Utility Optimal Scheduling in Processing Networks

Longbo Huang, Michael J. Neely*'*

Abstract

We consider the problem of utility optimal scheduling in general processing networks with random
arrivals and network conditions. These are generalizations of traditional data networks where commodities
in one or more queues can be combined to produce new commodities that are delivered to other parts
of the network, and can be used to model problems such as in-network data fusion, stream processing,
MapReduce scheduling, and grid computing. Scheduling actions are complicated by the underflow problem
that arises when some queues with required components go empty. In this paper, we develop a novel
methodology for constructing and analyzing online algorithms for such processing networks. Specifically,
we develop the Perturbed Max-Weight algorithm (PMW) to achieve optimal utility. The idea of PMW is
to perturb the weights used by the usual Max-Weight algorithm to “push” queue levels towards non-zero
values (avoiding underflows). We then show, using a novel combination of Lyapunov drift analysis and
duality theory, that when the perturbations are carefully chosen, PMW is able to achieve a utility that is
within O(1/V) of the optimal value for any V' > 1, while ensuring an average network backlog of O(V').
The methodology developed here is very general and can also be applied to other problems that involve

such underflow constraints.

1 Introduction

Recently, there has been much attention on developing optimal scheduling algorithms for the class of pro-
cessing networks e.g., [1], [2], [3], [4], [5]. These networks are generalizations of traditional data networks.
Contents in these networks can represent information, data packets, or certain raw materials, that need to
go through multiple processing stages in the network before they can be utilized. One example of such
processing networks is the Fork and Join network considered in [4], which models, e.g., stream processing
[6] [7], MapReduce scheduling [8], and grid computing [9]. In the stream processing case, the contents in
the network represent different types of data, say voice and video, that need to be combined or jointly com-

pressed, and the network topology represents a particular sequence of operations that needs to be conducted
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during processing. Another example of a processing network is a sensor network that performs data fusion
[10], in which case sensor data must first be fused before it is delivered. Finally, these processing networks
also contain the class of manufacturing networks, where raw materials are assembled into products [3], [5].

In this paper, we develop optimal scheduling algorithms for the following general utility maximization
problem in processing networks. We are given a discrete time stochastic processing network. The network
state, which describes the network randomness (such as random channel conditions or commodity arrivals),
is time varying according to some probability law. A network controller performs some action at every time
slot, based on the observed network state, and subject to the constraint that the network queues must have
enough contents to support the action. The chosen action generates some utility, but also consumes some
amount of contents from some queues, and possibly generates new contents for some other queues. These
contents cause congestion, and thus lead to backlogs at queues in the network. The goal of the controller
is to maximize its time average utility subject to the constraint that the time average total backlog in the
network is finite.

Many of the utility maximization problems in data networks fall into this general framework. For instance,
[11], [12], [13] [14], [15], can be viewed as special cases of the above framework which allow scheduling
actions to be independent of the content level in the queues (see [16] for a survey of problems in data
networks). By comparing the processing networks with the data networks, we note that the main difficulty
in performing utility optimal scheduling in these processing networks is that we need to build an optimal
scheduling algorithm on top of a mechanism that prevents queue underflows. Scheduling problems with such
no-underflow constraints are usually formulated as dynamic programs, e.g., [17], which require substantial
statistical knowledge of the network randomness, and are usually very difficult to solve.

In this paper, we develop a novel methodology for constructing and analyzing online algorithms for these
processing networks. Specifically, we develop the Perturbed Max-Weight algorithm (PMW) for achieving
optimal utility in processing networks. PMW is a greedy algorithm that makes decisions every time slot,
without requiring any statistical knowledge of the network randomness. PMW is based on the Max-Weight
algorithm developed in the data network context [18] [19]. There, Max-Weight has been shown to be able
to achieve a time average utility that is within O(1/V") of the optimal network utility for any V' > 1, while
ensuring that the average network delay is O(V'), when the network dynamics are i.i.d. [19]. The idea of
PMW is to perturb the weights used in the Max-Weight algorithm so as to “push” the queue sizes towards
some nonzero values. Doing so properly, we can ensure that the queues always have enough contents for the
scheduling actions. Once this is accomplished, we then do scheduling as in the usual Max-Weight algorithm
with the perturbed weights. In this way, we simultaneously avoid queue underflows and achieve good utility

performance, and also eliminate the need to solve complex dynamic programs. We show, using a novel



combination of Lyapunov drift analysis and duality theory, that when the perturbations are carefully chosen,
PMW achieves a utility that is within O(1/V") of the optimal for any V' > 1, while ensuring that the average
network backlog is O(V').

The PMW algorithm is quite different from the approaches used in the processing network literature. [1]
analyzes manufacturing networks using Brownian approximations. [2] applies the Max-Weight algorithm to
do scheduling in manufacturing networks, assuming all the queues always have enough contents. [3] develops
the Deficit Max-Weight algorithm (DMW), by using Max-Weight based on an alternative control process
for decision making. [4] formulates the problem as a convex optimization problem to match the input and
output rates of the queues, without considering the queueing level dynamics. PMW instead provides a way
to explicitly avoid queue underflows, and allows us to compute explicit backlog bounds. Our algorithm is
perhaps most similar to the DMW algorithm in [3]. DMW achieves the desired performance by bounding
the “deficit” incurred by the algorithm and applies to both stability and utility maximization problems;
whereas PMW uses perturbations to avoid deficits entirely and allows for more general time varying system
dynamics, e.g., random arrivals and random costs. Our previous work [5] introduces a similar perturbed
Lyapunov function. However, [5] treats a 1-hop manufacturing model with a simplified structure, whereas
the current work treats a model with general cost functions and possibly multi-hop dynamics. The choice of
the perturbation value is not obvious in this general context, and this paper develops a method for choosing
an appropriate perturbation. It also uses a combination of Lyapunov drift analysis and duality theory that
is different from the approach in [5].

The main contributions of this paper are summarized as follows:

e We present a general processing network model that can be used to model many problems involving the
no-underflow constraint, including manufacturing networks, stream processing, and energy harvesting
networks etc.

e We develop a general methodology for constructing online algorithms for such processing networks
based on weight perturbation in Max-Weight. Using the methodology, we develop the Perturbed Max-
Weight algorithm (PMW), and prove that PMW resolves the no-underflow constraint and achieves an
[O(1/V),O0(V)] utility-congestion tradeoff.

e We present an explicit construction of approximate PMW algorithms for networks with output reward.

e We present an explanation on why perturbation is needed for processing network problems, which
contributes to a better understanding of the interaction between queue engineering and mathematical
programming.

The paper is organized as follows: In Section 2 we set up our notations. In Section 3, we present a study

on a data processing example to demonstrate the main idea of the paper. In Section 4 we state the general



model and the scheduling problem. In Section 5 we characterize optimality, and in Sections 6 we develop the
PMW algorithm and show its utility can approach the optimum. Section 7 constructs a PMW algorithm for
a broad class of networks. Simulation results are presented in Section 8. We discuss the role of perturbation

in algorithm design for processing networks in Section 9.

2 Notations

Here we first set up the notations used in this paper: R represents the set of real numbers. Ry (or R_)
denotes the set of nonnegative (or non-positive) real numbers. R (or R ) is the set of n dimensional column
vectors, with each element being in R (or R, ). Bold symbols a and a” represent a column vector and its
transpose. a = b means vector a is entrywise no less than vector b. ||a — b|| is the Euclidean distance of a
and b. 0 and 1 denote column vectors with all elements being 0 and 1. For any two vectors a = (a1, ..., an)T

and b = (by,...,b,)7, the vector a ® b = (aby, ...,a,b,)T. Finally [a]* = max][a, 0].

3 A data processing example

In this section, we study a data processing example and develop the Perturbed Max-Weight algorithm (PMW)
in this case. This example demonstrates the main idea of this paper. We will later present the general model

in Section 4.

3.1 Network Settings

We consider a network shown in Fig. 1, where the network performs a 2-stage data processing for the arriving
data. In this network, there are two random data streams R;(t), Ra(t), which represent, e.g., sensed data
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Figure 1: LEFT: An example network consisting of three queues g1, g2, gs and two processors Pi, P,. RIGHT: The
slot structure.

that arrives, or video and voice data that need to be mixed. We assume that R;(t) = 1 or 0, equally likely,
for i = 1,2. At every time slot, the network controller first decides whether or not to admit the new arrivals.
The controller then has to decide how to activate the two processors Py, P, for data processing. We assume
that both processors can be activated simultaneously. When activated, P; consumes one unit of data from
both ¢; and ¢2, and generates one unit of fused data into ¢3. This data needs further processing that is done

by P,. When P, is activated, it consumes one unit of data from g3, and generates one unit of processed data.



We assume that each unit of successfully fused and processed data generates a profit of p(t), where p(t) is
i.i.d. and takes value 4 or 1 with equal probabilities. However, every activation of the processor P; incurs a
unit cost. The network controller’s objective is to maximize the average utility, i.e., profit minus cost, subject
to queue stability.

For the ease of presenting the general model later, we define a network state S(t) = (Ry(t), Ra(t), p(t)),

I We also denote the controller’s action at time ¢ to be

which describes the current network randomness.
x(t) = (D1(t), D2(t), I1(t), I2(t)), where D;(t) = 1 (D;(¢t) = 0) means to admit (reject) the new arrivals
into queue j, and I;(t) = 1 (I;(t) = 0) means processor P; is activated (turned off). We note the following

no-underflow constraints must be met for all time when we activate processors Py, Ps:

Ii(t) < qu(t), I (t) < qo(t), I2(t) < g3(t). (1)

That is, I1(t) = 1 only when ¢; and ¢ are both nonempty, and I>(t) = 1 only if ¢3 is nonempty. Note
that [3] is the first to identify such no-underflow constraints and propose an explicit solution that shows the
fraction of time these constraints are violated converges to zero under certain network assumptions. Here we
propose a different approach that ensures the constraints are never violated, and holds for a broader class
of problems. Subject to (1), we can write the amount of arrivals into ¢, g2, g3, and the service rates of the

queues at time ¢ as functions of the network state S(¢) and the action z(t), i.e.,
Aj(t) = A;(S(t),2(1)) = Di(0)R; (1), 5 =1,2,  As(t) = A3(S(t),2(8)) = L (1) (2)
py(t) = ps(S(8), 2(t)) = Lo(t), j=1,2, ps(t) = ps(S(t), x(t)) = La(t). (3)
Then we see that the queues evolve according to the following:
gt +1) = qi(t) —p;(t) + A;(8), 7 =1,2,3, Vt. (4)

We assume that in every time slot, each queue first supplies the contents to the associated processors. It
then receives new contents at the end of the slot. This slot structure is shown in Fig. 1. The instantaneous

utility is given by:

f(t) = f(5@), z(t)) = p(t)I2(t) — L (t) — Ix(t). (5)

The goal is to maximize the time average value of f(¢) subject to network stability.
Note that the constraint (1) greatly complicates the design of an optimal scheduling algorithm. This
is because the decision made at time ¢t may affect the queue states in future time slots, which can in turn

affect the set of possible actions in the future. In the following, we will develop the Perturbed Max-Weight

IThe network state here contains just Ry(t), Ra(t) and p(t). More complicated settings, where the amount consumed from
queues may also depend on the random link conditions between queues and processors can also be modeled by incorporating
the link components into the network state, e.g., [20].



algorithm (PMW) for this example. The idea of PMW is to use the usual Max-Weight algorithm, but
perturb the weights so as to push the queue sizes towards certain nonzero values. By carefully designing the
perturbation, we can simultaneously ensure that the queues always have enough data for processing and the

achieved utility is close to optimal.

3.2 The Perturbed Max-Weight algorithm (PMW)

We now present the construction of the PMW algorithm for this simple example (this is extended to general
network models in Section 6). To start, we first define a perturbation vector 8 = (61,0s,03)T and the

Lyapunov function L(t) = %Z?Zl[qj (t) — 0;]2. We then define the one-slot conditional drift as:

A(t) =E{L(t+1) - L(t) | q(t) }, (6)

where the expectation is taken over the random network state S(t) and the randomness over the actions.

Using the queueing dynamics (4), it is easy to obtain that:
3

A(t) < B=> E{(g;(t) = 0;)[n; (t) — A;(1)] | a(t)},
j=1
where B = % Now we use the “drift-plus-penalty” approach in [19] to design our algorithm for this problem.

To do so, we define a control parameter V' > 1, which will affect our utility-backlog tradeoff, and add to both

sides the term —VE{f(t) | q(t)} to get:
A(t) = VE{f(t) | q(t)} < B-VE{f(t) | q(t)} — Z:E{(qj(t) =0l (t) — A; ()] | a(t)}- (7)
Denote Ay () = A(t) — VE{f(t) | q(t)}, and plug (2), (3) jz;nd (5) into the above, to get:
Av(t) < B+E{Di(t)Ri(t)[ar(t) — 1] | a(t)} + E{Da(t)Ra(t)[a2(t) — 62] | a(t)} (8)
—E{L(t)lgs(t) — 05 + (p(t) = V] [ ()} — E{T1()[q1 (t) — 61 + q2(t) — 02 — (q3(t) — 03) — V] | q(t) }-

We now develop our PMW algorithm by choosing an action at every time slot to minimize the right-hand
side (RHS) of (8) subject to (1). The algorithm then works as follows:
PMW: At every time slot, observe S(t) and q(t), and do the following:

1. Data Admission: For each j = 1,2, choose D;(t) =1, i.e., admit the new arrivals to ¢; if:

q; (t) — Gj <0, (9)

else set D;(t) = 0 and reject the arrivals.

2. Processor Activation: Choose I (t) = 1, i.e., activate processor Py, if ¢;(t) > 1, g2(t) > 1, and that:

q1(t) — 01+ q2(t) — 02 — (q3(t) — 63) =V >0, (10)



else choose I (t) = 0. Similarly, choose I5(t) = 1, i.e., activate processor Py, if ¢3(t) > 1, and that:
a3(t) — 03+ (p(t) — 1)V >0, (11)

else choose I1(t) = 0.

3. Queueing update: Update g;(t), V¥ j, according to (4).

One important thing to notice here is that if we use the usual Max-Weight algorithm, i.e., do not use
perturbation and set 6; = 0, Vj, then (9) implies that we admit a new arrival to ¢; only when ¢; < 0,
which is impossible because ¢;(t) > 0 for all t. Hence, this example clearly demonstrates the fact that the
usual Max-Weight may not be applicable to processing network problems. Below, we show that the use of

perturbation effectively resolves this problem.

3.3 Performance of PMW

Here we analyze the performance of PMW. We will first prove the following important claim: wunder a
proper 0 vector, PMW minimizes the RHS of (8) over all possible policies of arrival admission and processor
activation, including those that choose actions regardless of the constraint (1). We then use this claim to
prove the performance of PMW, by comparing the value of the RHS of (8) under PMW versus that under
an alternate policy.

To prove the claim, we first see that the policy that minimizes the RHS of (8) without the constraint (1)
differs from PMW only in the processor activation part, where PMW also considers the constraints ¢; (t) > 1,
g2(t) > 1 and ¢3(t) > 1. Thus if one can show that these constraints are indeed redundant in the PMW
algorithm under a proper 6 vector, i.e., one can activate the processors without considering them but still
ensure them, then PMW minimizes the RHS of (8) over all possible policies. In the following, we will use

the following 6; values:
0, =2V+1, =2V +1, 03=3V+1. (12)

We will also assume that ¢;(0) = 1 for all j = 1,2,3. Note that this can easily be satisfied by storing an
initial backlog in the queues.

We now look at the queue sizes ¢;(t),j = 1,2,3. From (11), P» is activated, i.e., I5(t) = 1 if and only if:
g3(t) = 03 — (p(t) = 1)V +1, and gs(t) = 1. (13)

Since p(t) —1 = 3 or 0, we see that I5(t) = 1 whenever g3(t) > 05 +1, but I>(¢) = 0 unless ¢3(t) > 03 —3V +1.

Since g3 can receive and deliver at most one unit of data at a time, we get:

93 + 1 Z Q3(t) Z 93 - 3V, Y t. (14)



Using 03 = 3V + 1, this implies:
3V+2>¢q3(t) >1, Vit (15)

This shows that with 83 = 3V + 1, the activations of P, are always feasible even if the constraint gs(¢) > 1

is removed. We now look at ¢ (t) and g2(t). We see from (9) that for 61,62 > 0, we have:
q;(t) <0;, j=1,2. (16)
Also, using (10) and (14), it is easy to see that when I(¢) = 1, i.e., when Pj is turned on, we have:
q1(t) — 01 +q2(t) — 02 > q3(t) — 03 +V > -2V, (17)
Combining (17) with (16), we see that if I;(¢) = 1, we have:
gi(t)>2, j=1,2. (18)
This is so because, e.g., if ¢1(t) <1, then ¢1(t) — 61 <1 —60; = —2V. Since ¢2(t) — 62 < 0 by (16), we have:
q1(t) = 01+ q2(t) — 02 < =2V — 0= -2V,
which cannot be greater than —2V in (17). Thus, by (15), (18), and the fact that ¢;(0) > 1, ¥ j, we have:
Gt >1, j=1,23 V¢ (19)

This shows that by using the 6, values in (12), PMW automatically ensures that no queue underflow happens,
and hence PMW minimizes the RHS of (8) over all possible policies.

Given the above observation, the utility performance of PMW can now be analyzed using a similar
argument as in [5]. Specifically, we can first prove that there exists a stationary and randomized policy which
chooses scheduling actions purely as a function of S(t), and achieves E{y;(t) — 4;(t) | g(t)} = 0 for all j and
E{f(t)| q(t)} = fi, = %, where f7, is the optimal average utility. Then we can compare the drift under
PMW with that under this optimal policy. Note that this analysis approach would not have been possible

here without using the perturbation to ensure (19). Now plugging this policy into (7), we obtain:
A(t) - VE{f(t) |at)} < B -V, (20)

Taking expectations over q(t) on both sides and summing it over t = 0,1,...,7 — 1, we get:

E{L(T) — L(0)} —Vz_:E{f(t)} <TB-VTf:, (21)
t=0

Now rearranging the terms, dividing both sides by VT, and using the fact that L(t) > 0, we get:

=1 E{L(0
= > E(S0)} 2 1 - 5_ELO} (22)



Taking a liminf as T' — oo, and using ]E{L(O)} < 00,

= B
PMW _ 1. . *
i —lggloréff E ]E{f(t)} Zfav_Va (23)

t=0
where fEMW denotes the time average utility achieved by PMW. This thus shows that PMW is able to
achieve a time average utility that is within O(1/V) of the optimal value, and guarantees ¢;(t) < O(V) for all
time (recall equations (12), (15) and (16)). Note that PMW is similar to the DMW algorithm developed in
[3]. However, DMW allows the queues to be empty when activating processors, which may lead to “deficit,”
whereas PMW effectively avoids this by using a perturbation vector.

In the following, we will present the general processing network utility optimization model, and analyze the

performance of the general PMW algorithm under this general model. Our analysis uses a novel combination

of Lyapunov drift analysis and duality theory, and will be different from that used above.

4 General System Model

In this section, we present the general network model. We consider a network controller that operates a
general network with the goal of maximizing the time average utility, subject to the network stability. The

network is assumed to operate in slotted time, i.e., ¢ € {0,1,2,...}, and contains r > 1 queues.

4.1 Network State

In every slot t, we use S(t) to denote the current network state, which indicates the current network pa-
rameters, such as a vector of channel conditions for each link, or a collection of other relevant information
about the current network links and arrivals. We assume that S(t) is i.i.d. every time slot, with a total
of M different random network states denoted by S = {s1,2,...,s0m}. 2 We let 75, = Pr{S(t) = s;}.
The network controller can observe S(t) at the beginning of every slot ¢, but the m,, probabilities are not

necessarily known.

4.2 The Utility, Traffic, and Service

At each time ¢, after observing S(t) = s; and the network backlog vector, the controller performs an action

z(t). This action represents the aggregate decisions made by the controller at ¢, which can include, e.g., in

the previous example, the set of processors to turn on, or the amount of arriving contents to accept, etc.
We denote X'(*:) as the set of all possible actions for network state s;, assuming all the queues contain

enough contents to meet the scheduling requirements. Note that we always have z(t) = ) for some

2Note that all our results can easily be extended to the case when S(t) evolves according to a finite state aperiodic and
irreducible Markov chain, by using the results developed in [21].



25 € X(5)) whenever S(t) = s;. The set X(*?) is assumed to be time-invariant and compact for all s; € S.
If the chosen action z(t) = z(51) at time ¢ can be performed, i.e., it is possible and all the queues have enough

contents, then the utility, traffic, and service generated by x(t) are as follows: 3

(a) The chosen action has an associated utility given by the utility function f(t) = f(s;, 2()) : X i R;

(b) The amount of contents generated by the action to queue j is determined by the traffic function
A;(t) = Aj(si, 2(9) : G s R | in units of contents;
(c) The amount of contents consumed from queue j by the action is given by the rate function pu;(t) =

(s, 2(5)) : XG5 R | in units of contents.

Note that A;(t) includes both the exogenous arrivals from outside the network to queue j, and the endogenous
arrivals from other queues, i.e., the newly generated contents by processing contents in some other queues,
to queue j. We assume the functions f(s;,-), p;(si,-) and A;(s;,-) are continuous, time-invariant, their
magnitudes are uniformly upper bounded by some constant d,,q. € (0,00) for all s;, j, and they are known
to the network operator. Note that these assumptions are not restrictive. In practice, e.g., in a manufacturing
network, or in a stream processing system, the amount of contents consumed from or generated for a queue
under a particular action, is typically known to the operator and is finite. Thus, the network operator can
easily measure the traffic functions A;(s;, -) and the service functions y;(s;,-). In many cases, e.g., the one in
Section 7, the operator also knows its utility functions f(s;,-), or can easily estimate them via measurements
over time.

In any actual algorithm implementation, however, we see that not all actions in the set X?) can be
performed when S(t) = s;, due to the fact that some queues may not have enough contents for the action.
We say that an action z(*) € X(59) is feasible at time t with S(t) = s; only when the following general

no-underflow constraint is satisfied:

qj(t) > /Lj(siax(Si))’ V. (24)

That is, all the queues must have contents greater than or equal to what will be consumed. Note that due
to this no-underflow constraint, some actions in X**) may not be possible to execute at time ¢t. Thus, we

assume that each set X'(59) contains an idle action, which always ensures (24) and makes no contribution to

}k 1’2’ * with i,(:i) € X and some

the utility. # We also assume that there exists a set of actions {a:
variables a\*") > 0 for all s; and k with 3772 4" = 1 for all s;, such that:

r+2

Zﬂs {Z“(S Aj(sin @) = (i 37} < =, (25)

3Here we implicitly assume that each action takes only one unit time. We will further discuss this issue in Section 4.4.

4This assumption is typically satisfied in practical systems. It is made to ensure that the system does not go into a deadlock
mode where nothing is possible. For instance, in the example in Section 3, an idle action is to not admit any data and not
activate any processor.
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for some 7 > 0 for all j. That is, the “stability constraints” are feasible with n-slack.

4.3 Queueing, Average Cost, and the Objective

Let q(t) = (q1(t),...,q-(t))T € R7., t =0,1,2,... be the queue backlog vector process of the network, in units
of contents. Due to the feasibility condition (24) of the actions, we see that the queues evolve according to

the following dynamics:
qi(t+1) = q;(t) = p;(t) + A;(t), Vi, t =0, (26)

with some ||g(0)|| < co. Note that using a nonzero ¢;(0) can be viewed as placing an “initial stock” in the
queues to facilitate algorithm implementation. We assume a slot structure as shown in Fig. 1. In this paper,
we adopt the following notion of queue stability:

L =

qzllgng;;E{%(T)} < 0. (27)

We also use fII to denote the time average utility induced by an action-choosing policy II, defined as:
=
av = liminf - S E{M(7)}, (28)
=0
where f!(7) is the utility incurred at time 7 by policy II. We call an action-choosing policy feasible if at
every time slot t it only chooses actions from the possible action set X(5(1) that satisfy (24). We then call
a feasible action-choosing policy under which (27) holds a stable policy, and use f, to denote the optimal
time average utility over all stable policies.

In every slot, the network controller observes the current network state and the queue backlog vector, and
chooses a feasible control action that ensures (24), with the objective of maximizing the time average utility
subject to network stability. Note that if (24) can be ignored, and if any processor only requires contents from
a single queue, then this problem falls into the general stochastic network optimization framework considered

in [19], in which case it can be solved by using the usual Max-Weight algorithm to achieve a utility that is

within O(1/V) of the optimal while ensuring that the average network backlog is O(V).

4.4 Discussion of the Model

We note that the model is very general and can be used to model many problems that involve such no-
underflow constraints. For instance, manufacturing networks where parts are assembled into products, or
energy harvesting networks that are powered by finite capacity energy storage devices.

Our model assumes a slot structure of the network. This implicitly implies that all the network actions
must consume only one unit time. However, in many applications, e.g., stream processing, different processors

may take different amounts of time to process different data. Although this problem can easily be incorporated

11



into our network by using a large enough slot length, such an easy fix may lead to utility loss. Quantifying
the utility loss due to slot length selection and designing algorithms that allow for arbitrary heterogeneous

action times are interesting problems of our future research.

5 Upper bounding the optimal utility

In this section, we first obtain an upper bound of the optimal utility that the network controller can achieve.
This upper bound will later be used to analyze the performance of our algorithm. The result is summarized

in the following theorem.

Theorem 1. Suppose that the initial queue backlog q(t) satisfies E{q;(0)} < oo for all j =1, ...,r. Then,

Ve < 0%, (29)
where ¢* is the optimal value of the following deterministic optimization problem:
r42
max: ¢= Z s,V Z a,(:i)f(si, x,(:"')) (30)
EN k=1
r+2 r+2
ZWQ Zaé&)A (si, (Sl ZW9, Zaé& 15 ( 5179359&))7 (31)
xgjl € X(Si Vs, k, (32)
af? > 0,¥si,k, > al’) =1,¥s;. (33)
Proof. See Appendix A. O

Note that the problem (30) only requires that the time average input rate into a queue is equal to its time
average output rate. This requirement ignores the action feasibility constraint (24), and makes (30) easier

to solve than the actual scheduling problem. We now look at the dual problem of the problem (30). The

following lemma shows that the dual problem of (30) does not have to include the variables {a } r+2
This lemma will also be useful for our later analysis.
Lemma 1. The dual problem of (30) is given by:

min: g(v), st vy€R" (34)

where the function g(y) is defined:

9= swp Z%{st () —Z%‘[Aj(sm(“))—uj(si,fc(s'i))}} (35)
x(si) e X (si j

Moreover, let v* be any optimal solution of (34), we have: g(~v*) > ¢*.

Proof. See Appendix B. O
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In the following, it is useful to define the following function:

sl = sy AV )= At - s,z . (36)

z(si) e x(si)
That is, gs, () is the dual function of (30) when there is a single network state s;. We can see from (35) and

(36) that:

= Z Ts;Gs; (7) (37)

In the following, we will use v* = (7%, ...,7)T to denote an optimal solution of the problem (34).

6 The general perturbed max-weight algorithm and its perfor-
mance

In this section, we develop the general Perturbed Max-Weight algorithm (PMW) to solve our scheduling
problem. To start, we first choose a perturbation vector @ = (f1,...,0,)T. Then we define the following

weighted perturbed Lyapunov function with some positive constants {w;}7_;

= %ij(Qj(t) —0;)". (38)

We then define the one-slot conditional drift as in (7), i.e., A(t) = E{L(t+1)— L(t) | q(t)}. We will similarly
use the “drift-plus-penalty” approach in Section 3 to construct the algorithm. Specifically, we first use the

queueing dynamic equation (26), and have the following lemma:
Lemma 2. Under any feasible control policy that can be implemented at time t, we have:
A(t) = VE{f(t) | a(t)} < B~ VE{f(1) | q ij (a;(0) = 03)E{ [ () = 4; (0] | 4}, (39)
where B = 67, >0y w5
Proof. See Appendix C. O

The general Perturbed Max-Weight algorithm (PMW) is then obtained by choosing an action x(t) €

XSW) at time t to minimize the right-hand side (RHS) of (39) subject to (24). Specifically, define the

function Dés_;)( p(@) as:

Déf;)(t)( Y2V f(si,x)+ Zw] q;(t [,u](sl,a:) — Aj(si,x)}. (40)
We see that the function D) (z) is indeed the term inside the conditional expectation on the RHS of (39)

0,q(t)
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when S(t) = s;. We now also define Désfl)(i) to be the optimal value of the following problem:

max : D((;;)(t)(x), s.t., 20 e x60), (41)

Hence D(g )(t) is the maximum value of Dé‘f;)(t) over all possible policies, including those that may not
consider the no-underflow constraint (24). The general Perturbed Max-Weight algorithm (PMW) then works
as follows:

PMW: Initialize the perturbation vector 8. At every time slot ¢, observe the current network state S(t)
and the backlog q(t). If S(t) = s;, choose x(59) € X(*) subject to (24) that minimizes Dés (t)( x).

Note that depending on the problem structure, the PMW algorithm can usually be implemented easily,
e.g., [5], [12]. Now we analyze the performance of the PMW algorithm. We will prove our result under the

following condition:

Condition 1. There exists some finite constant C' > 0, such that at every time slot t with a network state

S(t), the value of De q(t;( ) under PMW is at least Désq(zg* - C.

The immediate consequence of Condition 1 is that PMW also minimizes the RHS of (39), i.e., the con-
ditional expectation, to within C' of its minimum value over all possible policies. If C' = 0, then PMW
simultaneously ensures (24) and minimizes the RHS of (39), e.g., as in the example in Section 3. However,
we note that Condition 1 does not require the value of D( (E)))( ) to be exactly the same as Désézg* This
allows for more flexibility in constructing the PMW algorithm (See Section 7 for an example). We also note
that Condition 1 can be ensured, e.g., by carefully choosing the ; values to ensure ¢;(t) > 6,4, for all time
[6]. We will show that, under Condition 1, PMW achieves a time average utility that is within O(1/V) of f*,,
while guaranteeing that the time average network queue size is O(V) 4 >, w;60;, which is O(V) if @ = (V)

and w; = O(1), Vj. The following theorem summarizes PMW’s performance results.

Theorem 2. Suppose that (25) holds, that Condition 1 holds, and that E{qj(O)} <oo foralj=1,..,r
Then under PMW, we have: °

puw o g BH+C

- 42

av —_ av V ) ( )
B+C+2Vimar

qPMW < + “!;7 + Z wjej- (43)

Here B = 62, > j=1 Wy, 1 is the slackness parameter in Section 4.2, PMW s defined in (28) to be the time
average expected utility of PMW, and g&MW s the time average expected weighted network backlog under

PMW, defined:

"MW A limsup - Ziwﬂ@{q]

[ p— )

5Easy to see that (43) ensures (27), hence the network is stable under PMW.
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Proof. See Appendix D. O

Theorem 2 shows that if Condition 1 holds, then PMW can be used as in previous networking problems,
e.g., [12], [13], to obtain explicit utility-backlog tradeoffs. Note that in Theorem 2, B = ©(1), i.e., independent
of V. Moreover, in many cases, we also have C'= (1) and }_; w;0; = O(V). In this case, Theorem 2 states
that PMW indeed achieves an [O(V'), O(1/V)] utility-backlog tradeoff for processing network problems. A
condition similar to Condition 1 was assumed in [2]. However, [2] only considers the usual Max-Weight
algorithm, under which case (24) may not be satisfied for all time. PMW instead resolves this problem by
carefully choosing the perturbation vector. One such example of PMW is the recent work [5], which applies
PMW to an assembly line scheduling problem and achieves an [O(1/V), O(V)] utility-backlog tradeoff.

We emphasize that though the results in Theorem 2 are similar to those in the data network problems [19],
the proof techniques are very different. Our analysis uses a novel combination of Lyapunov drift analysis and
duality theory, and allows one to obtain the performance result without proving the existence of an optimal

stationary and randomized policy.

7 Constructing PMW for networks with output reward

In this section, we look at a specific yet general processing network model, and explicitly construct a PMW

algorithm, including finding the proper @ vector and choosing actions at each time slot.

7.1 Network Model

We assume that the network is modeled by an acyclic directed graph G = (Q,P,L). Here Q = Q° U Q"
is the set of queues, consisting of the set of source queues Q° where arrivals enter the network, and the
set of internal queues Q™™ where contents are stored for further processing. P = P™ U P° is the set of
processors, consisting of a set of internal processors P, which generate partially processed contents for
further processing at other processors, and output processors P°, which generate fully processed contents
and deliver them to the output. L is the set of directed links that connects @ and P. Note that a link only
exists between a queue in Q and a processor in P. We denote N/ = [P™|, N = |P°| and N, = N}" + Ny.
We also denote Nj = |Q°|, Ni* = |Q™| and Ny = NJ + N/

Each processor P,,, when activated, consumes a certain amount of contents from a set of supply queues,
denoted by QF, and generates some amount of new contents. These new contents either go to a set of demand
queues, denoted by QF| if P, € P™, or are delivered to the output if P, € P°. For any queue ¢; € Q, we use
IP’jS to denote the set of processors that g; serves as a supply queue, and use ]P’]D to denote the set of processors

that g; serves as a demand queue. An example of such a network is shown in Fig. 2. In the following, we
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assume that |QP| =1,V P, € P, i.e., each processor only generates contents for a single demand queue.

We use 8,,; to denote the amount processor P, consumes from a queue g; in Q2 when it is activated. For

D

each P; € P, we also use ayj, to denote the amount P; generates into the queue gy if ¢, = QP when it is
activated. For a processor P, € P°, we use oy, to denote the amount of output generated by it when it is
turned on. © We denote Binqx = max; ; Bij, Bmin = min; ; Bij and ayper = max; j [y, 2io]. We assume that
Bmins Bmazs Omaz > 0. We also define M), to be the maximum number of supply queues that any processor
can have, define M, g to be the maximum number of processors that any queue can serve as a demand queue
for, and define M to be the maximum number of processors that any queue can serve as a supply queue for.
We use R;(t) to denote the amount of contents arriving to a source queue ¢; € Q° at time ¢. We assume
R;(t) is i.i.d. every slot, and that R;(t) < R, for all ¢g; € Q° and all t. We assume that there are no

exogenous arrivals into the queues in Q.

R2 >
. Output 1
R3 P
(@) ~
R4 ,‘
T q ‘Output2
—>

Figure 2: A general processing network. A dotted line between two processors means that the processors share some
common resources and thus cannot be activated at the same time.

We assume that in every slot ¢, admitting any unit amount of R;(¢) arrival incurs a cost of ¢;(t), and that
activating any internal processor P; € P™ incurs a cost of C;(t), whereas activating any output processor
Py, € P° generates a profit of pi(t) per unit output content. © We assume c;(t), C;(t), pr(t) are all i.i.d. every
time slot. In the following, we also assume that ppin < pi(t) < Pmas, and that ¢ < ¢ () < Cmae and
Cin < Ci(t) < Chyae for all k, j, i and for all time.

Below, we use I,(t) = 1 to denote the activation decision of P, i.e., I,(t) = 1 (I,(t) = 0) means that
P, is activated (turned off). We also use D,(t) € [0, 1] to denote the portion of arrivals from R;(t) that are
admitted into g;. We assume there exist some general constraint on how the processors can be activated,
which can be due to, e.g., resource sharing among processors. We model this constraint by defining an
activation vector I(t) = (I1(t),...,In,(t)), and then assume that I(t) € Z for all time, where Z denotes the

set of all possible processor activation decision vectors, assuming all the queues have enough contents for

6Note that here we only consider binary actions of processors, i.e., ON/OFF. Our results can also be generalized into the
case when there are multiple operation levels under which different amount of contents will be consumed and generated.
"This can be viewed as the difference between profit and cost associated with these processors.
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processing. We assume that if a vector I € Z, then by changing one element of I from one to zero, the newly
obtained vector I’ satisfies I’ € Z. Note that the chosen vector I(t) must always ensure the constraint (24),
which in this case implies that I(t) has to satisfy the following constraint:

> Li()Bnjy Vi=1,..7 (44)

nGPS

Under this constraint, we see that the queues evolve according to the following queueing dynamics:

G(t+1)=q;(t) = > L(t)Bn; + Di(t)R;(t), Vj € Q°,

nE]P’f
Gt+1)=qi(t) = Y Lit)Bnj+ D In(t)an;, Vj € Q™.
nE]P’;.9 nE]P’JD

Note that we have used j € Q to represent ¢; € Q, and use n € P to represent P, € P in the above for

notation simplicity. The objective is to maximize the time average of the following utility function:

F6) 2 Ltprake — > Dit)Ri(t)e;(t) — > L(H)Ci(t). (45)

kepe jeQs iEPin

Our model with the objective function (45) can be used to model applications where generating completely

processed contents is the primary target, e.g., [5].

7.2 Relation to the general model

We see that in this network, the network state, the action, and the traffic and service functions are as follows:
e The network state is given by: S(t) = (¢;(t),j € Q°, Ci(t),i € P™, pi(t), k € P°).
o The action z(t) = (D,(t),j € Q°,I,(t),n € P).
e The arrival functions are given by: A;(t) = A,;(S(t),z(t)) = D;(t)R;(t), Yq; € Q°, and A;(t) =
Aj(S(t),2(1)) = Lpepr In(H)an;, Vg; € Q™.

e The service functions are given by: p;(t) = p;(S(t),z(t)) = ZnelP’f I,(t)Brj, VY 3j.

Thus, we see that this network model falls into the general processing network framework in Section 4, and
Theorem 2 will apply in this case. Therefore, to ensure the algorithm performance, we only have to construct

our PMW algorithm to ensure that Condition 1 holds. Also note that in this case, we have:
6max = max [Vmam7 Npopmamamamy N;Rmamcmam + N;ncmaar} . (46)
Here 1,4, is defined:

Vmazx £ max [Mgamaxa Riae, M;/Bmax] . (47)
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7.3 The PMW algorithm

We now obtain the PMW algorithm for this general network. In this case, we will look for a perturbation
vector that is the same in all entries, i.e., @ = 01. We first compute the “drift-plus-penalty” expression using
the weighted perturbed Lyapunov function defined in (38) under some given positive constants {w;}’_; and

some nonzero constant 6:

A) = VE{f(t) [q(t)} <B =Y E{w;[g;(t) = 0] [ Y In(t)Bn; — R;()D;(1)] | a(t)} (48)
JEQS neps
— Z E{’LUJ q] Z I ﬂn] Z I O[n] |q( )}
jEQI™ nEIP’s nEIPD
~VE{ Y L(t)pr(t)oro — Y Dj( ci(t)— > LHCi(t) [ q(t)}.
kePpe Jjees igpin

Here B =62,,. > ; wj with 8,0, defined in (46). Rearranging the terms in (48), we get the following:

A(t) - VE{f(t) lq(t)} < B+ > B{[Ve;(t) +w;(g;(t) — )| D;(t)R;(t) | q(t)} (49)
JjEQS
= E{L(t)[ D wjlg;(t) — 0)Bk; + Vpr(tawo] | q(t)}
kepe je@s
— ST B Y wyias(t) — 0)By — wnlan(t) — Oam — VCi(t)] | a(t)}-
iepin jEQ?

Here in the last term g, = QP. We now present the PMW algorithm. We see that in this case the Désé%( )

function is given by:

DN (@) = = > [Vey(t) +w;(a;(t) = O] D;(OR; () + Y T Y w;la;(t) = 0)Brs + Vr(t)ao)

s EET
+ ) L[ Y wilg;(t) — 0)8i; — wilan(t) — O)awn — Vi) (50)
i€Pin JEQ?

Our goal is to design PMW in a way such that under any network state S(t), the value of Désézg( ) is close

to Déséfzi*(x), which is the maximum value of Désézg (x) without the underflow constraint (44), i.e

D(S(t))*(x) _ D(S(t))(x).

0.q(t) Dj(t)er[g,albfl(t)ez 0.q(t)

Specifically, PMW works as follows:
PMW: Initialize 0. At every time slot t, observe S(¢) and g(t), and do the following:

1. Content Admission: Choose D;(t) =1, i.e., admit all new arrivals to ¢; € Q° if:

Vej(t) +wj(g;(t) —0) <0, (51)

else set D;(t) = 0.
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2. Processor Activation: For each P; € P, define its weight Wi(m) (t) as:

W) = [ 3 wila;(#) = 61855 — walan(t) = Blasn — VCi()] (52)

q;€Q7
where g5, = QP. Similarly, for each P, € P°, define its weight Wéo) (t) as:
+
W) = [ 3 wila;(®) 0Bk + Vou(tomo] (53)
q; €QF
Then, choose an activation vector I(t) € Z to maximize:

wt)2 S Low ™ m+ Y W), (54)

iepin kepe
subject to the following queue edge constraints:
(a) For each P; € P, set I;(t) = 1, i.e., activate processor P;, only if:
® qj(t) > M;Bmaz for all g; € Q7 & qn(t) < 0, where g, = QP.
(b) For each Py, € P°, choose Ii(t) =1 only if:

e g;(t) > M Binax for all g; € Qf.

The approach of imposing the queue edge constraints was inspired by the work [22], where similar constraints

are imposed for routing problems. Note that without these queue edge constraints, then PMW will be the
i)

same as the action that maximizes D((;q( ‘

)(x) without the underflow constraint (44). Maximizing the quantity
(54) in general can be NP-hard and requires centralized control [19]. However, if the processors do not conflict
with each other, then we can easily maximize (54) by activating all the processors that have positive weights.
Moreover, one can look for constant factor approximation solutions of (54), e.g., [23]. Such approximation

results can usually be found in a distributed manner in polynomial time, and one can show that PMW

achieves a constant factor of the optimal utility in this case [19].

7.4 Performance

Here we show that PMW indeed ensures that the value of Déséfz; (x) is within some additive constant of

Désézzg*(m). In the following, we denote w4 = max; w; and W, = min; w;. We also assume that:

|4 mazxFmazx |4 min .
Gmoxlmaz | LM 4 AL B (55)

WininBmin Wmin

GZmax[

We also assume that the {w;}7_; values are chosen such that for any processor P; € P with the demand

queue g, we have for any supply queue ¢; € Q7 that:
wjﬂij Z WhHOGR - (56)

We note that (55) can easily be satisfied and only requires § = ©(V). A way of choosing the {w;}7_; values

to satisfy (56) is given in Appendix E. Note that in the special case when f;; = a;; = 1 for all 4, j, simply
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using w; = 1, Vj meets the condition (56).
We first look at the queueing bounds. By (51), ¢; admits new arrivals only when g;(t) < 6 — Vemin/w;.
Thus:

qi(t) <0 —Vemin/wj + Rmaz, YV q; € Q°,t (57)
Now by the processor activation rule, we also see that:
0<q(t) <O+ Mlomas, Vq; €Q" 1. (58)

This is because under the PMW algorithm, a processor is activated only when all its supply queues have
at least M Bmqq units of contents, and when its demand queue has at most ¢ units of contents. The first
requirement ensures that when we activate a processor, all its supply queues have enough contents, while the
second requirement ensures that ¢;(t) < 6+ M, jamw. Using the definition of V4, in (47), we can compactly

write (57) and (58) as:
0 S QJ(t) S 0 + Vmazx v q; € Q,t (59)

Recall that by the discussion in Section 7.2, the problem described in this section falls into the general
framework presented in Section 4. Hence, to prove the performance of the PMW algorithm, it suffices to

prove the following lemma, which shows that Condition 1 holds for some finite constant C' under PMW.

Lemma 3. Suppose (55) and (56) hold. Then under PMW, Désézzg(x) > Désééx*(x) — C, where C =

prmaprVmazﬂmax .
Proof. See Appendix F. O
We now use Theorem 2 to have the following corollary concerning the performance of PMW in this case:

Corollary 1. Suppose (25), (55) and (56) hold. Then under PMW, (59) holds, and that:

. B+C
zf;MW Z fav - % ) (60)
B+ C+2Vs d
qPMW S + + mazxr +92wj7 (61)
n =
where C' = NpWmazMpVmazBmaz s lf;MW and QPMW are the time average expected utility and time average

expected weighted backlog under PMW, respectively, and Opmqq is given in (46). B

Also, since (55) only requires § = O(V), and w; = O(1) for all j, we see that PMW achieves an
[O(1/V),O(V)] utility-backlog tradeoff in this case.
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8 Simulation

In this section, we simulate the example given in Fig. 2. In this example, we assume each R;(t) is Bernoulli
being 0 or 2 with equal probabilities. For each P; € P, i.e., P, Py, P3, C;(t) is assumed to be 1 or 10
with probabilities 0.3 and 0.7, respectively. For the output processors P, € P°, i.e., Py and Ps, we assume
that pg(t) = 1 or 5 with probabilities 0.8 and 0.2, respectively. We assume that each processor, when
activated, takes one unit of content from each of its supply queues and generates two units of contents into
its demand queue (or to the output if it is an output processor). Due to the activation constraints, P;
and P, can not be activated at the same time. Also only one among Pj, P, Ps can be turned on at any
time. Note that in this case, we have ¢;(¢t) = 0 for all source queues ¢;. It is easy to see that in this case
M, =M; = M;l = 2, Bmaz = Bmin = 1, and aupnee = 2. Using the results in the above, we choose wg = 1,
w) = wy = ws = 2, wy = ws = 4. We also use § = 10V according to (55). We simulate the PMW algorithm
for V € {5,7,10,15,20,50,100}. Each simulation is run over 5 x 105 slots.

Fig. 3 shows the utility and backlog performance of the PMW algorithm. We see that as V increases,
the average utility performance quickly converges to the optimal value. The average backlog size also only

grows linear in V. Fig. 3 also shows three sample path queue processes in the first 10* slots under V' = 100.
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Figure 8: LFET: Utility and backlog performance of PMW. RIGHT: Sample path backlog processes with V' = 100.

We see that no queue has an underflow. This shows that all the activation decisions of PMW are feasible.
Tt is also easy to verify that the queueing bounds (57) and (58) hold. We observe in Fig. 3 that the queue
sizes usually fluctuate around certain fixed values. Similar “exponential attraction” phenomenon has been
observed in prior work [20]. Hence our results can also be extended, using the results developed in [20], to

achieve an average utility that is within O(1/V') of the optimal with only ©([log(V)]?) average backlog size.

9 Perturbation and Tracking the Lagrange Multiplier

Note that although the main difference between the PMW algorithm and the usual Max-Weight algorithm is

the use of the perturbation vector 8, this seemingly small modification indeed has a large effect on algorithm
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design for processing networks. To see this, first recall that we have shown in Section 3.2 that the usual
Mazx-Weight algorithm cannot be applied to this problem.

Now the reason perturbation resolves this issue is as follows. It has been shown in [20] that Max-
Weight applied to a queueing problem is equivalent to solving a corresponding deterministic optimization
problem using the randomized incremental subgradient method (RISM) [24], with the backlog vector being
the Lagrange multiplier. Thus Max-Weight relies on using the backlog vector to track the optimal Lagrange
multiplier value for achieving the desired utility performance, and the backlog vector under Max-Weight
will move towards the optimal Lagrange multiplier. However, in processing network problems, due to the
equality constraints in (32), the optimal Lagrange multiplier value may be negative. In this case, we can no
longer use only the queue size to represent the Lagrange multiplier as the queue will be stuck at zero and
the Max-Weight algorithm will not run properly. This is shown in Fig. 4.

The PMW algorithm instead resolves this problem by using the queue size minus the perturbation to
represent the Lagrange multiplier. This is equivalent to “lifting” the Lagrange multiplier by the perturbation
value, and making it trackable by the queue size. If we choose the perturbation carefully enough to ensure that
no further deviation from the optimal Lagrange multiplier will happen, we can guarantee that no underflow
ever happens. Then under the PMW algorithm, the queue size minus the perturbation will move towards
the optimal Lagrange multiplier and we can thus achieve the close-to-optimal utility performance, as in the

data network case.

Before Perturbation After Perturbation

v+0 |-/~

/ Start Here

Can't happen!

Figure 4: An explanation on why perturbation is needed and effective.

10 Conclusion and Future Work

In this paper, we present a general processing network model that can be used to model many problems
involving the no-underflow constraint. We develop a general methodology for constructing online algorithms
for such processing networks based on weight perturbation in Max-Weight. Using this approach, we develop

the Perturbed Max-Weight algorithm (PMW) and show that PMW achieves an [O(V),O(1/V)] utility-
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backlog tradeoff. The results developed in this paper can find applications in areas such as manufacturing

networks, stream processing and energy harvesting networks.

The current work can be further extended in the following two directions. First, as we discussed in

Section 4.4, the use of a common slot size may lead to efficiency loss in networks where different components

consume different times to process contents. It is thus desirable to quantify the effect. Second, designing

optimal control algorithms that incorporate such heterogeneous processing times is another interesting future

research direction.
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Appendix A — Proof of Theorem 1

We prove Theorem 1 in this section, using an argument similar to the one used in [13].

Proof. (Theorem 1) Consider any stable scheduling policy II, i.e., the conditions (24) and (27) are satisfied
under II. We let {(f(0), A(0), £(0)), (f(1), A(1), (1)), ...} be a sequence of (utility, arrival, service) triple

generated by II. Then there exists a subsequence of times {7} };=1 2, .. such that T; — oo and that the limiting

yeun

time average utility over times T; is equal to the liminf average utility under II (defined by (28)). Now define

the conditional average of utility, and arrival minus service over T slots to be:

T-1
(BT ) (T)s s (1)) 2 2SBS0 (0 i 0l0) | S(0) = 51},
t=0

where €;(t) = A;(t)—p;(t). Using Caratheodory’s theorem, it can be shown, as in [13] that, there exists a set of

variables {a,(:i)(T) 712 and a set of actions {ng'i)(T) 42 such that (%) (T) = 3712 a,&s'i)(T)f(si,x,(f?‘)(T)),
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and for all j = 1,...,r that e( (T) = Z}jzl akS (T )[Aj(sz,aclgS )(T)) - uj(si,x,(fi)(T))]. Now using the
continuity of f(s;,-), A;(si,"), 11 (s, ), and the compactness of all the actions sets X'(*?), we can thus find a

sub-subsequence T, — oo of {T}i=1,2,... that:

al’ ) (Ty) — ), aP(T}) = o) 66 (Ty) — o), (D)) — ) wi=1,..7 (62)

Therefore the time average utility under the policy II can be expressed as:
r+2

- ZW&: ) = Zwsl Za(s )f (si;2 ) (63)

Similarly, the average arrival rate minus the average service rate under II can be written as:
r+2

Z s, €; o) Z Ts; Z a(‘” (84, as;: )) — 15 (s, xgcs'i))] <0. (64)
Sq
The last inequality is due to the fact that II is a stable policy and that E{qj (O)} < o0, hence the average
arrival rate to any ¢; must be no more than the average service rate of the queue [25]. However, by (24) we see
that what is consumed from a queue is always no more that what is generated into the queue. This implies
that the input rate into a queue is always no less than its output rate. Thus, ¢; > 0 for all j. Therefore we
av =

conclude that e; = 0 for all j. Using this fact and (63), we see that V fIl < ¢*, where ¢* is given in (30).

This proves Theorem 1. O

Appendix B — Proof of Lemma 1

We prove Lemma 1 here.

Proof. (Lemma 1) It is easy to see from (30) that the dual function is given by:

r+2 r+2

g(y) = sup ZWS{Za )stl,xk ZVJZCL sl,ac,(c )) uj(sl,xf))]}. (65)
v j

Due to the use of the {ak )} ’T+2 variables, it is easy to see that §(v) > g(v). However, if {z(5)}M | is
a set of maximizers of g(«), then the set of variables {m,(cs"'%aés"’)}f 1””“’”2 where for each s;, x,gsi) = g(50)
for all k, and alsi) =1 with a,(f"’) =0 for all k£ > 2, will also be maximizers of g(v). Thus g(v) > §(v). This
shows that g(v) = g(v), and hence g(7y) is the dual function of (30). g(v*) > ¢* follows from weak duality

[24]. O

Appendix C — Proof of Lemma 2

Here we prove Lemma 2.
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Proof. Using the queueing equation (26), we have:
[a;(t+1) =0, = [(g;(t) — pj (1) + A;(1)) — 65
= g (1) = ;1% + (s (1) — 4;(1)% — 2(g;(t) — 0;) [ (t) — A;(1)]
< gy () = 0% 4+ 20700 — 2(g5 (1) — 0;) [ (1) — A;(2)).
Multiplying both sides with % and summing the above over j = 1,...,7, we see that:

L(t+1) = L(0) < B = 3wy (a;(6) — 65) s (®) = A;(0),

where B = 62,,, 22:1 w;. Now add to both sides the term —V f(t), we get:

L(t+1) = L(t) = V() < B=Vf(t) = > wi(q;(t) — 0;) [ (t) — A;(1)]. (66)
j=1
Taking expectations over S(¢) on both sides conditioning on q(t) proves the lemma. O

Appendix D — Proof of Theorem 2

Here we prove Theorem 2. We first have the following simple lemma.
Lemma 4. For any network state s;, we have:

Dy = g..((a(t) — 0) ® w), (67)
where w = (w1, ..., w,)T and a @ b = (a1by,...,a,b,)7T.
Proof. By comparing (41) with (36), we see that the lemma follows. O
Proof. (Theorem 2) We first recall the equation (66) as follows:

Lt+1) - L) - Vf({t) <B-Vf(t) - ij (4(t) = 0;) [ (£) — A; (1)]. (68)

Using Dés_;)(t) () defined in (40), this can be written as:

L(t+1) = L(t) = Vf(t) < B = D\ (a(t)).

Here z(t) is PMW’s action at time t. According to Condition 1, we see that for any network state S(t) = s;,

PMW ensures (24), and that:
(si) (si)*
Do g (®) = Do g1y = -

Using (67), this implies that under PMW,

L(t+1)—L(t) = Vf(t) < B—gs((g(t) — 0) @w) + C.
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Taking expectations over the random network state on both sides conditioning on ¢(t), and using (37), i.e.,

9(v) = 22, Ts,9s: (), we get:
A@t) = VE{f(t) | qt)} < B+C —g((q(t) - 0) @ w). (69)
Now using Theorem 1 and Lemma 1, we have: V f7, < ¢* < g(v*) < g((q(t) — 8) ® w). Therefore,
A(t) = VE{f(t) | q(t)} < B+C =V [, (70)

Taking expectations over q(t) on both sides and summing the above over t = 0,...,T — 1, we get:

E{L(T) ~ L)} - Y VE{f()} <T(B+C) TV,

Rearranging terms, dividing both sides by VT, using the facts that L(¢) > 0 and E{L(O)} < 00, and taking

the liminf as T" — oo, we get:
fa™ = fa, — (B+CO)/V. (71)

This proves (42). Now we prove (43). First, by using the definition of §(v) in (65), and plugging in the

{iks"’), &,gsi)}fjll”."'v'y’;fﬁ variables in the n-slackness assumption (25) in Section 4.2, we see that:
T
g((q(t) - 0) ® w) 21 Z W [qj (t) - 9]] — Vimaz- (72)
j=1

This by Lemma 1 implies that:

s

9((q(t) — 0) @w) > 1Y w;lg;(t) = 6;] = Vimaa-

Jj=1

Using this in (69), we get:
A(t) = VE{f(t) | ()} < B+ C + Vimaz — 1 Y _ w;lg;(t) — 0;].
j=1

We can now use a similar argument as above to get:

T—1 r

1> > wiB{(g;(t) = 0]} < T(B+ C) + 2TV mar + E{L(0)}.

t=0 j=1

Dividing both sides by 7" and taking the limsup as T — oo, we get:

B 2 5maz a
_PMW < +C+2V +ij0j.

q <
7 =

This completes the proof the theorem. O
. . r
Appendix E — Choosing the {w;}_, values

Here we describe how to choose the {w;}_; values to satisfy (56). We first let K be the maximum number of

processors that any path going from a queue to an output processor can have. It is easy to see that K < |N,|
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since there is no cycle in the network. The following algorithm terminates in K iterations. We use w;(k) to
denote the value of w; at the kth iteration. In the following, we use g, to denote the demand queue of a

processor P,.

1. At Iteration 1, denote the set of queues that serve as supply queues for any output processor as Qll,
ie.,

L ={q : P{NP° #£ ¢}

Then set w;(1) = 1 for each ¢; € Q!. Also, set w;(1) = 0 for all other ¢; ¢ QY.
2. At Iteration k = 2, ..., K, denote Qk to be the set of queues that serve as supply queues for any processor

whose demand queue is in Qi_l, ie.,

ch ={¢;: 3P, € IP]S s.t. QTILD € Qifl}.
Then set:

k—Dann,
w;(k) = max [w;(k — 1), max M]’

73
nE]P’f an ( )

where ayp, is the amount P, generates into ¢, , which is the demand queue of P,. Also, set wj(k) =
w;(k — 1) for all ¢; ¢ QL.

3. Output the {w;}’_; values.
The following lemma shows that the above algorithm outputs a set of {w;}}_; values that satisfy (56).
Lemma 5. The {w;}}_, values generated by the above algorithm satisfy (56).

Proof. (Proof of Lemma 5) The proof consists of two main steps. In the first step, we show that the algorithm
updates each w; value at least once. This shows that all the w; values for all the queues that serve as demand
queues are updated at least once. In the second step, we show that if g; is the demand queue of a processor
P; € P™, then every time after wy, is updated, the algorithm will also update w; for any g; € Q7 before it
terminates. This ensures that (56) holds for any P; € P and hence proves the lemma.

First we see that after K iterations, we must have @ C UK QL. This is because at Iteration k, we include
in U¥_, QL all the queues starting from which there exists a path to an output processor that contains k
processors. Thus all the w; values are updated at least once.

Now consider a queue g,. Suppose gy, is the demand queue of a processor P; € P™. We see that there
exists a time k < K at which wy, is last modified. Suppose wy, is last modified at Iteration k<K , in which
case qp € Q%. Then all the queues g; € Q7 will be in Q%Jr . Thus their w; values will be modified at Iteration

k+1 < K. This implies that at Iteration k + 1, we will have w](l% +1)8i; > wh(fc)aih. Since g, ¢ QL for

28



k> k+ 1, we have wy (k) = wh(l%) for all k > k + 1. Therefore w;(k)Bi; > wi(k)as, ¥V E+1<k< K,
because w; (k) is not decreasing.

Therefore the only case when the algorithm can fail is when wy, is updated at Iteration k£ = K, in which
case wp may increase but the w; values for ¢; € Qf are not modified accordingly. However, since wy, is
updated at Iteration £ = K, this implies that there exists a path from ¢, to an output processor that has K
processors. This in turn implies that starting from any ¢; € QZ—S , there exists a path to an output processor

that contains K + 1 processors. This contradicts the definition of K. Thus the lemma follows. O

As a concrete example, we consider the example in Fig. 2, with the assumption that each processor, when
activated, consumes one unit of content from each of its supply queues and generates two units of contents
into its demand queue. In this example, we see that K = 3. Thus the algorithm works as follows:
1. Tteration 1, denote Q) = {qu,q5,q6}, set wy(1) = ws(1) = we(1) = 1. For all other queues, set
w;(1) =0.

2. Tteration 2, denote QL = {q1,q2,q3,q4,q5}, set wi(2) = wa(2) = w3(2) = wy(2) = ws(2) = 2. Set
we(2) = 1.

3. Tteration 3, denote Q4 = {q2, g3}, set w2(3) = w3(3) = 4. Set wy(3) = wy(3) = w5(3) = 2, we(3) = 1.

4. Terminate and output wy = wy = ws = 2, we = wg =4, wg = 1.

Appendix F — Proof of Lemma 3

Here we prove Lemma 3 by comparing the values of the three terms in Désq(z; (z) in (50) under PMW versus

their values under the action that maximizes Désézzg(x) in (50) subject to only the constraints D;(t) €

[0,1],Vj € Q° and I(t) € Z, called the max-action. That is, under the max-action, Dﬁ;g; (x) = Désézg*(x).

Note that the max-action differs from PMW only in that it does not consider the queue edge constraint.

Proof. (A) We see that the first term, i.e., —> ;0. [Ve;(t) + wj(g;(t) — 0)] D;(t)R;(t) is maximized under
PMW. Thus its value is the same as that under the max-action.

(B) We now show that for any processor P,, € P, if it violates the queue edge constraint, then its weight is
bounded by MywpmazVmazBmaz- This will then be used in Part (C) below to show that the value of fo ;2; (2)

under PMW is within a constant of Désém*(x)
(B-I) For any P; € P, the following are the only two cases under which P; violates the queue edge

constraint.

1. Tts demand queue gy, (t) > 6. In this case, it is easy to see from (52) and (59) that:

W,L(Zn) (t) S Z wjymawﬁij S Mpwmaxymaz‘ﬁmaz~ (74)
JjEQ?
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2. At least one of P;’s supply queue has a queue size less than M/ B,,4,. In this case, we denote Qf =

{g; € Qf 1g;(t) > M;Bmam}. Then we see that:

W) = 3" wilg;(t) — 018y — wnlan(t) — Ooin + > wylg;(t) — 0]Bi; — VCi(t)

jeQ@s j€Q? /QF
< Z WjVimazBij + wpbagn + Z w; [M Bmaz — 0]Bi;-
jeQf jeQf /Qf

Here g, = QP. Now by our selection of {wj};f:l, w;fi; > wpay, for any ¢; € Q7. Also using

S .
Vmaz = M3 Bmaz, we have:

W(’m) (t) < Mpwmaa:l/ma:pﬁma:r (75)

K2

(B - II) For any Py € P°, we see that it violates the queue edge constraint only when at least one of its
supply queues has size less than M By,4,. In this case, we see that:
W) < 37 wjlai (1) — 018k + Vos(Wako + Y wi(M Bz — 0)Bi;
jeQs JEQF/QF

< Mpwmawymaxﬂmax + VamazPmaz — Wmin8Bmin.-
This by (55) implies that:
W]EO) (t) < Mpwmaxymaxﬁmax~ (76)

Using (74), (75) and (76), we see that whenever a processor violates the queue edge constraint, its weight is
at most MpWmazVmazBmaz-

(C) We now show that the value of Désézg () under PMW satisfies D((,S;Ezg(x) > Désézg*(x) — C, where
C' = NpyMpwmazVmaz Bmaz-

To see this, let IT*(¢) be the activation vector obtained by the max-action, and let W*(¢) be the value of
(54) under I'*(t). We also use I""W(t) and WFMW (¢) to denote the activation vector chosen by the PMW
algorithm and the value of (54) under I”MW (#). We now construct an alternate activation vector I(t) by
changing all elements in I*(t) corresponding to the processors that violate the queue edge constraints to zero.

Note then I (t) € T is a feasible activation vector at time ¢, under which no processor violates the queue edge

constraint. By Part (B) above, we see that the value of (54) under I(t), denoted by W (t), satisfies:

W(t) Z W*(t) - NpMpwmanmazﬂmax'
Now since I7W (t) maximizes the value of (54) subject to the queue edge constraints, we have:

WPMW(t) > W(t) > W*(t) - prmamMmeaxﬁmax'

Thus, by combining the above and Part (A), we see that PMW maximizes the Désl%g () to within C' =

NpMpWmazVmazBmae of the maximum. O
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