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Abstract We consider an input-queued switch operating under the MaxWeight
scheduling algorithm. This system is interesting to study because it is a model for
Internet routers and data center networks. Recently, it was shown that the MaxWeight
algorithm has optimal heavy-traffic queue length scaling when all ports are uniformly
saturated. Here we consider the case when an arbitrary number of ports are saturated
(which we call the incompletely saturated case), and each port is allowed to saturate
at a different rate. We use a recently developed drift technique to show that the heavy-
traffic queue length under the MaxWeight scheduling algorithm has optimal scaling
with respect to the switch size even in these cases.
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1 Introduction

The n x n switch is a model that has been widely used and studied to understand the
behavior of Internet routers and data center switches. The importance of this model in
the design of Internet routers is well-known. In the mid to late 1990s when the Internet
was exploding, it served as an important model to study and design scheduling algo-
rithms for the switch fabric of Internet routers. The model is now used to understand
the design of data centers used for cloud-computing services. Today’s data centers
consist of a massive number of servers organized in racks, which are interconnected
through a data center network. An ideal data center network is a huge input-queued
switch with one port for each server. However, real switches are much smaller and they
have to be interconnected appropriately, and routing and scheduling algorithms have
to be designed, so that the overall network emulates an n x n switch. Designing such
a network is a challenging and active area of research; see [1,14] for example. Here,
we do not explicitly consider a data center network, but only consider the n x n switch
which is the underlying model (see [14], which argues why the model is appropriate
even for a data center network) and study the behavior of the well-known MaxWeight
algorithm [22] for this model.

As mentioned in [15], the n x n switch model also serves as a canonical theo-
retical example of a problem which exhibits the so-called multi-dimensional state
space collapse, which makes it difficult to study using traditional heavy-traffic theory.
Recently, it has been shown in [11] that the heavy-traffic behavior of the mean queue
length in an n x n switch operating under the MaxWeight scheduling algorithm can be
precisely characterized using a nontrivial extension of a drift technique introduced in
[6]. In particular, one of the key contributions of [11] is to extend the drift technique
to cover the case of multi-dimensional state space collapse. The result in [11] also
resolved an open question on the scaling behavior of the heavy-traffic queue length in
a switch operating under the MaxWeight algorithm. In particular, it showed that the
total heavy-traffic-scaled queue length is O (n) or the mean heavy-traffic-scaled delay
experienced by a packet is O(1). While there have been other results establishing
O (1) delay scaling, the significance of the result in [11] is that the result holds for
the original MaxWeight algorithm introduced in [22], with no additional scheduling
operations required.

The results in [11] were obtained under the assumption that every input and output
port of the switch is saturated (i.e., close to capacity), and the arrival rates to each input
port and each output port are close to capacity by the same amount. For the purposes of
this paper, we call a switch where only some of ports are saturated an “incompletely
saturated switch.” The main purpose of this paper is to show that the MaxWeight
algorithm has order-optimal scaling (in the number of ports of the switch) for the case
of an incompletely saturated switch and for the case where each port has a different
rate of saturation. The results in [11] were obtained by setting the drift of a test function
to zero in steady state. This function was carefully chosen based on the underlying
symmetry when all ports are saturated. Since we do not have such a symmetry in the
incompletely saturated switch, a new test function has to be used. The main reason for
this is that the geometry of the state space collapse is different here than in the all-port
saturated case considered in [11]. In this paper, we propose a novel test function to use
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for the incompletely saturated switch. Another major contribution of the paper is that
we express this function in a simple form, so that it can be generalized for use in other
problems that exhibit state space collapse into other regions. The case where each port
has a different rate of saturation is of theoretical importance since it corresponds to
the situation where the drift vector is not the identity matrix in the diffusion limit [8].
In fact, the diffusion limit is no longer symmetric in the components of the limiting
stochastic process (i.e., the diffusion limit is not symmetric across the ports), but here
we show that the technique in [11] works even in this asymmetric situation to produce
an exact formula for a certain linear combination of the queue lengths. This result can
be further used to show optimal queue length scaling under some conditions on the
saturation rates.

The rest of the paper is organized as follows. The model of an n x n switch and the
MaxWeight algorithm are presented in Sect. 2. General results on queue lengths are
presented in Sect. 3. In Sect. 4, we present various extensions and special cases in order
to interpret the general result. Concluding remarks are provided in the last section.

We remark that a very preliminary version of this paper appeared in [10].

1.1 Related work

The MaxWeight algorithm for general stochastic networks, of which the n x n switch is
a special case, was presented in [22], where it was shown that algorithm is throughput-
optimal. The special case of the switch was considered in [12], where it was shown
that simpler algorithms such as MaxSize and maximal matchings are not throughput-
optimal. The case of nonstochastic arrivals was considered in [24], where in addition
to the throughput optimality of MaxWeight-type algorithms, a lower bound on the
throughput loss of simpler algorithms such as maximal matching was established.

Here we are interested in performance metrics beyond throughput optimality. In
particular, we are interested in understanding whether the MaxWeight matching algo-
rithm for switches achieves small queue lengths, at least under a heavy-traffic scaling
regime. Using diffusion limits, the heavy-traffic optimality of the MaxWeight algo-
rithm in a switch where only one port is saturated was established in [21], although
the final step of interchanging the order of the heavy-traffic scaling limit and letting
time go to infinity was not undertaken there. Motivated by this result, [6] studied the
switch directly in steady state, established heavy-traffic optimality, and introduced a
new drift method of studying stochastic networks in heavy-traffic. However, it should
be emphasized that the results in [6,21] apply only to the case of a single saturated
port since they both rely on state of the system collapsing to a single dimension in
the heavy-traffic limit. In a recent development, the case where all ports are uniformly
saturated (thus leading to the more difficult case of multi-dimensional state space
collapse) was studied in [11], where an exact expression for the heavy-traffic scaled
queue length under the MaxWeight algorithm is derived. Additionally, this expression
shows that the algorithm has heavy-traffic optimal scaling in the size of the switch,
resolving an open conjecture stated in [15]. The results in [11] use and significantly
extend the drift technique presented in [6].

State collapse in the case where multiple ports are saturated has been established
in [2,18,19] and, using the state space collapse result in [18], a diffusion limit was
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established in [8]. However, properties of the diffusion limit (such as its steady state
distribution or mean queue lengths) were difficult to establish. The result in [11] can
thus be interpreted as a derivation of the sum of the first moments of the limiting vector
stochastic process, but obtained without going through the usual fluid/diffusion limit
scaling arguments. An entirely different technique to study heavy-traffic optimality
was presented in [17], where the authors approximate the scheduling decisions made
by a switch which can change its schedule infinitely often to simulate a queueing
network with product-form steady state distribution as in [4]. The resulting algorithm
is heavy-traffic optimal, but has a very high computational complexity. The optimal
scaling of the queue length as a function of the switch size in the nonheavy-traffic limit
appears to be still open. Alternatively, one can consider asymptotic regimes other than
the heavy-traffic limit. The best known results in this regard are the ones in [ 13, 16], but
these require algorithms that are more involved than the original MaxWeight algorithm.

2 System model and background

In this section, we present the model of an input-queued switch, the MaxWeight
scheduling algorithm, and some lemmas that will later play a key role in the
results.

Note on notation For ease of understanding, and to allow the reader to compare and
contrast with the results in [11], here we use definitions and notation consistent with
[11]. Since an n x n switch has n? queues, we often deal with the Euclidean space R™.
To describe the elements of the space R"z, we will use the terms vector and matrix
interchangeably, because these elements may be viewed either as n’-dimensional
vectors or as n X n matrices. Both these views will be used in this paper for ease of
exposition. We primarily use the inner product and norm of the vector space IR”Z, but
we represent the vectors in IE{”2 as n X n matrices for convenience. Thus, X is a matrix
with the (i, j)th component denoted by x;;, and for two vectors x and y in ]R”z, their
inner product (x, y) and Euclidean norm ||x|| are defined by

92D iy X2 Vxx) =

i=1 j=I

. 2 .
For two vectors x and y in R" ", x < y means x;; < y;; for every (i, j). We use 1 to

denote the all ones vector. Let e) denote the vector defined by el.(j.)
E,(f; = 0 for all i’ # i and for all j. Thus, e is a matrix whose ith row is all ones,
with zeros everywhere else. Similarly, let €/) denote the vector defined by 'éf]’ ) =1

forall i and 'éfj,)

=1 for all j and

= Oforall j/ # j andforalli,i.e., it is a matrix whose jth column is
all ones, with zeros everywhere else. We use ) _;(.) without the limits on summation
to denote ZL] (.). For arandom process q(¢) and a function V (.), we will sometimes
use V(t) to denote V (q(t)). We use Var(.) to denote variance of a random variable
and Cov(.) to denote covariance between two random variables.
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2.1 The switch model and the MaxWeight algorithm

For the purposes of queueing-theoretical analysis, an n x n switch can be treated as
an n x n matrix of queues operating in a time-slotted discrete-time fashion. Let a;; (t)
denote the number of packet arrivals to the (i, j)th queue, i.e., the queue in the ith
row and jth column. We leta € R" denote the vector (aij)ij. For every queue (i, j),
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)) = crl%. for any time . We assume that the
arrival processes are independent across queues (the processes a;;(¢) and a; j/(¢) are
independent for (i, j) # (i’, j’)) and are also independent of the queue lengths or
schedules chosen in the switch. We further assume that for all i, j, ¢, a;; (f) < amax
for some amax > 1. The arrival rate vector is denoted by A = (4;;);; and the variance
vector (05.),' j is denoted by (6)? or 62. We will use ¢ to denote (o; i)ij- We denote
the queue length of packets at input port i to be delivered at output port j at time ¢ by
qij(t). Letq € R" denote the vector of all queue lengths.

The key scheduling constraints are that (i) at most one packet can be removed from
each queue in each time slot and (ii) at most one queue can be served in each row and
each column in each time slot. These constraints arise from technological constraints
in a real switch, where each row represents an input port and each column represents
an output port; see [20] for example. The scheduling constraints can be captured in
graph-theoretical language as follows: Let G denote a complete n x n bipartite graph
with n? edges. Each node on the left side of the bipartite graph can be thought of as
representing a row in the matrix of switches and each node on the right side represents
a column. The schedule in each time slot is a matching on this graph G. Let s;; be the
amount of service provided to queue (i, j) in a given time slot. Thus, s;; = 1if the link
between input port i 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 {0, 1}”2, is the set
of all vectors s which satisfy

n n
Dosip <Y 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 S* is
the set of all vectors s which satisfy

n

n
Zsijzl,Zsij=1Vi,jE{l,Z,...,n}. 1)

i=1 j=l

A scheduling policy or algorithm picks a schedule s(¢) in every time slot based
on the current queue length vector, q(¢). In each time slot, the order of events is as
follows: Queue lengths at the beginning of time slot 7 are (7). A schedule s(¥) is then
picked for that time slot based on the queue lengths. Then, arrivals for that time a(z)
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:
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qij(t + 1) = [qij (1) + a;j (1) — Sij(t)]+
=qij(t) +a;j(t) — i () +u;j @),
q( + 1) = q@) +a@) —s() +u), 2)

where [x]T = max (0, x) is the projection onto the positive real axis, and u;; (¢) is the
unused service on link (7, j). Unused service is 1 only when link (i, j) is scheduled,
but has zero queue length; and it is O in all other cases. Thus, when u;; () = 1, we
have g;;(t) = 0, a;j(t) = 0, 5;;(t) = 1 and g;;(t + 1) = 0. Therefore, we have
uij(t)qgij(t) = 0, u;j(t)a;j(t) = 0 and u;;(t)g;j(t + 1) = 0. Also note that since
uij(t) < s;j(t), we have that ) 7, u;; € {0, 1} and Z'}zl ujj € {0, 1} forall i, j.

The MaxWeight algorithm is a popular scheduling algorithm for switches. In every
time slot ¢, each link (i, j) is given a weight equal to its queue length ¢g;;(¢) and the
schedule with the maximum weight among the feasible schedules S is chosen at that
time slot. In other words, using queue lengths as the weights, the permutation matrix
with the maximum weight is picked in every time slot. This algorithm is presented in
Algorithm 1.

Algorithm 1 MaxWeight scheduling algorithm for an input-queued switch

Consider the complete bipartite graph described earlier. Let the queue length g;; (#) be the weight of the
edge between input port i and output port j. A maximum weight matching in this graph is chosen as the
schedule in every time slot, i.e.,

s(t) = arg max Zqij (t)s;j = argmax (q(7), s) . (3)
seS ij 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 (i, j) such that s;; = 0 and s;". =1,
qij(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 (i, j) that are in s* but
not in s have an unused service of 1. Note that this does not change the scheduling
algorithm, but it is just a notational convenience. Therefore, without loss of generality,
we assume that the schedule chosen in each time slot is a maximal schedule, i.e.,

s(t) € 8™ for all time ¢.

Hence, the MaxWeight schedule picks one of the n! possible permutations from the
set §* in each time slot.

Under i.i.d. arrivals, the queue lengths process q(#) 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
in an appropriate stochastic sense (see [20] for example). 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
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is said to be throughput-optimal. It is well-known [12,22] that the capacity region C
of the switch is convex hull of all feasible schedules:

C = Conv(S)
N n n
={reRy Y Ay <L) aj<1Vijefl....n)
i=1 j=1
— {;,e]R’f :<x,e“>)5 1,<x,a’</’>>5 Vi, j e{l,...,n}}. @)

For any arrival rate vector A, p = max;;{} ; Aij, Z/ Aij} 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 [12,22], [20, Chap 4].

For any arrival rate in the capacity region C, due to positive recurrence of q(¢), we
have that a steady state distribution exists under the MaxWeight policy. Let q denote
the steady state random vector. In this paper, we focus on the weighted average queue
length under the steady state distribution, i.e., E[Zi’ i iq; j], for some weights a;;,
which can be shown to exist as in [11]. We consider a set of switch systems indexed by
a parameter €, with arrival rate A€ so that the arrival rate approaches the vector v on the
boundary of the capacity region C in the limit as € — 0. This is called the heavy-traffic
limit. We are interested in the weighted average queue length in the heavy-traffic limit,
ie., lim¢ g E[Zi, i Qijq; j]. In particular, in this paper, we will consider cases where
the sum of the arrival rates at some rows and some columns approach 1, and they may
approach 1 at different rates at each column and row.

2.2 Kingman bound for a discrete-time queue

To establish our results, we later show that the total queue length along each row and
each column is lower-bounded. For this purpose, we use a bound on the steady state
queue length in a simple discrete-time queue [6]. While the well-known Kingman
bound is for continuous-time G/G/1 queues, due to the similarity in establishing the
result, the bound for the discrete-time case is also called the Kingman bound in [6]
and we use the same terminology here. We state the version of the result for the special
case where a queue can serve only one packet per slot here since this is what is used
in this paper. In this special case, instead of a bound, one has an exact expression for
the mean queue length which we present below.

Lemma 1 Consider a single server operating in discrete time. In each time slot,
packets arrive according to an i.i.d. arrival process a(t) with mean A and variance
o2. Let q denote the queue length. Each packet needs exactly one time slot of service.
The server operates according to any nonidling policy, serving one packet in every
time slot whenever the queue is nonempty. Then, the queue is positive recurrent as
long as ) < 1, and the steady state mean queue length is given by
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2
o A
Elg] = ~—— — -.
20—x) 2
We note that the first term on the right-hand side of the above equation is what is
referred to as the Kingman bound in [6].

2.3 Moment bounds from Lyapunov drift conditions

In later sections of the paper, we establish state space collapse results by obtaining
moment bounds on certain quantities related to the queue length vector based on drift
of a Lyapunov function. A key ingredient in this approach is to obtain moment bounds
from drift conditions. A lemma from [7] was used in [6] to obtain these bounds, and
a different result from [3] was used in [11] to obtain tighter bounds. Here we state [3,
Theorem 1] in the form it was stated in [11].

Lemma 2 Foranirreducible 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) 2 [Z(X(t+1)) = Z(XO)] T(X (1) = 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:

Cl Thereexistsann > 0, and a { < 0o such that, foranyt = 1,2, ... and for
all X e X with Z(X) > ¢,

E[AZ(X)|X (1) = X] < —n.
C2  There exists a D < oo such that, forall X € X,
P(AZ(X)| < D)=1.

Further assume that the Markov chain {X (t)}; converges in distribution to a random
variable X. Then, foranyr = 1,2, ...,

BIZ (X)] < 2¢) + 4D’ (%) .

3 Incompletely saturated switch

In this section, we will study the switch system when an arbitrary number of ports are
saturated. We consider the switch where n1 < n input ports (rows) and n, < n output
ports (columns) are saturated. Without loss of generality, we assume that input ports
(rows) 1,2, ..., n; and output ports (columns) 1,2, ..., ny are saturated. Thus, we
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consider a point v on the boundary of the capacity region that lies in Relint(F,,,),
the relative interior' of the face Fnyn, defined by

n n
Frimy 2 veC:Zvijleie{l,...,nl},Zvijleje{l,...,nz}
j=1 i=1

= {veC:<v,e<i>>=1Vie{l,...,nl},

<X,€(j)>=1Vje{l,...,nz}}. (5)

In other words, if we let §; = I—Zj vij = 1—<v, e(i))andgj =1-> v = (v,E(j)),
yjehavethat& =0fori = 1,...n1,:§j =O0forj=1,...npand §; > O fori > ny,
8; > 0for j > ny.

We consider a sequence of systems indexed by €. In this section, we consider an
i.i.d. arrival process a‘®) () with mean and variance given by

E[a©#)] =1© = v — ¢k,
Var[a® ()] = (a@)z,

2 2.
such that as e — 0, (0 (6)) — 2. Herek € R’j_ is vector that represents the rates of
saturation of different ports. Define

ki (k) £ (k, e(i)> = Zkif and
j
%) 2 (k&) = k. 6)

For simplicity of notation, we will suppress the dependence on k. Note that ), k; =
Zj ?j. Let Kavg £ Zi Ki/n = Zj Ej/n, Kmin = min; «;, zmin = minj Ej and
similarly for kmax, Kmax- Note that in [11], the setting when k = v is studied, in which
case k; = 1 and f?] = 1 for all i, j. In order to make sure that the heavy-traffic
parameter € is comparable to this case, we assume without loss of generality that
kavg = 1. In other words, we normalize the vector k by assuming that (k, 1) = n.
Such a normalized k is called the saturation rate vector. We will study the switch in
the heavy-traffic limit as € | 0. Define

A - ZAS) =8 + ek,
J
POL1-Y A =5 + k).

i

! The relative interior of a set is defined as its interior relative to its affine hull [5, Section 2.1.3].
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Note that yi(g) = ek fori < ny,and )7;6) = e%j for j < ny. For the unsaturated ports,

lime o yl.(e) =8 > 0fori > ny, and lim¢ o )71.(6) =3§; > 0for j > ny.

3.1 Universal lower bound

We now present lower bounds on the steady state queue lengths that are satisfied by
any scheduling algorithm.

Proposition 1 Consider a set of switch systems with the arrival processes a' (t)
described above, parameterized by 0 < € < 1, such that the mean arrival rate
vector is A = v — €k for some v € Relint(F,,,), and the variance is (a(é))2. For
1 <i,j <n, v,y are defined as above. Fix 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
10 a steady state random vector €. Then, for each of these systems, the steady state
mean queue lengths can be lower-bounded as follows:

- 2
©
2 (Uij ) 1 -y
_ Y. :
E § 7 | = 5T L forall 1 <i <n, )
‘] -—
2
- )
Zi (Gi(je ) 1—%
_ y .
]E|:Z 7 | = 5 I forall1 < j <n. )
1 -

. .. . 2
Therefore, in the heavy-traffic limit as € | 0, if (0(6)) — 02, for the saturated ports
we have

o2
11m mf el c_l(e) 2 2 % ———foralll <i <ny,
Ya = 5
3.0
hmmfe]E 791 > ZLY foralll <i <no,
[Zq %, J =i=ny

and for the unsaturated ports we have
liT¢i()nf cE Zﬁs) > O0foralli > ny,
J

liminf elE 791 > 0foralli > no.
nh |:ZC] > 0 2

Proof The queue lengths at each port can be lower-bounded by a single-server queue
as follows: Consider ) j qi(;)(t ), the total queue length at input port (row) i. It can

@ Springer



Queueing Syst (2018) 88:279-309 289

be lower-bounded sample path wise by a coupled single-server queue with arrival
process Y j al.(;)(t) [11, Proposition 1]. The mean and variance of the arrival process

2
for this single-server queue are then (1 — y;) and (oi(;)) , respectively, because of the
independence of the arrival processes across the queues in the matrix. Then, using the

Kingman bound for a single-server queue in Lemma 1, we get (7). Similarly lower
bounding the total queue length for output port (column) j, >, q,.(;)(t), by a single-
(€)

server queue, we get (8). Taking the heavy-traffic limits using the facts that ;" = ex;,
f/(e) = ek for saturated ports and lime o yl.(g) > 0, lime o )7;6) > 0 for unsaturated
ports, gives the heavy-traffic limits. O

3.2 State space collapse

In this subsection, we will show that under the MaxWeight algorithm the queue lengths
vector concentrates close to a lower-dimensional cone. In order to make this more
precise, we need to first present the following definitions.

The heavy-traffic rate vector v lies in the relative interior of the face JF,,,, which is
at the intersection of hyperplanes with the n| + n, normal vectors, {e(i Yforl <i <
n1}U{€Y) for 1 < j < ny}. Call the cone spanned by these normal vector Ky, ,, and
the subspace spanned by these normal vectors Sy ,,, i.e.,

n ny
2 i ~ ~(7
Kniny = [X eR" :x= E wie) + E wje(]) where
i=1 j=1

wi € Ry for1 <i <ny,i; € Ry for | §j§n2}
N n n
= [xe R" :x = Zwie(’) +Zzﬂj€(1) where

i=1 j=1
w; € Ry forl <i <ny;and w; =0fori > ny,

@jeRJrforl§j§n2and@j:0forj>n2}.

ni np
2 . — ot
Snlnz £ {X eR" :x= E wie(’) + E wje(]) where
i=1 j=1

w,-e]Rforlgignl,w,-emorlgjgnz} )
n n
= {x eR” :x= Zwie(i) —1—2%-'6(” where
i=1 j=1
w; € Rforl <i <njand w; =0fori > ny,

wje]Rforl§j§n2and@j=0f0rj>n2}.
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The components of any vector x in the subspace S, ,, can be written in the form
xij = w; + w;, where w; € Rfor1 <i < ny, w; =0fori > ny, w; € R for
1 < j <nyand w; = 0 for j > ny. The same is true for any vector x in the
cone K, with the further restriction that w; > 0 for 1 < i < n; and @j > 0 for
1 < j < ny. This leads to the following lemma relating the structure of the cone Ky,
and the subspace S, , .

Lemma 3 Let ny < n and ny < n. The cone K,,,, is the intersection of the space
Suyn, and the positive orthant, i.e.,

2
n
ICnlnz = ©Oniny N R+-

. - 2
Proof From the definitions above, it is clear that IC;,,, € Sy, and KCypn, S R

2 2
Therefore, we have ’Cn1~nz C Sun, N . Now suppose that X~€ Suin, DR . We
have that x;; = w; +w; > 0, where w; = 0 fori > nj and w; = 0 for j > ny.
Since n1 < n, we have x;; = w; > 0, and so we get that w; > 0 for 1 <i < n;y.
Similarly, we get that @j > 0for 1 < j < np, proving that x € K,,,, and so
2
Sy NRY C Koy, - O

Let x; i denote the projection of x onto the convex cone K, ,,, and let X £
X — X i be the perpendicular component. Similarly, let x s denote the projection of x
onto the subspace Sy, and letx s Lx— x| s be the perpendicular component. For
simplicity of notation, we suppress the dependence on nq and n . In [11], xj and x|
were used to denote the projections we denote here by X and x| i, respectively. We
will show that under the MaxWeight algorithm, all the moments of q | x- are bounded
in steady state independent of €. Since the £ norm of the queues length vector ||q||1,
is 2(1/€), as shown in the previous subsection, this establishes that the perpendicular
component q | i is a negligible part of the queue lengths vector q for small €. Thus,
we establish state space collapse onto the cone ICp, .

For v e Relint(F;,,,), the vector in the relative interior of the face F,,,, let

A .
Vmin = min;, ; v;j. We assume that vy, > 0. Then, vl/mn > 0, where

Viyin = Min {Vmin, min {1 - <v, e(i)>} , min {1 — <v,5(j)>}} .
i>ny j>na

Proposition 2 Consider a set of switch systems under the MaxWeight scheduling
algorithm, with the arrival processes a€)(t), parameterized by 0 < € < 1, and
maximum possible arrivals in any queue amax. The mean arrival rate vector is A€ =
v — ek for some v € Relint(Fy,n,) such that vimin £ min;; v;; > 0, and a normalized
saturation rate vector k € IR'_f such that (k, 1) = n. Let the variance (0(6))2 of the
arrival process be such that ||o©||?> < &2 for some &2 not dependent on €. Let ¢ (t)
denote the queue lengths process of each system, which is positive recurrent. Therefore,
the process q'€(t) converges to a steady state random vector in distribution, which
we denote by ﬁ(e). Then, for each system with 0 < € < v/ . /2||k||, the steady state
queue lengths vector satisfies
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Bl ] = Bl@] < ) vre 2,

where Vr/nin is defined as above and M, is a function of r, &, v, Gmax, V mm but indepen-
dent of €.

Proof We omit the superscript ) in this proof for simplicity of notation. For the
Markov chain q, consider the Lyapunov function W xc(q) £ |lq x|l. We will use
Lemma 2 to obtain moment bounds from the drift of W xc(.). Similar to [11, Propo-
sition 2], under the MaxWeight scheduling algorithm it can be shown that

E[AW -
[AW k(@] q() q]§2llqu<:||

+2E [(qyi. s@) — v)|a(t) = q] + 2rrn€1é1 (q,v — r)) :
(10)

(Ilkllz + ol +n —2€ (g, k)

Recall that since s € S*, <e(i), s(t)) =1 and <E(j), s(t)> = 1 for all 7, j, t. Similarly,
since v € Fyy py. for 1 <i <npand 1 < j < ny, we have (e, v) = 1 and €V, v) =
1. By the definition of the cone K, ,,, the vector q)i can be written as qx¢ =

"owied + > 0 ;€. Putting all these together, we get (qyx. s(t) — v) = 0.
We now use the following claim to bound the last term in (10).

Claim 1 Foranyq € ]R”2 and v € Relint(Fy,n,) such that vyin > 0,

/

Vo
v+ 0 q el
laxll

Proof We will verify that v + ”V"‘Alq 1k satisfies all the conditions in the definition

of C in (4) Note that TILK o is a unit vector along some direction. Since v;; > v/ .

laL
v
clearly v + T 9Lk € IR+

It is well-known that for any X € Kninss Q. X) < 0. Since e ¢ Knyn, for
1 <i < ny, we have (q c, €?) < 0. Then, using the fact that v € F,,,,, we have,
forl <i <ny,

U/
< T (l)> =t

Fori > ny,

1)/. . . .
<v L Vmin g e(’)> — (1) vi, <‘h_f< e<,)>
llacll Ll

(%)<v,e(i)>+ Vo<,

min —
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where (a) follows from the Cauchy—Schwartz inequality and the last inequality follows
from the definition of v/ . . It can similarly be shown that <v + mﬁq i, ey )> <1

for 1 < j <npaswellas j > ny, proving the claim. |

Using the claim, the last term in (10) can be bounded as

v
2min(q,V—r>§2<q,v—<V+ — quc>>
reC laxll

v
afy g,
gLkl

= 2 laicl-

Using this in (10) and bounding the —2¢ (q | ¢, k) term using the Cauchy—Schwartz
inequality, we get

M2+ lol?+n

E{AW c@|q@) =q] < — Vpin T €lI&]|
[aWic@) ] 2llaLkl min
NE 2 ’ ’
< —” I”+ lloll” +n — me, whenever € < “min
2llq 2 2|k ||
B nin 2(IM1% + llo | 4 n)

IA

, for all q such that W x-(q) >

/

Ymin

2(|\M|2+/\|0H2+n) vy
V.

Thus, the conditions of Lemma 2 is valid with { = and n = 4o,

min

2 2
B el D RPN expression that doesn’t

min

contain €. The conditions of Lemma 2 can be verified using nonexpansivity of projec-
tion and the fact that the maximum arrivals at every time are dmax [11]. Then, from

Lemma 2, we get the bound on E [||(_1(f,)C ||r] in the proposition. Since K5, S Spjnss

Moreover, ¢ can be upper-bounded by ¢ <

we have ||ﬁ(f‘)9 "< ||ﬁjf,)C |I", completing the proof. O

3.3 Asymptotically tight upper and lower bounds under the MaxWeight policy

In this subsection, we will use the state space collapse result from the previous sec-
tion to obtain lower and upper bounds on weighted sums of queue lengths under the
MaxWeight algorithm that are tight in heavy-traffic limit. It turns out that the queue
length behavior under the MaxWeight algorithm when there is at least one unsaturated
port is qualitatively different from the case when all ports are saturated. The reason for
this is discussed in Corollary 5 in Sect. 4. So, in this subsection, we focus on the case
when at least one port in not saturated. If all the input ports are saturated, from the
definition of the capacity region, it follows that all the output ports are also saturated,
i.e., whenever n| = n, we also have n, = n. Similarly, if all the output ports are
saturated, it again follows that all the input ports are saturated. Since we are interested
in an incompletely saturated switch, in this section we assume n; < n and ny < n.
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The queue length bounds are obtained by setting the drift of the following function
to zero in steady state:

v = [aqs|*

Its drift is defined as

AV(q) £ [V +1) = V(@) Z(q@) = q).

We now state the main result of the paper in a general form. In Sect. 4, we will interpret
this result as well as present various special cases.

Theorem 1 Consider a set of switch systems under the MaxWeight scheduling algo-
rithm, with the arrival processes a(‘)(t), parameterized by 0 < € < 1, and maximum
possible arrivals in any queue amax. The mean arrival rate vector is A = v — €k for
some v € Relint(F,,n,) such that viin £ min; i vij > 0, and a normalized saturation

rate vector k € IR’}: such that {k,1) = n. Let the variance (6(5))2 of the arrival
process be such that |6 ©||> < &2 for some > not dependent on € and assume that
ny < nand ny < n. Let q')(t) denote the queue lengths process of each system,
which is positive recurrent. Therefore, the process q'€) () converges to a steady state
random vector in distribution, which we denote by q'©. Then, for each system with

, :
0 < € < v, /21kll, the steady state queue lengths vector satisfies

3o (0 e) e < B[] = 5 {(5)". ) 0

for any fixed weight vector o € R™ such that <oc, e(i)> = nk; fori < niand <cc, F(j)> =
nﬁj for j < np, where Bi(€) as well as B> (€) are 0(%), ie., limc_g€eBi(e) =0 and
lim¢_, o € Ba(€) = 0. The vector & is defined by

9 _ 2n—ni—np ifi <njandj <ny

nz;nlnz
) < .
TR T A (a1
1+ nz—r:mz ifi >nyand j <np
0 ifi >nyandj > ns.

Thus, in the heavy-traffic limit as € | 0, we have
: q© _ 1.2
fim e [{a. )] = 36%.5).
Moreover, for anyi > ny and j > ny,
lim €l [—@] = 0.
lim <7

Note that, in general, the weights «;; are allowed to be negative. We now present the
proof of the theorem.
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Proof We consider the switch for a fixed 0 < € < v/, /2||k||. For simplicity of

notation, we again omit the superscript (¢€) in this proof. Similar to the notation in
[11], we use q to denote the steady state queue length vector and a to denote the
steady state arrival vector, which is identically distributed to the vector a(f) at any
time 7. We use s(q) and u(q) for the schedule and unused service to explicitly show
their dependence on the queue lengths. If the queue length at time ¢ is q, then the
queue length at time 7 4 1, +2a — s(q) +u(q), is denoted by q . Since q is the steady
state queue length, it has the same distribution as q .

It can be easily shown using Lemma 2 that, in steady state, E[||ﬁ||2] is finite, and
consequently we have

E[V@] <oo and E[lql]=EL)_g;] < oo, (12)
ij

where ||.||; denotes the £ norm. See Lemma 5 in [11] for details. Setting the drift of
V(q) to zero in steady state, we get

0 = BAV@)]
=E[V@+3-s@ +u@) - V@]
=E[|@+a-s@ +u@)s|’ - [as]’]
|4 + @ —s@)s +us@|’ - |@s]’]
=E[|@s + @—s@ys|’ +2(ds + @— s@)ys, ws@)]
B[ Jus@|” - las]’]
= B[ [q)s + @ —s@)s | +2(djs + @ = s@)ys + s @. ujs@)]
—E[Jus@]* + [a@s]’]
2R :Hﬁus +@—s@)s|’ +2 <Ws’ “us@> — Jws@|* - as Hz]

= B[ @—s@)s[* +2(@s. @—s@ys) - [ws@|” +2 (a5 ws@)]

where (a) and (b) follow from the fact that projection onto a subspace is linear. There-
fore, we have

2B (@5, 5@ ~Dys]] = B[ | @ —s@yys || - B [Jws @[] 3)

+28 [(afs. wis@)] (14)

We will now study each of the terms in this equation. Consider the LHS term in (13).
Since any vector of the form x| s is orthogonal to the space S,,,,, we get

2E [(q)s, 5@ —2)5)]
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2B [(ds. @ — Dys)] + 2E (@5, @ — 3 15)]
E[( s+ S@ —a)]

E[((IHS,S((]) —1)]
2B [(q)s, 8@ — (v — €k))]
= 2¢E[(q)s. k)] + 2E [(q)s, s@ — v)]

ni ny
b i ~ ~(]
(—)2 E < E wie(’) + E wje(f),k>
i=1 =1

||g II

+ 2 <Zw e(’)—i—zzw eV s(q)—v>

ni no
Q2B | 3w (e k) + Y i, (6. k)
i=1 j=1

nj na

i—1 j=1

- ~E[@ «)] - flE[(ﬁls,a)], (15)

where (a) follows from the fact that the arrivals are independent of queue lengths. From
the definition of the space S, ,, in (9), we know that the vector q s can be represented
asY ' wie4+3"2 €V forsomew; € R,1 <i <nj,andw; € R,1 <i <ny,
giving (b). Since the schedule is always assumed to be maximal, from (1), we have
that (e(i), s) = 1 for all ;. Since the first n| rows are saturated, we have from (5) that
(e, v) = 1forl <i < ny.Therefore, we get that (e, s(@) — v) = Ofor 1 <i <ny,
and similarly we have <’é’U ), s(q) — v) = 0for 1 < j < ny. Consequently, the second
term in (c) vanishes. From the definition of ; in (6) and the assumption on &, we have
that (e®, k) = x; = (e, &) /n for | < i < ny. Similarly for 1 < j < n,, we have
(’6” ), k) =K = (E(-/ ), Ot) /n, giving us (d). Using the Cauchy—Schwartz inequality, we
can bound the last term in (15) as follows:
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—Ef|dis|]lel < El{ds «)] < E[|aLs|]lel,
My el < E[(q,s. a)] < M e, (16)

where the last set of inequalities follow from the state space collapse in Proposition 2.
Putting this back in (15), we get

2 2 2
- ;EMI lecll < 2E [{q;s. 5@ —a)s)] — flE [(@ )] < fMl lleell . (17)

We now consider the first term on the RHS of (13). Letfy, f>, .. ., f; be an orthonormal
basis of the space Sj,u,, where L is the dimension of the space S;,,,. From the
definition of the space S;,,,, we know that each of these vectors f; can be written as
Ji; = v —i—ilj for some vll.,izj € Rforalli, j with v, =0 fori > ny, 'sz =0 for
J > na. Then the norm of the projection onto the subspace S, can be written in
terms of the projections onto the basis vectors as follows:

E [||(5 - S@)MSHZ]

=E[2]a—WUQV}
1

2
=) E Z@pw@mJ
l

ij

2
=Y B @j—sij@, +71j))
] ij

2
= ZE Z”li (Z("ij —Sij (‘1))) + 2 o (E (aij — sij ((l))))
! i j j i

(i) ZIE |:(Z vy, (Zaij - —K,‘G)) + Z?f[}. (Zaij -( —I?jé))
I i Jj j i

2
—€ (Z Kivy; + Z@%))
i J

2
® Z Var (Z vy, Zﬁij + ZU]}. Zaij) +622 (ZKI‘UZ,- + Z?jﬁlj)
[ i j j i [ i J
25> { (z Zau) Ve (m Z%’)
l i j j i
+2Cov (Z v, Y @iy B, Zai/j):| +er Yy (k. fy)?
i i j i’ I
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ﬁ)z:[}:uiVar(E:aﬁ)-+§:EﬁVar(§:aU)
i i j j i

+2) v, Cov (Zau’v Zaw./‘ﬂ +é ks

l] j/ l'/
0y {z B R YR Y 2} TN
[ i j j i ij

_E:{E:@l+vl)0}'+gﬂhsu
- ZZ 1;;%ij S+ e Hkl\SHZ
= ZZ(x(’ﬂfz)a;%; +é ks

ij 1

a2

=3 |2 o3+ ks

ij

(18)

S

where x /) is the matrix with 1 in the (i, j)th position and 0 everywhere else. Since
a maximal schedule is always picked, from (1), we get (a). Equation (b) follows from
the fact that the total arrival rate for row i is (1 — k;€) and that for column j it is
(1 —kje). Expanding the variance of two random variables along with the definition
of k; and k; in (6) gives (c). Independence of the arrival processes across the ports
gives (d) and (e). The following lemma, which is proved in Appendix 1, gives (18).

Lemmad4 Foralll <i,j <n,

Jrial =5

where & is defined in (11).

We will now focus on the second term on the RHS of (13). In order to do this, we
will first obtain a bound on the unused service. We know from (12) that E[) ; i qijl
is finite and so IE[ Zl g;;] finite for each i. For i < nj, setting the drift of Z gij to
zero in steady state, we get

Zc_lij = un
J

=K ZqijﬂLaij—Sij(ﬁ)wLuij(ﬁ) ,
J
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0= Z(Uij —ekij) -1+ E Zuu(ﬁ) )

J J

E Zuij(m = €Ki,

J

where the last equality follows from (5) since the row i is saturating. Similarly, for
Jj <na, wehave that E[Y"; u;; (@] = €k;.

For any x € ]R"Z, letX € R" denote its projection on to the space spanned by the
vectors X(ij ) fori < njy or J =< ny. Call this space &}, ,,. Clearly, this space contains
the space Sy, n,, i-€., Sujny S X n,- In other words, the vectorX € R™ is obtained by
replacing the (n — n1)(n — ny) components with i > ny and j > ny with zeros, i.e.,

~ 2 ) Xij ifi <njorj<np
Xij = o .
0 ifi >nyand j > ns.

Moreover, for any x € ]R”z, X — X is orthogonal to the space X, and so is also
orthogonal to the space Sy, p, .
Now the second term on the RHS of (13) can be upper-bounded as follows:

B[ |us@|’] = B[|@@ +u@ - a@)s|’]
Ve[| a@)s + @@ - 7@)s]’]
2E[|@@ys’]

—~
-

c

<E [n(u(qo)u2
- { 7@
{ uij (Q)

(d)

ny n2
SE|Y Y wii@ | +E| YD wii@
i=1 j j=1 i
@e K,-I—GZK/

i=1
<2 (k1)
= 2en, (19)
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where (a) follows from linearity of projection onto a subspace. Since, for any vector
X, X — X is orthogonal to the space Sy, n,, We get (b). Inequality (c) is true due to
the nonexpansive property of projection. Since, u;; € {0, 1}, we have (d). Since the
saturation rate vector k is assumed to be normalized, we get (19). Using the trivial
lower bound of zero, we have

0<E [Hung@ ||2] < 2en. (20)

We will now consider the final term, the one in (14).

2E ans, uHS(q)>] —2E

1

@@mﬁﬂ

® (@ 9@)] - 2E[(q] 5. 0@)]

=-2FE[(q]s. u@)]. 1)
where (a) follows from the fact that x — X is orthogonal to the space S, ,. Since, by

the definition of unused service in (2), we have that 57; = 0 whenever u;; (q) > 0, the
first term in (b) vanishes. Therefore, using the Cauchy—Schwartz inequality, we get

- 2\/ E [Hais Hz] B[lR@I?] < 28 [(a/s ws@)] < 2\/113 [Hajs Hz] E[n@I?]

—20E[I81%] < 2B (5. wis@)] = 202/ E[1817], (22)
—2Myv2en < 2F [(ﬁf& u||5(q)>] < 2My/2en, (23)

where (22) is obtained by using the fact that, in steady state, ]E[Hﬁl’s ||2]

E [Hﬁ 1S Hz], which is bounded by M, from state space collapse in Proposition 2.

We get (23) from the bound in (19).
Substituting (17), (18), (20) and (23) in (13) and (14), we get the theorem with

/i
N

Bi(e) = M, ||oc||——||k 5|| +n* 4 2M;

ny/n
N

By(e) = M) ||e|| + % [kys|* + 205

O

The main idea of the proofis to set the drift of a carefully chosen test function V' (.) to
zero. The choice of this function is crucial to obtain tight heavy-traffic bounds. We will
now briefly motivate our choice of the function V (.). For a discrete-time single-server
(G/G/1) queue, with g (¢) that evolves according to g (t+1) = g (t)+a(t) —s(t)+u(t),
the right test function to obtain tight queue length bounds is ¢2. Such a bound is known
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as the Kingman bound [20, Section 10.1]. Next, consider a load balancing system
under the ‘Join the shortest queue’ (JSQ) policy operating in discrete time. There are a
finite number of servers, each with a separate queue, similar to supermarket checkout
lanes. Whenever a user arrives into the system, (s)he joins the queue with the shortest
length, breaking ties uniformly at random. Tight heavy-traffic queue length bounds
are obtained for this system in [6] by first showing that the queue lengths collapse
to a single dimension where they are all equal. Then, tight bounds are obtained by
setting the drift of the quadratic test function E[(D_, @)2] to zero in steady state. This

function is the same as ||q” ||2 (up to a factor of n, which is not important), where
q denotes the projection of the queue length vector ¢ onto the region of state space
collapse, which is the line along the vector that has ones in all components.

These examples motivate us to choose the norm square of projection of the queue
lengths vector onto the region of state space collapse as the test function in general.
In the case of the switch, this would be || q)K || 2, However, a projection operator onto
a convex cone is difficult to study because it is not linear. Moreover, a closed form
expression for projection onto a general cone is not known. Therefore, we relax this
function and use || qis ||2 as the test function. Since we use the relaxed function, it is
sufficient to use state space collapse into the space Sy, ,,, as opposed to the stronger
form of state space collapse into the cone K, ,,. Note that, in the proof of Theorem 1,
we use state space collapse only at two instances, viz., (16) and (22), and both these

use the weaker result, IE [||ﬁji)g I ] In other words, we only use the fact that the state

collapses to the space Sy, ,, and not the cone K, ,,. Such a relaxation works because
of the property of the cone KCp, , that it is just the intersection of the space it spans,
Snyny» With the positive orthant IR”Z, as proved in Lemma 3. Therefore, any positive
queue length vector that is in the space Sy, 5, is also in the cone /C,,,,. Since queue
length vectors are nonnegative, if we know that a queue length vector collapses onto
the space S, ,,, we know that it should collapse onto the cone /C,;, , .

Even though we only need the weaker version of state space collapse, viz., the

bound on [E [||ﬁ(f‘)S ||’], we proved a stronger version, viz., the bound on [E [mf,)C ||’]

in Proposition 2 for completeness. The proof of weaker state space collapse can be
much simpler because projection onto a subspace is a linear operator, while projec-
tion onto a convex cone is not. Therefore, we can write down the complete proof of
Theorem 1 (including the weaker version of Proposition 2) without even referring to
the cone ICp, p, -

The intuition behind our choice of the test function as discussed above may be
applicable to other problem settings beyond just the switch system. For any problem
that exhibits state space collapse into a cone that satisfies a property similar to Lemma
3, we may be able to use || qs || ? as the test function with appropriately defined inner
product and norm. Moreover, as illustrated in the proof of Theorem 1, we don’t need
to know the explicit closed form of qs to use this test function. Our presentation

Lo 2 . . .
of the test function in the form || qs || that is easily generalizable to other problem
settings is a major contribution of this paper. Such a test function with a novel inner

product has been successfully used in [9,23]. The reason for the choice of ||q||5 ||2
as a test function is the following: When a quadratic test function is chosen, and the
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drift is set to zero, we get several terms as in (14). Among these terms, the cross term
between (Tr and u(q), as in (14), is the crucial term to bound in heavy-traffic. Under
state space collapse, this term should be small and can be bounded using an argument
similar to that in the set of equations ending in (21).

‘We now make a short remark about the scheduling policy. In the proof of Theorem 1,
we do not use any details about the scheduling policy, except for the fact that it is
throughput-optimal and exhibits state space collapse as in Proposition 2. Therefore, the
queue length bounds in Theorem 1 hold true under any throughput-optimal algorithm
that exhibits state space collapse as in Proposition 2. Moreover, in the proof of state
space collapse in Proposition 2, we use the details of the MaxWeight scheduling policy
only in the Claim 1 in Sect. 3.2.

4 Discussion

In this section, we present various corollaries and extensions of Theorem 1, and inter-
pret the results. The following corollary gives a bound on the sum of the queue lengths.

Corollary 1 Consider the set of switch systems operating under the MaxWeight algo-
rithm as described in Theorem 1, with 0 < n1, ny < n. Then, in the heavy-traffic limit,
we have

1
2 < li E —(€) < < 2 )
(7%.6) < time | aif | = o)

2K max

where Kmax = MaX;<p,, j<n,{Ki, Kj} and ki<n, j<n, = min;;{x;, K j}. Moreover, under
any stable algorithm the sum of all the queue lengths is lower-bounded by

lim ¢ B Zﬁfj) max {<02, C/> , <62, L‘”>] :

where ;i’j = 1/k; and {i’j =1/k;.

Proof It is easy to see that there exists a weight vector a € IR’f such that Ky < a;;
for all i, j, (e, ) = nk; fori < n; and (@, €) = n¥; for j < n,. Using such a
weight vector in Theorem 1, we get the upper bound. Similarly, by picking an & such
that kmax > «;j for all 7, j we get the lower bound. O

If the saturation rate vector k is such that kmax /Kmin 1S a constant that does not scale
with n, it is easy to see that the sum of all the queue lengths under MaxWeight are
within a constant factor of the universal lower bound after noting that ¢;; < 2 for all
i,J.

For some values of k, we get an exact expression for the sum of queue lengths in
heavy-traffic.
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Corollary 2 Suppose that k = v in the set of switch systems described in Theorem 1,
so that A = v(1 — €) for some v € Relint(Fy,n,) such that vmin £ min;; v;; > 0and
0 < ny, ny < n. Then, in heavy-traffic we have

hm elE Zﬁfj) = —(0,¢) and

lim eF [qu>] —O0Vi>n,j>n.

e—0

Proof Since k; = 1 and ?j = lfori <njand j < ny, we pick o;; = 1 forall i, j.
Since the weight vector « satisfies the condition in Theorem 1, the corollary follows.
O

The following corollary considers the case when exactly one port of the switch
is saturated. Under this condition, the switch is said to satisfy the complete resource
pooling condition and was studied in [21]. In this case, the state collapses onto a line.
Without loss of generality, the corollary is stated when an input port is saturated.

Corollary 3 Consider the set of switch systems operating under the MaxWeight algo-
rithm as described in Theorem 1, withny = 1, no = 0Oandk = v so that . = v(1 —¢)
for some v € Relint(Fyo) such that vmin £ min;; vjj > 0. Then, in heavy-traffic we
have

2
: 0| _ 219
GIE)I})GE quj =—5 and
J

lm})EIE[ (6)]=0Vi>1,j.

Moreover, MaxWeight is heavy-traffic optimal, i.e., lim¢_,q €IE [Z” qﬁél)] is minimized

under the MaxWeight algorithm.

The proof follows directly from Theorem 1 and the universal lower bound in Propo-
sition 1. In order to clearly see the scaling of queue lengths in terms of n, we state
the following corollary under Bernoulli arrivals, which again follows from Corollary
2 and Proposition 1.

Corollary 4 Consider the set of switch systems operating under the MaxWeight algo-
rithm, as described in Theorem 1. Suppose that the arrival process for each queue is
Bernoulli with the arrival rate vector M), where )Ll(;) = (l—e)/2nfori > ny, j > ny

and )‘S‘) = (1 —€)/n otherwise, with 0 < ny, ny < n so that ny inputs and n, outputs
are saturating. Then, in the heavy-traffic limit, we have

. _ +ny 1
lim el QN L S S
lim B | > 75 ; p
L
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Moreover, under any stable algorithm the sum of all the queue lengths is lower-bounded
by

(o) max{m ,n2} 1
lim €l ——(1-=).
ImyeB | 25| = = "

So, we know that MaxWeight is within less than a factor of two away from heavy-
traffic optimality under incomplete saturation. A similar observation was made under
the completely saturated case in [11]. It is not clear if the gap is because the lower
bound is loose or because MaxWeight is a constant factor away from heavy-traffic
optimality. Under the MaxWeight algorithm, the sum of all queue lengths is as if we
have (n| +ny) separate queues, each with variance (1 — %), which is the total variance
of the arrivals in each row or column. This is because there are (n1 + n,) independent
constraints on the capacity region that are tight in the limit. This is the same reason
why the state collapses to the (n1 4 n2)-dimensional space Sy,p,. S0, in general the
number of tight constraints in the limit is important.

Theorem 1 is valid only for the incompletely saturated switch, n; < n and ny < n.
However, a similar result can be proved for the completely saturated case n; = np, = n
as follows.

Corollary 5 Consider the set of switch systems operating under the MaxWeight algo-
rithm, parameterized by 0 < € < 1, asdescribedin Theorem 1, with the only difference
being that, ny = ny = n. Then, as long as 0 < € < V. /2| k|, the steady state queue
lengths vector satisfies

N ” ) Joio
(1-5) e mem =B ffa.e]] = (15 ) o

for any fixed weight vector a € R" such that (Ot, e(i)) = nk; and (ot, 'é(j)) = nk; for
all 1 <i,j < n, where B3(€) and B4(€) are o(é). Thus, in the heavy-traffic limit as

€} 0, we have
lim ¢E [(q@ a)] —(1- L) e
e—0 ’ 2n '

Proof Note that Proposition 2 is valid in the case when n| = ny = n. Most of the proof
of Theorem 1 also holds true, except for Lemma 4. The norm of the projections of
unit vectors x (j) onto the cone S, is different from ¢ij- This fundamental difference
in behavior for the case n; = ny = n is for the following reason: For ny, ny < n, the
cone S, is spanned by the vectors e, @) for i < ny, j < ny, which are linearly
independent, and so the cone Sy,,, has dimension (n| + n2). When ny = np = n,
the vectors e), €) fori < n, j < n are not linearly independent because, clearly,
Y el = Z e(/ ), and so the dimension of the cone S, is smaller than 2x. It can
be shown that the cone S, has dimension (2n — 1) [25, page 20]. The proof will

min

+ By(e, n)
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L2
be complete once we calculate H x‘(llé) H for all i, j. By symmetry, we have that these

(lJ)

norms have the same value for all i, j, i.e., X5 H = & for some &, which can be

calculated as follows: Suppose fi, fa, ..., f2,_1 is an orthonormal basis of S,,,. We
have

e =l
' 2n—1 2
-y Z( (zj>,fl>
ij I=1
2nzlz< i) fl>
ij

2n—1

@ )
= Z I 117

= 2n -1,
where (a) follows from the fact that { y @)}, j isan orthonormal basis of RO, Replacing

Lijbyé = (@2n— 1)/n?, we get the corollary. O

Similar to Corollary 1, we can get lower and upper bounds on the sum of queue lengths
in heavy-traffic using kmax and kmin. We now state the following corollary to illustrate
the use of the weight vectors «.

Corollary 6 Consider the completely saturated switch system in Corollary 5 with
k = v. Then, in the heavy-traffic limit the queue lengths satisfy the following relations:

1
11m & 79 =(1-=—)o z,
lim Zq,, L

. 2n —1
lim €lE un © —< o >||G||2,

e—>0

2n — 1 5 .
6lin 31 qu(l) = <W> llo ||~ for any permutation 7.

Proof The proof follows directly from Corollary 5 by choosing &« = 1, « = nv and
o = nPy, respectively, where P, is the permutation matrix corresponding to the
permutation 7. O

Note that the first result above is the main result of [11]. Even though the proof of
Theorem 1 in [11] is written in a different style, it is equivalent to the proof presented
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. . . 2
here, because the function used there is equivalent to the norm || qis || . It can be shown

(using the orthogonality principle) that, for any vector q € IR”Z, its projection onto
the space Sy, is given by

q8ij =

D i qij N > 4ij B >ij dij

n n
Taking the norm, we get

2

2 2
1 1
sl =1 |2 (20 ) + 2 (Za) 5 (2] |
J i ij

i J

which is the function used in [11] scaled by n. We now present a further special case,
which was also studied in [11], to contrast it with the result in Corollary 4.

Corollary 7 Suppose that the traffic of the completely saturated systems in Corollary
5 is uniform Bernoulli with uniform saturation rate, i.e., A\ = (1 —€)/n1. In heavy-
traffic we have

e—0

on—1 1
lim e | Y7 | = = (1_;)
7

Notice that the behavior of the queue length here is similar to (2n — 1) separate queues.
This is consistent with the discussion after Corollary 4 because in the heavy-traffic
limit, among the 2n constraints in the capacity region, we have only (2n — 1) linearly
independent ones.

5 Conclusion

We consider the heavy-traffic queue length behavior in an input-queued switch oper-
ating under the MaxWeight algorithm. It was recently shown in [11] that, in the
heavy-traffic regime, the queue length scales optimally with the size of the switch
when all the ports in the switch saturate at the same rate. In this paper, we considered
the case when an arbitrary set of ports saturate, and each port is allowed to saturate at
different rate. We obtained an exact heavy-traffic characterization of a linear combi-
nation of queue lengths and showed that the MaxWeight algorithm achieves optimal
scaling of the sum of all the queue lengths in heavy-traffic.

Acknowledgements We thank Prof. Alexander Stolyar and Prof. Michael Harrison for suggesting us the
question about heavy-traffic queue length behavior in a switch when different ports saturate at different rates.
This research was supported by NSF Grants CMMI-1562276, CIF-1409106, and ARO Grant WO11NF-16-
1-0259.

@ Springer



306 Queueing Syst (2018) 88:279-309

Appendix A: Proof of Lemma 4

Proof In order to calculate the norm of the projections of the unit vectors x ‘), we will
first consider the projections of an arbitrary vector x on to the space Sy, ,,. From the
definition of the cone Sy, ,,, we know that the projection X s of X can be decomposed
as

ny ny
i=1 j=1
From the Orthogonality Principle, we have that

<X — XS e(i)> =0 fori <nj,

<x — x”g,?i(j)) =0 forj < ny.

Note that

ni=k

<e<">,e<k>> _ :0 iEk <§(j)”ev(l)>

Il
r——
e
~.
th
~

(e<">,6(f>> —1 Vi j.

Therefore, we get
ny ni
nwi+Zﬁj=2x,~j~fori§n1 and nﬁj+2wi=2xuf0ri§n2.
j=1 j i=1 i

Defining W = Y "' w; and W= 27221 w;, and summing each set of equations
above, we get

n n
nW+n1W:Xl:ZXU and nVT/+n2W:22:inj.
i=1 j j=1 i

Solving for W and W we get

Lo X = Y Y g

w 3 and
nc —ninp
ny ni
R DYDY E TS P DI I 7
=1 t =1 tj
W= — d I (24)
n- —niny
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Therefore, w; and w; can be written as

w; fori < nj. (25)

ijij—W . ~
= ————fori <n and w; =
n

2ixij =W
n
The norm of the projection x| s is then given by

Ixis|® = (xis xis)
ni np ni np
= <Z wie(i) + Z 15,-3(/), Z w,-e(i) + Z wﬁ(”>
i=1 j=1 i=1 j=1
ni ni na np ni na
=nZwl~2+ZwiZﬁj +Zﬁj2wi —l—nZﬁ?
i=1 i=1  j=I j=1  i=1 j=1
ni ny
=nYy wi+ny W7 +2WW. (26)
i=1 j=1

L2
We will now consider the four cases in the definition of ¢ in (11) and calculate H X ‘(llfg) H .
Case 1: When1 <i <nyand1 <j <np

Using (24) and (25), it is easy to see that, when x = x @/,

n—nj ~ n—np
W= W=
1n2 n niny
1-w k=i 1-w l=_]
W . W ’
- k#i o LF

TR A ~
HXHé” =n1§w£+n§wf—l—2ww
_W\2 _\ 2 w2 . 2
=n[(n1—1) (—W) +<1—W> +(nr—1) <—W) +(1 W>:|
n n n n

(n —np)(n —ny)
(n* — niny)?
_ 1 [m(n —m)? 2n—ny) | m@m—n)?  2n—n) +2]

+2

n L2 —nn2)? 2 —niny) (B2 —mnp)? (0% —nina)
(n —n1)(n —ny)
(n* — niny)?

2 2n—n1—n2

+2

n nm?—niny)’

where the last equality is obtained after direct algebraic simplification.
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Case 2: When 1 <i <nyand j > ny -
Again, using (24) and (25), it is easy to see that, when x = X(’J ),

n ~ —ny
W: 2 b W= 2 9
nc —niny nc —niny
% k=i _ —w
Wi = nd ) w = —,
W k£ n

n

2 ni na -
2] =nd> wt+nd @t +owi
k=1 =1

W\ 11—\ —w? (n)(—n3)
o () (2FY (2]
n n n (n* —ninz)
1 ni(—nz)? . 2(=m) ny(n)? e 2nny
Tl —mn)? 2 —mny) | (02 —nino)? (n2 — nyny)?
1. m
T n nm?—nim)’

Case 3: Wheni >nyand 1 < j <mnp
Using the same argument as in Case 2, by symmetry, we get

inl?2 1 n
(lj)” _ 1 1
HXHS n + nn? —nino)’

Case 4: When i > ny and j > ny

When x = x(ij), with i > nj and j > no, it is orthogonal to the space Sy, ,,, and so

)
we get HX\(I%) H =0.
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