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1 Introduction

In this chapter, we address the problem of optimal Traffic Engineering (TE) in com-
puter networks; i.e., determining an optimal traffic allocation in the presence of both
multiple paths and multiple Classes of Service (CoSs). More precisely, we aim at
designing data rate adaptation laws that maximize the utilization of the network re-
sources (as measured by a given utility function) subject to link capacity constraints
and call service requirements.

This problem, as it is formulated here, is an “easy” problem; i.e., the problem
of optimal traffic allocation can be stated as maximizing a concave function sub-
ject to linear constraints. Hence, if global information is available, one could use
well-known algorithms, such as gradient descent, to determine the optimal traffic
allocation.

However, in most computer networks, it is not possible to obtain an accurate
measure of the network status. Even if this is possible, there would be a delay in the
propagation of the information. Furthermore, obtaining such information would re-
quire the propagation of large amounts of data in the network, leading to a significant
increase in the network traffic and, hence, a decrease on the resources available for
user utilization. Given this, the objective of the work presented in this chapter is to
develop decentralized adaptation laws that converge to the optimal traffic allocation
using the least possible amount of feedback from the network. The algorithms pre-
sented here allow for the distribution of the traffic among several paths. Furthermore,
they allow for multiple CoSs.

To accomplish these objectives, we use results from nonlinear control theory to
design control laws that endow the network with the “right” dynamic behavior. More
precisely, by treating calls as flows, we develop data rate adaptation algorithms that
result in an asymptotically stable system whose equilibrium points are optimal traffic
allocations. In other words, we endow the network with the necessary dynamics to
“solve” the optimal traffic engineering problem mentioned above.
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Central to the results presented here is Sliding Mode theory and its use in math-
ematical programming; e.g., see [14]. A first motivation for the use of the approach
presented here is the fact that currently used Transport Control Protocol (TCP) con-
gestion control algorithms can be thought of, in their essence, as sliding mode con-
trol laws. More precisely, in the TCP congestion avoidance phase, the data rate is
increased linearly if no congestion is detected and decreased exponentially when
congestion occurs. In other words, one has a congestion control law which is discon-
tinuous along the surface that represents the “congestion barrier”. Using tools other
than sliding modes, it has been proven that the TCP congestion control law is optimal
in the single path case ([2, 11]). However, this work does not extend to the multiple
path case.

The realization that currently used adaptation laws can be studied using nonlinear
control theory provides the motivation for the approach taken in this chapter. We
show that one can use sliding mode theory to develop rate control laws for a class of
service enabled network where several paths are available for each call. Moreover,
we show that this can be done with minimal feedback from the network.

1.1 Literature Background

There is extensive literature on distributed traffic control. It includes both empirical
algorithms (for example, see [4, 5]) and algorithms based on control theory; e.g.,
see [1, 2, 12]. These algorithms are designed for single path rate adaptation and the
approach taken is not optimization-based.

Recently, several methodologies have been proposed which address the optimiza-
tion-based rate adaptation problem using nonlinear optimization techniques. Their
starting point is similar to the one in this chapter; i.e., maximization (minimization)
of a utility (cost) function, subject to network resource constraints, where the con-
straints represent the interaction between different types of traffic; i.e., traffic with
different ingress/egress nodes and/or different service requirements.

In the paper by Golestani, et al. [6], instead of using link resource constraints, a
link congestion cost is incorporated into the overall utility function. The optimization
problem was then solved using a gradient type algorithm. Iterative algorithms were
proposed where individual sources periodically adjust their sending rates based on
the congestion cost information periodically fed back from each of the links along
the flow forwarding paths.

Kelly, et al. [7] use a Lagrangian multiplier technique to solve the optimization
problem at hand. This results in a separation between the rate control executed at
individual sources and the calculation of a “price” for each link in the network. The
rate control at individual sources is based on the “prices” fed back from all the links
in the data paths. The computation of the “price” is in turn based on the sending rate
information fed back from all the sources using this link. Since only a relaxation
of the original optimization problem is solved, it is not proven that the algorithm
converges to the optimal traffic allocation. The same formulation is used in the work
by La, et al. [8] where the algorithm provided is proven to converge to the optimum
rate allocation in the single congested link case (low traffic networks).
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Low [10] uses a technique which converts a constrained problem into a non-
constrained dual problem. This reformulation results in a similar distributed control
scheme to the one presented in [7]. Iterative algorithms were also proposed and their
convergence is proven for the single-path case. A similar approach is taken by Sarkar,
et al. [13] to address the optimization-based multi-rate multicast. A distributed con-
trol scheme is proposed and it degenerates to the one in [10] when there is only one
path in the multicast tree.

2 Notation and Assumptions

In our model, the traffic flows are assumed to be described by a fluid flow model and
the only resource considered is link bandwidth. In the remainder of this chapter we
will use the terms call, session and flow interchangeably.

Consider a computer network where calls with different service requirements are
present. We divide these calls into types. Types are aggregate of calls that, from the
point a view of the traffic engineering algorithm, can be treated as a unit; i.e., these
are calls with the same ingress and egress nodes and the service requirements are
to be applied to the aggregate, not the individual calls. One can have call types with
just one call. Moreover, one can have different call types with the same ingress/egress
node pair. We assume that each call type can have several paths available. The objec-
tive is to find the allocation of the resources that leads to the maximization of a given
utility function subject to the network resource constraints and CoS requirements.

More precisely, consider a computer network whose set of links is denoted by L,
with cardinality card (L). Let ¢; be the capacity of link [ € £, n be the number of
types of calls, n; be the number of paths available for calls of type i and £; j be the
set of links used by calls of type 7 taking path j. Given calls of type i, let x; ; be the
total data rate of calls of type i using path j. Also, let

. T n;
Xi = [-xi,17-xi,27 e 7xi7n,-] E R !

denote the vector containing the data rates allocated to the different paths taken by
calls of type i and

X = [x{,xg,...,xf]T € Rt
the vector containing all the data rates allocated to different call types and respective
paths. Now, a link [ € L is said to be congested if the aggregated data rate of the
calls using the link reaches its capacity ¢;. Given this, define b; ;j(x) as the number of
congested links along the j-th path of calls of type i. Finally, let u(x) be the unit step
function; i.e., u(x) = 1 if x > 0 and u(x) = 0 otherwise.

2.1 Classes of Service

Each call in the network is associated to some service requirement or Class of Service
(CoS). We assume that five categories of CoSs share the network: Calls of type i,
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i=1,2,...,s1,are assumed, without loss of generality, to be of Assured Service (AS)
CoS category. By AS we mean that a target rate for the call should be guaranteed in
average sense. More precisely, assuming that the target rate for x; is A;, the objective
is to allocate the data rates in such a way that

n;
Y xij=Ai,
J=1

foralli=1,2,...,s;. Calls of type i, i = s; + 1,51 +2,...,52, are assumed to be of
the Minimum Rate Guaranteed Service category (MRGS). More precisely, this type
of calls should satisfy the following requirement

n;

Z Xij >0,
=1

forsome 0; >0andalli=s;+ 1,51 +2,...,5.

Calls of type i, i = 52 + 1,52 +2,...,53, belong to the Upper Bounded Rate Ser-
vice (UBRS) categorys; i.e., there is an upper bound on the maximum bandwidth that
can be used. More precisely, traffic should be allocated in such a way that calls of
type i satisfy

nj
D xij <6
j=1
forsome ®; >0andalli=s+1,50+2,...,s3.

Next, calls of type i, i = s3+1,53+2,..., 54, are defined to be of the CoS category
consisting traffic with both a Minimum Service Guarantee and an Upper Bounded
Rate (MRGUBS); i.e., traffic should be allocated so that

0, < zij <0,
j=1
for some 0; >0,0; >0andalli=s3+1,535+2,...,54.

Finally, calls of type i, i = s4 + 1,54+ 2, ...,n are assumed to be of the Best Effort
(BE) class. Calls of this class do not have any service requirements.

3 The Network Optimization Problem

The results in this chapter aim at solving the problem of maximizing utility functions

of the form )

n
UX) = fi(xi) = D fi (Xi1,%i2, - Xim;)
i=1 i=1
subject to the network constraints and CoS requirements, where f;(-), i =1,2,...,n,
are differentiable increasing concave functions.

Given this, the problem of optimal resource allocation can be formulated as the
following optimization problem:
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max U (x)
X

subject to the network capacity constraints

Y xij—a<0;  leL,

Ny
the AS requirements
n;i
Zx,'J:A,'; i=1,2,...,s1,
Jj=1
the MRGS requirements
n;
Y xij>6; i=s1+1,81+2,...,8,
Jj=1

the UBRS requirements

nj
Y xij <O i=s2+1,+2,...,53,

Jj=1

the MRGUBS requirements

1
0:< D> x,;<O;  i=s3+1s3+2,...,5
Jj=1
and all data rates are non-negative x; ; > 0, fori =1,2,...,nand j =1,2,...,n;.

Obviously, the optimization problem above is a convex problem; i.e., maximiz-
ing a concave function over a convex set. Algorithms such as gradient descent could
be used to solve it provided global information is available. However, this is not gen-
erally the case. The objective of this work is then to provide decentralized adaptation
laws that converge to the solution of the problem stated above.

4 Sliding Mode Control Laws

In this section the proposed solution to the optimization problem above is presented.
This solution consists of a family of Sliding Mode control laws that achieve optimal
utilization of network resources.

4.1 A Family of Optimal Control Laws

Define the following family of control laws: For i = 1,2,...,s; (AS calls), let

ofi

8x,~7j

—ob; j(x) — Biri(xi) +&i ju(—xij) |,

Xi

Xij=2Zij (t,X,-(t),biJ(t)) [
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where
n;

1 if Xij > A
j=1
Vi(Xi) =

—1 if xi,j<Ai

j=1
Fori=s;+1,514+2,...,50 (MRGS calls), let

. dfi
Xi.j = 2 (1%i(t), b1 j(1)) lax, S| = b j(x) 4+ B (xi) + & jul(—xi ) |
LI x;
where .
0 if Xij > 0,
=1
1 (xi) = " .
1 if Xij < 0;
j=1

Fori=s+1,504+2,...,53 (UBRS calls), let

. of;
Xij = 2 (6,%i(t), bi (1)) [axi — o j(x) = B r (xi) + & ju(—xij) |,
L] lx;
where "
1 if Xij > ©;
=1
M (x;) = - :
0 if Y x;; <6
j=1

Fori=s3+1,534+2,...,54 (MRGUBS calls), let

. dfi
Xij = 2 (1,%i(t), i (1)) [ax—l — b (%) + B} (xi) — BY P (%) + & ju(—xi j) |,
1] Xi
where
n; 1
0 if X j > 0; 1 if Xij > (C]
= =
(%) = and  7}'(x;) =
1 if Xij < 0; 0 if Xij < (C]
j=1 Jj=1

Fori=s4+1,5442,...,n (BE calls), let

ofi

8x,~7j

—ob; j(x) + & ju(—xij) | -

Xi

Xij=2Zij (tyxi(t)vbw'(t)) [




A Sliding Mode Approach to Traffic Engineering in Computer Networks 117

In the equations above z; ;(-), o, B, B, BM and §; ; are design parameters and b; ; is
the number of congested links encountered by calls of type i taking path j.

We now formally establish the optimality of these control laws; i.e., the control
laws presented above converge to the optimal traffic allocation for the problem at
hand. The proof of this result is presented in Section 10.1.

Theorem 1 (Optimal Control Laws). Assume that all data rates are bounded; i.e.,
there exists an p € R such that the data rate vector X always belongs to the set

X = {XER"1+’12+W+n"Zx,'7j <p;le [1'7/';]': 1,2,...,n; 0= l,2,...,l’l}.

Also, assume that at the optimal traffic allocation, each congested link has at least
one non-binding class of service or a BE call with a nonzero data rate. Furthermore,
assume that the components of the gradient of the utility function; i.e., VU (X), are
bounded in X.

Let { > 0 be a given (arbitrarily small) constant and let z; j(t,%(t),b; j(t)) be
scalar functions continuous in t for all choices of x;(t) € X and b; j(t) € {0,1},
satisfying z; j t7X,~(t),b,-1j(t)) > (, for all t > 0. Moreover; let o, > Oupin, Bi > Bumin
B > Bin, Bi" > Bmin and &; j > Emin be positive constants, with

Olyin = Max aU(X), Bimin = Olmin maxB, j, &i,jmin = OB; j + i,
i,j,Xx€X axw» i,j
where B € {B;, B, } and B, j is the number of links used by calls of type i taking
path j.
Then, the control laws presented in Section 4.1 converge to the maximum of the
utility function

n n

U(X>: Zﬁ(xl>: zﬁ(xi717xi727"‘7-xi,71i)7 (1)
i=1 i=1

subject to the network link capacity constraints and AS, MRGS, UBRS, MRGUBS

and non-negativity requirements.

4.2 A Family of Quasi-Optimal Control Laws

It should be noted that the proposed algorithm might converge to a non-optimal equi-
librium if the true number of congested links is not known. Nevertheless, experiments
suggest that if a large value of o is used then the algorithm becomes more robust with
respect to this loss of information. However, there is a trade-off in doing so, since
larger values of o will result in larger oscillations.

To be more precise, let us consider the case of a single path per call type and
only BE service being provided. Furthermore, assume that all data rates are bounded
away from zero and that the utility function that one is trying to maximize is

U(x) = ifi(m
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In the case of a single path, the control law proposed in this work becomes
Xi = Zi(LX) [d,'(x,') — OLb,'(X)] R

where d;(x;) = df; / dx;. Assume that the only information available is whether the
path is congested or not in which case b; is either zero or one. Then, according to [11],
the control law converges to the maximum of the utility function

0(x) = ;/O log<ﬁi(ui)) du.

This result shows that we do not converge to the desired point. However, if o is large,
then the two utility functions are approximately the same.

Quasi-Optimal Laws

Given the results above, a new family of control laws is proposed that only uses
less feedback from the network. The only information required is whether a path is
congested or not, as opposed to the number of congested links in it. These laws are
only quasi-optimal. However, they require much less information and therefore, their
implementation is much simpler.

These control laws are similar to the optimal ones and are obtained by replacing
the quantity b; ; in the expressions of Section 4.1 by bin; ; defined as

) . { 0 if no links are congested in the path
bl}’ll“j =

1 if at least one link in the path is congested -

We now show that this relaxed version of the control laws converges to a small
neighborhood of the optimal solution to the problem at hand. This is formally stated
through the following theorem whose proof is presented in Section 10.2.

Theorem 2 (Quasi-Optimal Laws). Assume that the hypothesis in Theorem I are
satisfied. Furthermore, assume that a similar set of conditions are also satisfied when
replacing b; j by bin; ;.

Then, given any € > O there exists 00" > Oyin such that for all o > o satisfying
the conditions above, the control laws in Section 4.2 converge to an e-neighborhood
of X*, where X* achieves the maximum of the utility function (1) subject to the network
link capacity constraints, assured service requirements and non-negativity of all the
data rates.

5 Reducing Oscillation

The families of control laws presented in Section 4 can lead to excessive oscillation
when data optimal data rates are close to zero. The structure of the non-negativity
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constraints can be exploited to address this issue. More precisely, a simple truncation
procedure can be used to reduce oscillation and still preserve optimality.

The following Lemma introduces this improved control laws and establishes their
optimality properties. For a proof see the Appendix.

Lemma 1. Define the following family of control laws: For i =1,2,...,s; i.e., AS
calls, let

—acgi,j(f)—ﬁi(f)”i]a

Xi

Pij = 2, (1,%i(1), cg; (1)) [ax, :
i,

where ri(t) is defined as before. Fori=s+1,s+2,...,n; i.e., BE calls, let

Dij = Zij (tyxi(t)vcgi,j(t)) [

The family of control laws is then given by

Xij =

Pij if xij >0
max{0,p;;} if xi;=0

Then under the same assumptions of Theorems 1 and 2, the control laws above
converge to the optimal (respectively the given e-neighborhood of the optimal) traffic
allocation xX*.

Proof. See Section 1.

6 Discrete Time Control Laws and Oscillation Reduction

The implementation of the above control laws in this chapter has to be performed
in discrete time in a “real” network. Therefore, we now describe a discrete-time
approximation of the continuous-time control laws.

As is the case with any discrete time controller design, there are different ways
of obtaining difference state equations from the differential state equations. The ap-
proach used here is the forward rule approximation. This method avoids computa-
tional delays inherent to other discretization techniques such as trapezoidal or back-
ward rule approximation.

Let%; j = g j(X,t) denote the continuous time control law described in Section 4.
The discrete approximation that we propose is

xf{j [(k-i— l)td] :xd[ktd] +1a8i,j (X(kld)7ktd); k=0,1,...

where #; is the sampling period. Obviously, since this is not a continuous time law,
Sliding Mode theory does not apply. However, one has the following result.
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Proposition 1. Ler x(t) be the trajectory obtained using the control laws in Sec-
tion 4 and let X% (t) be the corresponding discrete time trajectory obtained using the
discretization algorithm above. Define the set X as in Theorem 1.

Given any time interval [ty,11] and constant € > 0, there exists a § > 0 such that
if tazi j(1,X) <8, forallt >0 and x € X, then ||x(t) —x(1)|| < & for all t € [to,11].

Proof. Direct application of result 2, page 95 of [3]. O

When implementing the control laws developed in this paper, one is faced with
several issues: First, one has to implement a discrete time version of the control algo-
rithms, such as the one described above. Second, usually one uses finite word length
which leads to a quantization of the possible data rate values. Finally, there is delay
in the propagation of the congestion information. All of these lead to a well known
phenomenon: Oscillation. Even in this case, the discretization of the control laws
presented in this paper is approximately optimal. We now state the precise result.

Proposition 2. Ler x(t) be the trajectory obtained using the control laws in Sec-
tion 4 and let X" (t) be the corresponding discrete time trajectory obtained using the
discretization algorithm above and in the presence of delays in the propagation of
the congestion information. Let t,. be an upper bound on the largest delay. Again,
define X as in Theorem 1.

Given any time interval [ty,t1] and constant € > 0, there exists a & > 0 such
that if max{tg,t,}z; j(t,x) <&, for allt > 0 and x € X, then ||x(t) —x'(t)|| < € for
all t € [to,n].

Proof. Direct application of result 2, page 95 of [3]. O

6.1 Adaptive Oscillation Reduction

Although we do have approximate optimality, the performance might degrade if the
delays are too large and/or the value of z; ;(-) is too low. Therefore, we now provide a
method for choosing the functions z; ;(-) which reduces the amplitude of oscillation
of the data rates. The main idea is the following: Oscillation occurs when a link is
congested. Hence, when there is no congestion, one would like the rates to increase at
a reasonably fast rate. Once congestion is about to occur, one would like to decrease
the rate of change in order to reduce the amplitude of the oscillations.

Hence, we propose the following scheme for choosing the value of z; ;(-):
Let T > 0 be given. Initialize z; j(0,x) = k, where k > 0 is a constant. If conges-
tion is detected at time 7 for calls of type i taking path j let

zij(t,x) =0 —10); t0<t<to+T,

where ® : [0,7] — [C,k] is a decreasing function and { is some positive constant.
Now, at 7o+ T repeat the same reasoning. If there is no congestion, let z; j(f,x) =k
until congestion is detected. Once congestion is detected let z; ;(¢,X) be equal to a
shifted version of ®(z). Examples of such functions are provided in the next section
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congestion
no

congestion
k <i ‘(tv X)

T T T

Fig. 1. Example of a scaling function z; ;(-)

and the desired behavior is depicted in Fig. 1. Notice that the value z; ;(-) is con-
tinuously reset every T seconds. This ensures that the network is able to adapt to
changes in the traffic demand. Also, although we reduce the rate of change of x; ;
when congestion is detected, the algorithm still converges to the optimum. This is a
consequence of the fact that the functions z; j(-) mentioned above satisfy the condi-
tions of Theorem 1.

Now, this choice for the functions z; ;(-) leaves one with three free parameters
that have to be selected. The period T of z; j(-) should be chosen taking into account
the behavior of the demand on the network. More precisely, it should be equal to
the interval of time in between substantial changes in the demand. Resetting z; ;(-)
in this form will enable the network to more rapidly adapt to the demand. Now, the
parameters k and { of z; j(-) should be inversely proportional to the round trip time
of the path j of calls of type i, which can be easily estimated. The reasoning behind
this particular choice has to do with the fact that the largest delay for the propagation
of the congestion information is the round trip time. Now, the exact value of these
parameters depends on how one would like the network to behave. If they are high,
then the network will quickly react to changes in the demand, but the oscillations will
be large and the network might be operating far away from the optimal behavior. If
the values k and C are low, then one will have small oscillations and a better steady
state operating point. However, there will be a much larger transient behavior.

7 Robust Load Sharing

In practice, in order to distribute traffic among the multiple paths available for a given
call, the utility function should reflect the fact be it is not important how traffic is
distributed among these paths, but only how much traffic of a given type the network
can handle. That is, the utility function should be of the form

n
Ux) =Y filxig+xig+-+xin).
i=1
For this kind of utility functions, the control laws that are obtained in Section 4
provide a crucial added benefit: Robustness with respect to failures. In the case of
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a link failure, the algorithm tries to reroute the traffic to the other available paths
and provides an optimal traffic allocation for the new network configuration. In other
words, in the case of a link failure, the algorithm provides a systematic (optimal) way
of redistributing traffic.

8 Simulation Examples

In this Section, some simulation examples are presented that exemplify the behavior
of the control laws presented in this chapter. A brief discussion of the observed be-
havior and the tradeoffs incurred in the design of the parameters is also presented.
These simulations address the case of only AS and BE sharing the network, since
the other CoSs do not include any additional complexity from a mathematical stand-
point.

The model of the network used here is taken from [8] and is shown in Fig. 2,
where also all the links” bandwidths and delays, as well as source and destination
nodes are shown. Here, however, several paths and CoSs are available. Overall, n = 8
types of calls are considered and the paths available are shown in Table 1. Recall that
n; indicates the number of paths available to calls of type i. Furthermore, calls of
types 3 and 5 are assumed to be of AS type with target rates A3 = As = 1 Mbps.

D5 7.2ms

10Mbps 1.5Mbps

C (b0
2ms 13.1ms

1.5Mbps 10Mbps
(H3)

2ms

1.5Mbps

D6 23ms S8

10Mbps

Fig. 2. Topology of the network

The utility function proposed belongs to the family presented in Section 4; i.e.,

3 2 i—1,...8
U(x) =Y log( 0.5+ xij):
i=1 =1

j=1,....n
Given the utility function and service requirement above, Theorems 1 and 2 are ap-
plied to obtain the following families of control laws: Fori = 1,3 and j =1,...,n;;



A Sliding Mode Approach to Traffic Engineering in Computer Networks 123

Table 1. Paths available for each type of calls

type 1 X1,1 2 exbybgbyey type 5 Xs,1 1 e3bzbgbibgeq

ny = 4 X2 62b2b8b3b464 ns — 2 X572 €3b3b4bgb5b7b6€6
X13 : e2babrbgbsbyey
X14 : e2babibgbsey

type 2 X21: exbabgbses type 6 X6,1 2 eabybbrbgeg

ny = 3 X272 : 62b2b7b5€5 ng = 3 X6,2 + 62b2b8b7b666
x2"3 . 62b2b1b7b565 x6_’3 . €2b2b7b6€6

type 3 X31: e1b1bibgbges |type 7 X7.1 re1bibrer

n3 = 2 X372 61b1b2b3b464 ny = 3 X772 61b1b7b262

x73 1 e1bibibghyer

type 4 x4 : e1b1bybses type 8 xg 1 :e3bzbsey

ng = 4 X4 : 61b1b7bgb5e5 ng = 2 Xg2 - 63b3bgb464
X33 e1bibybibses
X44 : e1b1bybgbses

i.e., AS calls

1
ETa—— ani,j(X> = Biri(xi) + & ju(—xi ;)
054+ Y xij

j=1

Xij = 2ij(t,X)

j=

and fori=1,2,4,6,7,8and j =1,...,n;; i.e., BE calls

. 1
Xij =2,j(1,X) | ————— —owg; ;(x) = & ju(—xi;) | ,
054 Y xij
=1

where i j denotes the congestion information used; i.e., b; ; for the optimal control
laws and bin; j for the quasi-optimal ones. The design parameters o, B; and &; ; and
the functions z; ;(,x) are chosen to satisfy the convergence conditions set forth by
Theorem 1. It is clear from the last equation, that the term 0.5 in the denominator
imposes an upper bound on the derivatives, that otherwise will tend to infinity as all
the data rates go to zero.

8.1 Ideal Conditions

As a first step and in order to have a starting point for comparison, the optimal control
laws are simulated for an almost ideal case where one has very small delays and
sampling intervals. The discrete time version of the control laws are obtained using
a sampling interval of z; = 0.1 ms, while all delays were chosen equal to 0.1 ms. The
remaining parameters were taken as o =4, B3 =5 =22 and §; j = B; jo. + B +
0.0001, while the oscillation reducing function was kept constant at 0.375.

Fig. 3 shows that, under these ideal conditions, the utility function converges
to the optimal value. The plots of the data rates show a clear sliding motion and
demonstrate that the AS requirements are being met.
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Utility function Type 2 calls - BE (Mbps) Type 5 calls - AS (Mbps)

4 Optimum 1 Aggregate
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Fig. 3. Ideal Conditions: small delays and ¢,

8.2 Non-ideal Conditions

The existence of delays in the propagation of information as well as the discretiza-
tion of the continuous time laws introduce undesired oscillations in the trajectories
of the data rates. This phenomenon can be explained using Sliding Modes theory.
Indeed, Sliding Modes can be derived as a limiting procedure of the motion in a
boundary layer around the discontinuity surfaces. These boundary layers can occur
due to non-ideal switching caused by delays, hysteresis, etc. It is then only natural
to observe an oscillatory behavior in this case. Moreover, the larger the magnitude
of the derivatives, the larger the boundary layer will be. Hence, the effects of o and
the parameters of the oscillation reduction function &, € and T can all be explained
in a similar way and the simulations all show the same type of behavior. For more
thorough simulation examples than the ones presented in this chapter, the reader is
referred to [9].

Fig. 4 shows the effect of larger delays and sampling interval on the utility func-
tion for both the cases of constant and time-varying z; ;. It can be seen that under

Utility function Utility function

4 Optimum 4 Optimum

' e ' (/-

0 0
-2 -2
—4 —4
760 20 40 60 80 100 120 760 20 40 60 80 100 120

time - s time - s
(a) Constant z; ;(r,x) (b) Time varying z; ;(t,X)

Fig. 4. Oscillation reduction on the utility functions for larger delays and ¢,

these conditions the control laws converge to a value close to the optimal one and
not to the optimal itself. Moreover, with a constant z; ; (Fig. 4(a)) there is excessive
oscillation as opposed to the case of varying z; ; (Fig. 4(b)) where oscillations are
milder.
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However, the use of this oscillation reduction scheme introduces further unde-
sired effects. Namely, the speed of convergence may be reduced and, as a conse-
quence, a slower reaction to changing conditions can result. On the other hand, by
having milder oscillations the network spends less time working above link capacity
with the effect that less packets are dropped and fewer retransmissions are needed.
Finally, Fig. 5 shows the trajectories obtained for the case of varying z; ;, where the
AS requirements are met.

Type 2 calls - BE (Mbps) Type 5 calls - AS (Mbps)
2 Aggregate
1. X1 1

0.8
X2,2
0.6
0.4
0.2]
X23

20 40 60 80 100 120

20 40 .60 80 100 120 .
time - s time - s

Fig. 5. Data rates for time-varying z; ;(¢,x) with larger delays and 7,

8.3 Robustness

One of the most important features of the control laws presented in this chapter is
the following: They endow the network with robustness against link and/or node
failures. We claim that since the data rates are being updated adaptively, as soon
as link failure is detected, the control law will reroute all the traffic away from the
paths using this link. The control laws running at the sending nodes can handle this
situation by treating link failure as congestion; i.e., the adaptation laws are oblivious
to the failure. Instead, they simply reduce the sending rates because congestion is
detected along the paths that include the broken link.

In order to test this feature, the link connecting nodes b7-bg was opened at time
t = 120s. This link is particularly problematic because both type 3 and 5 (the AS
calls) lose one of the two paths available to them. Furthermore, the path that remains
for type 5 shares links with almost every other type, making it necessary for the
other call types to also reroute some of their traffic and reduce their aggregated data
rates. Finally, all the variables involved were set to their nominal values; i.e., o0 = 4,
B3 =Bs =22, T = 10s and delays from Fig. 2.

The simulations in Fig. 6 show that the control laws excel at this task: The net-
work reacts almost immediately to the failure. Furthermore, the utility function con-
verges to its new optimal value, while satisfying the AS requirements. The link fail-
ure forces the network to reroute the AS traffic to the available paths. This means
transferring the AS traffic to alternative paths that were almost unused by these types
of traffic. This, in turn, forces the network to substantially reduce the resources allo-
cated to BE traffic. For example, in Fig. 6 we see that data rates of BE traffic of type
2 had to be greatly reduced to make sure that AS traffic requirements were met. In
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Utility function Type 2 calls - BE (Mbps) Type 5 calls - AS (Mbps)
Optimum
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Fig. 6. Response to a link failure

other words, the control laws presented here endow the network with the capacity to
quickly react to failures, always enforcing the AS requirements and distributing both
the AS traffic and BE traffic among the available paths in such a way as to maximize
the utilization of the network resources.

8.4 Quasi-optimal Control Laws

In this Section, simulations of the quasi-optimal control laws are presented. These
laws become more relevant in light of the fact that under non-ideal conditions, the
optimal laws converge only to a neighborhood of the optimal; i.e., the optimality
obtained by using more information is lost but the complexity is not.

These quasi-optimal laws are also used to show an improved version that exploits
the form of the non-negativity constraints on the data rates to further reduce oscil-
lations around zero. Indeed, by removing the term &; ; in the adaptation laws and
truncating the data rates, these exhibit much less oscillation. It can be seen in Fig. 7,
that both control laws (with and without &) converge to a value close to the optimal
one. However, the ones without & do so with a less oscillatory behavior.

If one compares the behavior of these control laws against the optimal ones in
the previous sections, one sees that they provide comparable performance. The quasi-
optimal ones however, require much less information that allows for a much simpler
implementation.

9 Conclusions

In this chapter, a unified framework for traffic engineering is presented. The approach
presented enables one to address the problem of rate adaptation and load balancing
in computer networks. Moreover, the algorithms presented can be applied to the case
where several CoS are to be provided to network users and several paths are available
between each pair of source/destination nodes. Furthermore, the algorithms endow
the network with the ability of optimally adjust to changing conditions such as link
or node failures. The issue of oscillation mitigation is also addressed. Namely, an
adaptive scheme is provided that reduces oscillation while keeping the ability to react
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Fig. 7. (a,b) Utility function, (c,d) Oscillation of data rates close to zero, (e) Example of Best
Effort calls without &, (f) Assured service calls without &.

to changes in demand and/or network configuration. To the best of our knowledge,
this is the first comprehensive solution to this problem.

Effort is now being put on the implementation and further development of rate
control laws. The proposed laws have several free parameters and different choices
can lead to very different transient behaviors. Hence, we are now developing rules
for determining these parameters when one is to deploy the proposed algorithms
in a “real” network. Furthermore, we aim at modifying the rate adaptation laws so
that one achieves optimal traffic allocation with less feedback from the network and,
hence, with less traffic overhead.

10 Proof of the Main Results

In this Section, the proof of the main results in this chapter are presented but first
some preliminaries, including additional notation is presented, that will enable us to
present them in a more intuitive way.

The problem at hand can be represented in the following standard form

max U (x)
X
subject to the inequality and equality constraints of the form
h(x)<0; k=1,2,....m and hw(x)=0;, k=m+1,...,L,

where U (x) is a concave differentiable increasing function and A (x) are affine func-
tions for all k. The inequality constraints correspond to the link capacity constraints,
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the restriction that the data rates have to be nonnegative and MRGS, UBRS and MR-
GUBS CoS constraints. On the other hand, the equality constraints correspond to the
AS requirements. Now, define the matrix

Z([,X) = diag(zl,l(t7x)7"'721,111(Z7X)7"'7Zn,l(tvx)7~~~7Zn,nn(t7x))'

Note that, given the special form of the constraints it is easy to see that the adaptation
laws presented in Section 4.1 can be represented in the following form

x=Z(1,x)[VU(x) — H(x) v(x)],
where VU (-) denotes the gradient of the function U(+), H(-) is the following matrix
H() = [Vii () Vio (o) - Vi ()]
and v(-) = [vi(),v2(),...,ve()] " is an L-dimensional vector whose entries are of
the form
Vi if hk(X) >0
we(x) = .
0 if m(x) <O,

for k =1,2,...,m, where Y, = a for the constraints associated with link capacity;
ie,k=1,2,...,card (L), v = &; ; for the constraints associated with non-negativity
of x; j, Yk = B{VI for the maximum allowed rate constraints on calls of type i and
v; = B for the minimum service guarantee constraints on calls of type i. Also,

_ &k if hk(X) >0
)= e i x) <0

fork=m-+1,m+2,...,L, where & = ; for the AS constraint k associated with
calls of type i. Also, let the admissible domain be the set

D= {xeRZ’-’:n"f: he(x) < 0 fork = 1,2,....mhy(x) :Ofork:m—i—l,...,L}.

Essentially, the proof requires 4 steps. First, we prove that the adaptation law con-
verges to the maximum of the function

where E(x) = [h1(x),h2(X),...,he(X)]v(x). Second, we provide necessary and suf-
ficient conditions for the maximum of U (x) to coincide with the maximum of U (x).
Third, we show that under this conditions this procedure converges to the solution
of the optimization problem at hand. The final step is the realization that, under the
conditions of Theorem 1, the necessary and sufficient conditions mentioned above
are satisfied.

Lemma 2. The function U (x) does not decrease along the trajectories.
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Proof. 1f a sliding mode does not occur then

%’ = [VU —Hx)v(x)] "5 = [VU - Hx)v(x)]" Z(1,x) [VU — H(x)v(x)] >0
since the matrix Z(¢,x) is positive definite.

Now, assume that a sliding mode occurs in the intersection of the surfaces
h(x) =0, k € Z. Let H (x) be the matrix whose columns are Vi (x) for k € Z (and
in the same order as in H(x)). Also, let H>(x) be the matrix with columns Vi (x) for
k ¢ 7 (again in the same order as in H(x)). Then, given that a sliding mode occurs in
the intersection of the surfaces i (x) = 0, k € Z, we have

Hy(x)"Z(t,x)[VU — H (x)v1(x) — Ha(x)v2(x)] =0

where v (x) is the vector containing v(x), for k € Z and v,(x) is the vector con-
taining vk (x), for k ¢ Z. Now, assume that det [H, (x)” Z(¢,x)H; (x)] # 0 (a reasoning
similar to the one in [14] can be done to address the case where this does not hap-
pen). From now on, to simplify the exposition, we drop the dependency on x. Then,
the equivalent control is

Vieq = (H] ZH\) "' (H] ZVU — H] ZH)v,)
and replacing in the expression for X, the resulting sliding motion is
x=VZPVZ(VU — Hyvs),
where /Z is well defined since Z > 0 and P is given by
P=1-ZH, (H VZVZH)) 'HIVZ.

Now, let = be the elements &y of = with k € Z (in the same order as in Z). Also,
let 2 be the elements Ay of = with k ¢ 7 (again in the same order as in E). Since a
sliding mode occurs, during this motion we have

~

UZU—52V2.

Now, since U and = are continuously differentiable and along this sliding motion v,
is constant, we have

du T.
E = (VU — H2V2) X.

Now, notice that P = PT = P2, Hence,

U 2
dd—lt] = (VU—H2V2)T\/ZP\/Z(VU—H2V2) = HP\/Z(VU—H2V2)H > 0.

Lemma 3. The time derivative of U is zero only when x = 0.
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Proof. 1f a sliding mode does not occur we have dﬁ/ dt = [VU — HV] 'z [VU — HV]
and since Z is positive definite

dU .

o =0=VU—-Hv=0=Z[VU —Hv] =0=x=0.
Now assume that a sliding mode occurs in the intersection of the surfaces /i (x) = 0,
k € 7. In this case,

U 2
‘Z—lt] ~ [PVZ(vU - )|
Hence,
dU .
— =0= PVZ(VU — Hyvs) = 0= VZPVZ(VU — Hyvy) =0 =% = 0.

Lemma 4. The stationary points of U are the maximum points of U.

Proof. Let x¢ be a stationary point on the intersection of surfaces given by H; = 0.
In this case, we have

VU(X()) — H] (XQ)VLeq(XQ) — Hz(Xo)Vz(Xo) =0.

Now, consider the function U*(x) = U (x) — H; (X)V1,eq(X0) — H2(x)v2(x). Given that
the components of the equivalent control satisfy

0 <vieqi(X0) <Yk for 1 <k <mand
=& <Vieqi(X0) <&  form<k<L,

it holds that H (X)V1 eq(Xo) < Hy(x)vi(x) and, as a consequence U*(x) > U(x). Now,
since U is a concave function, & are convex functions for 1 < k < m and A, are linear
functions for m+ 1 < k < L then U* is a concave function and hence it has a unique
maximum. Furthermore, U* is continuously differentiable and

VU*(xq) = 0.

Therefore, maxy U*(x) = U*(xo). Now, since U*(x) > U(x) and U*(x¢) = U(xq),
we conclude that U (x) reaches its maximum at x,. Therefore, any stationary point
of the optimization procedure is a maximum of U (x). Now, assume that a maximum
point x* of U(x) is not a stationary point. Then, we have dU (x*) /dt >0 and so U
will increase along the trajectory which contradicts the fact that x* is a maximum
point of U (x). O
Lemma 5. If the set of all maximum points is bounded (which is our case) then x
will converge to this set from any initial condition.

Proof. The proof is very similar to the one in [14], Chapter 15, Section 3. It makes
use of the results from Lemmas 2, 3 and 4. Therefore, we refer the reader toit. 0O
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Theorem 3. Let v be a vector whose entries are of the form

OSVkS’Yk; k:1727"'7m
_ékgvkggk; k:m+17m+27"'7L7

where vy = 0 for non-binding constraints. Then, the maximum of U (x) coincides with
the optimal U (X*) if and only if there exists X* such that VU (x*) = H(x*)v".

Proof. See [14], Chapter 15, Section4. O

Theorem 4. The control laws presented above converge to the set of maximum points
of the utility function U (X) if this set is bounded, the condition of Theorem 3 is sat-
isfied and vector v is an inner point of the set defined in Theorem 3, except for the
non-binding constraints.

Proof. See [14], Chapter 15, Section 4. The proof follows by using Theorem 3 and
Lemma5. O

Remark 1. The components of vector v¥ are the Lagrange multipliers of the opti-
mization problem at hand.

10.1 Proof of Theorem 1

The conditions on the parameters o, f;, B, B~ and &; ; imposed in Theorem 1 imply
that the necessary and sufficient conditions of Theorem 3 are satisfied for the opti-
mization problem at hand. Indeed, if each congested link is used by a non-binding
CoS or a BE call, then in VU (x*) = H(x*)v" the components of v’ associated with
capacity constraints; i.e., vg for k =1,2,...,card(L), appear in a set of equations
decoupled from the remaining components of v'. Then, the worst case (larger) value
of W, k=1,2,...,card (L) is

Now, using this information in the remaining equations, it is possible to solve for
vg_max, k=m+1,....L. Since, U(x) is an increasing function in all its variables Xijs

the worst case for vg associated with CoS constraints is

0 0 U (X>
v = V. =maxB; ; max —=
k,max K,max ij LJ i jxeX ax;j

= Olynin max Bi,j'
Rk 3 card ) ;

Once these are determined, all that remains is to pick the worst case value vg‘m ax

associated with non-negativity constraints. Since each one of these appears in a single
equation, where all the other multipliers are already determined, the worst case value
is given by

Vgc),max = Olmin H}E;XBI'J +B, Be {Biv :an:n}
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Hence, in order to satisfy the conditions in Theorem 3

0
vkgvk,max<yk7 k=1,2,...,m

[vi| < |V2‘max| <&, k=m+1,...,L.

Therefore, the family of adaptation laws proposed in this paper converge to the max-
imum of the utility function U (x) subject to x € D. In other words, they converge to
the optimum of our optimization problem. 0O

10.2 Proof of Theorem 2

In this section we present the proof for Theorem 2, but first we set the stage by
introducing some notation that is needed.

The control laws presented in Section 4.2 can be written in terms of a modified
control as follows: Let 7; ; and 7; be the set of indices k € {1,2,...,L} such that
the inequality, respectively equality, constraints /(x) involve the data rate x; ;. Fur-

thermore, let Z; ; be classified into I‘); and Zij for the capacity and non-negativity

constraints respectively. Note that each of the sets ij and 7; consist of a single point.
Now, define the modified control uy as

0  ifh>0
U = § Ukeq if hy =0 ke{l,Z,...,m}
1 if hy <0

ke{m+1,...,L} N1,
Uk eq if iy =0 m n%

{u—m if 7 £ 0
Up =

where uy oq applies when a sliding mode occurs in the surface /;(x) = 0 and is de-
fined as the convex combination of the maximum (%) and minimum (u;) values of
Uugs i.e., geq = Ay + (1 — A)ti, with A € [0,1]. Finally, to simplify the notation let
z;,j denote

Zij (faxi(f% {"‘k}keZI?}>'
Then, the following modified control laws are equivalent to the ones in Section 4.2:

Fori=1,2,...,s;i.e, AS calls, let

oo [on
LJ L,J ax;j

— oc<1 —Huk) —Bi(1 =) + & (1= Mp)} ;

X; kEZ,‘j-
where [ € 7;and p € ij Fori=s+1,5s+2,...,n;i.e., BE calls, let

: dfi
Xi,j = Zi,j K[/

—oc(l _H“k) +&;(1— u,,)‘| :

Xi keZ?
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Remark 2. There are as many parameters uy as there are constraints in the optimiza-
tion problem at hand, as opposed to one parameter r; per type of calls and one pa-
rameter bin; ; and &; ; per path.

In a similar manner, the convergent control laws presented in Section 4.2 can also be
recast as a modified control form: Fori=1,2,...,s; i.e, AS calls, let

l df;

=z | -
i / axi,j

az mt (I—M[)+§i7j(l_up>‘|7

X; keIf"
where [ € 7; and p GZ% Fori=s+1,5s4+2,...,n;i.e., BE calls, let

i
axw»

cint __ .
ij — Zi,j

_(xz mt _|_§”( p)]

Xi kEZfX
Finally, let ord(c.~!) and Ord(o~!) denote terms of the order of o™ ! in the sense

lim oord(or ') =0 and lim 0Ord(o 1) = cte.

Ol—o0 OL—o0
Proof. The following proof stems from the fact that the control laws in Section 4.2
provide convergence in finite time to the admissible region C, where

={xeR""" " p(x) <0, k=1,2,...,m}.

Given the assumptions on the utility function U (x), the conditions on ¢, f; and &; ;
can be satisfied. Therefore, the derivatives x; ; are bounded away from O for all x ¢ C
and convergence to C in finite time is guaranteed.

For simplicity, the case where z; ;(-) = 1 is shown here. However, a straightfor-
ward modification can be done to address the case of a general z; ;(-).

Let x* denote the optimal solution to the problem posed in Section 3 and let x*¢
denote any equilibrium point of the laws above that might exist.

Without loss of generality, let a sliding mode occur in the admissible region along
the intersection of a set of surfaces /;(x) = 0, k € Z. Since a sliding mode occurs
along these surfaces it follows that hk(x) =0, for all k € Z and all o.. Hence, given
the specific linear dependence of the previous expression on x; ;, the term

(04 (1 - H uk‘eq>
keINT

is bounded for all i, j and 0. Moreover, as o0 — oo, it holds that uyeq — 1, Vk € A
Therefore, for all i, j, the following Taylor expansion holds around uy = 1, Vk € Z

(1 — T . eq) =y ( — Utk eq) +Ord((1 uk,eq)z)).

keImZ?‘ keIme"
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Since the left hand side is bounded for every o it holds that

lim o Y Ord((1 —ueq)®’) =0, and o Y, (1—weq) <M MER
T keInz: keINT

Equivalently we can write,

1—JJttkeq = Y, (1—ttreq) +ord(at).
\J

Now, using the expression for the equivalent control (10)

(H H1)(Vieq) = (H] VU + H{ Hav,)
(H{ Hy) (v, +ord(o ")) = (H{ VU + H{ Hyv3™),
where v, = v2 =0and vp = vb‘" Subtracting these, (vl eq — Vf”é’q) = ai((x_l),
where ord(c.~!) is a vector whose components are of the form ordy (o~!). Hence,

Xij = XM+ oord(o ).
Furthermore, since U(x) = VU (x)” %,
U(x) = VU (x)"x™ 4+ VU (x)ocord (0" ) = U™ (x) + Ord (o).

Now, given € > 0 define B;(x*) to be an open neighborhood of radius € around the
optimal x*.

Therefore, since dU™ (x)/dt > 0 for all x # x*, and the set R is dense; there
exists o such that for all oo > o*, and all x ¢ Be(x*), it holds that U (x) > 0. Hence,
there are no stationary points of the control law outside Be(x*) and since for every
trajectory U () is strictly increasing outside this neighborhood, then x — Be(x*).

Finally, since the choice of € is arbitrary, it holds that for all € > 0 there exists o,
such that the above control laws converge to B (x*), for all oo > o*. O

10.3 Sketch of the Proof of Lemma 1

The proof essentially requires two steps. First, we show that a sliding motion on
the surfaces x; ; = 0 is obtained. Second, we show that the utility function does not
decrease along these trajectories, in essence the same reasoning used in Section 10.1.

Since the proposed laws reduce to the ones in Theorem 1 for the case x; ; > 0,
we concentrate without loss of generality, on the case x; ; = 0.

Letx; j = 0 at time ¢ = 1y, for some i, j. If at 7y, p; ; > 0, then the adaptation laws
reduce to the ones in Theorem 1 and convergence is guaranteed.

On the other hand, if p; ; < 0, a sliding mode will occur on the surface x; ; = 0,
with x; ; = 0. Indeed, since the constraints of the optimization problem at hand are
affine, by forcing x; ; = 0 a sliding mode on the aforementioned surface occurs, as
is the case with the laws in Theorem 1. Furthermore, the equivalent control is also
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the same. This is the case because the equivalent control has the effect of keeping the
trajectories tangent to the sliding surface with x; ; = 0. Moreover, all other derivatives
X1 such that x; ; # 0 at time #o are the same.

Therefore using the same reasoning as in Section 10.1, the utility function does
not decrease along the trajectories generated by the above control laws and a near-
optimum is achieved. 0O
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