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Abstract

In this paper, we provide convergence results for an Ant-Based Routing (ARA) Algorithm
for wireline, packet-switched communication networks, that are acyclic. Such algorithms are
inspired by the foraging behavior of ants in nature. We consider an ARA algorithm proposed
by Bean and Costa [2]. The algorithm has the virtues of being adaptive and distributed, and can
provide a multipath routing solution. We consider a scenario where there are multiple incoming
data traffic streams that are to be routed to their respective destinations via the network. Ant
packets, which are nothing but probe packets, are introduced to estimate the path delays in the
network. The node routing tables, which consist of routing probabilities for the outgoing links,
are updated based on these delay estimates. In contrast to the available analytical studies in
the literature, the link delays in our model are stochastic, time-varying, and dependent on the
link traffic. The evolution of the delay estimates and the routing probabilities are described by
a set of stochastic iterative equations. In doing so, we take into account the distributed and
asynchronous nature of the algorithm operation. Using methods from the theory of stochastic
approximations, we show that the evolution of the delay estimates can be closely tracked by
a deterministic ODE (Ordinary Differential Equation) system, when the step-size of the delay
estimation scheme is small. We study the equilibrium behavior of the ODE system in order
to obtain the equilibrium behavior of the routing algorithm. We also explore properties of the
equilibrium routing probabilities, and provide illustrative simulation results.
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1 Introduction

“Ant algorithms” constitute a class of algorithms that have been proposed to solve a variety of
problems arising in optimization and distributed control. They form a subset of the larger class
of “Swarm Intelligence” algorithms, a topic which has received widespread attention recently; see,
for example, the book of Bonabeau, Dorigo, and Theraulaz [7]. The central idea here is that a
“swarm” of relatively simple agents can interact through simple mechanisms and collectively solve
complex problems. Bonabeau, Dorigo, and Theraulaz [7] give examples of insect societies like those
of ants, honey bees, and wasps, which accomplish fairly complex tasks of building intricate nests,
finding food, responding to external threats etc., even though the individual insects themselves
have limited capabilities. The abilities of ant colonies to collectively accomplish complex tasks

have served as sources of inspiration for the design of “Ant algorithms”.

Examples of “Ant algorithms” are the set of Ant-Based Routing algorithms (henceforth referred
to simply as Ant Routing algorithms (ARA)) that have been proposed for communication networks.
It was observed in an experiment conducted by biologists Deneubourg et. al. [12], called the double
bridge experiment, that under certain conditions, a group of ants when presented with two paths
to a source of food, is able to collectively converge to the shorter path. It was found that every
ant lays a trail of a chemical substance called pheromone as it walks along a path. Subsequent
ants follow paths with stronger pheromone trails, and in their turn reinforce the trails. Because
ants take lesser time to traverse the shorter path, pheromone concentration increases more rapidly
along this path. These “positive reinforcement” effects culminate in all ants following, and thus
discovering, the shorter path. Various mathematical models have been proposed to describe the

evolution in time of pheromone levels on trails; for a discussion see Dorigo, Stutzle [13].

Most of the ARA algorithms proposed in the literature are inspired by variations on the basic
idea of creation and reinforcement of a pheromone trail on a path that serves as a measure of the
quality of the path. These algorithms employ probe packets called ant packets (analogues of ants)
that help create analogues of pheromone trails on paths. In the context of routing, these trails
are based on measurements of path delays made by the ant packets. Routing tables at the nodes
are updated based on the path pheromone trails. The update algorithms help direct data packets

along outgoing links that lie on paths with lower delays.

In this paper, we consider a wireline, packet-switched network, and provide convergence results

for an ARA algorithm proposed by Bean and Costa [2]. The algorithm retains some of the most



attractive features of ARA algorithms. It is distributed, and the routing tables (for every node,
this consists of routing probabilities for the outgoing links) are updated based on delay information
collected by ant packets. This enables the algorithm to be adaptive. Furthermore, the scheme can
provide a multipath routing solution — that is, the incoming traffic at a source is split between the
multiple paths available to the destination. This enables efficient utilization of network resources.

We now briefly dwell on the literature on ARA algorithms.

Literature. ARA algorithms have been proposed for all kinds of networks — circuit- and
packet-switched wireline, as well as packet-switched wireless networks. We briefly discuss the
algorithms for packet-switched networks, because they are more relevant; for a more comprehensive
survey see Dorigo, Stutzle [13] and Bonabeau, Dorigo, and Theraulaz [7]. Most of the algorithms
proposed and studied for packet-switched networks — for example, Gabber, Smith [14], Di Caro,
Dorigo [10], Subramanian, Druschel, and Chen [23] (all the above are for wireline networks), and
Baras, Mehta [1] (for wireless networks) — are variants of the Linear Reinforcement (LR) scheme
considered in studies of stochastic learning automata (see Kaelbling, Littman, and Moore [17] and
Thathachar, Sastry [24] 2). In these works, variants of the LR scheme are used to adjust routing
probabilities at the nodes based on path pheromone trails. Yoo, La, and Makowski [26] consider
the scheme proposed by [23] for a network consisting of two nodes connected by L parallel links.
The link delays are deterministic. Ant packets are either routed uniformly at the nodes — called
‘uniform routing’ — or are routed based on the node routing tables — called ‘regular routing’. A
rigorous analysis then shows that the routing probabilities converge in distribution for the uniform
routing case, and almost surely to a shortest path solution for the regular routing case. The LR
scheme however, is not designed for applications where the delays are stochastic and time-varying,
which is the case of main interest to us. ARA algorithms different from the LR scheme, are

considered in [7], and in [2].

Though a large number of ARA algorithms (and in general, Ant algorithms) have been proposed,
fewer analytical studies are available in the literature. Algorithms similar to those that aim to
explain the observations in the double bridge experiment, have been rigorously studied in Makowski
[21] and Das and Borkar [11]. Makowski considers the case where there are two paths of equal length
to a food source, and a model where each ant chooses a path with a probability proportional to

a power v > 0, of the number of ants that have previously traversed the path. Using stochastic

2The LR scheme has been proposed for various adaptive learning and control applications.



approximation and martingale techniques the paper provides convergence results, and shows that
the asymptotic behavior can be quite complex (in particular, only for v > 1, is it true that all
ants eventually choose one path). Das and Borkar consider a scenario where there are multiple
disjoint paths between a source and a destination. There are three algorithms — a pheromone
update algorithm that builds a pheromone trail based on the number of ants that have previously
traversed the path and the path length, a utility estimate algorithm based on the pheromone trail
on a path, and finally a routing probability update algorithm that uses the utility estimates. Using
stochastic approximation methods, they show convergence to a shortest path solution if there is
an ‘initial bias’, i.e., if initially there is a higher probability of choosing the shortest path. The
paper also considers extensions to multi-stage problems. Gutjahr [15] considers a problem where
ant-like agents help solve the combinatorial optimization problem of finding an optimal cycle on
a graph, with no nodes being repeated except for the start node. The arc costs are deterministic.
The agents sample walks based on routing probabilities, and reinforce pheromone trail levels on
arcs, which in turn, influence the routing probabilities. The paper shows that asymptotically, with
probability arbitrarily close to one, an optimal cycle can be found. Another analytical study is the

paper [26] discussed above.

Contributions and Related Work. The above set of analytical studies have mostly con-
centrated on networks with deterministic link delays. We consider the Bean, Costa [2] scheme for
wireline, packet-switched networks, that are acyclic 3. In contrast to the studies above, we provide
convergence results when the link delays are stochastic and time-varying, and are dependent on the
link traffic. This is a more relevant and interesting case. In our work [22] we initiated study in this
direction, by considering the Bean, Costa scheme for a simple routing scenario where there are N

parallel links between a source and a destination.

Bean and Costa [2] study their scheme using a combination of simulation and analysis. They
employ a ‘time-scale separation approximation’ whereby average network delays are computed
‘before’ the routing probabilities are updated. Numerical iterations of an analytical model based
on this approximation and simulations are shown to agree well. However, the time-scale separation

is not justified, nor is any formal study of convergence provided.

We consider a stochastic model for the arrival processes and packet lengths of both the ant and

the incoming data packet streams. The ARA scheme consists of a delay estimation algorithm and

3For a definition of such networks see Section 3.



a routing probability update algorithm, that utilizes the delay estimates. These algorithms run at
every node of the network. The delay estimates are formed based on measurements of path delays
(these delays are caused by queuing delays on the links) obtained by the ant packets. We describe
the evolution of these algorithms by a set of (intricately coupled) discrete stochastic iterations. We
consider constant step-size schemes, which can adapt to (track) long term changes in statistics of
the delay processes. This feature of constant step-size schemes is well known in the literature on
adaptive algorithms; see, for example, Benveniste, Metivier, Priouret [3]. Our formulation considers
the distributed and asynchronous nature of the algorithm operation. We show, using methods from
the theory of stochastic approximations, that the evolution of the delay estimates can be closely
tracked by a deterministic ODE (Ordinary Differential Equation) system, when the step size of the
delay estimation scheme is small. We then study the equilibrium behavior of the ODE system in
order to obtain the equilibrium behavior of the routing algorithm. We explore properties of the

equilibrium routing solution, and provide illustrative simulation results.

Our approach is most closely related to Borkar and Kumar [9], which studies an adaptive
algorithm that converges to a form of routing equilibrium, known as a Wardrop equilibrium [25].
Our framework is similar to theirs — there is a delay estimation algorithm and a routing probability
update algorithm which utilizes the delay estimates. Their routing probability update scheme
moves on a slower “time scale” than the delay estimation scheme. In our case however, the routing
probability update scheme is on the same “time scale” as the delay estimation scheme, and our
method of analysis is consequently different. This could also be desirable in practice, because the

algorithm convergence will be much faster.

The paper is organized as follows. In this paper we separately consider the two cases where ant
packets are routed according to uniform and regular routing. There is a parallel development of the
discussion related to these two forms of routing. In Section 2 we outline in detail the mechanism of
operation of ARA algorithms, and discuss the Bean, Costa algorithm. Section 3 provides a formal
discussion of our acyclic network model and assumptions, and a formulation of the routing problem.
We analyse the routing algorithm in Section 4, and discuss our ODE approximation results and
related computations. We also discuss the equilibrium behavior of the algorithm. In the next
couple of sections, Section 5 and Section 6, we study in some detail two illustrative examples —
an N parallel links network and an acyclic network. Related simulation results are provided and

discussed. The concluding section, Section 7, summarizes the paper and discusses a few directions



for future research. In an appendix, Section 8, we outline a proof of convergence of the algorithm.

2 Ant Routing Algorithms: Mechanism of Operation

We provide in this section a brief description of the mechanism of operation of ant routing algorithms
for a wireline communication network. Such a network can be represented by a directed graph
G = (N, L), with a set of nodes NV, and a set of directed links £. Our formal description follows the
framework in Di Caro and Dorigo [10], [13], which is general enough and adequate for our purposes.

Alongside, we describe the Bean, Costa [2] scheme, that we analyse in this paper.

Every node i in the network maintains two key data structures — a matrix of routing prob-
abilities, the routing table R(7), and a matrix of various kinds of statistics used by the routing
algorithm, called the network information table Z(i). For a particular node 4, let N (i, k) denote the
set of neighbors of ¢ (corresponding to the outgoing links (4, j) from ) through which node i routes
packets towards destination node k. For the communication network consisting of |N| nodes, the
matrix R (i) has |[N| — 1 columns, corresponding to the |A/| — 1 destinations towards which node
i could route data packets, and |[N| — 1 rows, corresponding to the maximum number of neighbor
nodes of node i. The entries of R(7) are the probabilities (;Sf] gbfj denotes the probability of routing
an incoming data packet at ¢ and bound for destination k via the neighbor j € N (i, k). The matrix
Z(4) has the same dimensions as R (i), and its (j, k)-th entry contains various statistics pertaining
to the route from i to k that goes via j (denoted henceforth by i — j — --- — k). Examples of
such statistics could be mean delay and delay variance estimates of the route i — j — -+ — k.
These statistics are updated based on the information the ant packets collect about the route. The
matrix Z(7) thus represents the characteristics of the network that are learned by the nodes through
the ant packets. Based on the information collected in Z(i), “local decision-making” — the update
of the routing table R (i) — is done. The iterative algorithms that are used to update Z(i) and

R (i) will be referred to as the learning algorithms.

We now describe the mechanism of operation of ARA algorithms. For ease of exposition, we
restrict attention to a particular fixed destination node, and consider the problem of routing from
every other node to this node, which we label as D (see Figure 1). The network information tables

Z(i) at the nodes contain only statistics related to estimates of mean delays.

Forward ant generation and routing. At certain intervals, forward ant (FA) packets are
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Figure 1: Forward Ant and Backward Ant packets

launched from a node i towards destination D to discover low delay paths to it. The FA packets
sample walks on the graph G based either on the current routing probabilities at the nodes as
in regular ant routing (regular ARA), or uniformly* as in uniform ant routing (uniform ARA).
Uniform ant routing might be preferred in certain cases; for instance, when we want the ant
packets to explore the network in a completely “unbiased” manner. FA packets share the same
queues as data packets and so experience similar delay characteristics as data packets. Every FA
packet maintains a stack of data structures containing the IDs of nodes in its path and the per hop
delays encountered. The per hop delay measurements can be obtained through time stamping of

the FA packets as they pass through the various nodes.

Backward ant generation and routing. Upon arrival of an FA at the destination D, a
backward ant (BA) packet is generated. The FA packet transfers its stack to the BA. The BA
packet then retraces back to the source i the path traversed by the FA packet. BA packets travel
back in high priority queues, so as to quickly get back to the nodes and minimize the effects of
outdated or stale measurements. At each node that the BA packet traverses through, it transfers
the delay information that was gathered by the FA packet. This information is used to update
matrices Z and R at the respective nodes. Thus the arrivals of BA packets at the nodes triggers

the iterative learning algorithms.

We now describe the Bean, Costa [2] learning algorithm. Suppose that an FA packet measures
the delay Ag associated with a walk from ¢ to D via the outgoing link (4,5). This delay is more
precisely the following. Let ij denote a sample sum of the delays in the queues associated with

the links, experienced by an FA packet moving from node j to node D (it is thus a sample of the

“routed with equal probability on each outgoing link



expected ‘cost-to-go’ from j to D). Let w;; denote a sample of the delay experienced by an FA
packet traversing the link (7, j). Then Ag = Wj; + ij . When the corresponding BA packet comes
back at node i the delay information is used to update the estimate Xg of the mean delay using

the simple exponential estimator
xD xD D _ xD
ij = Ayt G(Aij - z’j)? (1)

where € € (0,1) is a small constant. We also refer to Xi? as the mean delay estimate for the
route i — j — --- — D. The mean delay estimates Xillz , corresponding to the other neighbors

k € N(i,D), are left unchanged.

Simultaneously, the routing probabilities at i are updated using the relation
xDy™’
qjlf.f]).: ( ”) D_B,VjeN(z',D), (2)
> ken(,n) (Xig)

where (3 is a constant positive integer. qbg is thus inversely proportional to XZ-? . [ influences the

extent to which outgoing links with lower delay estimates are favored compared to the ones with

higher delay estimates.

We can interpret the quantity (Xg )~1 as analogous to a “pheromone trail or deposit” on the
outgoing link (7,7). This trail gets dynamically updated by the ant packets. The pheromone
trail influences the routing tables through the relation (2). Equation (2) shows that the outgoing
link (7,7) is more desirable when Xi? , the delay through j, is smaller; in other words, when the

pheromone deposit is higher, relative to the other routes.

3 Formulation of the Problem. The Acyclic Network Model

We consider the problem of routing from the various nodes ¢ of the network to a single destination
node D. At every node i there exist queues (buffers) Q;; associated with the outgoing links (z, j);
we assume these queues to be of infinite size. The service discipline in these queues is FIFO. The
network can be thought of equivalently as a system of inter-connected queues (a queuing network).
Every link (7, j) has capacity Cj;. We assume that the queuing delays dominate the processing and
propagation delays in the links. The latter delays can be accounted for with minimal changes in

the discussion in the rest of the paper, but for simplicity, we assume that they are negligible.

We consider acyclic networks and define them following Bertsekas, Gallager [5]. A queue Q;;

is said to be downstream with respect to a queue Qg if some portion of the traffic through the



latter queue flows through the former. An acyclic network is one for which it is not possible that
simultaneously @Q;; is downstream of Qy; and Qy; is downstream of Q;;, for all (7, j), (k,{). The set
N(i) = {j : (i,5) € L} denotes the set of downstream neighbors of i. An example of an acyclic
network is given in Figure 5, pp. 31. We shall denote the routing probability entries of R(7) by ¢;;
(i.e., without explicitly mentioning the destination). The mean delay estimate entries of Z(i) are

denoted by Xj;.

The general algorithm, as described in the previous Section 2, is asynchronous (and distributed).
This is because the nodes launch the FA packets towards the destination in an unco-ordinated way.
Moreover, there is a random delay as each FA-BA pair travels through the network. The learning
algorithms at the nodes for updating R and 7 are thus triggered at random points of time (when BA
packets come back). We consider a more simplified view of the algorithm operation, which is still
asynchronous and distributed, retains the main characteristics and the essence of the algorithm,

but is easier to analyze.

We assume that FA packets are generated according to a Poisson process of rate A? > 0 at node

i (A\}) =0). We consider a model with the following assumptions on the algorithm operation.

(M1) We assume that the BA packets take negligible time to travel back to the source nodes
(from which the corresponding FA packets were launched) from destination D. Because BA packets
are expected to travel back to the source through high priority queues, the delays might not be very
significant, except for very large-sized networks with significant propagation delays. On the other
hand, incorporating the effects of such delays into our model introduces additional complications

related to asynchrony.

(M?2) Furthermore, we note that in the general algorithm operation, a BA packet updates the
delay estimates at every node that it traverses on its way back to the source, besides the source
itself. In what follows, we shall consider the more simplified algorithm operation, whereby only at

the source node the delay estimates and the routing probabilities are updated.

We assume that data packets are generated according to a Poisson process of rate )\g >0 at
node i; for some nodes it is possible that no data packets are generated, i.e., the rate is zero. For

the destination, )\dD =0.

Let {a(m)}2°_; denote the sequence of times at which FA packets are launched from the various
nodes of the network. Let {d(n)}22, denote the sequence of times at which FA packets arrive at

the destination D (we set a(0) = 0,(0) = 0). Because we have assumed that BA packets take



negligible time to travel back to the source nodes, these are also the sequence of times at which
BA packets come back to the source nodes. Consequently, these are the sequence of times at which
algorithm updates are triggered at the various nodes. At time d(n), let X (n) and ¢(n) denote,
respectively, the vector of mean delay estimates and the vector of outgoing routing probabilities at
the network nodes. The components of X (n) and ¢(n) are X;;(n), (i,7) € £, and ¢;;(n), (4,7) € L,

respectively.

Thus, by time d(n), overall n BA packets will have come back to the network nodes. (At this
point, it is useful to recall Assumption (M2)). Let T'(n) be the N-valued random variable that
indicates which node the n-th BA packet comes back to. Then &(n) = Y27 ; Iyp(r)=:} gives the
number of BA packets that have come back at node i by time §(n)°. Let R;(.) denote the routing
decision variable for FA packets originating from node i. We say that the event {R;(k) = j} has
occurred if the k-th FA packet that arrives at D and that has been launched from 4, has been
routed via the outgoing link (7, 7). Let 1;;(n) = Z%:(?) It R, (k)=4}; %ij(n) gives the number of FA
packets that arrive at node D by time d(n), having been launched from node i and routed via (i, 7).
By the zero delay assumption on the travel time of the BA packets and the assumption (M2) on
algorithm operation, ;;(n) is also the number of BA packets that come back to i via j, by time
d(n). Let {Aj;j(m)} denote the sequence of delay measurements made by successive FA packets
arriving at D and that have been launched from node i, routed via the outgoing link (4, 7). This is
also the sequence of delay measurements about the route i — j — --- — D made available to the

source 7 by the BA packets.

Lets suppose that at time d(n) a BA packet comes back to node i. Furthermore, suppose that
the corresponding FA packet was routed via the outgoing link (7,j). When this BA packet comes

back to node 7, the delay estimate X;; is updated using an exponential estimator
Xij(n) = Xig(n = 1) + ¢( Dy (03 (n) = Xign = 1)) (3)

with € € (0,1) being a small positive constant. The delay estimates X, for the other routes

i—k—---— D (ke N(i),k # j) are left unchanged
Also, the delay estimates at the other network nodes do not change

Xip(n) = Xpp(n— 1), Vp e N(1).VI#i. (5)

574 denotes the indicator random variable for the event A.

10



Also, as soon as the delay estimates are updated at node 4, the outgoing routing probabilities

are also updated

) = (Xi5(n) ™"
Poln) ZkeN(i) (Xz‘k(n))_ﬁ’

The routing probabilities at the other nodes do not change.

Vi e N(@). (6)

In general thus the evolution of the delay estimates at the various nodes of the network can be

described by the following set of stochastic iterative equations
Xjn) = Xg(n— 1)+ Ipeosmgesn— (A5 (5 () = Xg(n — 1),
V(i,j) € Lyn > 1, (7)
starting with the initial conditions X;(0) = 25, V(4 j) € L.

The routing probabilities are updated in the usual way

(X5(n)) ™"

¢ij(n) = —5. V(i,j)€Ln=1, (8)
Y ZkeN(i) (X5 (n)) 7
\—B
starting with the initial conditions ¢¢;(0) = Lﬁ,, V(i,j) € L. Though not explicitly
J 2ken() (Tik)

mentioned, it is understood that there are no algorithm updates being made at D.

The €’s in the superscript in the algorithm update equations (7) and (8) above, recognize the
dependence of the evolution of the quantities involved (for example, the delay estimates X;;) on
e. However, for most of the paper®, we shall not use this notation; this enables the discussion to
be less cumbersome. Also, we note that equations (7) and (8) describe the evolution of the delay
estimates and the routing probabilities for the regular ARA as well as for the uniform ARA case.

We also introduce the following continuous time processes, {z(t),t > 0} and {f(t),t > 0},

defined by the equations

z(t) = X(n), ford(n)<t<df(n+1),n=0,1,2,...,

fit) = o¢n), ford(n) <t<d(n+1),n=0,1,2,....

The components of x(t) and f(t) are denoted by x;;(t) and f;;(t), respectively.

In the case of regular ant routing, an ant (FA) packet as well as a data packet are routed at
an intermediate node based on the current routing probabilities at the node. Thus, in view of

the discussion in this section, a packet that arrives at node ¢ at time ¢, is routed according to the

Sexcept when we are required to be more clear and precise

11



routing probabilities f;;(t),j € N(i), and joins the corresponding queues. In the case of uniform ant
routing, a data packet arriving at ¢ at time ¢, is routed according to the probabilities f;;(t),j € N();
an ant packet arriving at t is routed uniformly (see Figure 2).

Regular: Ant/data packet arrivin
at node i is routed based on cur
routing probabilitiesp; (n)

Uniform: Data packet arriving a
is routed based ap (n)

Ant packet arriving at i routed

X(n) uniformly

o(n)
! ! 1 ! !
5(n-1) 3 t o(n+l)  d(n+2)

time

Figure 2: Routing of packet arrivals at a node at time ¢t. Sequence {J(n)} are the times at which

algorithm updates are taking place.

4 Analysis of the Routing Algorithm

We view the routing algorithm, consisting of equations (7) and (8), as a set of discrete stochastic
iterations of the type usually considered in the literature on stochastic approximation methods
[18]. We provide below the main convergence result which states that, when € is small enough, the
evolution of the vector of delay estimates is closely tracked by a system of Ordinary Differential

Equations (ODEs).

4.1 The ODE approximation

The key observation, which simplifies the analysis of the algorithm, is that there is a time-scale
decomposition when € > 0 is small enough — the delay estimates X;; then evolve much more
slowly compared to the delay processes A;;. The probabilities ¢;; also evolve at the same “time-
scale” as the delay estimates (probabilities ¢;; are continuous functions of the delay estimates
Xij). Consequently, when e is small enough, with the vector of delay estimates X considered
fixed at z (equivalently the vector of routing probabilities fixed at ¢, the components of ¢ being
Gij = Zke(;::))(zi)_ﬁ), the delay processes {A;;(.)} converge to a stationary distribution, which
is dependent on z. Given the routing probabilities ¢;;, (i,7) € £, and a knowledge of the rates

of incoming traffic streams into the queuing network, enable us to determine the total incoming

12



arrival rates into each of the queues @);;. This can be done by simply solving the flow balance
equations; see Bertsekas, Gallager [5], Mitrani [20]. We assume that the total arrival rate into each
queue (assumed earlier to be of infinite size) is smaller than the service rate of packets in the queue.
This assumption (a queue stability assumption) then ensures that, with the delay estimate vector
X considered fixed at z, the delay processes {A;;(.)} converge to a stationary distribution, which
depends on z. We denote the means under stationarity, for each (i,j) € L, by D;;(2) (Dg (z) for
the uniform ant case), which is a finite quantity. We also make the following short note. {A;;(m)}
was defined to be the sequence of delay measurements made by successive FA packets arriving at D,
that have been launched from i and routed via (i, 7). When the delay estimate vector is considered
fixed at z, its average under stationarity is denoted by D;;(z). Also, with the delay estimate vector
considered fixed at z, the sequence, denoted by (say) {A;j(m)}, of delay measurements made by
successive FA packets launched from i and routed via (i, j), has the same stationary average D;;(z).
This is because the latter sequence is just a rearrangement of the former, and hence the average is

the same.

Also, when X is considered fixed at z, let (;(2),i € N, (¢V(2) for the uniform ants case) denote,
under stationarity, the long-term fraction of FA packets arriving at D that have been launched

from i. (;(z) assumes values from the set (0,1) ((p(z) = 0,¢Y(2) = 0).

Furthermore, when € is small, the evolution of the vector of delay estimates can be tracked by an
ODE system (an ODE approximation result). This result is shown in Section 8.1 of the Appendix.
We now introduce some additional notation and state the assumptions under which this result
holds. For any fixed € € (0,1), and for each (i, j), consider the piecewise constant interpolation of
X;;(n) given by

zi;(t) = Xi;(n), ne<t<(n+1l), n=0,1,2,..., 9)
with the initial value zf;(0) = X§;(0). Consider also the vector-valued piecewise constant process
2¢(t), for all t > 0, with components 2 (t), (i,7) € L. Let us now consider the increasing sequence
of o-fields {F¢(n)}, where F¢(n) encapsulates the entire history of the algorithm for the time
t < é(n). In particular, it contains the o-field generated by the r.v.’s X<(0), X¢(1),...,X(n). It
also contains information regarding the arrival and packet service times, as well as information

regarding the actual routing of packets. The ODE approximation result will be shown to hold

under the following assumptions.

Assumptions:
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(A1) For every (i, j) € £, and for every € € (0,1), the sequence {Af;(m)} is uniformly integrable;

that is, sup E[Agj(m)I{Agj(m)>K}] — 0, as K — 0.
m>1 ‘ -

Regular Ant case.

(A2) If X (n) is held fixed at a value z (¢(n) is then fixed at a value ¢; ¢ has components

bij = Lﬂ_ﬁ) then, for every [ > 0, and for every (i,7) € L, we have
2 ken() (Zik)
l+r
> Bl my—i, e m)) =iy i (€35 (m)) / F (m — 1)]
lim 2= = ((2)¢iDij(z) as.,  (10)
7—00 r
I+r
> Blrmy=iRiteimy=ip/F(m = 1)
lim T=Ht . = ((2)pi; as. (11)

The quantities T'(n), R;j(n), Aij(n), as well as the sequence {F(n)} that appear in the equations

above are defined in a similar way as for the case when the delay estimate vector X is time-varying.
(A3) We assume that the quantities (;(2)¢i;D;;(2) and (;(2)¢i; are continuous functions of z.
Uniform Ant case.

(A2') If X (n) is held fixed at a value z then, for every [ > 0, and for every (i, j) € L, we have

I+r
S Ellrom=s memy=pAuu(m)/Fm -1
lim m=Il+1 _ M a.s. (12)
e r [N (i) ’
l+r
> Ellirimy=imiemy=iy/F(m = 1)] .,
lim 2= _ & (2) a.s.. (13)
e r [N (i)

(A3') We assume that the quantities ¢V (Z)Dg(z) and ¢V (z) are continuous functions of 2.

Under the above assumptions, in Section 8.1 it is shown that the process {z¢(t),t > 0} converges
weakly to a (deterministic) process {z(t),t > 0} as € | 0. For the regular ARA case, z(t), whose
components are z;;(t), (¢, j) € L, is a solution of the ODE system

degs(t) GG ) P (Dy () = 245(1))

= — , V(i,j) e L, t>0, (14)
dt EkeN(i) (2ik (1)) ’

with initial conditions given by z;;(0) = z;;, V(i,j) € L. We denote the right hand side of ODE
Gi(2(6)) (zi (1)) 7" (Dz‘j (2(t) =25 (t))
a Sken k()"

(14) by the function Fj;; Fi;(2(t))
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For the uniform ant case, z(t), with components z;;(t), (¢,j) € L, is a solution of the ODE

system

dzy(t) SV EO) (DY) - 24(0) N
c;t - INGD)] , VE,j)eL, t>0, (15)

with initial conditions given by z;;(0) = x;;, V(4, j) € L.

We now briefly discuss the assumptions. A sufficient condition under which (A1) holds is
sup E[(A%(n))vﬂ] < 00, for some « > 0. That is, some moment of the delay higher than the first
?nzolment is finite, which we assume. Assumptions (A2) and (A3) can be expected to hold, because
they are forms of the strong law of large numbers (they are somewhat weaker because the terms

involve conditional expectations). Similar remarks apply for Assumptions (A2") and (A3').

The dynamic behavior of the routing algorithm can be studied via the ODE approximation.
Numerical solution of the ODE, starting from given initial conditions, requires computation of the
means D;;(z) and the fractions (;(z) (respectively, Dg(z) and ¢V () for the uniform ants case), for
given z. These computations depend upon the particular network under consideration. In the next
subsection, we discuss how to compute these quantities under our assumptions on the statistics of

the packet arrival processes and service times of the ant and data streams.

4.2 Computations related to the ODE approximation

We assume that, in every queue @);; the successive service times of both ant (FA) and data packets
are i.i.d. exponentially distributed with the same mean C%] 7. Furthermore, the service times at
each queue are also independendent of the service times at all other queues, and also independent
of the arrival processes at the nodes. (We had assumed earlier that the arrival processes to the
network are all Poisson.) These assumptions are the usual assumptions made for open Jackson
networks, and enable us to remain within the realm of solvable models; see, for example, Bertsekas

and Gallager [5] and Mitrani [20].

Regular Ant case. In this case, because ant and data packets are being routed in an identical
fashion, we have a single class open Jackson network. Given z, we can compute the routing
probabilities ¢;;, (¢, j) € L. The routing probabilities combined with a knowledge of the rates of

the incoming streams (ant, data) into the network, enable us to determine the total arrival rate

"This amounts to assuming that the average length of a packet (ant or data) is one unit. This is not a restriction,
and we can consider the general case by simply multiplying by the average length. However, both ant and data

packets must have the same average length.
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A;;(z) into each queue Q;;. This can be done by simply solving the flow balance equations in the
network. For each (i,j) € L, we assume that A;;(z) < Cjj;, the arrival rate is smaller than the
service rate. Then, under our assumptions, there is a unique joint stationary distribution of the
random variables denoting the total number of packets in the queues @5, (i,7) € £. Moreover, this
stationary distribution is of a product form. Also, we can compute various quantities of interest to
us, like average stationary delays in the queues [5], [20]. Let w;;(2) denote the average stationary
delay (sojourn time) in queue @;;, and let J;(z) denote the average stationary delay (expected
‘cost-to-go’) from node j to the destination D, both experienced by an ant packet. w;;(z) is given

by the formula, w;;(z) = m The quantities J;(2),7 € N, satisfy the following equations

J J

Ji(z) = Z bij (wij(z) + Jj(z)), Vie N,i# D,
JEN(9)
Jp(z) = 0. (16)
Once these equations are solved for J;(z),7 € N, we can compute the quantities D;;(2), (4,7) € L,
using the relations

Di(2) = wig(2) + Jy(2). (17)

Because ants are generated as a Poisson process with rates A{ at each node ¢, and because of

Assumption (M2), the fraction (;(z) = ﬁ;\ﬁ‘? (see Section 8.2 for a detailed argument).
Uniform Ant case. In this case, the FA packets and the data packets are routed differently.
We thus have an open Jackson network with two classes of traffic, the first class consisting of the
ant traffic and the second class of data traffic. Separate flow balance equations are set up for the
two classes of traffic. These flow balance equations enable us to solve for the arrival rates Af;(z)
and A;-ij(z) of ant and data packets into each queue @;;. The total arrival rate A;;(z) into @Q;; is
simply given by the sum Af;(z) —i—Af-lj(z). The average stationary delay w% (2) in Qjj is then given by
wg (z) = m The rest of the computations which lead to the determination of the quantities
Dg (2),(4,7) € L, can be done in a similar manner (with modifications that are straightforward)
as for the regular ants case. Again, because ant packets are generated as a Poisson process at all

nodes, and because of Assumption (M2), the fraction ¢V (z) = 7.
' 2jen A
With the knowledge of the quantities D;j(z), (¢,75) € L, and (;(2),i € N (respectively, Dg(z)
and ¢V (z) for the uniform ant case), we can numerically solve ODE (14) (respectively, (15) for the

uniform ant case), starting from an initial condition: z;;(0), (¢,j) € L.
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4.3 Equilibrium Behavior of the Routing Algorithm

We now study the equilibrium behavior of the routing algorithm. We denote the equilibrium values

of the various quantities by attaching a * to the superscript.

Regular Ant case. Consider the equilibrium points z* of the ODE system (14). Because the
(i(2*) are all positive, the points z* with components z;; satisfy the equations

(257"

ZkeN(i) (271.)

The interpolated delay estimate vector z¢(t) approaches the set of equilibrium points z* asymp-

_ﬁ.<Dij(z*) - z]> =0, Y(i,j) € L (18)

totically as e — 0. More precisely, if E denotes the set of equilibrium points and Ns(E) denotes
a small enough, d-neighborhood of FE, then asymptotically (as ¢ — 00), the fraction of time z¢(t)
spends in Ns(E) goes to one in probability, as € — 0 (see Kushner, Yin [18]). The vector of routing

probabilities ¢¢(n), being a continuous function of the delay estimate, asymptotically approaches

N
LM’ Y(i,7) € L (the meaning of the term
Pwene) (Z)

‘asymptotically approaches’ is the same as described above for the delay estimate vector). In the

the set of points ¢* with components gbfj =

discussion for the rest of this section, we shall refer to the quantity z; as an equilibrium delay
estimate, and gb;kj as an equilibrium routing probability, it being understood that the delay esti-
mate z{;(t) and the routing probability ¢f;(n) are asymptotically very close to these quantities with

probability close to one, when ¢ is chosen small enough.

Under our assumption that the total arrival rate into every queue is smaller than the packet
service rate, the equilibrium delay estimates are finite, and so the equilibrium routing probabilities
must be all positive. Consequently, the above equations (18) reduce to: D;;(z*) = z;kj,V(i,j) e L.
Now, denoting the functional dependence of the mean stationary delays on the routing probabilities
G —7, V(4,7) € L, we find

EkeN(i) (2k)
that the equilibrium routing probabilities must satisfy the following fixed-point system of equations

. (Dy(e)” Vi) e r 19
ik Y rene (Dig(¢*) ™ ek "

We now check that, for a vector ¢*, there is a unique vector with components D;;(¢*), (i,j) € L.

also by D;;(¢) (a slight abuse of notation), and noting that ¢;; =

To that end, we first notice that, for every (i, j) € L,
Dij(¢") = wi(¢") + J;i(¢"), (20)
where J;(¢*) is the expected delay (expected ‘cost-to-go”) from node j to destination D experienced

by an FA packet when the routing probability vector is ¢*; Jp(¢*) = 0. w;j(¢*) is the expected
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delay along link (7, j) experienced by an FA packet when the routing probability vector is ¢*; we
assume for a given ¢*, w;;(¢*) is unique ®. The quantities J;(¢*),i € N, satisfy the following
equations
Ti(e*) = > ¢fj<wij(¢*)+=}j(¢*)>, Vie N, i#D,
JEN()
Jp(p*) = 0. (21)

Because our equilibrium probabilities qﬁfj are all positive, there exists a path from every node
i to the destination D consisting of a sequence of links (i, k1), ..., (kn, D) for which ¢7, >0, ...,
¢%,.p > 0. Then, the above set of equations (21) have a unique solution (vector) J(¢*), which has
components J;(¢*),7 € N (see Bertsekas and Tsitsiklis [6]). Taking note of this and relation (20),

we see that for every vector ¢*, there is a unique vector of delays D;;(¢*), (i,7) € L.

Also, for any (i,j) € L, D;j(¢*) is a continuous function of the probabilities. (Furthermore,
being at least equal to the average service time experienced by an FA packet in the queue @, it is
lower bounded by a positive quantity.) Then, by an application of Brouwer’s fixed-point theorem,
there exists a vector of equilibrium routing probabilities ¢* satisfying the fixed-point system (19)
(the right hand side of the fixed-point system maps a compact, convex set — a Cartesian product

of probability simplices — to itself).

Uniform Ant case. For the uniform ant case, at equilibrium, the components z;; satisfy the

following equations
(Dg(z*) — z;‘j
[N ()]

We can show in a manner similar to the regular ant case, that the equilibrium routing probabilities

) =0, V(i,j) €L (22)

must be all positive and satisfy the fixed-point system of equations

(DY (67)) "
> keN(i) (D%(Gb*))iﬁ?

b5 = V(i,j) € L. (23)

Also, we can show that, for a vector of equilibrium routing probabilities ¢* there is a unique
vector with components Dg (¢*), (i,7) € L. Also there exists a solution to the set of fixed-point

equations (23), by an application of Brouwer’s fixed-point theorem.

8We have a similar abuse of notation for w;; and J; as we had for D;;. In the previous Section 4.2, we had
denoted by w;;(z) and J;(z) the average stationary delay in queue Q;;, and the average stationary delay (expected
‘cost-to-go’) from node j to destination D, both experienced by an FA packet, with delay estimate vector considered

fixed at z.
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5 Example: The N Parallel Links Case

In this section we consider the special case involving a simple routing scenario where arriving
traffic at a single source node S has to be routed to the single destination D. There are N available
parallel links between the source and the destination through which traffic can be routed. The
network and its equivalent queuing theoretic model are shown in Figures 3 and 4 respectively. The
queues represent the output buffers at the source and are associated with the N outgoing links.
We have more detailed results for this example that explore properties of the routing algorithm.
In particular, we study the dependence of the equilibrium routing probabilities on capacities of the
N links and the effect of parameter 3 on the equilibrium routing behavior. In this special case,
packet service times are allowed to be generally distributed. In Section 5.1 we discuss in detail the

regular ARA case, and in Section 5.2 we focus on the uniform ARA case.

Ant Stream Capacity C ;

=

Source S Destination D

Capacity C
Data Stream ety Oy

Figure 3: The network with N parallel links

Ant Stream

Ag . 1

. Destination
Source D

% n 1

Data Stream
Q

Figure 4: N parallel links: The queueing theoretic model
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5.1 The Regular Ant case

An ant and a data stream arrive at S as Poisson processes with rates Ag > 0 and )\fé > 0. At node
S, every packet of the combined stream is routed according to the current routing probabilities
towards queues @1, ..., @n. Samples of delays in the N queues are collected by ant (FA) packets
as they traverse through the queues along with data packets. The packet lengths of the combined
stream constitute an i.i.d. sequence, which is also statistically independent of the arrival processes.
The capacity of link ¢ is C; bits/sec (i = 1,..., N). We assume that the lengths of an ant and a data
packet are generally distributed with means L, and L4 bits, respectively. If we denote the service
times of an ant and a data packet in @); by the generic random variables Si* and Szd, then S§ and
S¢ are generally distributed (according to some c.d.f.’s, say G¢ and G¢) with means E[S?] = é—‘j

and E[S¥] = é—‘j, respectively.

The delay estimation and routing probability update algorithms are special cases of the general
update algorithms (7) and (8), and are hence not written down again here. The delay estimate vec-
tor X (n) has components X1(n),..., Xny(n) (corresponding to the N links/queues), and similarly

the routing probability vector ¢(n) has components ¢1(n),...,on(n).

5.1.1 The ODE approximation

The ODE approximation result (14) specialized to the N parallel links case reads as follows

s O (DiE@), o) - 20)

dt il (2k(8) 77 ’
ntt) v ) (Dr(aale), - an(0) — an(h) o
d il (2k(8) 77 ’

with the initial conditions z1(0) = X1(0), ..., 2x(0) = Xn(0) 2. Notice that clearly, (s(z(t)) = 1,
and so this term is not explicitly mentioned in the ODE above. As usual, D;(z1,...,2n),i =
1,..., N, are the mean delays (sojourn times) in the queues under stationarity as experienced by

ant packets, with the delay estimates considered fixed at z1,..., zy.

In order to numerically solve the ODE, we need to compute the quantities D;(z1, ..., zyx) for our

queuing system. With the delay estimates considered fixed at z1, ..., zy, the routing probabilities

“Instead of using the notation z;p(t), D;jp(z(t)), we employ the simpler notation z;(t), D;(z(t)).
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(z)7"
e ()7
given our assumptions on the statistics of the packet arrival processes and the packet lengths.

are given by ¢; = i=1,...,N. We now discuss how to compute the D;(z1,...,2n)’s

Every arrival at S from either of the Poisson streams (ant or data) is routed independent of
other arrivals with probability ¢; towards queue J;. Thus the incoming arrival process in Q); is a

superposition of two independent Poisson processes with rates Ag¢; and )\‘égbi. Consequently, every

a d
a)‘s - an ant packet, and with probability As
AGHAG

AL+AE

incoming packet into Q; is, with probability
a data packet. Also, under our assumptions, the queues evolve as independent M/G/1 queues.

The cumulative incoming stream into @Q; is Poisson with rate (A% + A\%)@;, and every incoming

a

packet’s service time is distributed according to the c.d.f. G¢ w.p. X,)‘ﬁ and according to the
S S
c.d.f. G? W.p. /\;\ﬁ. We assume that the input arrival rate is smaller than the service rate:
S S

(A% + A4 ¢ E[S;] < 1,5 =1,..., N (the queue stability condition). E[S;], the mean packet service

Sy . We further note that the average sojourn time
stAs

time in @, is given by E[S;] =
experienced by an ant arrival to ); is the same as the average sojourn time of packets in ); by the
PASTA (Poisson Arrival See Time Averages) property. Thus, using the Pollaczek-Khinchin formula

for the average sojourn time, we obtain the following expression for D;(z1,...,zx) (i =1,...,N)
(A& + 289 E[S]]

Di(zl, . .,ZN) = E[SZ] +
2(1- 0+ pouls)

, (25)

MG E[STIHAS BS]]
YRS

2
ALE[(S8)YHALEN(SD)]
A&+AE

where E[S;] and E[S?] are given by E[S;] =

R €1
¢z Z{cvﬂ (z)7P"

Once the expressions for D;(z1,...,2zy) are available, we can numerically solve the ODE system

, BE[S?] = , and

(24), starting with initial conditions 21(0), ..., zx(0). We observe in our simulations that if we
start the system with initial conditions such that the input arrival rate is smaller than the service

rate for each queue, this condition is satisfied thereafter during the evolution of the system.

5.1.2 Equilibrium Behavior of the Routing Algorithm

For our present case, the fixed-point system of equations (19) reduce to

P 103 R 26)

LN (Drlep)) ™

The equilibrium routing probabilities are positive and are given by the solutions to the above

equations (26). The equilibrium routing probabilities must also satisfy the conditions (A% +
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M)¢rE[S;] < 1,i = 1,...,N. We now show that the equations (26) form the necessary and
sufficient optimality conditions for an optimization problem involving the minimization of a con-
vex objective function of (¢1,...,¢nN) subject to the above mentioned constraints. A consequence
of this fact is that, if there exists a solution to equations (26) that also satisfies the mentioned

constraints, then such a solution is unique.

Consider the optimization problem

Minimize F(¢1, ..., dn) = Yoy Jo x[Dy(2)) da,
subject to ¢1 + -+ oy =1,

0 < ¢1 <ay,

0<¢N<CLN,

1

W,izl,...,]\].

where a; =

The cost function (a function of the delays) is a measure of congestion in the N links. The
feasible set C' C RY of the above optimization problem is convex. It is possible that the set C' is
empty (for a given set of values of A%, A%, and E[S%], E[S%],i = 1,..., N), which means that there
are no feasible solutions to the optimization problem in such a case. We assume in what follows

that C is nonempty.

We assume that functions D;(z) are positive, differentiable and monotonically increasing on their
domains of definition. This is true in most cases of interest, because when the routing probability
for an outgoing link increases, the amount of traffic flow into that link also increases, resulting in

an increase of the delay. We then have the following easy proposition

Proposition 1. Given the above assumption on delay functions D;(x),i =1,..., N, a probability
vector ¢* is a local minimum of F' over C if and only if ¢* satisfies the fized-point system (26). ¢*

is then also the unique global minimum of F' over C.

Proof: The Hessian of F' is a diagonal matrix given by
VF(¢1,...,0n) = diag([Dz‘(@)]ﬁ_l{Di(@) + ﬂ(biD;((bi)})v (27)

where D/(.) denotes the derivative of D;(.). Under above assumptions on D;(z)’s, V2F(¢1, ..., ¢n)

is positive definite over C, and so F' is a strictly convex function on C. Consequently, any local
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minimum of F' is also a global minimum of F' over C'; furthermore, there is atmost one such global

minimum [4].

If ¢* = (¢7,...,¢%) is a local minimum of F over C, we must have (Proposition 2.1.2 of

Bertsekas [4])

> ()6 — )20, VoeC. (28)

Let us fix a pair of indices 4,7,4 # j. Then choose ¢; = ¢f + 6 and ¢; = ¢j — 9, and let
¢r = ¢, Yk # 4, j. Now, choosing 0 > 0 small enough that the vector ¢ = (¢1,...,¢n) is also in
C, the above condition becomes

OF . OF .

or iD= &5Di(e5)”.

By a similar argument, we can show that ¢}[D; (gb;‘)]ﬁ > ¢F[D; (cb;‘)]ﬁ . Thus, the necessary conditions

for ¢* to be a local minimum are

$i[D1(67))" = ... = o§[Dn (o))"

Combining this with the normalization condition, ¢7+---+¢73 = 1, gives us the system of equations
(26).

The necessary conditions above can also be written in the form

5o @) ==

We check that these conditions are also sufficient for ¢* to be a local minimum. Suppose ¢* € C
satisfies the above conditions. Then for every other vector ¢ € C, we have Zl (i —¢7) = 0. So,

the quantity
N
oF
o) = I (g _$F) = 0.
Za@ %) 8¢1<¢>;<¢1 )
Then, because F' is convex over C, by Proposition 2.1.2 of Bertsekas [4], ¢* is a local minimum.

O

In our case, it is easy to check that functions D;(z), are positive, differentiable, and monoton-
ically increasing. Thus, if there is an equilibrium routing probability vector satisfying fixed-point

system (26), then such a vector is unique.

We have carried out a discrete event simulation of the queuing system. We present here a result

with the number of parallel links N = 3. The step size ¢ = 0.002 and § = 1. The ant and data arrival
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processes are Poisson with rates Ag = 1 and /\‘é = 1. For ant packets, service times in the queues are
exponential with means E[S{] = 1/3.0, E[S] = 1/4.0 and E[S§] = 1/5.0. For data packets also,
queue service times are exponential with the same means. Initial values of the delay estimates are
set at X1(0) = 0.8, X2(0) = 2.8, and X3(0) = 5.6. With the initial delay estimates set as above, the
initial routing probabilities are ¢1(0) = 0.7,¢2(0) = 0.2, and ¢3(0) = 0.1. In general, we choose our
initial delay estimates in a way that we satisfy the inequalities: (A% + A%)¢,E[S;] <1,i=1,...,N.

Let p; = ﬁ, be the service rate of packets in queue Q;,7 = 1,2,3. Delays D;(¢;), using
relation (25), are then given by

1
Di(¢;)) = ——— 29
where A = A\¢ + )\dS. Consequently, the fixed point equations (26) reduce to
_Ao*
R i=1,2,3,

which on simplification gives us

b Z?:l Hj

In this special case the equilibrium routing probabilities are directly proportional to the service rates
in the queues. Figures 6a, 6b, and 6¢ provide plots of the interpolated delay estimates z{(t),i =
1,2,3, in the three queues versus the components z;(t),7 = 1,2,3, of the ODE approximation
(obtained by numerically solving (24)). The components of the ODE approximation track the
delay estimates from the simulation well, for the mentioned value of e. Figures 7a, 7b, and 7c
provide plots of the routing probabilities ¢{(n), ¢5(n), and ¢§(n), respectively. The equilibrium
routing probabilities are ¢ = 3/12, ¢35 = 4/12, ¢5 = 5/12 (note that pg = 3, o =4, 3 = 5).

5.1.3 Effect of the parameter (3

We observed in Section 5.1.2 that, for a given 3, the equilibrium routing probabilities satisfy
the fixed point system (26). Lets denote the equilibrium routing probability vector by ¢*(3) =
(07(B),...,oN(B)) (a function of B). The delay function for the i-th queue is written as D;(¢;) =
D(¢;,C;), emphasizing its dependence on ¢; and on capacity C;. We keep A, )\dS fixed throughout
the discussion in this section. We assume that the delay function has the following properties: it
is positive, is a strictly increasing function of ¢; when C} is held fixed, and a strictly decreasing
function of C; when ¢; is held fixed. Also, let 5 be a nonnegative real number (instead of being a

positive integer).
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Suppose C7 > Cy = --- = Cy. Then using the relations

S (B [D@1(8), 1)) = - = dn (B[ DN (8),Cx)]”,

it can be checked that 1°

and consequently that
D(1(83),C1) < D(¢5(8),C2) = --- = D(¢n(B), Cw). (30)

We show that, as 3 increases, the routing probability on the highest capacity path also increases.
To arrive at a contradiction, lets suppose, for some small positive §3 that ¢7(5+5) < ¢7(5); then
we also have ¢5(5 + d5) > ¢5(F). This implies that

515 +38) _ $1(5)
5B+ 58) ~ o308) (3D

Using the relationships with the delays, we then have
[Dw;(mw),cg)f”ﬁ - [Dw;(ﬂ),cz)f
D(¢7(B+00),Ch) D(¢7(83),Ch)
D(¢3(6+380),Ca) _ D(é(8).C1) f”ﬂ < [210). cn]“
D(#3(8),C2)  D(¢7(B+3),C1) D(¢5(8),C2)d

Using the hypothesis and the monotonicity property of the delay function with respect to the

)

or,

routing probability, it is easy to see that the left hand side of the above inequality is greater than

one, which implies that

contradicting the relation (30). Thus, we must have ¢3(5 + d3) > ¢5(8) and ¢5(5 + §8) < ¢5(5).

We now consider an example studying what happens when 5 T co. The service times of ant
and data packets are exponentially distributed and the means in a particular queue are the same
(E[S8] = E[S4]). Then E[S;] = E[S?]; we let u; = ﬁ The delays are then given by D;(¢}) =
m—ilw;* Let the number of parallel links N = 3. The traffic parameters are A\§ = 1, /\% =1,u =

4, g = 3, ug = 3 1. The fixed point equations for the equilibrium routing probabilities then become

"More generally, if C; > C2 > --- > Cy, it can be checked that ¢5(8) > ¢3(3) > -+ > ¢ (8), so that the paths

“are ranked” according to the capacities. Then, D(¢7(8),C1) < D(¢5(8),C2) < --- < D(¢én(8),Cn).
"The service rates are proportional to the link capacities. We work with them instead of the capacities for

convenience.
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(with 6§ = ¢})
(4—207)"
(4—207)" +2 (3-2¢3)"

1—¢7
R

¢7 =

¢ =

We solve the above fixed point system in Mathematica for increasing values of 8. The equilibrium
routing probabilities are close to ¢] = %, 05 = %, o5 = % for high values of 8. It is not possible that
o7 > %, because then Dj(¢7) = ﬁ > Do(pp3) = %, which is impossible by (30). Thus it may

be surmised in this case that when 3 T oo, ¢} increases to 2/3 but never attains that value.

If we now increase the service rate in queue @)1 to u; = 6, the equilibrium routing probabilities
are close to ¢] = 1,905 = 0,¢5 = 0 for high values of 3; then all the incoming traffic is routed
through @ in steady state. It may be noted in this case, that for no ¢} € [0, 1], is it possible that
D (¢7) = Da(95).

Thus ( acts like a tuning parameter that can be used to modulate the fraction of flow on the
outgoing links under equilibrium. Higher values of § make the flows more concentrated on the
outgoing links with more capacity — in the limiting case of § T oo, as the example above shows
we can even have all the incoming flow routed to the highest capacity path. Lower values of 3
make the flows more evenly distributed on the outgoing links — in the limiting case of § = 0, the

incoming flow is perfectly split: ¢ = %,i =1,2,...,N.

5.2 The Uniform ARA Case

We now turn our attention to the case when ant packets are routed uniformly. The discussion
is brief because the same methods, as for the regular ant case, can be used to analyze this case.
Specializing to the N parallel links case the ODE approximation result (15), we have the following
ODE system

dzi(t) DY (z1(t),...,2n (1)) — 21(t)
da N ’
dzn(t DY (z1(t), ..., 2n(t)) — 2N (t)
()  Dy(za1(f),....2n N (32)
dt N ’
with appropriate initial conditions. As for the regular ants case, (5 (t) =1 2.
12Als0, instead of using the notation sz(t),D]UD(z(t))J = 1,...,N, we employ the simpler notation

z]-(t),DJU(z(t)),j =1,...,N.
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The ODE above (32) can be numerically solved once the quantities DZU (z1,...,2n),i=1,..., N,
are available for a fixed z = (z1,...,2y). For our queuing system, with identical assumptions on
the statistics of the arrival processes and the packet lengths of the ant and data streams as for the
regular ant case, we can compute the quantities DZU (21,...,2n) in an identical manner. The details

are omitted. For each i = 1,..., N, DY(z,...,zy) is given by the Pollaczek-Khinchin formula

<% + Xé@)E[Sﬂ

DY(z1,...,2n) = E[S]] + s ’
(21 n) = ElS] 2(1_(%3+X§¢¢)E[5i]>

)\a
T EIS1HAG ¢ BIST]

2 ay21 4 \d o, d)?2 -8
S BUST) I+ A5 @ PI(ST) ], and ¢; = 7]\521) —. We again
T AL

A%
3 E 82 = X a
[ v ] AWS_;,_)\dsqgi > 5=1(25)
require that the input arrival rate is smaller than the service rate for each queue: ()‘WS—F)\dqui)E[Si] <

l,i=1,...,N.

where E[S;] =

The equilibrium routing probabilities must satisfy the fixed-point system of equations
* 718
_ (DY(9)
N x\) 8’
> i1 (DY (7))

and must be all positive. It can be shown, using methods similar to those in Section 5.1.2 that if

;i (33)

there exists a solution to the equations (33) that also satisfies the conditions (/\W% + Mo E[S;] <

1,2 =1,..., N, then such a solution is unique.

We also make the following observation comparing the equilibrium routing probabilities for the
regular and the uniform ARA case for the IV parallel links network. We consider the two cases
with 8 = 1, and with identical statistics on the arrival processes and service times of the packet
streams. Service times in queue @; of ant and data packets are exponential, with identical means
E[S¢] = E[S¥]. The service rate in Q; is then p; = ﬁ = ﬁsg] For the regular ARA case, the
equilibrium routing probabilities are given in Section 5.1.2 (they are directly proportional to the

queue service rates). For the uniform ARA case, ¢f,i =1,..., N, satisfy the equations

(s d %
g = M= (3 + X500) i=1,...,N. (34)

D DA P G

These equations can be solved for the equilibrium routing probabilities

M‘—&
oF = N“ N i=1,...,N. (35)
Zj:l[/‘j_ﬁs]

For purposes of comparison, without much loss of generality, lets assume that pu; > pg > -+- >

un. We denote the vectors of equilibrium routing probabilities in the uniform and in the regular
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case by (¢*)V and (¢*)®, respectively. We can then check, by simply applying the definition, that
(¢*)F is majorised by (¢*)V, denoted by (¢*)% < (¢*)V (Marshall and Olkin [19] is a reference on
majorization theory). That is, the routing probabilities in the regular ARA case are “less spread
out”. This can be understood by observing that, when ant packets are routed uniformly, their
contribution to the average delays in the N queues are the same, and hence more uniform, than
when they are routed as in the regular case. Thus, delays in queues with higher service rates are
lower for the uniform than for the regular ARA case. The result can then be expected, because the
routing probabilities are inversely proportional to the delays. Results in a similar spirit might be

expected to hold when 8 > 1, but we haven’t been able to show this.

Stability of the ODE system. We now show for the ODE system (32) that for almost all
initial conditions, z(t) converges to the set of equilibria of the ODE, which are solutions of the
system of equations z; = DY(21,...,2x),4 = 1,...,N. We consider the special case when the
lengths of an ant and a data packet are both exponentially distributed with the same mean. Then

E[S¢] = E[Sd] for each i = 1,..., N, and we have the following expression for DY (z1,. .., zy)
1

1 (2 A (2) P ’
BT57] <N+z§il(z1~>—@>

Lets denote the right hand sides of the ODE system (32) by FY (z1(t),...,2n(t)),i=1,..., N.

DzU(Zla""ZN):

=1,...,N. (36)

A straightforward computation shows that, for j # 1,
OFY(z) _  BX(z)’
0z NTQPQ(zj)ﬁH ’

PV )\d i —B —_
where T = E[le] - (WS + %) and P = ()" Zjvzl (2) f (note that T > 0, because the
input rate is smaller than the service rate, for each 7). Thus, for j # i,
U
aZj -

We thus have a cooperative ODE system. Such ODEs have been proposed and studied as models
describing the behavior of a set of interacting agents (in our case a set of interacting queues).
Hirsch, in a series of papers, extensively studied such ODEs '3. We shall make use of results in one

of the papers in the series [16].

We first note that, if the ODE starts in the convex open set C' = {(z1,...,2n) : 21 > 0,..., 28 >

0}, it remains in that set for all time ¢ > 0. We can check this by noting that, from (36),

DY (z1,...,2n) > E[S{] =n; (say).

13In Borkar [8] it is shown to arise in other application contexts involving ODE approximations.
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Then a trajectory z(t) = (z1(t),...,2n(t)) of the ODE system (32) must satisfy the following

relations

le (t) > ny — Zl(t)
dt - N ’

dzn(t) < ny — zn(t)
dt - N ’

and so all components shall remain away from zero, once the ODE starts in C.
Also, the trajectories of our ODE system remain bounded. To see this, we note from (36) that
1

E[}Qﬂ - (Aﬁg + )‘g)

7

DY (z1,...,2n) < =m; (say).

Then a trajectory z(t) of the ODE system satisfies

le(t) < mi1 — 21 (t)
dt . N ’

dzn(t) < my — zn(t)
dt - N ’

and so must be bounded.

Consider a general ODE system @(t) = F(x(t)), with initial condition z(0) = z, evolving on an
open subset W C R"™. The flow {¢;} associated with the ODE is said to be strongly monotone [16],
if for initial conditions z,y, with = < y, ¢¢(x) < ¢:(y), for all t > 0. (For vectors p,q, p < g here

means that componentwise p; < ¢;,i =1,...,n.)

Our vector field F'V being cooperative and irreducible on the set C, by Theorem 1.5 of Hirsch
[16] the flow {¢;} is strongly monotone. Also, because the trajectories of our ODE system remain
bounded, by Theorem 4.1 of [16], the forward trajectory starting from almost any initial condition
in C approaches the set of equilibria of the ODE system. Also, by Theorem 2.4 of Hirsch, the flow

cannot have an attracting closed orbit (same as a periodic solution, since our ODE is autonomous).

6 Example: An Acyclic Network

In this section, we consider the acyclic network of Figure 5. The numbers beside the links indicate

the link capacities (Cj; units for link (4, j)). There are data packets coming in at nodes 1, 2 and
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Figure 5: An Acyclic Network

3, as Poisson processes with rates )\il, )\g, and )\g. Ant (FA) packets are coming in as a Poisson

process at node i with rate A\? (i =1,...,7).

We carry out a discrete event simulation of the network and present results for the regular ARA
case. The arrival rates of the streams are as follows: A = 2,7 =1,...,7, and )\il =6, \d =8,
and )\g = 6. The parameter 0 = 1, and the step size ¢ = 0.002. The ODE is numerically solved
following the procedure described in Sections 4.1 and 4.2. Figures 8a, 8b, and 8c provide plots of
the interpolated delay estimates 2{,(t), zs(t), and z§g(t), and alongside plots of the corresponding
components of the ODE system. The ODE approximation again tracks the interpolated delay
estimates well. Figures 9a, 9b, and 9c provide plots of the routing probabilities ¢$,(n), ¢5,(n), and
¢56(n), respectively. We note that though we initially start with a routing probability ¢{,(0) < 0.5,
the routing probability ¢{,(n) converges to a value which is greater than 0.5. This is to be expected
of a routing algorithm; the (equilibrium) routing probability on outgoing links that lie on paths
with higher capacity links should be higher. In our case, this is a consequence of the fact that
the equilibrium outgoing routing probability on an outgoing link is proportional to a decreasing

function of the estimated delay to the destination along the link.

7 Concluding Remarks

Extensions. We can extend our results to the case when we have an acyclic network, with multiple
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destinations for the incoming data traffic into the network. As usual, at every node, ant (FA)
packets would be sent out to explore delays in the paths towards each destination. The ant packets
can be routed using either the regular or the uniform ARA algorithm. Suppose that there are M
destinations overall. With assumptions (M 1) and (M 2) regarding the algorithm operation in force,
we can write down the stochastic iterative equations, describing the evolution of delay estimates
and the routing probabilities, in a form similar to equations (7) and (8). We will have a set of
equations corresponding to each of the M destinations. Let us consider first the case when the
queue Q;; associated with (7, j), is shared by all ant and data packets that are bound for various
destinations. The scheduling discipline is FIFO. In this case it can be checked that, we would again
have an ODE approximation of the form (14) for the regular ARA case ((15) for the uniform ARA
case). There is a set of equations for each of the M destinations, and the equations considered
together constitute a system of coupled ODEs. In order to compute the stationary means of delays
— D;j(2), for a given z — related to the ODE approximation, we can employ the same procedure
as in Section 4.2, with appropriate modifications. In this regard we note that we have an open
Jackson network, with M classes for the regular ARA case, and with M + 1 classes for the uniform
ARA case (data packets are routed according to routing probabilities at the nodes and ant packets
are routed uniformly). Also, the equilibrium behavior of the routing algorithm can be described in

a similar way as in Section 4.3.

The second, more general case is a per-destination queuing arrangement, which can be more
appropriate in a routing context. In this case, for a link (4, j), M separate outgoing queues Qi-“j, k=
1,..., M, are maintained, each corresponding to a particular destination. ij holds ant and data
packets that are bound for destination k. The transmission capacity of link (7, ;) is then shared
between the queues; the manner in which the sharing takes place is known as the link-scheduling
discipline. In this case, the form of the update algorithms does not change, and we can arrive at an
ODE approximation for the system as described above for the first case. However, in this case, it
might not be always possible to compute analytically the stationary mean delays. Only for certain
symmetric link scheduling disciplines like Processor-Sharing, which are analytically tractable (that

is, have joint stationary product form distributions for the number of packets in the queues; see

[20]), can we compute the stationary mean delays.

We also point out that the ODE approximation results hold whenever assumptions (A1), (A2),
and (A3) ((Al), (A2'), and (A3') for the uniform ARA case) hold. (A2) and (A3) are essentially law
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of large number-like conditions, which require that when the delay estimate vector X is considered
fixed at z, the queuing system converges to a stationary distribution. This might hold under more
general conditions on the statistics of arrival processes and packet lengths of the packet streams,
than we have considered. Under our assumptions though, we are explicitly able to compute the
quantities D;j(z) and (;(z) using results from the theory of queuing networks, and hence solve
the ODE numerically. This then enables us to compare the theoretical ODE with the piecewise
constant interpolation of the delay estimates, obtained through a discrete event simulation. In our

framework, we can also consider a slightly more general dependence of outgoing routing probabilities

9(Xij)
Zkem) 9(Xik)

valued, and nonincreasing. The analysis remains the same. An example of ¢ is g(z) = e,z > 0,

on the delay estimates: ¢;; = , where g is a continuous function, that is positive real-

where 3 is a positive integer.

Conclusions and Future Directions. In summary, in this paper we have studied the con-
vergence and the equilibrium behavior of an Ant Routing Algorithm for wireline packet-switched
networks. We have considered acyclic network models, where there are multiple sources of incoming
traffic whose packets are bound for specified destinations. We have considered stochastic models
for the arrival processes and packet lengths for the ant and incoming data streams. The link delays
are stochastic and time varying. We have shown that the evolution of the vector of delay estimates
can be tracked by an ODE when the step-size of the estimation scheme is small. We then study the
equilibrium routing behavior and properties of the equilibrium routing probabilities. We observe
that, at equilibrium, the routing probabilities are higher for outgoing links that lie on paths with
higher capacity links.

There are certain advantages of ARA algorithms, which are worth pointing out. ARA algorithms
do not require explicit knowledge of the incoming traffic rates into the network, or a knowledge
of the link capacities. Instead, ARA algorithms rely directly on online estimates of path delays
in the network, which are collected by the ant packets. This enables the algorithm to adapt to
changes in the incoming traffic rates, and/or changes in the network topology. On the other hand,
because there is a learning process to ascertain the delays (based on which the routing probabilities
are updated), the convergence of the algorithm can be slow. Further experimentation with the
step-size € is necessary, in order to enable the algorithm to be fast enough that it can react and

adapt to changes.

In our work, we have considered models where are no cycles in the network. It remains to

32



study convergence and equilibrium behavior of the algorithm when there are cycles. There are two
issues that arise. First, cycles in the network affect adversely the process of estimation of the path
delays by the ant packets. This is because the estimates can grow unbounded if there is a positive
probability of an ant packet being routed in a cycle. Second, it might happen that we converge to
an equilibrium routing solution which has loops. That is, for a given destination k, the equilibrium
routing probabilities might be such that, for a sequence of links (i1,%2),. .., (in—1,in), (in, 1) that
forms a cycle, gf)ﬁh >0,..., qun_lin > 0, qbfnil > 0. There is no reason to believe that the scheme
that we analyse in this paper can lead to a loop-free equilibrium solution. For the case when the

network has cycles, we might need to modify the scheme so that it can converge to a loop-free

routing solution which is always desirable.

8 Appendix

8.1 Proof of Convergence of the Ant Routing Algorithm

As discussed in Section 3, the evolution of the delay estimates and the routing probabilities is given

by the equations ((7) and (8))

Xij(n) = X%“l_1V+6QFM#%%@ﬂM#ﬁ<A%W%OU>—XEO%—lﬂ,
v(i,j) € L,n > 1,
_ (xm)”
ZkeN(z’) (ka(”))iﬂ

respectively, with the appropriate initial conditions.

¢5;(n) , V(i,j) € Lin>1,

We now consider the piecewise constant interpolation of { X{;(n)}, which is the process {z{;(t),t >
0}, defined by equation (9), Section 4.1. We also consider the vector-valued piecewise constant pro-
cess {z¢(t),t > 0}. This process evolves on the path space D!#I[0, 00), consisting of right-continuous

RIZl-valued functions possessing left hand limits.

The stochastic iterations (7) (considered along with (8)) are an example of constant step-size
stochastic approximation algorithms. For the proof of the ODE approximation for the algorithm,
we follow the approach as given in the textbook of Kushner and Yin [18]. We provide the proof for
the regular ant case; the proof for the uniform ant case can be similarly done. The main theorem

is the following
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Theorem 1. Under assumptions (Al), (A2), and (A3), we have the following: there exists a
subsequence {e(k)}, with e(k) | 0 as k — oo, such that the process {z®)(t)} converges weakly (as
k — o0) to a solution {z(t)} of the ODE approximation (14).

Proof: A brief outline of the proof is as follows:

e We first show that the family of processes {z°(t)},e € (0,1), is tight. Then there exists a
subsequence e(k) | 0 as k — oo, and a process {z(t)} such that {2()()} converges weakly

to {z(t)}. The process {z(t)} has Lipschitz continuous paths.

e The limit process {z(¢)} will be then shown to have the following property (z(t) has compo-
nents z;;(t), (i,7) € £). Let t,7 > 0 be arbitrary numbers, and let 0 < s1,9,...,5, < t also

be a set of arbitrary numbers. Then, for a bounded continuous function h, we show that

t+7

Elh(2(s1), 2(s2), - .., 2(5,)) (zij(t ) — 2(t) — mj(z(u))du)] =0, (37

for each (i,7) € £. This fact then implies that {z;;(t) — 2;;(0) — [y Fi;(2(u))du,t > 0}, is
a martingale with respect to the filtration generated by the process {z(t)} This martingale
process, because it has Lipschitz continuous paths, can be shown to have zero quadratic
variation [18]. It is hence a constant. Because the martingale is zero at ¢ = 0, it is identically

zero with probability one. We shall thus have the result.
The fact that (37) holds will be shown by showing that

E[h(ze(sl), 2°(s2), ... ,ze(sp))< (t+71)— z5; z5:(t) — /:JFT Fij(ze(u))du)} =0, (38)

and using the fact that {z(t)} converges weakly to {z(t)} (we are actually going through the

subsequence €(k)).

We now embark on the proof. We first show the tightness of the family {2°(¢)}, e € (0,1), using

the uniform integrability assumption.

From equation (7) we can write

Xzej(n + 1) = (1 —€ I{Ts(n+1) =i, RE(£5(n41))= ]}) ( ) +e€ I{Te(n—l—l) =i, RE(£S (n+1))= ]}A (¢zg(n + 1))
X5(n+1) < X5(n) + € [re(nin)—i R (e (n1) =y A5 (05 (0 + 1)

Iterating we can see that for every positive integer m,

n+m

X5(n4+m) < Xf;(n) +e< Z Lre (k)=i, e (g (k) =5} Qi (Vi (K )>>
k=n-+1
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Consequently, for any L > 0, we have

B1X5(n+m) - X5l < ¢ b B AGW5(0)]
k=n+1

n+m

<e) E [A%(%(’f))f{Asjwsj(k))zL}
k=n+1

+ A?j(%%‘(k))I{A;j(zp;j(k)KL}] .

Thus, for any n,n+m € {0,1,2,..., L%J} (for some fixed 0 < T' < o0), we have

B{1205 ) = 51| < me (L + sup B[ A5 005 (0) o o 00020 )

If we now let ¢t = ne and 7 = me, and noting that z{;(t) = Xf](LEJ), we have

L Bl ) = S 01] < Ly roup BAG WG 0D g g 92
The uniform integrability of the sequence {Afj (m)} allows us to choose L large enough that the
second term on the right hand side can be made as small as we like. Once L is so chosen, we can
choose 7 small enough that the first term on the right can be made as small as we like. We then
have the following result. For any 0 < T' < oo,

limlim su E[Zg-t—{—T —Z»E»t]:O.
710 €l0 Ogt,t—&-ligT | ”( ) ZJ( )

Now, because

we have

limlim  sup E[H 25(t+7) — 24(t) H] =0.
710 €l0 o<t t+7<T

The fact that this holds for every 0 < T < oo is sufficient for the family {z¢(¢)},e € (0,1), to be

tight.
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We now show the validity of (38). We have the following expression for XJ;(n)

n

X5) = X50) + € D (Tgreimymi ms(es )=y A5 (V5 (m)

m=1

—E[I{Te(m)=i,R§(€€( )=51 A5 (Y5 (m ))/]—“ﬁ(m—l)D

e > (B[ Iireomi netesomy= A% (5 (m) /F<(m = 1)
m=1
—Gi(X(m = 1)) (m — 1) Dy (X (m )+e2<2 (X(m — 1)) (m — 1) Dy (X(m — 1))

<2, (I{T%m):iﬁs(s:(m»:j}ij(m —1)
m=1
-* [I{T%m)ﬂﬂ:(&;(m))=j}ij(m —1)/F(m — 1)])

< (E [I{T€<m>=i,R§(fs<m>>:j}ij(m —1)/F(m — 1)}

m=1

—Gi(X(m = 1))i;(m — 1) Xj;(m — 1)) —e ) G(X(m—1)f(m —1)X5(m—1). (39
m=1

We can then write, using the fact that z{;(t) = X;(LEJ) for all ¢t > 0,
o Le
25(t) = z5(0) e M(m) +e Y Ni(m)+e Y GIX(m—1))g5;(m —1)Dy (X (m — 1))
m=1 m=1

e3P (m) — e 3 Q5 0m) — ¢ 3 GIX (m — 1)é6 (m — DX (m — 1),

where M (m), N (m), Pf;(m), and Qf;(m) refer to the corresponding quantities in the equation
(39) above.

t

L t
We now introduce the quantities: G{( Z 5(t) = eZTLn‘il Ni(m), G5(t) =

m=

1£]
€ Pf(m), and G(t) = € Z Q5;(m). Now the term

€ D2 G = 1)6t5(m = 1) (D (X (m = 1)) = Xglm = 1)) = [ By (@)

when ¢ is an integral multiple ne of €, and is an approximation otherwise, the approximation error

vanishing when ¢ — 0.

Hence, in order to show (38), from equation (39) and the developments above, we can see that
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all that we need to show is that

lim E[h(ze(sl), 2°(s2),...,2(sp)) <G§(t +7)—Gi(t)

e—0

+ Gt +7) = Gs(t) = [G5(t+7) = G5() + G5+ 7) = G5(1)] )| = 0.

We show that each of the summands in the expectation above tend to zero as ¢ — 0, i.e., for
1=1,2,3,4,
hmE[h(zE(sl), 2(52), ..., 25(5)) (G;(t ) — G;(t))} —0.

e—0

We start by showing that lin%E[h(zg(sl), e 25(8p)) (Gi (t+71)— G (t))} = 0. Now,

B[z (1), 2 (s2), - 2 (5p) (G +7) = G5(1)) | =
|7 ]
E[h(ze(sl),ze(SQ),...,ze(sp))<e 3 M;j(m))].
m=[%]+1
It can be checked that the sequence {ij(n)} is a martingale difference sequence with respect
to {F(n)} (that is, the sequence Tf;(n) = > _; M{;(m) is a martingale with respect to the same
filtration). It then follows that

BlR(z*(s1), 2(s2), -, () (Gt +7) = G5 (1) )] = 0

the result then also holds true when ¢ — 0.

Similarly, we can show that lim E[h(z%(s1),...,2(sp)) (Gg(t +7)— Gg(t))] =0.

e—0
The arguments for showing that lin% Elh(z(s1),...,2(sp)) (Gg(t +7)— Gg(t))} = 0 and
lin% E[h(ze(sl),...,ze(sp))(GZ(t +7) — GZ(t))] = 0, hold, are similar in nature. Consequently,

we shall discuss in detail the steps for only one of them.

Lets show that lim E[h(z%(s1),...,2(sp)) (Gg(t +7)— Gg(t))] = 0. We recall that

e—0

Gy(t+7) = Gat) = ¢ > (B Iremmi ascesomy=sy D5 (050m))/F<(m = 1)]
— G(X(m = 1))d5(m — 1)Dy(X(m ~ 1)) (40)

Now, for a scalar n > € > 0 (with n < 7), the expression on the right hand side of (40) can be
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written as

L5

Lt+(j:r1)7ij

7][ Z (E |:I{T€(m):17R§(£f( )=3} A (wlj( ))/fe(m — 1)
7=0 m=| £H1 |41

3

S| o

— G(X“(m — 1)), (m — 1) Dig(X<(m — 1>>)].

In the interval {|“27] 4+ 1,..., LMJ}, each of the summands above can be written as a

sum of the terms

B Firempmi st mp=ay A5 065 0m) /75 (m=1)] (x| 22 o (12 e 222 )
and
GO N0 DDA T) = GO (m = 1)0f6m — DDy (X G~ 1),

Choosing an 7 small enough, noting that (;(x)¢i; Dsj(x) is assumed to be a continuous function
of x (Assumption (A3)), and the fact that {2°(¢)} is tight, shows that the latter terms tend to zero

in the mean as e — 0. For the former terms, we note that for any small n > 0, the expression

LMJ
€ < )
7 > (E[I{T%m):iﬂg(s;(m)) —jy A (5;(m))/Fe(m )]

m:L@J+1
t+J77

t+Jn t+jn

€

- G(X(l Do ([——DDi(X“(L

tends to zero as € tends to zero, by Assumption (A2). We will then have lim E[h(2°(s1), ..., 2(sp))

e—0

(Gatt+7) - Gsm)l = 0. 0

8.2 Expression for (;(z)

We show here that (;(z) = ﬁ, for each ¢ € NV, for the regular ARA case. The same argument
holds for the uniform ARA case. As discussed in Section 4.2, with the delay estimate vector X
considered fixed at z, we have a single class open Jackson network. For each queue Q;; with the
arrival rate of packets A;;(z) < Cjj;, the queuing network converges to stationarity. Let Tj;, (4,7) €
L, denote the total number of packets in the queues @;; under stationarity. Let {R,} denote
the sequence of times when Tj;, (i,7) € L, returns to the state consisting of all zeros. Thus, {B,},

where B,, = R,,— R,,_1, constitutes the sequence of successive busy periods for the queuing network.
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Under our assumptions on the statistics of the arrival processes and packet lengths of the various
streams, {B,} is an ii.d. sequence, with the mean E[B;] < co. {R,} is a sequence of stopping

times for the ant Poisson arrival processes at the nodes.

For each i € N, let D;(t) = Number of FA packets that arrive at destination D by time ¢. Then

i(z) = lim 7Di(t>
Gi(2) = lim S v Dy (41)
Furthermore, we have
() = _ EDi(B1)]
) S e BID, (B @

This is intuitive, and can be established by using the Renewal Reward Theorem, with the inter-

renewal times being the sequence {B,,}.

Now, because D;(B1) = Number of ant Poisson arrivals at node i in the interval By, the mean

E[D;(B1)] = AYE[By], and so
x

Gi(z) = m (43)
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