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HEAVY TRAFFIC QUEUE LENGTH BEHAVIOR IN A
SWITCH UNDER THE MAXWEIGHT ALGORITHM*

By Stva THEJA MAGULURIT AND R. SRIKANT?

IBM T. J. Watson Research Center'
University of Illinois at Urbana-Champaign*

We consider a switch operating under the MaxWeight schedul-
ing algorithm, under any traffic pattern such that all the ports are
loaded. This system is interesting to study since the queue lengths
exhibit a multi-dimensional state-space collapse in the heavy-traffic
regime. We use a Lyapunov-type drift technique to characterize the
heavy-traffic behavior of the expectation of the sum queue lengths in
steady-state, under the assumption that all ports are saturated and
all queues receive non-zero traffic. Under these conditions, we show
that the heavy-traffic scaled queue length is given by (1 — 5=)||o||?,
where o is the vector of the standard deviations of arrivals to each
port in the heavy-traffic limit. In the special case of uniform Bernoulli
arrivals, the corresponding formula is given by (n— 2+ 5 ). The result
shows that the heavy-traffic scaled queue length has optimal scaling
with respect to n, thus settling one version of an open conjecture; in
fact, it is shown that the heavy-traffic queue length is at most within
a factor of two from the optimal. We then consider certain asymptotic
regimes where the load of the system scales simultaneously with the
number of ports. We show that the MaxWeight algorithm has op-
timal queue length scaling behavior provided that the arrival rate
approaches capacity sufficiently fast.

1. Introduction. Consider a collection of queues arranged in the form
of an n x n matrix. The queues are assumed to operate in discrete-time and
jobs arriving to the queues will be called packets. The following constraints
are imposed on the service process of the queueing system: (a) at most one
queue can be served in each time slot in each row of the matrix, (b) at most
one queue can be served in each time slot in each column of the matrix, and
(c) when a queue is served, at most one packet can be removed from the
queue. Such a queueing system is called a switch.

A scheduling algorithm for the switch is a rule which selects the queues to
be served in each time slot. A well-known algorithm called the MaxWeight
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algorithm is known to optimize the throughput in a switch. The algorithm
was derived in a more general context in [1] and for the special context of
the switch considered in here in [2], where it was also shown that other
seemingly good policies are not throughput-optimal. An important open
question that is not fully understood is whether the MaxWeight algorithm
is also queue length or delay optimal in any sense. In [3], it was shown that
the MaxWeight algorithm minimizes the sum of the squares of the queue
lengths in heavy-traffic under a condition called Complete Resource Pooling
(CRP). For the switch, the CRP condition means that the arriving traffic
saturates at most one column or one row of the switch. The result relies on
the fact that, under CRP and in the heavy-traffic regime, there is a one-
dimensional state-space collapse, i.e., the state of the system collapses to
a line. When the CRP condition is not met, the state-space collapses to
a lower-dimension, but is not one-dimensional. State-space collapse with-
out the CRP condition was established in [4] when the arrivals are deter-
ministic. For stochastic arrivals, state-space collapse for the fluid limit was
studied in [5], and a diffusion limit has been established in [6]. However, a
characterization of the steady-state behavior of the diffusion limit was still
open.

In this paper, we use the Lyapunov-type drift technique introduced in
[7]. The basic idea is to set the drift of an appropriately chosen function
equal to zero in steady-state to obtain both upper and lower bounds on
quantities of interest, such as the moments of the queue lengths. Setting the
drift of a function to zero in steady state is analogous to the basic adjoint
relation (BAR) of diffusion limit systems such as the ones studied in [8].
To obtain upper bounds one has to establish state-space collapse in a sense
that is somewhat different than the one in [3]: the main difference being
that the state-space collapse is expressed in terms of the moments of the
queue lengths in steady-state. This form of state-space collapse can then
be readily used in the drift condition to obtain the upper bound. However,
in [7], the usefulness of the drift technique was only established under the
CRP condition. In this paper, we consider the switch when all the ports are
saturated, i.e., in the heavy-traffic regime, the traffic in all rows and columns
approach capacity, and the CRP condition is violated. The main contribu-
tion of the paper is to characterize the expected steady-state queue lengths
in heavy-traffic even though the CRP condition is violated. As mentioned
earlier, when the CRP condition is violated, the state does not typically
collapse to a single dimension. The main challenge in our proof is due to the
difficulty in characterizing the behavior of the queue length process under
such a multi-dimensional state-space collapse. Characterizing the behavior
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of the queue lengths under multi-dimensional state-space collapse has been
difficult, in general, except in rare cases; see [9, 10] for two such examples
in other contexts.

The difficulty in understanding the steady-state queue length behavior
of the MaxWeight algorithm has meant that it is unknown whether the
MaxWeight algorithm minimizes the expected total queue length in steady-
state. One way to pose the optimality question is to increase the number
of queues in the system, or increase the arrival to a point close to the
boundary of the capacity region (the heavy-traffic regime), or do both, and
study whether the MaxWeight algorithm is queue-length-optimal in a scaling
sense. A conjecture regarding the scaling behavior for any algorithm, both
in heavy-traffic and under all traffic conditions, has been stated in [11]. The
authors first heard about the non-heavy-traffic version of this conjecture
from A. L. Stolyar in 2005. The conjecture seemed to be difficult to verify
for the MaxWeight algorithm, and so a number of other algorithms have
been developed to achieve either optimal or near-optimal scaling behavior;
see [12, 13, 14]. The results in this paper establish the validity of one version
of the conjecture (pertaining to the heavy-traffic regime) for the MaxWeight
algorithm.

Note on Notation: The set of real numbers, and the set of non-negative
real numbers are denoted by R, and R respectively. We work in the n? —
dimensional Euclidean space R™. We represent vectors in this space in bold
font, by x. We use two indices 1 < ¢ < n and 1 < j < n for different
components of x. We represent the (4, 7)™ component by x;; and thus, x =
(xij)ij. For two vectors x and y in R", their inner product (x,y) and
Euclidean norm ||x|| are defined by

y) 2303wy Il 2 Vxx) =

i=1 j=1

For two vectors x and y in R"2, x <y means z;; < y;; for every (i,j).
We use 1 to denote the all ones vector. Let e denote the vector defined
by ez(;-) =1 for all j and egf?j = 0 for all i/ # i and for all j. Thus, e® is
a matrix with i*" row being all ones and zeros every where else. Similarly,
let ) denote the vector defined by ég) = 1 for all ¢ and Ef]]), = 0 for all

§' # j and for all 4, i.e., it is a matrix with j*® column being all ones and

zeros every where else. For a random process q(t) and a Lyapunov function
V(.), we will sometimes use V (¢) to denote V(q(t)). We use Var(.) to denote
variance of a random variable.
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2. Preliminaries. In this section, we will present the model of an input
queued switch, MaxWeight scheduling algorithm, some observations on the
geometry of the capacity region and other preliminaries.

2.1. System model and MaxWeight algorithm. An input queued switch
is a model for cross-bar switches that are widely used. An n x n switch has
n input ports and n output ports. We consider a discrete time system. In
each time slot ¢, packets arrive at any of the input ports to be delivered to
any of the output ports. When scheduled, each packet needs one time slot
to be transmitted across.

Each input port maintains n separate queues, one each for packets to
be delivered to each of the n output ports. We denote the queue length of
packets at input port ¢ to be delivered at output port j at time ¢ by ¢;;(t).
Let q € R™ denote the vector of all queue lengths.

Let a;;(t) denote the number of packet arrivals at input port i at time
t to be delivered to output port j, and we let a € R™ denote the vec-
tor (a;j)ij. For every input-output pair (7,7), the arrival process a;;(t) is a
stochastic process that is i.i.d across time, with mean E[a;;(t)] = A;; and
variance Var(a;;(t)) = UZ-QJ- for any time ¢. We assume that the arrival pro-
cesses are independent across input-output pairs, (i.e, if (i,7) # (¢, '), the
processes a;;(t) and ay;(t) are independent) and are also independent of
the queue lengths or schedules chosen in the switch. We further assume that
for all 4,j,¢, a;j(t) < amax for some amax > 1 and P(a;j(t) = 0) > ¢, for
some €, > 0. The arrival rate vector is denoted by A = ();j);; and the
variance vector (U%)ij is denoted by (a)? or o%. We will use o to denote
(ij)ij-

In each time slot, each input port can be matched to only one output
port and similarly, each output port can be mapped to only one input port.
These constraints can be captured in a graph. Let G denote a complete n xn
bipartite graph with n? edges between the set of input ports and the set of
output ports. The schedule in each time slot is a matching on this graph G.
We let s;; = 1 if the link between input port ¢ and output port j is matched
or scheduled and s;; = 0 otherwise and we denote s = (s;);;. Then, the set
of feasible schedules, S C R"™ is defined as follows.

n n
S={se{0, 1> sy <1,> sy <1Vije{l,2,...,n}
i=1 j=1

Let S* denote the set of maximal feasible schedules. Then, it is easy to see
that
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n

S* = 56{0,1}”2:Zsijzl,Zsij:1Vi,j€{1,2,...,n}

i=1 j=1

Each element in this set corresponds to a perfect matching on the graph G.
Each of these maximal feasible schedules is also a permutation 7 on the set
1,2,...,n with 7(i) = j if s;5 = 1.

A scheduling policy or algorithm picks a schedule s(t) in every time slot
based on the current queue length vector, q(t). In each time slot, the order
of events is as follows. Queue lengths at the beginning of time slot ¢ are q(¢).
A schedule s(t) is then picked for that time slot based on the queue lengths.
Then, arrivals for that time a(¢) happen. Finally the packets are served and
there is unused service if there are no packets in a scheduled queue. The
queue lengths are then updated to give the queue lengths for the next time
slot. The queue lengths therefore evolve as follows.

qij(t+ 1) = [qi(t) + ai;(t) — si5 ()]
= qij(t) + aij(t) — siz(t) + uij(t)
q(t+1) =q(t) +a(t) —s(t) + u(?),

where [z|t = max(0,z) is the projection onto positive real axis, u;;(t) is
the unused service on link (7, j). Unused service is 1 only when link (3, j) is
scheduled, but has zero queue length; and it is 0 in all other cases. Thus,
we have that when u;;(t) = 1, we have ¢;;(t) = 0, a;;(t) = 0, s;45(t) = 1
and ¢;;(t + 1) = 0. Therefore, we have u;;(t)q;j(t) = 0, w;;j(t)ai;(t) = 0
and u;;(t)g;;(t + 1) = 0. Also note that since u;;(t) < s;5(t), we have that
Z?:l U5 € {0, 1} and Z?:l U5 € {0, 1} for all 4, j.

The queue lengths process q(t) is a Markov chain. The switch is said to
be stable under a scheduling policy if the sum of all the queue lengths is
finite, i.e.,

lim sup lim sup P Z%‘j(t) >C | =0.

C—oo t—o0 i
If the queue lengths process q(t) is positive recurrent under a scheduling
policy, then we have stability. The capacity region of the switch is the set of
arrival rates A for which the switch is stable under some scheduling policy.
A policy that stabilizes the switch under any arrival rate in the capacity
region is said to be throughput optimal. The MaxWeight Algorithm is a
popular scheduling algorithm for the switches. In every time slot ¢, each link
(i,7) is given a weight equal to its queue length ¢;;(¢) and the schedule with
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the maximum weight among the feasible schedules S is chosen at that time
slot. This algorithm is presented in Algorithm 1. It is possible to show that
the Markov chain q(¢) is irreducible and aperiodic under the MaxWeight
algorithm for an appropriately defined state space [15, Exercise 4.2]. It is
well known [1, 2] that the capacity region C of the switch is the convex hull
of all feasible schedules,

C =Conv(S)

n n
=IXAERY D A <L) Ay <1Vije{l,2,...,n}
i=1 j=1

{)\ eR™ . <)\,e(i)> < 1,<A,6<J’>> <1Vi,je {1,2,...,n}}.

For any arrival rate vector X, p £ max;;{>_; Aij, > ;jAijt is called the load.
It is also known that the queue lengths process is positive recurrent under
the MaxWeight algorithm whenever the arrival rate is in the capacity region
C (equivalently, load p < 1) and therefore is throughput optimal.

Algorithm 1 MaxWeight scheduling algorithm for an input-queued switch
Consider the complete bipartite graph between the input ports and output ports. Let the
queue length q;;(¢) be the weight of the edge between input port ¢ and output port j at
time ¢. In time slot ¢, the schedule chosen is given by the maximum weight matching, i.e.,

(1) s(t) = argmax 3 ;5 (#)s,; = arg max (q(t), s)
ses i seS

Ties are broken uniformly at random.

Note that there is always a maximum weight schedule that is maximal.
If the MaxWeight schedule chosen at time ¢, s is not maximal, there exists
a maximal schedule s* € §* such that s < s* . For any link (4, j) such that
sij = 0 and s; = 1, ¢;;(t) = 0. If not, s would not have been a maximum
weight schedule. Therefore, we can pretend that the actual schedule chosen
is s* and the links (7,7) that are in s and s* have an unused service of 1.
Note that this does not change the scheduling algorithm, but it is just a
convenience in the proof. Therefore, without loss of generality, we assume
that the schedule chosen in each time slot is a maximal schedule, i.e.,

(2) s(t) € 8" for all time t.

Hence the MaxWeight schedule picks one of the n! possible permutations
from the set S* in each time slot.
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For any arrival rate in the capacity region C, due to positive recurrence of
q(t), we have that a steady state distribution exists under MaxWeight policy.
Let q denote the steady state random vector. In this paper, we focus on the
average queue length under the steady state distribution, i.e., E[>_, ;;;].
We consider a set of systems indexed by e with arrival rate A° = (1 — €)v,
where v is an arrival rate on the boundary of the capacity region C such
that all the input and output ports are saturated and v;; > 0 for all 4, j.
The load of each system is then (1 —¢). We will study the switch when € | 0.
This is called the heavy traffic limit. We first show a universal lower bound
on the average queue length in heavy traffic limit, i.e., on lime 0 E[3; ; 7).
We then show that under MaxWeight policy, the limiting average queue
length is within a factor of less than 2 of the universal lower bound and
thus MaxWeight has optimal average queue length scaling. We will show
these bounds using Lyapunov drift conditions. We will use several different
quadratic Lyapunov functions through out the paper.

2.2. Geometry of the capacity region. The capacity region C is a coor-
dinate convex polytope in R, Here, we review some basic definitions. For
any set P € R™, its dimension is defined by

dim(P) £ min{dim(A)|P C A, A is an affine space }.

So the capacity region C has dimension n?. A hyperplane H is said to be
a supporting hyperplane of a polytope P if PN H # (), PN Hy # () and
PN H_ = () where Hy and H_ are the open half-spaces determined by
the hyperplane H. For any supporting hyperplane H of polytope P, PN H
is called a face [16]. A face of a polytope is also a polytope with lower
dimension. A face F' of polytope P with dimension dim(F) = dim(P) —
1 is called a facet. Heavy traffic optimality of MaxWeight algorithm for
generalized switches is shown in [3, 7] when a single input or output port
is saturated or in other words when approaching an arrival rate vector on a
facet of the capacity region. However, in this paper, we are interested in the
case when all the ports are saturated. The arrival rate vector v in this case
does not lie on a facet and so, that result is not applicable here.

When v is the arrival rate vector on the boundary of the capacity region
such that all the input ports and all the output ports are saturated, it lies
on the face F,

f:{AeRf:ZAU:1,ZAU=1vz’,je{1,2,...,n}}
i=1 j=1

(AR (A= 1,(A89) = 1¥ij € {1,2,...,n}}.
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It is easy to see that F as defined here is indeed a face by observing that
the hyperplane (A, 1) = n is a supporting hyperplane of the capacity region
C and it contains any rate vector v where all the ports are saturated. The
face F has dimension (n — 1)2 = n? — (2n — 1), and lies in the affine space
formed by the intersection of the 2n constraints, {d ;" ; \;j = 1 for all j},
and {3°7_; Aij = 1 for all i}. Of these 2n constraints, one is linearly depen-
dent of the others and we have 2n — 1 linearly independent constraints. The
face F is actually the convex combination of the maximal feasible schedules
S§*, i.e., F = Conv(S*). These results follow from the fact that the face F
is the Birkhoff polytope B, that contains all the n x n doubly stochastic
matrices. It is known [17, page 20] that B, lies in the (n — 1)? dimensional
affine space of the constraints and is the convex hull of the permutation
matrices.

A facet of a polytope has a unique supporting hyperplane defining the
facet. It was shown in [7] that when the arrival rate vector approaches a rate
vector in the relative interior of a facet, in the limit, the queue length vector
concentrates along the direction of the normal vector of the unique support-
ing hyperplane. However, a lower dimensional face can be defined by one of
several hyperplanes, and so there is no unique normal vector. A lower dimen-
sional face is always an intersection of two or more facets. We are interested
in the case when the arrival rate vector approaches the vector v that lies on
the face F . The face F is the intersection of the 2n facets, {<e(i), A) =1}nC
for all i, and {<5(j),A> = 1} NC for all j. We will show in section 4 that
in the heavy traffic limit, the queue length vector concentrates within the
cone spanned by the 2n normal vectors, {e(®) for all i} U {€\) for all j}. We
will call this cone . Here, we will present some definitions and other results
related to this cone. More formally, the cone K can be defined as follows.

K={xeR": X:Z wie(i)—i—z Q'Ejé(j) where w; € Ry, w; € R Vi, j
i J

The following lemma presents several equivalent ways of characterizing
the cone K. The proof of the lemma is presented in Appendix A.

LEMMA 1. For a vector x € R”2, the following are equivalent.
(i) x € K.
(i) There are w; € Ry and w; € Ry for alli,j € {1,2,...,n} such that
T = Wy + @j.
(iii) x € R’f and when x is used as the weight, all maximal schedules
(permutation matrices) have same weight.
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(iv) x € Rf and it satisfies

Note that the representation of the vector x in terms of w;’s and w;’s in
(ii) above need not be unique. For example, suppose that w; > 1 for all ¢,
then setting w, = w; — 1 for each ¢ and @3 = w; + 1 for each j, we again have
that w; € Ry, i € Ry and z;; = wj +w) for all 4, j. Equation 3 means that
any element in the matrix x, is equal to the average of all the elements in
its row plus the average of all the elements in its column minus the average
of all the elements in the whole matrix. Suppose the queue lengths q € K,
then any queue length from an input port to an output port is equal to the
average queue lengths at that input port plus the average queue lengths at
that output port minus the average queue length of all the queues in the
switch.

We now present some more properties of this is cone. The cone I lies in
the 2n — 1 dimensional subspace spanned by the 2n — 1 independent vectors
among the 2n vectors, {e(®) for all i} U {€\) for all j}. Call this space V.
For any two vectors x,y € F, x — y is orthogonal to the subspace V., i.e.,

(4) x—y L V.

This is easy to see since <X,e(i)> = <y,e(i)> = 1 for all ¢ and <X,E(j)> =
<y,5(j)> = 1 for all j. If Vr denotes the subspace obtained by translating
the affine space spanned by F, it follows that the spaces Vi and Vr are
orthogonal because translation means subtraction by a vector. Moreover,
they span the entire space R"™ since their dimensions sum to n2.

As noted earlier, state space collapse to the cone K has been shown in
[4, 5], although our notion of state space collapse is a bit different as will
be explained later. Equation 3 in Lemma 1 is essentially what is called a
lifting map in [5]. However, we do not explicitly use the notion of workload
or lifting map in the sense used in [5].

2.2.1. Projection onto the cone K . The cone K is closed and convex.
For any x € R"2, the closest point in the cone K to x is called the projection
of x on to the cone K and we will denote it by x||. More formally,

x| = argmin ||x — y|.
yeX
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For a closed convex cone K, the projection x| is well defined and is unique
[18, Appendix E.9.2]. We will use x| to denote x — x;|. We will use z|;; to
denote the (i, 7)™ component of x| Similarly, ;.

Note that unlike projection on to a subspace, projection on to a cone is
not linear, i.e., (x+y)| # x| +y|- A simple counter example is the following.
In R? let x = (2,2) and y = (—1,—1). Consider the positive quadrant as
the cone of interest. Then, x| = (2,2), y = (0,0) and (x +y); = (1,1).

Since for any x € ]R"Q, x| € K, from the definition of the cone K , we
have that every component of x|| is non negative, i.e., z;; > 0. However, x|
could have negative components.

The polar cone K° of cone K is defined as

/CO:{XGR”2:(X,y>§0forally€/C}.

The polar cone K° is negative of the dual cone K* of the cone K . For
any x € R”Q, x; € K° and <X||,XJ_> = 0 [18, Appendix E.9.2]. Therefore,
pythagoras theorem is applicable, i.e.,

() Is€l1* = ¢y [1* + 1|1

and so, ||y} < x|} and [}x. ]| < [].
Projection onto any closed convex set in R (and so onto a closed convex

cone) is nonexpansive [18, Appendix E.9.3]. Therefore, we have [|x) —y| <
|lx — y||. Since x| is a projection onto K°, we also have

(6) IxL —yil < llx=yl.

2.3. Moment bounds from Lyapunov drift conditions. In this paper, we
will use the Lyapunov drift based approach presented in [7] to obtain bounds
of average queue length under MaxWeight. A key ingredient in this approach
is to obtain moment bounds from drift conditions. A lemma from [19] was
used in [7] to obtain these bounds and we first state it here as it was stated
in [7].

LEMMA 2. For an irreducible and aperiodic Markov chain {X(t)}+>0
over a countable state space X, suppose Z : X — R, is a nonnegative-
valued Lyapunov function. We define the drift of Z at X as

AZ(X) £ [Z(X(t+1)) = Z(X(1)] Z(X(t) = X),

where Z(.) is the indicator function. Thus, AZ(X) is a random variable that
measures the amount of change in the value of Z in one step, starting from
state X. This drift is assumed to satisfy the following conditions:
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C1 There exists ann > 0, and a kK < co such that for anyt =1,2,... and
for all X € X with Z(X) > &,

EAZ(X)|X(t) = X] < —n.

C2 There exists a D < oo such that for all X € X,
P(|AZ(X)| < D) =1.

Then, there exists a 0* > 0 and a C* < oo such that

lim sup E [ee*Z(X(t))] < C*.

t—o0

If we further assume that the Markov chain {X(t)}; is positive recurrent,
then Z(X(t)) converges in distribution to a random variable Z for which

E [69*7] S C*’
which directly implies that all moments of Z exist and are finite.

This lemma (and its original form in [19]) is quiet general and versatile.
However, we use a different result in this paper to obtain moment bounds
that are tighter than the bounds that can be obtained using Lemma 2 (or
its original form in [19]). The following lemma essentially follows from [20,
Theorem 1] except for some minor differences. The proof is presented in
Appendix B and makes use of Lemma 2.

LEMMA 3. Consider an irreducible and aperiodic Markov chain Markov
Chain {X(t)}+>0 over a countable state space X, suppose Z : X — Ry
is a nonnegative-valued Lyapunov function. The drift AZ(X) of Z at X
as defined in Lemma 2 is assumed to satisfy the conditions C.1 and C.2.
Further assume that the Markov chain {X (t)}; converges in distribution to
a random variable X. Then, for anym =0,1,2,...,

P(Z(X) > k+2Dm) < <DL+77>mH.

As a result, for any r =1,2,...,

E(Z (X)"] <(2k)" + (4D)" <?) rl.
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3. Universal lower bound. In this section, we will prove the follow-
ing lower bound on the average queue lengths, which is valid under any
scheduling policy.

ProprosITION 1. Consider a set of switch systems with the arrival pro-
cesses al®) (t) described in Section 2.1, parameterized by 0 < € < 1, such that
the mean arrival rate vector is A° = (1 — €)v for some v € F and variance
18 (0'(6))2. The load is then p = (1 — €). Fiz a scheduling policy under which
the switch system is stable for any 0 < € < 1. Let q'© (t) denote the queue
lengths process under this policy for each system. Suppose that this process
converges in distribution to a steady state random vector @'©). Then, for each
of these systems, the average queue length is lower bounded by

2
o o g9 _n-9
B2 05|25~
ij

Therefore, in the heavy-traffic limit as € | 0, if (0(6))2 — o2, we have
lim inf €& Z_(E) > —”UH2
AT P N
ij

PrRoOOF. We will obtain a lower bound on sum of all the queue lengths
by lower bounding the queue lengths at each input port, i.e., we will first
bound E[»_; Gg)] for a fixed input port i. We do this by considering a single
queue that is coupled to the process Zj qg) (t). Consider a single server
queue qﬁz(»g) (t) in discrete time. Packets arrive into this queue to be served.
Each packet needs exactly one time slot of service. The arrival process to
this queue is age)(t) =2 a§§) (t). Mean arrival to this queue is E[ozge) (1)) =

(& _ (1 _ (& _ (1 _ 2 o :
YNy =(—¢) Z.j v = (.1 €) since v € F. As long.as the queue is non
empty, one packet is served in every time slot. Thus, this queue evolves as

69t +1) = [69) +a9) — 1]

= 6 (t) + a9 (1) = 1+ 00 (1),

where v(9) () is the unused service and so v(¢) (t)qﬁ(e) (t+1) = 0. Clearly, qbge) (t)

i
is positive recurrent and let 5&6) denote the steady state random variable to
which it converges in distribution.
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CLAaM 1.  In steady state,
E {Z aﬂ > E[].
J

PROOF. Suppose that at time zero, the queue qbl(e) starts with QSZ(-e) (0) =
> qi(;-) (0). Then, for any time ¢, the queue (;5,56) (t) is stochastically no greater
than }, qg) (t). This can easily be seen using induction. For ¢ = 0, we have
55 ai5(0) > 6;(0). Suppose that 3¢5 (t) > ¢ (t). Then, at time (¢ + 1),

AR =S [+ -]

’ +
z{}jmﬁu>+a?@>—é?a»}
J
> [6°00) +a) - 1))
= quE) (t + 1)7

where the last inequality follows from the inductive hypothesis, definition of
a9 (t), the constraint SE;) (t) <1 and the fact that if z > y, we have that

[z]T > [y]T. Thus, we have that in steady state, E[>_; GS)] > E[EEE)] Since
steady state distribution of Z ql y ) and 556) does not depend on the initial

state at time zero, we have the lower bound E[_; qﬁ?] > E[&Ee)] independent
of the initials states qﬁge) (0) and 3, qz-(;-) (0). O

We will now bound E[Eig)] This result is obtained in [15]. We present it
here for completeness. Consider the drift of E[(qﬁgg) ()2
E[(6{(t +1))% — (6 (£)?]

= E[(67(0) + oi (1) = 1+ 0091 — (:())’]

D E[(3 (1) +al(t) - 1)2 = (vO1))* - (¢:(1))?]

= E[(o{”(t) - 1)* + 2(6{” (1)) ({7 (1) = 1) — (v (1))?]
@>K¢%w (1—€) — %] — 2eE[6{ ()] — E[o') (1)

ol)(t)) + € = 26B[p! (£)] — E[v) (1)

var (
EZ@?) @~ 26E[6 (1)] — E[p© (1),
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where (a) follows from noting that (v(¢) (t))(@@(t) +04£E) (t) =140 (1)) = 0;
(b) follows from independence of gbge) (t) and the arrivals ozl(e)(t) and since
v(9(t) € {0,1}; (c) follows from the fact that E[qbge) (t)] = (1 —¢); (d) follows
from the definition of 0456) (t) and independence of the arrival process a;;(t)
across ports. It can easily be shown that E[(a(e))ﬂ is finite [15, Section 10.1].

7
Therefore, the steady state drift of E[(qﬁge) (t))?] is zero, i.e., in steady-state,
we get

(7) 23] = 3 (o8)) + ¢ B,

J
Consider the drift of IE[@(E) (t)].

E[¢\7(t +1) — ¢\ ()] = Elal” (1) — 1+ 0 (1))

(2

= —e+E[0@(@)].

Since qbgg) (t) € Z4, we have qbgg) (t) < (qﬁgg) (t))?, and so we get finiteness
of E[ESE)] from that of E[(gge))Q] Therefore, the drift of IE[(bEE)(t)] is zero in
steady state. Thus, we get that in steady state, E[U(E)] = €. Substituting this
in (7), and using the claim, we get

) B50a5) 2B = 5 (o) -5

Since this lower bound is true for any input port ¢, summing over all the
input ports, we have the proposition. Note that we could have obtained the
same bound by similarly lower bounding the sum of lengths of all the queues
destined to port j, i.e., Y, qg) (t). O

We do not know if this lower bound is tight, i.e., if there is a scheduling
policy that attains this lower bound. However, in section 5, we show that un-
der MaxWeight scheduling algorithm, the average queue lengths are within
a factor of less than 2 away from this universal lower bound, thus showing
that MaxWeight has optimal scaling.

4. State space collapse under MaxWeight policy. As mentioned
earlier, a closely-related but nevertheless different notion of state-space col-
lapse to the cone K has also been shown in [4, 5|, but we need the type
of state-space collapse proved here to establish the upper bounds in Sec-
tion 5. In this section, we will show that under the MaxWeight scheduling



Downloaded from informs.org by [216.73.217.134] on 06 July 2026, at 05:14 . For personal use only, all rights reserved.

MAXWEIGHT ALGORITHM IN A SWITCH 225

algorithm, in the heavy traffic limit, the steady state queue length vector

concentrates within the cone X in the following sense. As the parameter

€ approaches zero, the mean arrival rate approaches the boundary of the

capacity region and we know from the lower bound that the average queue

lengths go to infinity €(1/¢). We will show that under the MaxWeight al-
(e)

gorithm, the @’ component of the queue length vector is upper bounded

independent of e. Thus the ﬁﬂf) component is negligible compared to the

ql(f) component of G'©. This is called state space collapse. We say that the
state space collapses to the cone K. It was shown in [21] that the state space
collapses to the subspace containing the cone K. Here, we show the stronger
result that the state space collapses to the cone, which is essential to obtain
the upper bounds in Section 5. A similar result was also shown in [22] for a
different problem.

We define the following quadratic Lyapunov functions and their corre-
sponding drifts.

V(a) £ llal* = qu Wi(a) = flaLll

Vi) 2 qul? = th Vi(a) 2 gy Eyw

AV(q) = [V(q (t+ 1)) = V(a(¥)] Z(a(t) = Q)
AW (q) £ [Wi(q(t+1)) = Wi(a(t)
AVi(q) = [Vi(a(t+1)) = Vi(a(®))]
AVj(a) £ [Vj(a(t + 1)) = Vj(a(®)] Z(a(t) = a).

We will use Lemma 3 using the Lyapunov function W, (q)(.) to bound
the ﬁﬁf) component in steady state. We need the following lemma, which
follows from concavity of square root function and the pythagorean theorem
(5). The proof of this lemma is similar to the proof of Lemma 7 in [7] and
so we skip it here.

LEMMA 4. Drift of W (.) can be bounded in terms of drift of V(.) and
Vi(.) as follows.

1

AWL) < g

(AV(q) — AVj(q))  VqeR™.

We will now formally state the state space collapse result.
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ProprosITION 2. Consider a set of switch systems under MaxWeight
scheduling algorithm, with the arrival processes al® (t) described in Section
2.1, parameterized by 0 < € < 1, such that the mean arrival rate vector is
X = (1 — e)v for some v € F such that vy, = ming;j v;; > 0. The load
is then p = (1 — €). Let the variance of the arrival process be (0'(6))2. Let
ql® (t) denote the queue lengths process of each system, which is positive
recurrent. Therefore, the process q(E)(t) converges to a steady state random
vector in distribution, which we denote by @\9. Then, for each system with
0 < € < vmin/2||V||, the steady state queue lengths vector satisfies

E[[a?l] < Oy wre {12},

where

()12 (e)]2
M,,(E):Q% max<4(H)\ H + HU H + n) 5 (ﬁe)l/rlfsi—nanlax (namax + 1))

Vmin € Vmin

REMARK 1. Note that for any r, the expressions M, are upper bounded
by a constant not dependant on e whenever there exists a ¢ which does
not depend on € such that ||o(9)||2 < & for all e. This is why we call this
state space collapse. Our notion of state-space collapse considers the system
in steady-state, and is hence mathematically different from the state-space
collapse result in [5], although the results are similar in spirit.

PROOF. We will skip the superscript () in this proof for ease of notation.
Thus, we will use q(t) , A and o to denote q© (1), A and o(© respec-
tively. We will verify both the conditions C.1 and C.2 to apply Lemma 3 for
the Markov chain q(t) and Lyapunov function W (q(-)). First we consider
condition C.2.

AW (@)] =llawtt + D] - a0l Z(a(t) = @
Dau+1) - aqu)]
gt +1) - q()]

:\/Z a6+ 1) — g (0
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where (a) follows from triangle inequality, i.e., |||x]| — |ly]|| < |[x — y|| and
Z(.) < 1; (b) follows from nonexpansivity of projection operator (6); (c) is
true because each queue lengths can increase by at most apax > 1 due to
arrivals and can decrease by at most 1 due to departures. Thus condition
C.2 of Lemma is true with D = namax.

We will now verify C.1, using Lemma 4 by bounding the drifts AV(q)
and AV|(q).

E[AV(q)lq(t) = d]
[Iqt+1\|2—Hth2|q ) = q
=E [la(t) —s(t) +u(®)|* = la®)[*| a(t) = q
=E [|la(t) —s()|>+ [lu@®)|I> = [la®)|*| a(t) = q]

LE[2 <<t+1> a(t), u(t)|alt) = q
E [Jla(t) — (]2 + 2 (a(t), alt) — s(t)) | a(t) =
2B | D (@ (1) + sy (1) — 205 (1)si,(8) | alt) = @

+2(q, A = E[s(t)|q(t) = qa])

G )Z()‘Q ) n — 2K Z)‘USU q(t> =q

i ij
(10) +2(q, X —E[s(t) qt) = q])
=[AI? +[lof* + 7 —2(1 - ¢)E Z =q

+2{q, (1 —eJv —E[s(t)|a(t) = q])
<IAIP + llo|* +n — 2¢ (q,v) + 2 (a,v — E[s(t) a(t) = a])
(1) =IAIP +llo|* +n — 2¢(q,v) + 2min (g, v — ),

where (a) follows from the fact that (q(t+1),u(t)) = 0 and dropping
the —|lu(?)||? term; (b) is true because s;; € {0,1}. Note that E[afj(t)] =
E[a;;(t)]>+ Var(a;j(t)). Also note that the arrivals in each time slot are inde-
pendent of the queue lengths and hence are also independent of the service
process. These facts and (2) give (c). Since we use MaxWeight scheduling
algorithm, from (1), we have (11). In order to bound the last term in (11),
we present the following claim.
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CLAM 2. For any q € R”z,

mm

v+ ——q; €C.

PROOF. Since |q1;| < |lauill, vij + |’|’(*1“l“‘HqM] > Vij — Vmin > 0 and so

v+ g € R, We know that q; € K° and e € K, and so {q,e®) <

0. Thus, for any 7, we have

(v e e®) = (v.e) & o (a..e)

where the last equality is due to the fact that v € F. Similarly, we can show
that <V + ""(;“f‘” ql,’é(j)> < 1 for any j, proving the claim. O

Using the claim in (11), we get
E[AV(a)la(t) = d
gnxuuua||2+n_2e<q,y>+2<q,y_ (V+ in >>

la|l
2 2 2Vmin
=[AlI" + [lo|* +n — 2¢{q,v) - Tl (q+4a1,91)
(12) =|AI? + [|lo]* + n — 26 (q, ) — 2vrmin|aL |,

where the last equality follows from the fact that <qH ,q J_> = 0. We will now
bound the drift AV} /(q).

[AVH )|a(t) =q]

=E [|la)(t + D> = lay(t)|*| a(t) = q]
=E [{q(t+ 1)+ q)(t),q)(t + 1) — aqy(t))| a(t) = d]
=E [ |lay(t + 1) — qy()[*| a(t) = q
+2E [{q (1), qy(t + 1) — q(t >|q —q]
>2F [(aq)(t), q(t+1) — OI|| )| alt q]
=2E [(q(t),q(t + 1) — q(t))| a(t) = q

—2F [(qy(t),qL(t + 1) —a.(t)a(t) =q

D98 [(q (1), alt) — s(t) + u(t))| at) = a]
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(g2 (qp, A) — 2E [{q),s(t))| a(t) = q]
= — 2¢ <qH,I/> —2E [<q||,S(7f) - V>‘ q(t) = Q]
(13) =—2¢(q),v).

Equation (a) is true because (q)(t),q1(t)) = 0 and (q;(t),qL(t+1)) <0
since q|(t) € K and q (t + 1) € K°. All the components of q and u(t)
are nonnegative. Using this fact with independence of the arrivals and the
queue lengths gives Equation (b). The last equality follows from (4) since
q € K € Vk and s(t),v € F from (2). Now substituting (12) and (13) in
Lemma 4, we get

E[AWJ_( )la(t) =d]
(A2 + e l* +n = 2¢ (q, v) — 2vmllaL]] + 2¢ (qy, v))

_2H Ll
AP+ o2 bn e
— — in— T 1y
2la]] el
OIBE 2
QAP
qL
)\ 2 2 'min Vmin
<” I+ llol tn v whenever € <
e | 2 2l

min N 2 2
<- ”4 for all q such that W, (q) > 2([[AlF + [lo| +n)’
Vmin

where (a) is due to the Cauchy Schwartz inequality <”_q—ﬁ, V> < lalyy.
2(AIP+o |12 +n)

Vmin

Thus condition C.1 is valid with k = and 7 = “ziz. Then

from Lemma 3, we get for r =1,2,.. .,

4 2 2 r max " min
E[la?1"] < < (A + lle | +”)> + 7! (16”a > (nmas +220)
Vmin Vmin 4
(@) /4(lIXlI? 2 " max '
2 (MAE IR e (1670 (1.1 )

Vmin € Vmin

4 2 2 max "
o (MNP (gt 1)

Vmin € Vmin

where (a) follows from Stirling’s upper bound of the factorial function, r! <
el 43 and noting that vy, < 1 follows from the definition of vy, and
the capacity region C. The last inequality follows from a” +b" < 2max(a,b)",
proving the proposition. ]
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Recall that there are n! maximal schedules (perfect matchings or permu-
tations). For each of them, MaxWeight assigns a weight which is the sum
of corresponding queue lengths and then picks the one with the maximum
weight. In this process, it is equalizing the weights of all the schedules by
serving the matching with maximum weight and thereby decreasing it. The
cone K has the property that if the queue lengths vector q is in the cone K,
we have w; and w; such that ¢;; = w; + w;. This means that all the max-
imal schedules have the same weight . w; + Zj w; and the MaxWeight
algorithm is agnostic between them. Thus, the state space collapse result
states that in steady state, MaxWeight is (almost) successful in being able
to equalize the weights of all maximal schedules in the heavy traffic limit.
This behavior is very similar to Join-the-shortest queue (JSQ) routing policy
in a supermarket checkout system. In such a system, there are a few servers,
each with a queue. When a customer arrives to be served, under JSQ policy,
(s)he picks the server with the shortest queue. It was shown in [7] that in
the heavy traffic limit, the state of this system collapses to a state where all
the queues are equal, and thus, JSQ is agnostic between all the queues when
such a state space collapse occurs. Here JSQ policy is trying to equalize all
the queues by increasing the shortest one, and it is (almost) successful in
doing that in steady state in heavy traffic limit.

A natural question in this context is if there is any interpretation to
the variables w; and w;. These variables are the optimal dual variables for
the maximum weight matching problem. The maximum weighted perfect
matching problem in bipartite graphs (that MaxWeight solves in every time
slot) can be written as the integer program (14) and its linear program (LP)
relaxation is the linear program (15).

(14) maXZqijszj (15) maquijsij
ij ij

subject to: ZSU =1 Vy subject to: Zsij =1 Vyj
i i
Zsijzl Vi Zsi]‘:1 V1
J J
Sij € {0, 1} vV i,J. Sij >0 Vi,

It can be proved that the optimal solution of the LP relaxation (15) is
identical to the optimal solution of the original integer program (14) [23].
The dual of the LP (15) is the following.

min E w; + E @j
g J



Downloaded from informs.org by [216.73.217.134] on 06 July 2026, at 05:14 . For personal use only, all rights reserved.

MAXWEIGHT ALGORITHM IN A SWITCH 231
(16) subject to: w; +w; > ¢qi; V¥V i,].

For any perfect matching 7 and its corresponding schedule s;;, and for any
dual feasible w;, w;, we have that 3, giriy = D245 ¢ijsis < Do wi + D2, Wj.
Suppose sfj is an optimal solution of (14) and corresponds to a permutation
7*, and suppose w;,w; is an optimal solution of (16). Then, from strong

duality, we have that
) St = Sy = St + L
i ij i j

Moreover, any 7* and w; ,@j that satisfy (17) are optimal solutions for
problems (14)( or (15)) and (16) respectively. This means that any optimal
perfect matching consists of only links (4, j) such that ¢;; = w; + w;. This
property is also called complementary slackness. The Hungarian assignment
algorithm for solving the MaxWeight matching problem is based on this
property. The cone K, has the special property that if w;, w; is the optimal
solution, then for any (i,j), we have ¢;; = w; + w; and so any perfect
matching is an optimal matching and all perfect matchings have the same
weight.

5. Asymptotically tight upper and lower bounds under the Max-
Weight policy. In the previous section, we have shown that the queue
length vector collapses within the cone K in the steady state. We will use
this result to obtain lower and upper bounds on the average queue lengths
under MaxWeight algorithm. The lower and upper bounds differ only in
o(1/€) and so match in the heavy traffic limit.

We will obtain these bounds by equating the drift of certain carefully cho-
sen functions equal to zero in steady-state. We first define a few Lyapunov-
type functions and their drifts, in addition to the already defined V(q) =
lq||?. The following lemma states that all these Lyapunov functions have
finite expectations in steady state.

2

2 2
Vi@ 2> (D a| V@2 (Z Qij> Va(a) & D ai

i J
AVi(q) £[Vi(q(t+1)) = Vi(a(t))] Z(q(t) = q)
AVa(q) £[Va(q(t + 1)) — Va(a(t))] Z(a(t) = q)
AVs(q) £[Va(q(t + 1)) — Va(q(t))] Z(q(t) = q).
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LEMMA 5. Consider the switch under MaxWeight scheduling algorithm.

For any arrival rate vector A in the interior of the capacity region X € int(C),
the steady state means E[V (qQ)], E[V1(q)], E[V2(q)] and E[V5(q)] are finite.

The lemma is proved in Appendix C. We will now state and prove the
main result of this paper.

THEOREM 1. Consider a set of switch systems under the MaxWeight
scheduling algorithm, with arrival processes a'®) (t) described in Section 2.1,
parameterized by 0 < € < 1, such that the mean arrival rate vector is A* =
(1 — €)v for some v € F such that vy, = min;; v;; > 0. The load is then
p = (1 —¢€). Let the variance of the arrival process be (0(6))2. The queue
length process q'©) (t) for each system converges in distribution to the steady
state random vector ). For each system with 0 < € < vy /2|, the
steady state average queue length satisfies

1Y [l _© 1Y [l

ij

N

where

Bi(e,n) = —% +n+ 3n(2*%)e(*%)M£6) and

1
Bo(erm) = "FD 4 on-Del-1)ar0
for any r € {2,3,...}. The terms Bi(e,n) and By(e,n) are both o (1), i.e.,
limejg eB1(€e,n) = 0 and lim, o eBa(e,n) = 0. Therefore, in the heavy traffic
limit as € | 0 which means as the mean arrival rate A* — %1, if (o'(e))2 —

o2, we have

1
imeE [S g9 = (1- — 2,
s | S ( 2n)uau

PROOF. Fixan 0 < € < vpyin/2||v|| and we consider the system with index
e. For simplicity of notation, we again skip the superscript (€) in this proof
and use q to denote the steady state queue length vector. We will use a to
denote the arrival vector in steady state, which is identically distributed to
the random vector a(t) for any time ¢. We will use s(q) and u(q) to denote
the schedule and unused service to show their dependence on the queue
lengths. We will use q* to denote g + a — s(q) + u(q), which is the queue
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lengths vector at time ¢+ 1 if it was q at time ¢. Clearly, g and q have the
same distribution.
Define a new function V4(q) and its drift as follows.

Vi(q) =Vi(q) + Va(q) — %VP)(Q)

(e 5i5) 1)

AVi(a) 2[Va(a(t + 1)) - Va(a(t)] Z(a(?)
—AVi(a) + AV(a) - - AVi(a).

q)

Since —1V3(q) < Vi(q) < Vi(q) + Va(q), the steady state mean E[V4(q)] is
finite from Lemma 5. Therefore, the mean drift of V4(.) in steady state is
7ero, i.e.,

E[AVA(@)] =E[[Va(a(t + 1) -Vi(a(t)] Z(a(t) =q)]

B[V ()]~ E[Vi @)
B[V (@) ~E[Vi()]

(18) =0.

Therefore,

(19) E[AVA(@)] + E[AVa(@)] — E[AVy(@)] = 0.

Expanding the drift of V;(.), we get

E[AV1(@)]
=E[Vi(@+a—s(q) +u(q)) - Vi(a)]

_ ) )
=K Z Z(@j + @i — 545(q) + ui;(Q) ) Z (Z qu) ]

=
[z

o ) [

19K [ZZ: (Zj:(qij—i-aw si;(q )(ZUU )]
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1 9E [Z (Z ql-j) (Z(aij’ — Sijr (Q)))]
- {Z (Z(aij — Sij(q))) + 22 (Z qj;) (Z uij’(Q))]
{2l o ]

5/

J

Similarly expanding drifts of V5(.) and V3(.) and substituting in (19), we
get the following expression. Since this is a lengthy equation, we split into
various terms which we denote by 71 ,73 ,73 and Ty . For simplicity of
notation, we suppress all the dependencies in terms of g, a, s (@ ) and u
@)

(20) Ti=Ta+Ts+Ti

where
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Ta =2E | > Zﬁfj Zuz‘j’(ﬁ) +2E Z(ZGZ;) (ZW;‘(@))

i J
2 _ _
2| (v ) (S
ij i’ 5!

We will now bound each of the four terms. The schedule in each time slot
is maximal (2) and so }_; si;j = 1,>,sij = 1 and }_,; sij = n. Noting that
the arrivals are independent of queue lengths, we can simplify the term 7p
as follows.

TL=2E |} ;% 1- ; Mg || +2E | (; Gij) (1 - ; Am)

i J

- %E Z Qi || 7 — Z Airjr
i'j’

Wor Ze Z@-j +2E Z€<Zq@j) —%E ne Zgij
i ij

( J J
=2¢E Z@j ;
ij

where (a) follows from the fact that 3, Ajj = 1—eand ) ; Ajj = 1 — e since
AX=(1-¢€erandveF.
Thus, from (20), we have

(21) 2 | 7| =Ta+ T+ Ta.
i

Now the rest of the proof involves bounding the term 73,73 and 7T;. We
start with the term 73. Consider the first term of 75. Again noting that the
schedules are maximal (2), we get

E DYDY (@ - si;@)

i J

:ZE Zaij—l
( J

2

2
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r 2

:Z]E Zam (1—€)—c¢
i

:ZE Zdij—(l—e) +Z€2—Z26E Za” (1—¢)
i L\ J i i

Dne + 3 var [ Y ay
i J
@nez + Z 0123
ij

=ne’ + ||o||?,

where (a) is true because E[}_; @;;| = (1 — €); (b) follows from the indepen-
dence of the arrival processes across ports. Similarly, we can show that the

2
second term in 73 evaluates to E [ZZ (Zj(aij — Sij(f_l))> } = ne? + ||o?.
The last term can likewise be evaluated as follows.

2

Lo | [ (@ - si(@)

S

1
:EE ZEU -n
ij
r 2

1
EE Zaw n(l —e) —ne

1 2
:EE Za” n(l —e) + ne” — 2¢E Za” n(l —e)

1
2 —
=ne +5Var E @jj
ij

1
2 2
=ne +ﬁ E T
ij

1
=ne’ + —|o|?.
n
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Putting all the terms of 75 together, we get
2 1 2
(22) To =ne” + (2 — - o).
Since 2, ¢ij € Z+, we have > . qi; < (X4 ¢i;)?. Using the fact that
E [(Zw qij)z} is finite from Lemma 5, we have that E [Z” qi]} is finite and
so its drift is zero in steady state. Thus, we get

0=E ZQij(t +1)— Z(Iij(t) I(q(t) = q)

=K ZEU — Z Sij(Q) + Z Uz]((_l)

E > uj@| =n—n(l-e
ij
(23) =ne.

We will now bound the term 73 . Since u;;(t) < s;5(t), we have ) u;; <
1> ;u; < 1land 37, u; < n. Therefore,

d 2] - 2
-E Z Z ui;(@)] |—E Z <Z Uij (a)) <Ts §%E Z ui; (q)
—E (> D uw@| | -E | (Zwy(ﬁ)) <Ts S%E n > uii(@
i\ J | —\G _ -\
(24) —2ne < T3 <ne.

We now consider the term 74 . It can be rewritten as follows, and can be
split into two parts, one each corresponding to Gﬁ“ and ﬁir, where ﬁﬁr means

(c_1+)” and similarly q7.

Ti=2E |> uy@ | Y a5+ af; - %Z@ij/
| i 3 i! i 5!

| 1
=2B | > uii(@ | D_afy + 2 Ty — o DTy
g 5 i il
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+2E Z uij (q Z qr + Z Qi — Z TLiy
i’j/

Since the vector ﬁﬁ is in cone K by definition, (3) in Lemma 1 is applicable.
Recall that when w;;(t) = 1, ¢;;(t + 1) = 0. Thus, when u;;(q) = 1, we have

a;- =0
qHU qJ—l]
n Z Qe + o qulw w2 Z Z Ty ==Ly

z’ 1 i'=1j5'=1

Therefore, we get

—t _ S—
ui(d qulm + qulw anw’f = —nuij (Q)q L,
Z/j/

and the term 74 reduces to

1
_ E = =+ E =+ § =+ E =+
;4 =2 uw(q) —an_” + qu-j/ + thj - E qLi/j/
ij 4§ i i'5!

—9F <u@7 —ngi+y <GI7 e(i)> ey <ﬁia g(j)> a0
i J

(25) —%<qj,1>1>].

Term 7y is a critical term to bound and our choice of the Lyapunov function
Vi(.) is motivated primarily to obtain (25). We explain the motivation in
detail at the end of this section. From state space collapse we know that c_ﬂ
is bounded. We will now use this result to show that 7y is o(e Smce q e K’
and e € 1 e K for all i, j, we have that <ql,e( )> J5> <0
and <(_ﬁ, 1> < 0. Moreover all components of u, e, () and 1 take values
0 and 1. Therefore,

Ti <2FE K (@), —na; — L <aj,1>1>}

2 &[] (|- - Lt ])
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® S R " -
<2(n9)? (B (nliatlle + - @, D1,

— [ Ty
E | {nlail: + —latl- [l

1 N
D9 (ne)? (E (nllﬁjllﬁ%ll@h) D

S

()
<2 (ne)

1
<4n (143) 7 [ ])F for r > 2
(9)
24n( +7) %MF) forr > 2
§4n( HDe(=2)nr for r > 2,

where [|x]||, denotes the ¢, norm of a vector x , and 7,7 € (1,00) sat-
isfy 1/r + 1/7 = 1. Inequality (a) follows from the Holder’s inequality
for random vectors. Cauchy-Schwartz inequality (which is a special case
of Holder’s inequality) may also be used to obtain the same bound in heavy
traffic limit. However, in the non-heavy traffic limit, Holder’s inequality
gives a tighter bound. Since u;; € {0, 1}, from (23), we have E [Hu(ﬁ)”ﬂ =
E [Z” (uij (a))F] =E [Zm Uij (G)} = ne. This fact along with using triangle
inequality on the second term gives (b). Inequality (c) again follows using
Holder’s inequality for vectors. The £, norm of vector 1 is ||1]|, = n?/", this
gives (d). Since £ + 1 = 1, we have (e). For any vector x, if 0 < r < 1/,
we have [|x||,» < ||x]|», and this gives (f) and (g) follows from state space
collapse in Proposition 2. The last inequality follows from 1/r 4+ 1/7 = 1.
Similarly, we can lower bound 7; as follows.

Ti >2E <u<c—1>, il + 3 (ale) el + 37 (are) 'é(j’>
i J
> —2(E @Il )
< | —nqj+z<qj,e<i>>e<i>+Z<qj,a<j>>é<ﬂ'>T _
i J
> 200" (x| (], +

3=

Sl

r

Z <GL e(z’>> o)

i

r
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r 1

(26) +{1> <(—ﬂ 7g(j)>’é(j)
j T

Let’s now focus on the middle term in the expectation above. From the
definition of e, we have
. r)
7

|Z<ai,e<“>e“) ( |t <)
( qur

3=

r

3=

%
i

3=

(a)
<

Z”TZ (qu)T
i j

For any (z1,...,z,) € R™ and r > 1, from Jensen’s inequality, we have
A\ T T
(Zi xl) < Z;fi . This gives inequality (a) above. We have a similar bound

n

for the last term in expectation in (26). Using both these bounds, the lower
bound on 7 becomes,

Tiz —on(*He (& [(ar],))”
>—on( el E[(lat]y) )" forr>2
> — 6n(1+%)e%M£€) for r > 2
> — 671(27%)6(17%)]\4(6) for r > 2.

Combining the lower and upper bounds on Ty, for r > 2, we have
(27) —6n(2_%>5(1_%)M£6) < ﬂ < 4n(2_%)€(1_%)M£6)_

Using (22),(24) and (27) to bound (21) and reintroducing the superscript
(©), we get the theorem. O

We will now present the motivation for the choice of the function Vj(.).
First consider a discrete-time single server (G/G/1) queue, ¢(t) that evolves
according to q(t +1) = q(t) + a(t) — s(t) + u(t). The queue ¢(t) in Section 3
is an example. Similar to (8), we can obtain tight lower and upper bounds
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on mean queue length in steady state by setting the drift of E[g?] to be zero
in steady state, i.e, E[g%(t + 1)] = E[g?(¢)]. Such a bound is called Kingman
bound. See [15, Section 10.1]. When expanded, this equation again gives
four terms, similar to the terms 77,72, 73 and 74. The fourth term 74 then
is w(q)q", which is zero from the definition of unused service. This is an
important step in obtaining tight bounds.

Next, consider a load balancing system, similar to a super market checkout
lanes. There are n servers with a separate queue for each server. Whenever
a user arrives into the system, (s)he picks one of the servers and joins the
corresponding queue. We consider ‘Join the shortest queue’(JSQ) policy, in
which each user joins the queue with the shortest length. Ties are broken
uniformly at random. The queue length at server ¢ then evolves according to
gi(t+1) = ¢i(t)+a;(t) —si(t) +u;(t). It was shown in [7] that the JSQ policy
has minimum steady state sum queue lengths in heavy traffic. This was done
by first showing that the queue lengths collapse to a single dimension where
they are all equal. A tight upper bound is then obtained by setting the drift
of the quadratic function E[(3",7;)?] to be zero in steady state. When this
equation is expanded, we again have four terms and the fourth one being of
the form (3, u;(2))(3; ;). This is not zero in general because of the cross
terms. However, when the state is such that all the queue lengths are equal,
this term is zero. This is easy to see by considering the term w;(q)(}; @} )-
When u; = 1, we have that qj = 0 and when all the queues are equal, for
any i/, gy = 0.

Therefore, in all these systems, when using a quadratic Lyapunov func-
tion, the fourth term 7y is the most important and challenging one to bound
correctly. Usually, it should be zero if state space collapse is such that
(_11 = 0. However, for the switch system, if we use Lyapunov functions V;(.)
or Va(.) or V3(.) or Vi(.) + Va(.), we do not have the property that 74 = 0
when g} = 0. Armed with (3) in Lemma 1, we add the additional —V3(.) to
Vi(.) + Va(.) to obtain the Lyapunov function Vj(.). We have shown in (25)
that 74 is zero when q € K (since ﬁj = 0). The key idea in our upper bound
proof is the choice of the function Vj(.). Essentially, we picked the function
Vi(.) so that it matches with the geometry of the cone K in the sense that
if the queue length vector is in the cone IC, the fourth term 7y is zero.

6. Uniformly loaded switch under Bernoulli traffic. In this sec-
tion, we consider the switch system when all the ports have Bernoulli traffic
with same arrival rate. The lower and upper bound expressions then have
much simple form. More precisely, for the syst(egn with index € , for ev-

€

ery input-output pair (4, j), the arrival process a;i (t) is a Bernoulli process
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with rate \j; = (1 — €)/n. In other words, the rate vector approaches the
vector v = 1/n € F on the face F as € — 0. Then, clearly the vari-

. . . 2 .
ance vector for the system with index € is (a'(e)) = L£(1 — =91 with

HU(E)HQ = (1 —¢€)(n — (1 —¢)) and it converges to o = "511. Moreover,
1 n

amax = 1 and vy = ;. Using these values, we can restate Propositions 1

and 2, and Theorem 1 as follows:

THEOREM 2. Consider a set of switch systems with the Bernoulli arrival
processes a(®) (t) parameterized by 0 < € < 1, such that the mean arrival rate
vector is A® = %1. Fiz a scheduling policy under which the switch system
is stable for any 0 < ¢ < 1. Let q(e)(t) denote the queue lengths process
under this policy for each system. Suppose that this process converges in
distribution to a steady state random vector G\9. Then, for each of these
systems, the average queue length is lower bounded by

(e 1—¢)?
1] ]

Therefore, in the heavy-traffic limit as € | 0, we have

1
lim inf ¢E g9 >
Hg%)n € qu z—

i

Now consider the same switch systems operating under the MaxWeight
scheduling algorithm. The queue length process q© (t) of each system is pos-
itive recurrent and so converges to a steady state random vector in distribu-
tion ©). Then, for each system with 0 < e < 1/2n, the steady state queue
lengths vector collapses into the cone K in the sense that it satisfies

E [qu)w] < (M,)" Vr € {1,2,...}, where M, = (2\/?6)1/’“16273 (n+1).

Therefore, the steady state average queue length satisfies

1 3 1 __ (o) 1 3 1 __
“(n-2+—)-B <E|) )| <=(n-S+=—)+B
- (n 5+ 2n> 1(e,n) < 2 G| <2 <n 5+ 2n> + Ba(e, n),

where
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foranyr € {2,3,...}. The terms Bi(e,n) and Bs(e,n) are both o (1). In the
heavy traffic limit as € | 0 which means as the mean arrival rate A* — %1,
we have

31
imeE [S g9 = (n-24+ ).
a[r] - (-22)

Thus, MaxWeight algorithm has optimal queue length scaling in the heavy
traffic limit.

Thus, in the heavy traffic limit, we have a universal lower bound on the
(e scaled) average queue lengths that is Q(n) and the MaxWeight policy
achieves this bound within a factor less than 2. Since we are interested
in the asymptotics both in term of number of ports, n and distance from
boundary of the capacity region, €, there are several possible limits in which
the system can be studied. Heavy traffic limit is one such asymptotic, where
we first let the arrival rate approach the boundary of the capacity region
and look at the scaling of average queue length in terms of n. Another set
of asymptotic regimes is when € — 0 and n — oo simultaneously. This can
be studied by setting ¢ = n=? for 8 > 0. Such a limit was studied in [13, 14]
for scheduling algorithms that are different from the MaxWeight algorithms
studied here. The universal lower bound in such a limit is Q(n(**+#). Tt is
now easy to see the following corollary.

COROLLARY 1. Consider a sequence of switch systems with Bernoulli
arrivals, indexed by n. The n™ system has mean arrival rate vector A =
%1 with > 0 and v, > 0 is a sequence that is O(1). The load is
o™ =1 —~,nP. Fiz a scheduling policy under which the switch system is
stable for any n > 0. Suppose that the queue lengths process q(™ (t) process
converges in distribution to a steady state random vector @™ . Then, for
each of these systems, the average queue length is lower bounded by

n 1-— nn‘f8 2
E Z@(j) Z%nﬂ(nl),

and so is Q(n(+9).

Under the MaxWeight scheduling policy, the queue lengths process q(™ (t)
process s positive recurrent and so converges to a steady state random vector
in distribution @™. When 2v, < n®=1, the steady state average queue



Downloaded from informs.org by [216.73.217.134] on 06 July 2026, at 05:14 . For personal use only, al rights reserved.

244 S. T. MAGULURI AND R. SRIKANT

length satisfies

(1+8) (1+8)
n — Bs(n) <E ZGE;L) < n—+B4(n) for B > 4,

Tn i Tn

(28)

where Bs(n) and By(n) are o (n(Hﬁ)). Thus, under the MaxWeight algo-
rithm, the average sum queue lengths is @(n(H‘ﬁ)) and so has optimal scal-
mg.

PRrROOF. The universal lower bound directly follows from Theorem 2 using
€ = ~,n~P. We will now prove the second part of the corollary which is
under the MaxWeight policy. Sine 2v,, < n®~1), we have 0 < ™ <1 /2n
and Theorem 2 is applicable. Therefore, we have (28) with

3nf —nf-1 Y P 1 1
B = — 1— —94 = _Z
0= (Fg =)+ (5 ) o

9 1/r
+48( ﬁe) T a(=28)2 (1 1)
Tn (&

—3nf 4+ nf1 vnn_ﬁ 1 n+1
B = — | — (1= — 24 =
() ( - ) ( P ) (2 )

1/r
+32 <2ﬁ6) En(=i )02 (n 4 1).

Tn €

Clearly all but the last terms above are o (n(1+ﬁ)). The last terms are
S (n(5+$)> For any 5 > 4, we can pick r large enough so that 4—{—% <p
and so we have that Bs(n) and By(n) are o (n(1+5)). O

7. Conclusion. We have obtained a characterization of the heavy-traf-
fic behavior of the sum queue length in steady-state in an n X n switch
operating under the MaxWeight scheduling policy when all ports are satu-
rated. We then considered the special case of uniform Bernoulli traffic and
studied the switch in an asymptotic regime where the load increases simulta-
neously with the number of ports. We showed that the steady-state average
queue lengths are within a factor less than 2 of a universal lower bound. The
result settles one version of a conjecture regarding the performance of the
MaxWeight policy. A number of extensions can be considered:

e Extensions of the result to more general traffic patterns when only a
few ports are saturated or when some of the arrival rates are zero is
an open problem.
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e We believe that one may be also be able to allow correlations across
time slots by making an assumption similar to the assumption in Sec-
tion II.C of [24], and considering the drift of the Lyapunov function
over multiple time slots. This extension may require a bit of additional
work.

e A Brownian limit has been established in the heavy-traffic regime in
[6], but a characterization of the behavior of this limit in steady-state is
not known. We expect the mean of the sum queue lengths (multiplied
by € and in the limit € — 0) in steady-state that we have derived to be
equal to the sum of the steady-state expectations of the components
of the Brownian motion in [6]. This would be interesting to verify.

e Verifying whether the MaxWeight algorithm achieves optimal queue-
length scaling in the size of the switch in non-heavy-traffic regimes is
still an open problem.

APPENDIX A: PROOF OF LEMMA 1

PRrOOF. Clearly, from the definition of the cone K , (i) <= (ii). We will
now show that (ii) = (iii)) = (iv) = (ii).

(ii) == (iii): Since all the maximal matchings have exactly one element
from each row and column, when a vector x such that x;; = w;+w; for all 4, j,
is used as the weight, all the matchings have the same weight, . wi+zj wj.
Moreover, since w; > 0 and w; > 0 for all 4, j, we have that x;; > 0 for all
i,].

(ili) = (iv): There are n! perfect matchings and each edge appears in
(n — 1)! of them. Therefore, when x is used as weight vector, the average
weight of all the perfect matchings is < >y Tiryr. Now consider the (n—1)!
matchings that contain the edge ij. The total weight of all these matchings
is (n— D@+ 304 > j2i(n — 2)lwyy, because every edge i'j’ appears in
(n—2)! of these (n—1)! matchings. Since all the matchings have same weight,
equating the average weight of these (n — 1)! matchings to the average of all
the matchings, we have

1 1
Tij + n_1 Z Z Tyt g0 :ﬁ ilzj;%"j'

i1 4]

1 = = 1
zij+ —— | D@y = Y @iy — Y wig i | ==Y @y
n-— 1 U ‘1:1 ‘/:1 n Ty
V) J T Y]

1 1 = = 1 1
j'= i'= i\
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n n 1
nTij — E Ty —+ E Tit5 = — E E T for n > 1.
j'=1 i'=1

il
7 7]

This gives (3) since the n =1 case is trivial.
(iv) = (ii): We now assume that (3) is true. For each i, j, define

1 n 1 n n
W; = — :L'Z'j/ — —2 :E,L'/j/
n 2n
=1

ir=1j'=1

and

wj

(1>

1 n 1 n n

- ; T = 5 ;; Tirjr.

Then clearly, z;; = w; +w; for all 4, j. If w; > 0 for all ¢ and w; > 0, for all j,
we have (ii). If not, let ¢; £ min; w; and (3 £ min; w;. Note that (1 +(2 >0
since x;; > 0 for all 7, j. Suppose that (; < 0. Then, let w; = w; — (1 and
w; = w; + (1. Then clearly, w; > 0 for all ¢ and w; > 0 for all j and
Tij = w; +wj = w; +w;. Thus, we have (ii). One can similarly define w; > 0
and w; > 0 when (3 < 0. This proves the lemma. O

APPENDIX B: PROOF OF LEMMA 3

PROOF. Lemma 2 is applicable here and so we have that E[Z (X)] < co.
Recall that AZ(X) is a random variable for any X, so define

D 2 sup esssup|AZ(X)| = sup Z(X") - Z(X)].
Xex X, X'€X P(X (t+1)=X'| X ()=X)>0
Also define

Pmax = sup P(X(t+1) > X|X(t) = X).
Xex

Then, from Theorem 1 in [20], we have

P(Z(X)>r+2Dm) < [ =)
meax +n
Clearly, D < D and pmar < 1. Therefore, we get

P(Z (X) > x+2Dm) <P (2 (X) > n+2Dm)
~ m—+1
S NDpnlaX
Dpmax + 1

D m+1
< =R )
B <D +77>
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where the last inequality follows from ﬁpmax < D and m + 1 > 1. This
proves the first part of the lemma. We will now use this result to obtain
moment bounds. Since r > 0 and Z(.) > 0, we have

E[Z (X)']

:T/mtr (2 (X) > 1) dt

. /_ 1P (2 (X) > 1) dt—i—r/oo P (2 (X) > 1) di

=K

K o0 k+2D(m+1) o
§7‘/ tldt +r / P (Z(X) > t)dt
t=0 t

m=0 =k+2Dm

0 Kk+2D(m+1) L
gn"+r2/ t"'P(Z (X) > K +2Dm) dt
t

m=0 =k+2Dm

D m+1  rk4+2D(m+1) )
<Kg" + <—> / rt" T dt
Z D +n t=r+2Dm

r G D m r r
=k" + Z <—77) (k+2D(m+1))" — (k+2Dm)

o 1ot B [(25)- ()]

m=1

5 (e 20mr (2-)"

m=0

[e.9]

e (55s) + Lo (o%5)

=0

where (a) follows from the relation, (a + b)" < 2"max(a,b)” < 2"(a" +
b"). It is known [25] that for < 1 and r = 1,2,... Y ° m'z™ =
W 1 A(r, k)x* ! where A(r,k) are called the Eulerian numbers.
It is also known that ZZ;[I) A(r,k) = rl. Therefore, when z < 1, we have
that > °_ m"a™ < WT!. Using this relation, we get

E[Z (X)'] <(2r)" + (4D)" (?)w
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APPENDIX C: PROOF OF LEMMA 5

PrOOF. We will use Lemma 2 to first show that E[V(q)] is finite. Define
the Lyapunov function W(q) £ ||q|| = v/V(q), and its drift

AW (q) £[W(q(t + 1)) = W(a(t)] Z(a(t) = a).
We will first verify condition C.2 of Lemma 2. Using the same arguments
as in (9), we get
AW ()| =[lla(t + DI = lla@®l Z(a(?)
<lla(t+1) —a(®)[ Z(q(t) = q)
<n®max|g;(t +1) = (1) Z(a(t) = a)

q)

Snzamaxa
thus verifying condition C.2. We will now verify condition C.1.

E[AW(q)|q(t) = q]
=E[[la(t+ D[ - lla®)|l|a(t) = d]

=& [/alt + DI ~ V@] at) = o
q(t) = q]

(a) 1 - )
<5 | gt + DI = latol

— L E[AV(q)a(t) =

20
0 1 i
< (A + ol +n+ 2 (a2~ Els(o)]alt) = a)
21 <HM2+H 124 + 2min (g, A >)
<— o n min (q,\ —r
2T iy
@ 1 s
SW(H)\H + |lo|| +”+2<q,>\—()\+611)>)
A4 lol +n_al
2lal Tal
(e) 2 2
OINE 4l 4n
2ld]

> IAIZ + llol® + n

< — %1 for all q such that W(q)
€1

where o denotes the variance vector and ||q|j; £ >, ; ¢ij denotes the £1 norm
of q. Inequality (a) follows from the concavity of square root function, due



Downloaded from informs.org by [216.73.217.134] on 06 July 2026, at 05:14 . For personal use only, al rights reserved.

MAXWEIGHT ALGORITHM IN A SWITCH 249

to which we have that \/y — \/z < ﬁ(y — x). Inequality (b) follows from

the bound on drift of V(.) obtained in (10) in the proof of the proof of
Proposition 2; (¢) follows from the fact that we use MaxWeight scheduling.
Since A € int(C), there exists a €1 > 0 such that A+ ¢;1 € C. This gives
(d). For any vector x, its ¢; norm is at least its o norm , i.e., ||x|1 > ||x]|.
This gives inequality (e). Thus, condition C.1 is verified and we have that all
moments of W (q) exist in steady state. In particular, we have that E[V (q)]
is finite.
Now, note that
2 2

Va(@) = | > ai | < Zn}gxqw = n' maxgj; < n*> g =n'V(q).

)

Thus, E[V3(q)] is also finite. The lemma follows by noting that Vi(q) < V3(q)
and V2(q) < V3(q). O
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