
The bilevel TE problem that we address in this paper
can be formally stated as follows:

Bilevel Traffic Engineering with a Fair Bandwidth
allocation (BTE-FBA): Given a directed graph G =
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(V, A) with vertex set V and arc (link) set A, a capacity
c: A — RY\ {0}, and a set D of elastic demands with,
for each d € D, the corresponding origin-destination pair
(s%,t?), a weight w? € RT, and no predetermined band-
width requirements, find an unsplittable single-path routing
such that, after a fair bandwidth allocation ¢ = {¢}aep
has been determined as an optimal solution to the second-
level fairness maximization problem, the network utility
function U(p) = Y cp wio? is mazimized.

Although, in this paper, we will consider as utility
function the total weighted throughput, it is worth em-
phasizing that our approach is sufficiently general to allow
for any U : ¢ — RT that can be handled by a sufficiently
efficient mathematical programming solver.

B. Bilevel programming formulation

Besides the allocation vector ¢, let us introduce, for each
elastic demand d € D and arc (i,5) € A, a binary variable
xfj which takes value 1 if the demand d € D is routed over
the arc (i,7) € A and 0 otherwise.

Let F': ¢ — R™ be a fairness measure. After an unsplit-
table single-path routing & = {xfj}(i’j)eA,deD has been
chosen by the network operator, the congestion control
mechanism determines a fair bandwidth allocation ¢ by
solving the following second-level fairness mazimization
problem subject to resource allocation constraints:

argmax {F(d)) :Z ¢ < iy V(i,j) € A}. (1)

>
$=0 dED:mszl

Note the dependency on « in the summation over D, by

which ¢? is taken into account only if xfj =1, i.e., only if

the demand d € D is routed over the arc (i,5) € A.
Relying on (1), the Stackelberg-equilibrium-finding

bilevel TE problem tackled by the network operator can

be cast as the following bilevel program:

max

max Z wdd)d

{O,l}‘AND‘ deD

g E: d E: d _
S.t. Ti5 — Tj; =

(2a)

1 ifi=s?
—1 ifi=1t¢ VieV,de D (2b)

(i,J)€A  (Ji)EA 0  otherwise
> o<1 VieV,de D (2)
(ij)eA
doooah<|s-1 VS CV,de D (2d)

(i,§)€A,JES

¢ < ar(%lznoax{F(cf)) : Z ¢ < ciiV(i,j) € A}. (2e)

dED:x?jzl

Constraints (2b), (2c¢), and (2d) are, respectively, flow
conservation, degree, and subtour elimination constraints
which, together with the binariety of x?j, guarantee that
each demand d € D be routed over a single s¢t? path P?,
with P4 = {(i,j) € A: af; = 1}.

We remark that, as we will explain in Sections VI
and VII, subtour elimination constraints (which are usu-
ally not necessary in single-level routing problems) must
be explicitly introduced here.

As we will show in the next subsection, the problem
underlying Constraints (2e) admits a unique optimal so-
lution in both the MMF and PF cases. BTE-FBA-MMF
and BTE-FBA-PF are, thus, two well-posed bilevel pro-
gramming problems, not affected by the ambiguity arising
when multiple optimal second-level solution are present.

The major challenge one has to face when solving
Formulation (2) is posed by the argmax operator in Con-
straint (2e). To arrive at a single-level reformulation which
is solvable with state-of-the-art mathematical program-
ming methods, we describe optimality conditions for the
second level problem (for both the MMF and PF versions)
which will allow us to drop the argmax operator.

The results in the next subsection are adapted from
the literature. Since they are instrumental for the original
results presented in the following sections, we also report
their proofs to make the paper self-contained.

C. Optimality conditions for an MMF allocation

Formally speaking, an allocation vector ¢ is MMF if
only if it is lexicographically maximum for all permuta-
tions of its indices [17], i.e., if it is not possible to increase
the allocation of any elastic demand d € D without
decreasing that of any other demand d’ € D with (;Sdl < ¢4

Let o : RIPl - R be a nondecreasing sorting operator
such that o(¢)? < o(¢)? for all d,d’ € D with d’ < d.
Applying o it to ¢, we have that ¢ is MMF if and only
if it is impossible to increase the value of o(¢)? for some
d € D without decreasing that of o(¢)? for some d' € D
with d’ < d. By relying on this definition, an allocation
vector ¢ is MMF if and only if it satisfies:

¢ € argmaxlex { o(¢) : Z ¢ <cijV(i,j) € Ay, (3)
$20 deD:x?. =1

where the argmaxlex operator corresponds to maximizing
the vector o(¢) componentwise from d =1 to d = |D|.

From an algorithmic perspective, an MMF allocation
vector ¢ can be computed in polynomial time using the
Water Filling Algorithm [25]. Given an unsplittable single-
path routing x, the algorithm constructs an MMF allo-
cation ¢ by, at each iteration, simultaneously increasing
by the same amount the allocation of all the demands
whose arcs have a strictly positive residual capacity and
discarding the demands whose paths have at least one
saturated arc.

As a consequence of the Water Filling Algorithm, we can
characterize MMF allocations in terms of bottleneck arcs:
an allocation vector ¢ is MMF if and only if the path for
each demand d € D contains a bottleneck arc, i.e., an arc
which i) is saturated and on which ii) the allocation ¢¢ is
at least as large as that of any other demand d’ € D [25].

This characterization allows for recasting Problem (3)
via a set of Mixed Integer Linear Programming constraints
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and variables. We report them here in a slightly modified
version w.r.t. the original one:

Proposition 1 ([14], [34]). A vector ¢> 0 is the unique
MMF allocation for a given unsplittable single-path routing
x if and only if there is a vector ye {0, 1}A1XIP1 such that
the triple (¢, x,y) satisfies:

Sy

(i,j)eA:zszl
> o" > cijyls
d’eD:xd =1
¢! > ¢ —c;j(1—yk) V(i,j)€ A de D,d €D (4c)
Z o < cij V(i,j) € A. (4d)

dED:zszl

Vde D (4a)

V(i,j) € A,d € D (4b)

Proof. Due to Constraints (4a)—(4c), the binary variable
yfj takes value 1 if and only if arc (i,7) € A is bottleneck
for demand d € D. Counstraints (4a) guarantee that
there is at least a bottleneck arc per elastic demand,
associated with one of the arcs contained in its path.* Con-
straints (4b) guarantee that bottleneck arcs are saturated.
Constraints (4¢) impose, for each demand d € D and arc
(i,7) € A which is bottleneck for it, an allocation at least
as large as that of any other demand routed over it.
Unicity follows as a consequence of the (strict) concavity
of the problem’s objective function, see [25]. O

D. Optimality conditions for a PF allocation

By definition, an allocation vector ¢ is PF if and only if
it maximizes the sum of the logarithms of the allocations:

> log(¢h) Y ¢ <y €Ay . (5)

¢ € argmax
>
b= deD dGD:z;.ij:I

Since Problem (5) features a set of linear constraints,
constraint qualification is satisfied everywhere in the fea-
sible region and, since the problem is convex, the Karush-
Kuhn-Tucker conditions (KKTs) are both necessary and
sufficient for the optimality of any of its feasible solutions.
We deduce the following;:

Proposition 2 ([3]). A vector ¢> 0 is the unique PF
allocation for a given unsplittable single-path routing x
if and only if there is a vector A> 0 such that (¢, x, )
satisfies:

1
i S vde D  (6a)
(i,j)EA:xszl
> =i | A=0 v(i,j)e A (6b)
dED:x‘ZJ.:l
Z ¢ < cij v(i,j) € A.  (6c)
dGD:wf'J.:l

4We assume w.l.o.g. that more links can be simultaneously bot-
tleneck for the same demand. We consider this version as, with it,
the final formulation performs computationally better.

Proof. Let \;; and pu? be the multipliers of, respectively,

the capacity and nonnegativity constraints. The KKTs of

Problem (5) are the same as those in Constraints (6) with

the extra complementarity condition —¢%ud = 0, for all

d € D, and with i Z Nij — pd, for all d € D,
(i,j)GA:a:;.ljzl

substituted for Constraint (6a).

Note that if, for all d € D, P? = {(i,j) € A : xfj =1}
contains an s?-t¢ path, then ¢ > 0 in any optimal solution
to Problem (5). This is because, if P¢ contains an s?—
t? path for all d € D, there is a feasible allocation with
¢? > 0 for all d € D and, thus, an optimal solution of
value ), p log(¢?) > —o0. Therefore, any ¢ with ¢ = 0
for some d € D cannot be optimal. The claim follows as
¢ > 0 implies p = 0.

Unicity is due to the the convexity of the problem,
which calls for the maximization of a strictly concave
function subject to polyhedral constraints. The result
follows since the Hessian matrix of Y ;. log(¢?) is Hy =

diag (— (¢—11>2,...,— (¢1D|>2> < 0 whenever ¢ > 0. [

Note that, for each d € D, Constraints (6) impose that
the allocation ¢? be inversely proportional to the sum
of \;; for all the arcs which are i) contained in the path P?
and ii) saturated (due to the complementarity constraints
in (6b), as > cp.pe _g &% < ¢;; implies A;; = 0). This is
in line with the MMF conditions in Proposition 1 as, in
both cases, a fair flow allocation is solely determined by
the arcs which are saturated.

E. Multi-session extension

Under the assumption that elastic demands with the
same origin-destination pair are routed over the same
path, the following holds true:

Corollary 1. In an MMF or PF bandwidth allocation,
all elastic demands which, given an unsplittable single-path
routing x, are routed over the same path, have the same
bandwidth.

Proof. For the MMF case, the result follows from the
correctness of the Water Filling algorithm. Indeed, as all
demands routed over the same path share the same set
of arcs, their residual capacities are the same throughout
the iterations of the algorithm. For the PF case, the result
follows from Constraints (6a) in Proposition 2. Indeed, for
every d € D, ¢ is a function only of the multipliers Aij
associated with the arcs contained in the corresponding
path and, therefore, all the demands carried by that path
must have the same allocation. O

According to Corollary 1, one can bundle demands with
the same origin-destination pair into a single demand d’,
whose allocation (;Sdl corresponds to the total bandwidth
allocated to the bundle. We refer to each demand in the
bundle as a session. With A% sessions per demand, each

receives a share equal to Ald, (bd/. Given the weights of a
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set of sessions d € D', the weight of the demand in which

they are bundled is w® =", id/ .
V. ON THE DIFFERENCE BETWEEN BILEVEL AND
SINGLE-LEVEL TRAFFIC ENGINEERING

The current practice for network operators when facing
traffic engineering problems with elastic demands is to
ignore the bilevel (two-player) aspect of the problem,
assuming that they can maximize their network utility
function by simultaneously determining both the routing
and the bandwidth allocation.® This corresponds to solv-
ing the following problem:

Single-level Traffic Engineering (STE):

Given a directed graph G = (V, A) with vertex set V and
arc (link) set A, a capacity function ¢ : A — Z% \ {0},
and a set D of elastic demands with, for each d € D,
the corresponding origin-destination pair (s%,t?), a weight
w? € RY and no predetermined bandwidth requirements,
find an unsplittable single-path routing and a bandwidth
allocation ¢ = {¢?}qe p which mazimize the network utility

function U(p) =3 ;e p wio?.

STE ignores that, with elastic demands, the bandwidth
allocation is independently determined by the congestion
control mechanism. Therefore, it is only when the routing
found by solving STE is implemented in the network
that the network operator can realize that a different
bandwidth allocation has been enforced on the chosen
routing paths, leading to a different utility-function value.

In the following, we refer as STE+MMF and STE+PF
to the two-step approach in which, after an unsplittable
single-path routing @ has been found by solving STE,
an appropriate MMF or PF allocation is recomputed
according to the congestion control protocol at hand.

An important question which naturally arises is quanti-
fying the worst-case difference in terms of utility function
value between solutions to the bilevel problems BTE-FBA-
MMF or BTE-FBA-PF and those provided by STE+MMF
or STE+PF. The following result highlights the danger
of neglecting the bilevel aspect of traffic engineering with
elastic demands.

Theorem 1. In the worst case, the loss in utility-function
value determined by choosing, when tackling either BTE-
FBA-MMF or BTE-FBA-PF, a routing that is optimal for
STE and then recomputing an MMF or PF allocation for
that routing a posteriori can be arbitrarily large and it can
increase at least linearly w.r.t. the size and capacity of the
network.

Proof. To prove the result, we consider the instance de-
picted in Figure 1. Note that all demands but (v, w),
namely, demands (v,a1),(a1,a2),...,(ax—1,w) and de-
mands (v, b1), (b1,b2),...,(bi—1,w), can be routed over a

5From a bilevel programming perspective, this is the same as
solving the so-called high-point relaxation of a bilevel problem, in
which the argmax constraint accounting for the optimality of the
second-level solution is discarded.

unique path consisting of a single arc. Demand (v, w) can
be routed over the upper path (we refer to it as “up”) or
over the lower path (we refer to it as “down”).

Fig. 1. A parametric instance with k + ¢ nodes, k + £ arcs (thick),
and k + £ 4+ 1 demands (dotted), with capacities ¢ and d.

First, we need to determine the bandwidth allocations
for the two possible routings of demand (v,w). Since
these routings are topologically symmetrical, it suffices to
look for an MMF or a PF bandwidth allocation for the
subinstance reported in Figure 2.

Fig. 2. A parametric subinstance with k + 1 nodes, k arcs (thick),
and k + 1 demands (dotted): (v,a1), (a1,a2),..., (ag,w), and (v, w).

According to the analysis of Section IV, we deduce
that, as a consequence of the Water Filling algorithm, the
unique MMF allocation for the subinstance in Figure 2 is:

1
vw __
S 5¢
As to the PF case, according to Proposition 2 a band-
width allocation ¢ > 0 satisfying the capacity constraints
is PF if and only if there is a vector A > 0 such that:

¢ = %c Y(i,7) € A. (7)

¢1;w + ¢ij —=c V(’L,j) €A (83‘)
¢ — L v(i,j)e A  (8b)
1
vwo 8
’ Z(ij)EA Aij "

Equations (8a) correspond to Constraints (6¢) in Propo-
sition 2 imposed as equations (this is correct as any
¢ not saturating all arcs in Figure 2 cannot maximize
> aep log(¢?)—by increasing the allocation on all the
nonsaturated arc by some € > 0, a larger >, log(¢?)
would be obtained). From Equations (8a) we deduce
P = c — oV, which, due to Equations (8b), implies

Xij = W. Substituting - ¢W for \;; in Equation (8c),
one obtains ¢p¥% = - L= % which, after collecting
=7

", shows that ¢ = +1c The latter, combmed with

Equations (8a), allows us to conclude ¢ = k—ﬂc Overall,
we have the following unique PF allocation:

1 .
= —— = v(i,j) € A. 9
S = e 9= e (i) Q

We remark that (9) illustrates a typical property of PF
allocations: demands with longer routing paths such as
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(v, w) are likely to receive a smaller bandwidth [24]. This
is not the case for MMF allocations, as suggested by (7).

From (7) and (9), we deduce the following closed-form
bandwidth allocations:

Problem | path | (v,w) (aj,aiz1)  (bi,bit1)
BTE-FBA-MMF | up %c i d
BTE-FBA-MMF | down | 3d c id

BTE-FBA-PF up e e d
BTEFBA-PF | down | zgd c —d

The total throughput with each of the two routings (up
or down) and two fairness paradigms (MMF or PF) is thus:

1 1
Upsar = 5C + Ekc +0d (10a)
1 1
down,py = §d + ke + §£d (10Db)
k2
UPpr — mc + mc + Ed (].OC)
downes = ——d+ ket ——d (10d)
owon—E_i_1 c L

Let {t =c—2,d=+5+5,k=d-1=45+4. With
few algebraic manipulations, we obtain the following two
utility function differences for the two fairness paradigms:

17 15
UPymr — dOWNyp = 2700 - ? (11&)
9¢® 4+ 193¢ — 2500¢ + 7500
downppr — UPpp = “ ¢ ct (11b)

10¢2 + 490¢ — 500

Since both functions are strictly positive for ¢ > 9, we
deduce that, for ¢ > 9, up is the unique optimal routing for
BTE-FBA-MMF and down is the unique optimal routing
for BTE-FBA-PF.6

In STE, since ¢"* = 0 is feasible we have the following
bandwidth allocations:

problem | path | (v,w) (asais1)  (bisbis1)
STE up 0 c d
STE down 0 c d

Both routings up and down are optimal for STE. When
coupled with an a posteriori fair allocation, their total
throughput is upyure, downye for the MMF case and
uppr, downpr for the PF case. If down is selected as an
optimal solution to STE, in the MMF case after the
reallocation we have a throughput of down,s which,
when compared to the optimal throughput obtained with
BTE-FBA-MMF, leads to a difference of upyyr —down e
as in Equation (1la). If up is selected, in the PF case
after the reallocation we have a throughput of uppr
which, we compared to BTE-FBA-PF, leads to a difference
of downpr — uppr as in Equation (11b). To prove the
claim of the theorem, it now suffices to observe that

lime o0 Uppnr — dOwWnypr = 00 and lim. oo downpr —
UPpr = OO. O
6For ¢ = {30,40,...,90} and (c,d,k,¢) € N?% it can be

shown, empirically, that our choice of parameters also maximizes
min{upymr — downymr, downpr — uppr }. We omit the details for
the sake of brevity.

For completeness, we report the following result con-
cerning the worst-case difference in terms of network
utility function between solutions to BTE-FBA-MMF or
BTE-FBA-PF and solutions to MMF overall or PF overall,
i.e., the problems where one looks for both a routing z and
an allocation ¢ which are together MMF or PF.

Theorem 2. The difference in terms of utility between so-
lutions to BTE-FBA-MMF or BTE-FBA-PF and optimal
solutions to MMEF overall or PF overall can be arbitrarily
large and it can increase with the number of demands.

Proof. Consider the example in Figure 3. The graph
contains k = |D| origin-destination pairs, capacity 1 for
the arcs (a;,b;), 1 =2,...,k, capacity k(1 + ¢) for the arc
(a1,b1), with 6 > 0, and an arbitrarily large capacity for
the other arcs. It is easy to verify that ¢ = (1,...,1,k(1+
9)), with a total throughput of k(1 4+ 6) + &k — 1, is an
optimal solution to both BTE-FBA-MMF and BTE-FBA-
PF. It can also be verified that ¢ = (1+9,...,1+47), with
a total throughput of k(1 + ¢), is an optimal solution to
both MMF overall and PF overall. Indeed, in the MMF-
overall case, it is clear that, by routing any set of demands
with indices ¢ € D\ {1} over the corresponding paths s,—
ty, such demands would receive an allocation smaller than
1 4+ 6—and, thus, the solution would not be optimal. A
similar observation holds also for the PF-overall case for a
sufficiently large k. The difference in throughput between
the optimal solution to BTE-FBA-MMF and BTE-FBA-
PF and that to MMF overall and PF overall is equal to
k — 1. The claim is obtained by driving k to infinity. [

Fig. 3. Instance used to prove Theorem 2.

VI. SorLving BTA-FBA-MMF

In this section, we derive a single-level Mixed-Integer
Linear Programming (MILP) reformulation for BTE-
FBA-MMF which allows for solving the problem with
state-of-the-art MILP solvers.

A. Single level MILP formulation

To arrive at a computationally manageable single-level
reformulation for BTE-FBA with an MMF allocation,
we first reformulate the MMF optimality conditions in
Proposition 1 so as to remove, from Constraints (4b)
and (4d), the dependence on z¢ from the indices over

which the summations run.

J
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For every (i,j) € A and d € D, we introduce the
auxiliary flow variable Z-dj and a set of constraints stem-
ming from the well-known McCormick’s envelope [35],
Constraints (12e)—(12g), which guarantee that idj be equal
to ¢ if xfj = 1 and to O otherwise. This allows us to
recast the MMF optimality conditions in Proposition 1
with linear constraints and mixed-integer variables:

Corollary 2. A vector ¢> 0 is the unique MMF allocation
for a given unsplittable single-path routing x if and only
if there are two vectors ye {O,l}|A|X|D‘,fZ 0 such that

(p,x,y, f) satisfies:

> owyh=1 Ve D (12a)
(i,j)€A
> FE =z eyl V(ij) € A,de D (12b)
d'eD
¢t > o7 —ci;(1 — yl) V(i,j) € Ad,d € D (12c)
D fG<e V(i,j) e A (12d)
deD
5 < e V(i,j) € A,de D (12e)
<o Wi, j) € A,de D (12)
zdj > ¢—max {c;;}(1 —zl) V(i,j) € A,de D. (12g)

(i,j)€A "

Proof. Constraints (12b), (12d) are a reformulation of
Constraints (4b), (4d) written in terms of fidj instead of
¢? and xfj. Constraints (12e)—-(12g), together with the
nonnegativity of ¢, are a slightly tighter version of the
McCormick’s envelope constraints applied to flj = dm?j.
They differ from the standard ones as Constraints (12e)
are a tightened version of the original McCormick con-
straints fidj < max(w)eA{cij}x?j. They are obtained by
introducing the tighter upper bound ¢;; on xd in lieu of
the weaker upper bound max; jyea{ci;} on ff;. O

B. Subtour elimination for BTE-FBA-MMF

It is crucial to remark that Proposition 1 and Corollary 2
hold only under the assumption that & encode an unsplit-
table single-path routing. Formally speaking, any routing
which is feasible for Constraints (2b) and (2c) can be de-
composed, for each demand d € D, into an s%t¢ path P?
carrying flow fii = ¢¢ for all (i,7) € P?, plus a (possibly
nonempty) set of subtours S¢, ..., S¢, for some 7 € NU{0}.
Each subtour S? is a circuit (vi,vs),...,(vk_1,v1) also
carrying, due to Constraints (12e)-(12g), a flow f{ = ¢?
for all (i,7) € S<.

The example depicted in Figure 4 illustrates that, if a
routing contains subtours, a bandwidth allocation satisfy-
ing the conditions in Proposition 1 and Corollary 2 does
not need to be MMF.

Example 1. The instance in Figure 4 admits a unique
unsplittable single-path routing & (without subtours) whose

MMF allocation vector is ¢, = (3,%, %), with a total

throughput of % Assume that no subtour elimination con-

straints are imposed on x and that ¢ € (0, %) Consider
demand d = 3 from node 1 to node 3. Assume that >

AN oL

Fig. 4. An instance containing a subtour which, if not prevented
from the routing @, allows for an allocation ¢ which is not MMF in
spite of satisfying the conditions in Proposition 1 or Corollary 2.

contains the 1-3 path given by 23, = x35 = 1, together
with the subtour given by x3s = x35 = x3, = 1, and let
¢® = €, so that all subtour arcs are saturated. Let either
arc (4,5), (5,6), or (6,4) be bottleneck for demand d = 3,
i.e., let either yis = 1, y3s = 1, or y3, = 1. This way, the
same capacity ¢ is subtracted from the arcs (1,2) and (2, 3),
leaving a residual capacity of 1 — ¢ on both of them. Since
Yty = Y35 = 1, such capacity is fully allocated to demands
d =1 and d = 2. Overall, we obtain ¢ = (1 —¢,1—2¢,¢),
with a total throughput of 2 — ¢, which is larger than %
Clearly ¢ is not MMF as its smallest allocation, of value ¢,
is smaller than the smallest allocation, of value %, of @ e

The example shows that, due to the bilevel nature of
BTE-FBA-MMF, if subtours are not explicitly prevented
one could include them in the routing x so to force
the second level problem towards a solution which, while
having a higher utility function value, is not MMF in
spite of satisfying the conditions in Proposition 1 and
Corollary 2. This is in contrast with most of the classical
single-level traffic engineering problems where subtours,
due to consuming arc capacity without carrying any extra
flow from the origins to the destinations, have no impact
neither on the feasibility nor on the optimality of the
solution and, hence, can be discarded in post-processing.

To prevent subtours, instead of adding Constraints (2d),
whose number grows exponentially with the number of
nodes, we derive a compact (polynomial size) formulation
by introducing an additional set of variables and con-
straints. We achieve this by adapting the multicommodity
flow extended formulation proposed in [36] for the Trav-
eling Salesman Problem (TSP). Denoting by P¢ the path
used for demand d € D, the idea is preventing subtours
from arising by forcing the origin s? to send an auxiliary
multicommodity flow to each intermediate node visited by
P Let V? := V \ {s9}, let the binary variable ¢ be
equal to 1 if and only if path P? visits node h € V¢,
and let the continuous variable qf‘j ;, Tepresent the auxiliary
flow from s? to h € V¢ (equal to 0 if ¢§ = 0). Consider
the following constraints, with g € [0, 1]IP*IAXIVI and
W € {0, 1}PIxIVI;

>zl = Vde D,heV*® (13a)
(i,h)EA
Yo if i =
Z qgjh *Z Q?ih = ﬂﬁﬁ ifi=nh
(i,)€A (4,i)eA 0 otherwise
Vde D,heV4icV (13b)
@y, < a; Vde D, (i,j) € A, heV®  (13c)
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akn < Vde D, (i,j) € A,h e VL (13d)
Constraints (13a) guarantee that ¥§ be equal to 1 if and
only if the path for demand d € D visits node h € V.
Constraints (13b) are ﬂow conservation constraints on the
multicommodity flow q ,, from s to h € V4, carrying
one unit of flow from s? to h € V¢ 1f ¢h = 1. Con-
straints (13c) prevent the flow vector qf = (quh)(ij)eA
from using any arcs not present in the routing specified
by the routing vector ¢ for the corresponding demand
d € D. Constraints (13d) prevent the existence of any
multicommodity flow from s¢ to h € V¢ if w,‘f =0, ie.,
whenever the path P? does not visit node & in the routing
encoded by x.

With this extended formulation, we have all the ingre-
dients for a polynomial-size single-level MILP formulation
for BTE-FBA-MMF.

C. Complete single-level MILP reformulation

To tighten the linear programming relaxations of our
single-level reformulation for BTE-FBA-MMF, we intro-
duce the following valid (in)equalities:

p¢ if i = s?
—¢t ifi=1t¢ VieV,de D (14a)

0 otherwise

21

(i,§)€A

IR

(5,9)EA

¢ 5 Wing jeafci}

> Vd € D.
|D|

(14b)
Constraints (14a) are flow conservation constraints which
are clearly valid for f due to the latter being compo-
nentwise equal to (bdxfj and « itself being subject to
flow conservation constraints. Constraints (14b) are valid
inequalities imposing a lower bound on fidj tighter than 0,
achieved in the worst case where all the demands in D are
simultaneously routed over the same arc (i,7) € A.

To reduce the overall number of constraints without
hindering the tightness of the formulation, we introduce
u > 0 and reformulate Constraints (12¢) as

—cij(L—yl)  V(i,j) € AdeD,

where u;; is a new continuous variable accounting, for each
(i,7) € A, for the flow of the largest demand carried by link
(i,7) € A. The inequalities are obtained by multiplying the
left and right hand sides of Constraint (12c) by J: and
for (i)d . This way, constraint ¢4 > gbd
cij(1—y) is restated as Z > —cu(l yi) forall d, d’' €
D, (i,j) € A. This allows for a smaller formulation: while
the number of Constraints (12c¢) is quadratic in the number
of demands, the number of Constraints (15a) and (15b) is
only linear in the number of demands.

The complete single-level MILP formulation for BTE-
FBA-MMF consists of (2a)—(2¢), (12a)-(12g), (13a)-
(13d), (14a)—(14b), with (12c) substituted for (15a)—(15b).
We report it in its entirety in Appendix A.

(15a)

Zdj > 2% (15b)

substituting f;

VII. SoLviNngG BTE-FBA-PF

In this section, we show how to derive a single-level
bilinear reformulation for BTE-FBA-PF and, then, an
approximate, linearized MILP reformulation.

A. Reformulation of the PF optimality conditions

To bring the optimality conditions for a PF allocation
(Proposition 2) into a more suitable form, we proceed as
for BTE-FBA-MMEF by introducing a variable idj for each
(i,j) € Aand d € D, and a set of constraints guaranteeing

& = ¢z, in order to remove the dependence on Y
from the index sets in Constraints (6a)—(6c). We recast
Proposition 2 as follows:

Corollary 3. A wvector ¢> 0 is the unique PF allocation
for a given unsplittable single-path routing x if and only
if there are two wectors X, f> 0 such that (¢, x, A, f)
satisfies:

> Vvde D (16a)
(i,J)EA
(Y fh=cij)hij =0 V(i,j) € A (16b)
deD
Y I <ei W(i,j) € A (16c)
deD
&<yl Y(i,j) € A,d € D (16d)
&< Y(i,j) € A,d € D (16e)
d d d -
=0 _('L'I,Ijl')aGXA{Cij}(l —xy;) V(i,j) € A,de D. (16f)
Proof. Constraints (16a) and (16b) are obtained
from Constraints (6a) and (6b) by restating the
latter as, respectively, ¢¢ Z(i,j)eA xfj)\ij = 1 and
(ZdeD zf] d cij) Aij = 0 and, then, substituting

fzdj for ¢? x Constraints (16c) are a reformulation
of Constralnts (6¢). Constraints (16d)—(16f), together
with the nonnegativity of f, are McCormick envelope
constraints guaranteeing f% = ¢xf;. Due to zf; being
a binary variable, these constralnts yield an exact

reformulation of the bilinear constraint fidj = dx% O

Note that the optimality conditions in Corollary 3
are nonlinear and nonconvex due to the presence of the
bilinear products f ‘A;; in Constraints (16a) and (16b).
Before elaborating on how to handle this nonlinearity, let
us discuss on the impact of subtours.

B. Subtour elimination in BTE-FBA-PF

As for BTE-FBA-MMF, Proposition 2 and Corollary 3
hold only under the assumption that & encode an unsplit-
table single-path routing. Thus, a correct BTE-FBA-PF
formulation must explicitly prevent subtours. Consider the
following example.

Example 2. The instance in Figure 4 admits a unique
unsplittable single-path routing x (without subtours) whose
PF allocation is (bPF = (1-31-13%1), wz’th a total
throughput of 2 — = (see Appendzx C). Let ¢ < =. Consider
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demand d = 3 from node 1 to node 3. Assume that x3
contains the 1-3 path given by x35 = x35 = 1, together with
the subtour given by x35 = x35 = 23, = 1. Due to the con-
ditions in Proposition 2 (see Appendiz C), we deduce the
allocation ¢ = (1—¢,1—¢, ), with a larger total throughput
2—¢c > 2— % Such allocation is not PF though, as
log(1—¢)+log(1—¢)+log(¢) < log(1—4%)+log(1—1)+log(3)
forc < %

Although we could adapt to BTE-FBA-PF the same
subtour elimination technique we used for BTE-FBA-
MMEF, we propose here an alternative (and almost sur-
prising) way of preventing subtours which entirely relies on
the bilevel nature of BTE-FBA-PF. For the purpose, we
introduce the following alternative version of Problem (5)
(the PF allocation problem):

> " log(¢) :

deD
¢? if i = s?
@ f)e|l D rh= > =l et ifi=1
argmax ()€ (G)€eA 0 otherwise - (17)
120 VieV,de D
Z f'flj < ¢ij Y(i,j) € A

deD .,
Vi < cijai;

This problem is a modified version of Problem (5) in
which the second-level asks for determining not only ¢
but also f. It is crucial to observe that, in this version,
only three of the original four McCormick constraints are
imposed on f. While Constraints (16d) and the nonnega-
tivity of f are imposed explicitly and Constraints (16e)
are implied by the new flow balance constraints on f,
Constraints (16f) are not imposed at all. This way, while

i‘é is still constrained to be 0 if x;ij = 0 and to be equal
to ¢ on the s? — t¢ path P? for all (i,j) € A and d € D,
by not imposing Constraints (16f) its value is not forced
to be equal to ¢% on each subtour arc. This leads to the
following result:

V(i,j) € A,d € D

Proposition 3. Given a routing x possibly containing
subtours, any optimal solution to Problem (17) ¢ coincides
with the unique PF allocation for the unsplittable single-
path routing ' obtained by removing all subtours from x.

Proof. The claim is clearly satisfied if idj = 0 for every
(i, 7) belonging to a subtour. Assume that, for some d € D,
& > 0 for some arc (i,7) belonging to a subtour S¢.
Two cases can arise. If xfjl. =0 for all ' € D\ {d}, ie.,
the arc (i,7) is only present in the subtour S¢, we can
set flj = 0 for all arcs in S? without affecting ¢ since
subtours carry no additional flow from s¢ to t¢. If xfjl =1
for some d' € D\ {d}, i.e., the arc (i,j) is contained in
some path Pdl, the value of qbd/ is limited by a tighter
residual capacity on another arc (i/,5') € P%. This is
because, if not, fl-dj limits ¢dl to ¢;; — fidj and, by reducing
the value of f{ij and, consequently, the flow on subtour
S? (always possible, as subtours carry no additional flow
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from s¢ to t%), l-dj, and (bd/ can be increased, leading to
a larger value of Y, log(¢?), thus contradicting the
optimality of the solution to Problem (17). Therefore, if
a subtour is present, it can be removed without affecting
the bandwidth allocation ¢. The argument can be easily

extended to the case with multiple subtours. O

It follows that if, for a given demand d, idj > 0 for all
arcs (i,j) of a subtour, then the subtour is disjoint from
any path P for all d’'\ {d} and, hence, we can set L=0
for all the subtour arcs without loss of generality.

C. Approrimate MILP reformulation

In principle, one could state the KKT conditions for
Problem (17) and derive from them an exact single-level
reformulation for BTE-FBA-PF. Such a reformulation,
however, would contain many bilinear terms involving con-
tinuous variables. Preliminary experiments revealed that,
with this approach, only instances with up to 5 nodes are
computationally tractable.

To tackle larger-size instances, we propose an approx-
imate MILP reformulation for BTE-FBA-PF based on a
piecewise-affine approximation of the term log(¢) appear-
ing in the second-level objective function ), log(¢%).
We consider a piecewise-affine approximation with |H|
pieces, with index set H. For each affine piece h € H,
let «ay, denote its slope and 3}, its offset. See Figure 5 for
an illustration.

log(¢%)

Aand? + By,

Fig. 5. Piecewise-affine approximation of log(¢?).

First, we approximate Problem (17) by imposing that
(¢, f) be an optimal solution to the following Linear
Programming (LP) problem:

(18a)

st nd < and? + By Vde D,hc H (18b)

¢ if i = s¢
S AN sl -et i
(i,5)€A (4i)€A 0 otherwise

VieV,de D (18c)
V(i,j) € A (18d)

Z [l <ey

deD

(18e)

For each h € H, Constraints (18b) ensure that 7 be upper
bounded by the affine function aj¢® + 5, corresponding
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to the h-th piece. Since, in any optimal solution, n¢ =
minpe g {nd? + By} for each d, the minimum of Y, , n*
corresponds to that of » ¢® up to the approximation
error which is due to the linearization.

We derive the corresponding optimality conditions:

Proposition 4. For M — oo, (n, f,¢) with f,¢ > 0 is
optimal for Problem (18) if and only if there are siz vectors
A, K, i, 0, v,v >0 such that the following set of linear
inequalities are satisfied:

Spt+M DT D k>

deD (i,j)€A dED
Z Z Bri +Zcijﬂij +Z Z Cijvfj (19a)
deD heH (i,j)EA (i,j)€AdeD
n’ < ang’ + B Vde D,h € H (19b)
¢ if i = s¢
ZZ%,E f]di: —¢¢  ifi=t? VieV,de D (19c)
(i,5)€EA  (40)€A 0 otherwise
D S <ey v(i,j) € A (19d)
deD
& < cyad + A8 V(i,j) € A,de D (19)
d A=t vde D (19f)
heH
K — K 4 pij + 05 > 0 Y(i,j) e A,de D (19g)
Ky — kL > an vd e D (19h)
heH
v < Mat, V(i,j) € A,de D (19i)
v < 6% V(i,j) € A,d € D (19j)
v > 0F + M(xf; - 1) V(i,j) € A,d € D. (19k)

Proof. We establish the optimality of (n, f, ¢) by strong
LP duality. In order to do this, we first construct the LP
dual of Problem (18). Let, for the corresponding indices,
A k&) pij, and 0% be the dual variables of, respectively,
Constralnts (18b), (18c¢), (18d), and (18e¢). The LP dual of
Problem (18) reads:

mln Z Z Bh)\h +ZC”}LU —|—Z Zcmxwﬂfj (20a)
ot e>o deD heH (i.5)€A (i,j)eAdeD
PR vd € D (20Db)
heH
R — K 4 iy + 03 >0 (i,
lifd — Iigd > Z ozh)\fl
heH
where Constraints (20b), (20c), and (20d) are, for the
appropriate indices, the dual constraints of, respectively,
variables w? ¢d and 1.

Since both acu and GZd] are variables, the last term of the
dual objective function is bilinear. To avoid this nonlin-
earity, we first introduce the dual constraints Hfj < M for
all (i,7) € A,d 6 D. Their effect is threefold: new primal
slack variables ¢ are introduced for each (i,j) € A and
d € D, each prlmal constraint f < cjjx fj is relaxed into

j)eAde D (20c)
Vd € D. (20d)
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f” < cwx” —l—’y” (see Constraints (19¢)), and the new slack
variables 'y are penalized in the primal ob Jectlve function
via the addltlve term M- e ZdeD ¢ This way, the
larger M, the larger the penalty on 7” for all (i,57) € A
and d € D, and the less likely it is for any of constraints
fl-dj < cijxfj to be violated in an optimal solution.

With Hd upperbounded by M, we now replace each
bilinear product :cd 9d with a new variable UZJ, imposing
v = a6d, for cach ( j) € A,d € D via the McCormick
envelope constraints, namely, Constraints (19i)—(19k), to-
gether with the nonnegativity of vfj.

The claim is proven by equating the objective functions
of the primal problem (extended after the introduction of
yfj) and of the dual problem (with vflj in lieu of xfjefj) and
adopting a sufficiently large value for M, thereby guaran-
teeing a penalty sufficiently large on M Z(i,j)EA Y deb w/;’lj
to drive %dj to 0 for all (¢,5) € Aand d € D. O

The complete approximate MILP formulation for BTE-
FBA-PF, which we report in its entirety in Appendix B,
consists of: (2a)—(2c), and (19).

VIII. COMPUTATIONAL RESULTS

We present a set of computational results aimed at
assessing the solvability of our MILP reformulations for
BTE-FBA-MMF and BTE-FBA-PF as well as the ad-
vantages in terms of utility function when solving these
problems in lieu of the traditional single-level approach
discussed in Section V, which is oblivious of the bilevel na-
ture of the TE problem. Without loss of generality, all the
results are obtained by solving the extension of BTE-FBA-
MMF and BTE-FBA-PF introduced in Subsection IV-E,
with A? sessions associated with each origin-destination
pair d € D.

A. Instances and setup

The instances in our testbed are based on 3 net-
work topologies taken from the widely used SNDLIB
library [37]: polska (|V| = 12 and |A| = 36), nobel-us
([V] = 14 and |A| = 42), and nobel-ger (|V| = 17 and
|A| = 52). In the library, each instance is associated with
a set of edge nodes E C V. For each topology, we sample 8
subsets E' C E of edge nodes of increasing cardinality and
introduce an origin-destination pair for every pair of nodes
1,7 € E’ which have been sampled, thus obtaining in-
stances with an increasing number of demands. We assign
3 different sets (capl, cap2, cap3) of random capacities
to the arcs, each taking a value (in Gbps) among 2, 2.4,
5, 8, sampled with a probability of, respectively, 0.2, 0.2,
0.3, and 0.3. We assign, with each instance, a number
A? of sessions per origin-destination pair, computed by
sampling from a discrete uniform distribution over [1, 2],
with values of ¢r in 1,4,7,9,10. Thus, we generate an
instance for each value of ¢r, for each topology, and for
each set of capacities. The utility function weights w?
take values among 1,2,3 with a probability equal to,
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respectively, 0.25,0.5,0.25. Overall, we consider a testbed
of 270 instances. In all the experiments, we set M = 10000.

The experiments are carried out on a Dell PowerEdge
Quad Core Xeon 2.0 GHz with 16 GB of RAM, with a
time limit of 2 hours per instance. We employ AMPL
as modeling language, relying on CPLEX 12.6 as MILP
solver. When needed (as described in the following), we
use IPOPT 3.11 to determine, a posteriori and for a given
routing, a PF allocation by solving Problem (5).

B. Solution approaches

Based on the analysis and discussion in Section V, we
compare the results obtained with four different methods.
We adopt the notation F+R, with F as in “formulation” and
R as in “reallocation”. The latter denotes if the bandwidth
is reallocated a posteriori according to either the MMF or
the (exact) PF paradigm.

Overall, we consider the following four methods:

e BTE-FBA-MMF: exact MILP reformulation for BTE-

FBA-MMF; no reallocation needed;

e BTE-FBA-APF: approximate MILP reformulation for
BTE-FBA-PF, without exact reallocation;

e BTE-FBA-APF+PF: approximate MILP reformulation
for BTE-FBA-PF with an exact PF reallocation
(computed a posteriori via IPOPT);

e STE+MMF and STE+PF: MILP formulations for the
single-level traffic engineering problem (STE) with an
exact MMF or PR reallocation.

Note that, due to the linearization that we use, the

allocation of BTE-FBA-APF may not be exactly PF, which
justifies computing an exact PF allocation a posteriori.

C. Tuning the linearization in BTE-FBA-APF

It is clear that a good piecewise-affine approximation of
> aeplog(¢?) is crucial in order to obtain good approxi-
mations of BTE-FBA-PF with BTE-FBA-APF.

In our computational experiments, we employ a
piecewise-affine approximation with |H| = 20 pieces con-
structed in an iterative way. First, we solve the LP relax-
ation of BTE-FBA-APF with a piecewise-affine approxima-
tion with |H| = 10 pieces with predetermined parameters
ap, B for all h € H. From its solution, we let ¢¢ be equal
to the smallest value taken by ¢¢ for all d € D, and ¢q
to the largest one. We then partition the interval [¢g, Pao]
into |H| = 20 equally-sized subintervals [¢n_1, ¢3], for all
h € H, and compute for each subinterval a pair of parame-
ters (auy,, Bp,) such that the affine function oy ¢+ 5y, satisfies
apdn—1 + PBn = log(dpn—1) and apdp + B, = log(dn).

Overall, when applying (a posteriori, with IPOPT) an
exact PF allocation to solutions obtained with BTE-FBA-
APF (solved with CPLEX), we register a loss in utility
function smaller than 3% on average. We also observe that
the fairness measure Y-, log(¢?) is almost identical for
the solutions obtained with BTE-FBA-APF and BTE-FBA-
APF+PF, with a loss in ) ., log(¢?) of less than 0.6% on
average. This suggests that the accuracy of our piecewise
approximation is quite high.
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D. Results

Table I summarizes the results obtained with the dif-
ferent methods for the three topologies, as a function of
the number of edge nodes |E|. In particular, it reports, for
each topology and value of |E|, the average over the 15
instances with that topology and number of edge nodes in
the data set. The full set of results is reported, without
aggregation, in Appendix D, in Tables II, III, and IV.

TABLE I
RESULTS AGGREGATED BY TOPOLOGY AND NUMBER OF EDGE NODES
|E|, AVERAGES OVER 15 INSTANCES.

BTE- | BTE- BTE-
FBA- | FBA- FBA-
inst. || |E||| MMF| APF MMF
gap| gap|| utility
0.06(0.09(| 12197.6
0.060.08 | 18987.9
91/0.06|0.10 | 23395.0
10(/0.09]0.08 || 32491.3
11(/0.11]0.13|40653.9
121/ 0.13|0.18 || 43167.6
0.08]0.11||28482.2
71/0.06{0.03 || 20207.2
91(10.180.09 || 26902.3 | 20782.5
11(/0.61|0.25| 33371.9|27454.9
0.690.291| 35980.7(27519.8
13(/0.69|0.28 || 35973.8|27519.8
141/ 0.86|0.37 || 34984.0 | 24904.9
0.51]0.22||31236.6 | 23952.7
81(10.05/0.04 || 23443.8 | 17461.5
10(/0.06|0.08 || 38516.1 | 26865.5
12(/0.11|0.15 (] 42231.8 29274.2
0.29]0.21||42523.3 | 23540.7
16(/0.32]0.26 || 50850.9 | 30471.3
17(/0.32]0.29 || 56167.3 | 37464.9 || 54852.7 | 38346.8
0.19(0.17(| 42288.9(27513.0(|41479.3|28116.9

[[0-26]0.17][ 34002.6 | 22146.8 || 353023 | 22519.7

BTE-
FBA-
APF+PF
utility
11537.2
18129.3

STE+MMF
utility
8301.5
10896.4
10768.2
18433.8
19988.8
21458.8
14974.6
15534.4

STE+PF
utility
8485.8
11293.6
21953.2(11240.3
31612.9|18693.3
39168.0|20009.7
40489.9|22526.1
27148.4|15374.8
19932.8 {15830.5
27546.3|19787.9
40925.2(27163.9
44944.6 | 27884.2
45409.5|27884.2
44916.2 | 25854.6
37279.1|24067.6
23166.1|17816.7
36855.7(27212.1
39074.0|29681.0
42844.9|24509.9
52082.7|31134.9

Polksa

o
<
o

Nobel-us
=
o

o
<
(g}

Nobel-ger
=
=

avg

avg ||

The third and fourth columns of Table I indicate the
average optimality gaps obtained with CPLEX within the
time limit when solving the BTE-FBA-MMF or the BTE-
FBA-APF reformulations. The columns show that, in the
time limit, they can be solved to within an optimality
gap of, on average, 26% for BTE-FBA-APF and 17% for
BTE-FBA-MMF. The optimality gap increases with |E| and,
consequently, with the number of origin-destination pairs.
The largest gaps are registered for the Nobel-US instance
with |E| = 14, where they reach 86% for BTE-FBA-MMF
and 37% for BTE-FBA-APF. In particular, among the two
MILP reformulations, BTE-FBA-MMF turns out to be the
hardest to solve. This is likely due to two factors. On the
one hand, it requires subtour elimination via the extended
formulation, which is not the case in BTE-FBA-APF, as
shown in Proposition 3. On the other hand, in BTE-FBA-
MMF, the optimality conditions for the second-level MMF
problem involve binary variables, differently from those
for the PF problem in BTE-FBA-APF, which only involves
continuous variables.

As to solution quality, Table I shows that the difference
in utility between a single-level and a bilevel solution can
be extremely large in spite of the optimality gap. Indeed,
BTE-FBA-MMF yields, in the MMF case, routings which
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Fig. 6. Difference in utility between solutions obtained with BTE-
FBA-MMF and STE+MMF for the Polska instances, as a function
of |E|.
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Fig. 7. Difference in utility between solutions obtained with BTE-
FBA-APF+PF and STE+PF for the Polska instances, as a function
of |E|.

are, on average, 54% better than those obtained with
STE+MMF. In the PF case, the improvement is of 57%. In
particular, the improvement measured on instances of a
given topology can be substantially larger such as, e.g., on
the Polska instances, where it is, on average, of 90% in the
MMTF case and of 77% in the PF case. For an illustration,
see Figures 6 and 7.

Overall, the results show that, by explicitly account-
ing for elastic traffic and for the Stackelberg nature of
the corresponding TE problem, the bilevel programming
approaches that we proposed in this paper significantly
outperform the single-level ones which ignore the impact
of TCP as a second-level player. It is worth pointing out
that, even for instances where the optimality gap is quite
large (such as Nobel-us, where the average gap is above
60% with BTE-FBA-MMF and above 24% with BTE-FBA-
APF), the solutions obtained by solving our reformulations
of the BTE-FBA-MMF and BTE-FBA-PF problems have
much higher utility function values (respectively higher
by, on average, 30% and 58%) than those found with
the single-level methods STE+MMF and STE+PF. This shows
the large potential of the bilevel method, suggesting that
better quality solutions (with smaller gaps) could yield
even higher total utility gains.
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IX. CONCLUDING REMARKS

We have proposed and investigated a new approach
to traffic engineering with elastic demands where the
interaction between the network operator and the con-
gestion control mechanism is modeled as a Stackelberg
game. For the corresponding equilibrium-finding bilevel-
optimization problems BTE-FBA-MMF and BTE-FBA-
PF, we have presented exact and approximate single-level
MILP reformulations which can be solved with state-of-
the-art mathematical programming algorithms. We have
quantified the worst-case difference in utility function
between the solutions to our bilevel traffic-engineering
problems and those obtained with standard single-level
methods oblivious of the bilevel nature of the problem.
The computational results obtained for different network
topologies and instance sizes indicate that even feasible
solutions to our bilevel traffic engineering problems with
an optimality gap as high as 80% can yield substantially
higher utility function values (weighted network through-
put) than those obtained by solving a standard single-
level traffic engineering problem and a posteriori fairly
reallocating the bandwidth according to the MMF or
PF paradigms. This suggests that our Stackelberg-game
approach and bilevel programming methods constitute a
promising step towards the development of traffic engi-
neering techniques for elastic demands.
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APPENDIX B
COMPLETE FORMULATIONS FOR BTE-FBA-PF

The following appendices are to be intended as
an online-only extension of the paper.

The complete approximate single-level MILP

reformulation for BTE-FBA-PF consists of B, consists

APPENDIX A of: (2a)—(2c), and (19):

COMPLETE FORMULATION FOR BTE-FBA-MMF

deD
d d
fij < cijai;
d
> uh=1
(i,5)€A

d d
Yij < Tij
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For completeness, we report the complete single- max Z wlg?
level MILP reformulation for BTE-FBA-MMF. It con- deD
sists of (2a)-(2c), (12a)—(12g), (13a)-(13d), (14a)—(14b), 1 ifi=sd
with (12c) substituted for (15a)—(15b): ot ngj B sz ! 1 ifi—tiVieV.deD
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APPENDIX C
CALCULATIONS FOR EXAMPLE 2

A. PF allocation without subtour

Assuming xfj = 0 for all d € D and for all arcs (i, j)
on the subtour, Proposition 2 implies that an allocation
¢ satisfying the capacity constraints is a PF allocation if
and only there are A2, Ao3 > 0 such that the following
system is satisfied:

1
@Z/\lz
1
=5 = Az

¢
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1
ph A1z + Ao
(1-¢"—¢*)A2=0
(1—¢* — ¢%)A23 = 0.
Since ¢!, ¢? < oo implies A2, Aoz > 0, we deduce:
1
o
1
@2
1
e = A2 + Aa3

1—¢'—¢*=0
1—¢*>—¢*>=0.

This system implies:

= A12

= Ao3

¢1 -1 ¢3
¢2 =1 ¢3
. 1
¢’ = 1 T
=5 T 1@
From the third equation, we obtain:
1 1
3 [ [

which implies % =1,ie., ¢ =

) =1,

%. Hence, ¢! = ¢? =
1— ¢ = % and, overall, we have the allocation ¢ = (1 —
%, 1— %, %), with throughput 2 — %

B. PF allocation with subtour

Assume that 3 contains the 1-3 path given by z3, =
r35 = 1, together with the subtour given by x3; = 235 =
3, =1

Proposition 2 implies the following conditions on ¢,
subject to capacity constraints on all the arcs and to the
nonnegativity of )\12, )\237 )\45, >\46; )\64:

1
1—7
¢ A12
o_ L
A23

1
A2+ Aoz + A + Ase + Aes
(1—¢" —¢*)A12 =0
(1—¢* —¢*) A3 =0

¢3

(€= ¢°)Aas =0
(€= ¢*)As6 =0
(E - ¢3))\64 =0.

We show that this system admits a solution with A5 =
Aea = 0 and Aqg, Aoz, A5 > 0. When M55 = A\ga = 0, we
have:

1
1_ -
¢ A2
9 1

16
F =
A12 + A2z + Ay
1—¢' — ¢ =0
1= ¢*— ¢ =0
c—¢®=0.
This implies:
1
1 _
=l—-c=—
¢ Y
1
2 _
=l—-c=—
¢ A23
P =c= 1

1
1 —
=1l—-c=—
¢ o
1
2 —
=1l—-c=—
¢ A23
1

C= 5.
a0 T g7+ A5

As ¢1,¢2 > 0 and A\g5 > 0 imply ﬁ + # 4+ A\g5 > 0, the
system can be rewritten as:

1
)\ =
T ¢
1
A =
B¢
1 1 1 1
Ais=——A2— Aoz = - — —— — -
c c l1l-¢ 1-c

When imposing Ai2, A2z, Ay5 > 0, we deduce ¢ < 1 from
the first two rows and % > 1%6 from the third row. The
latter implies 1 — ¢ > 2¢, i.e., ¢ < % Thus, the system is
satisfied for any ¢ € (0, %), implying that ¢ = (1 —¢,1 —
¢, c), with throughput 2 — ¢, is a feasible allocation.

APPENDIX D
COMPLETE RESULTS

We report, in Tables II, III, and IV, the complete
set of results obtained over the whole data set without
aggregation, with a table per network topology.
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