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Abstract—Scheduling is a critical and challenging resource
allocation mechanism for multihop wireless networks. It is well
known that scheduling schemes that favor links with larger
queue length can achieve high throughput performance. However,
these queue-length-based schemes could potentially suffer from
large (even infinite) packet delays due to the well-known last
packet problem, whereby packets belonging to some flows may
be excessively delayed due to lack of subsequent packet arrivals.
Delay-based schemes have the potential to resolve this last packet
problem by scheduling the link based on the delay the packet has
encountered. However, characterizing throughput optimality of
these delay-based schemes has largely been an open problem in
multihop wireless networks (except in limited cases where the
traffic is single-hop.) In this paper, we investigate delay-based
scheduling schemes for multihop traffic scenarios with fixed
routes. We develop a scheduling scheme based on a new delay
metric and show that the proposed scheme achieves optimal
throughput performance. Furthermore, we conduct simulations
to support our analytical results and show that the delay-based
scheduler successfully removes excessive packet delays, while it
achieves the same throughput region as the queue-length-based
scheme.

Index Terms—Back-pressure, delay-based, fluid limit, Lyapunov
approach, scheduling, throughput-optimal.

I. INTRODUCTION

INK scheduling is a critical resource allocation compo-

nent in multihop wireless networks, and also perhaps
the most challenging. The seminal work of [1] introduces
a joint adaptive routing and scheduling algorithm, called
Queue-length-based Back-Pressure (Q-BP), that has been
shown to be throughput-optimal, i.e., it can stabilize the net-
work under any feasible load. This paper focuses on the settings
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with fixed routes, where the Q-BP algorithm becomes a sched-
uling algorithm. Since the development of Q-BP, there have
been numerous extensions that have integrated it in an overall
optimal cross-layer framework. Furthermore, easier-to-im-
plement queue-length-based scheduling schemes have been
developed and shown to be throughput-efficient (see [2] and
references therein). Some recent attempts [3]-[5] focus on
designing real-world wireless protocols using the ideas behind
these algorithms.

While these queue-length-based schedulers have been
shown to achieve excellent throughput performance, they are
usually evaluated under the assumption that flows have an
infinite amount of data and keep injecting packets into the
network. However, in practice, when accounting for multiple
timescales [6]-[8], there also exist other types of flows that
have a finite number of packets to transmit, which can result
in the well-known last packet problem: Consider a queue
that holds the last packet of a flow, then the packet does
not see any subsequent packet arrivals, and thus the queue
length remains very small, and the link may be starved for
a long time, since the queue-length-based schemes give a
higher priority to links with a larger queue length. In such
a scenario with flow-level dynamics, it has also been shown
in [6] that the queue-length-based schemes may not even be
throughput-optimal.

Recent works in [9]-[14] have studied the performance of
delay-based scheduling algorithms that use head-of-line (HOL)
delays instead of queue lengths as link weights. One desirable
property of the delay-based approach is that they provide an
intuitive way around the last packet problem. The schedulers
give a higher priority to the links with a larger weight as before,
but now the weight (i.e., the HOL delay) of a link increases
with time until the link is scheduled. Hence, if the link with the
last packet is not scheduled at this moment, it is more likely to
be scheduled in the next time. However, the throughput of the
delay-based scheduling schemes is not fully understood and has
only been established for limited cases with single-hop traffic.

The delay-based approach was introduced in [9] for sched-
uling in input-queued switches. The results have been ex-
tended to wireless networks for single-hop traffic, providing
throughput-optimal delay-based MaxWeight scheduling algo-
rithms [11], [12], [15]. It has also been shown that delay-based
schemes with appropriately chosen weight parameters provide
good quality of service (QoS) [10] and can be used as an
important component in a cross-layer protocol design [14]. The
performance of the delay-based MaxWeight scheduler has been
further investigated in a single-hop network with flow-level
dynamics [13]. The results show that when flows arrive at the
base station carrying a finite amount of data, the delay-based
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MaxWeight scheduler achieves optimal throughput perfor-
mance, while its queue-length-based counterpart does not.

It should be noted that even for the multihop wireless net-
works with fixed routes, the scheduling problem is both impor-
tant and challenging. There are many existing works focusing on
such scenarios with fixed routes (see [16]-[18] for examples).
However, in multihop wireless networks, the throughput perfor-
mance of these delay-based schemes has largely been an open
problem. To the best of our knowledge, even with the assump-
tion of fixed routes, there are no prior works that employ delay-
based algorithms to address the important issue of throughput-
optimal scheduling in multihop wireless networks. Indeed, the
problem becomes much more challenging in the multihop sce-
nario. In [12], the key idea in showing throughput optimality of
the delay-based MaxWeight scheduler is to exploit the following
property: After a finite time, there exists a linear relation be-
tween queue lengths and HOL delays in the fluid limits (which
we formally define in Section III-A), where the ratio is the mean
arrival rate. Hence, the delay-based MaxWeight scheme is basi-
cally equivalent to its queue-length-based counterpart and thus
achieves the optimal throughput. This property holds for the
single-hop traffic. Since given that the exogenous arrival pro-
cesses follow the Strong Law of Large Numbers (SLLN) and
the fluid limits exist, the arrival processes are deterministic with
constant rates in the fluid limits. However, such a linear rela-
tion does not necessarily hold for the multihop traffic since at a
nonsource (or relay) node, the arrival process may not satisfy
SLLN and the packet arrival rate may not even be a constant,
depending on the underlying schedulers dynamics. To this end,
we investigate delay-based scheduling schemes that achieve op-
timal throughput performance in multihop wireless networks.

Unlike previous delay-based schemes, we view the packet
delay as a sojourn time in the network and redesign the delay
metric of the queue as the sojourn-time difference between the
queue’s HOL packet and the HOL packet of its previous hop
[see (36) for the formal definition]. Using this new metric, we
can establish a linear relation between queue lengths and delays
in the fluid limits. The linear relation then plays the key role in
showing that the proposed Delay-based Back-Pressure (D-BP)
scheduling scheme is throughput-optimal in multihop networks.

In summary, the main contributions of our paper are as
follows.

* We devise a new delay metric for multihop wireless net-
works and develop the D-BP algorithm, under which a
linear relation between queue lengths and delays in the
fluid limits can be established. From this linear relation,
we can show that D-BP achieves optimal throughput per-
formance. To do this, we first revisit throughput optimality
of Q-BP using fluid limit techniques. Furthermore, we de-
velop a simpler greedy approximation of D-BP for prac-
tical implementation.

* We provide extensive simulation results to evaluate the
performance of the delay-based schedulers, including
D-BP. Through simulations: 1) we observe that the last
packet problem can cause excessive delays for certain
flows under Q-BP, while the problem is eliminated under
D-BP; 2) we show that D-BP also achieves better fairness
and prevents the flows that lack subsequent packet arrivals
from starving; 3) finally, we simulate the simpler greedy
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approximation algorithms of Q-BP and D-BP and show
that the delay-based approximation empirically achieves
a throughput region that is no smaller than that of its
queue-based counterpart.
The paper is organized as follows. In Section II, we present
a detailed description of our system model. In Section III,
we show throughput optimality of Q-BP using fluid limit
techniques and extend the analysis to D-BP in Section IV.
The discussions are further extended to the greedy algorithms
in Section V. We evaluate the performance of delay-based
schedulers through simulations in Section VI and conclude our
paper in Section VII.

II. SYSTEM MODEL

We consider a multihop wireless network described by a di-
rected graph G = (V, &), where V denotes the set of nodes
and & denotes the set of links. Nodes are wireless transmitters/
receivers, and links are wireless channels between two nodes
if they can directly communicate with each other. During a
single time-slot, multiple links that do not interfere with each
other can be active at the same time, and each active link trans-
mits one packet during the time-slot if its queue is not empty.
Let & denote the set of flows in the network. We assume that
each flow has a single, fixed, and loop-free route. The route of
flow s has an H (s)-hop length from the source to the destina-
tion, where each kth hop link is denoted by (s, k). Let H™2* £
maxses H(s) < oo denote the length of the longest route over
all flows. Note that the assumption of single route and unit link
capacity is only for ease of exposition, and one can readily ex-
tend the results to more general scenarios with multiple fixed
routes and heterogeneous link rates, applying the techniques
used in this paper. To specify wireless interference, we consider
the kth hop of each flow s or link-flow-pair (s, k). Let P denote
the set of all link-flow-pairs, i.e.,

P2 {(s,k)|s€S,1<k<H(s)}

The set of link-flow-pairs that interfere with (s, k) can be de-
scribed as

I(s,k) = {(r,j) € P|(r,j) interferes with (s, k),
or (r,j) = (s.k)}. (1)

Note that the interference model we adopt is very general and in-
cludes the class of the K-hop interference model.! A schedule
is a set of (active or inactive) link-flow-pairs and can be rep-
resented by a vector M € {0,1}P!, where | - | denotes the
cardinality of a set. Each element M, ; is set to 1 if link-flow-
pair (s, k) is active, and 0 if link-flow-pair (s, k) is inactive.
Slightly abusing the notation, we also use M to denote the set of
active link-flow-pairs of M, i.e., M 2 {(s,k) € P|M, . = 1}.
A schedule M is said to be feasible if no two link-flow-pairs of
M interfere with each other, i.e., (r, j) ¢ I(s, k) for all (r, j),
(s, k) with M, ; = 1 and M, = 1. Let Mp denote the set of

'Under the K -hop interference model, two links within a & -hop “distance”
interfere with each other and cannot be activated at the same time [19]. When
K =1, itis also called the primary or node-exclusive interference model. The
1-hop interference model has been known as a good representation for Bluetooth
or FH-CDMA networks [20]-[23]. When /& = 2, it is often used to model
the ubiquitous IEEE 802.11 Distributed Coordination Function (DCF) wireless
networks [22], [24]-[26].
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all feasible schedules in P, and let Co(Mp) denote its convex
hull.

Let A,(t) denote the number of packet arrivals at the source
node of flow s at time-slot £. We assume that packets are of
unit length. Similar to [12], we assume that each arrival process
A,(t) is a stationary and ergodic Markov chain with countable
state space and satisfies the SLLN: That is, with probability one

Zfr;l[) A (T) -\
t S

lim; 0 2)
for each flow s € S, where As denotes the mean arrival rate
of flow s. We let A 2 [Ay, Ag, -, Ajs|] denote the arrival rate
vector.

Let @, x(t) denote the number of packets at the queue
of (s,k) at the beginning of time-slot ¢. For notational
ease, we also use (J;; to denote the queue itself. We let
Q1) 2 [Qsr(t), (s,k) € P] denote the queue length vector
at time-slot £, and use || - || to denote the Ly-norm of a vector,
eg, QD] = X pep @sn(f). Let 1L, x(f) denote the
service of (J, ;. at time-sfot t, which takes a value of either 1 if
link-flow-pair (s, k) is active, or 0 otherwise, in our settings.
We let U, «(¢) denote the actual number of packets transmitted
from Q. at time-slot ¢. Clearly, we have U, 4 (¢) < II; x(2)
for all time-slots ¢ > 0. Let P, () = 25:1 Qs.:(t) denote
the cumulative queue lengths up to the Ath hop for flow s.
By convention, we set @ r(s)+1(t) = 0, and then we have
P, as+1(t) = P, m)(t). The queue length evolves ac-
cording to the following equations:

Qualt+1) = Quilt) + Vopa )~ Woult) ()
where we set U, o(t) = A.(2).

Let F,(t) be the total number of packets that arrive at the
source node of flow s until timp-slot t > 0, including those
present at time-slot 0, and let F 4 (#) be the total number of
packets that are served at (), ; until time-slot ¢ > 0. By con-
vention, we set £, (0) = 0 for all link-flow-pairs (s, k) € P.
We let Z; 1. ;(¢) denote the sojourn time of the ith packet of ()5 1.
in the network at time-slot ¢, where the time is measured from
the time when the packet arrives in the network (i.e., when the
packet arrives at the source node), and let W, 1, (t) = Z, 1 1(¢)
denote the sojourn time of the HOL packet of (), ; in the net-
work at time-slot . We set W, o(¢#) = 0 for all s € S. Fur-
thermore, if Q@ ,(¢) = 0, we set W, () = W x_1(#). Letting
U, 1(t) L W, i (t) denote the time when the HOL packet of
Qs i arrives in the network, we have that

Uy 1 (t) = inf{7 < t|Fy(1) > Fox ()},  forallt > 0.

“

Asin[27], a discrete-time queueing system is said to be stable
if the underlying Markov chain is positive Harris recurrent.
When the state space is countable and all states communicate (as
in the system that we consider in this paper), this is equivalent
to the Markov chain being positive recurrent. The throughput
region of a scheduling policy is defined as the set of arrival rate
vectors for which the network remains stable under this policy.
Furthermore, the optimal throughput region (or stability region)
is defined as the union of the throughput regions of all possible

scheduling policies. We let A* denote the optimal throughput
region, which can be represented as

A2 {34 € Co(Mp) st A, < das, V(s, k) € P}

(&)

An arrival rate vector is strictly inside A*, if the inequalities
above are all strict.

We summarize the notations in Appendix A for quick
reference.

III. QUEUE-LENGTH-BASED BACK-PRESSURE ALGORITHM

It has been shown in [1] that Q-BP stabilizes the network
for any feasible arrival rate vector using stochastic Lyapunov
techniques. Specifically, we can use a quadratic Lyapunov func-
tion to show that the function has a negative drift under Q-BP
when queue lengths are large enough. In this section, we revisit
throughput optimality of Q-BP using fluid limit techniques. The
analysis will be extended later to prove throughput optimality of
the delay-based back-pressure algorithm.

To begin with, we define the queue differential AQ, (1) as

AQai(t) £ Qak(t) — Qupgr(F) (6

and specify the back-pressure algorithm based on queue lengths
as follows.
Queue-length-based Back-Pressure (Q-BP) Algorithm:

M* e argma‘XMGMpZ(&k)elpAstk(t) Mo (D)

The algorithm needs to solve a MaxWeight problem with
weights as queue differentials, and ties can be broken arbi-
trarily if there is more than one schedule that has the largest
weight sum.

We establish the fluid limits of the system in the following.

A. Fluid Limits

We define the process describing the behavior of the under-
lying system as X = (X (¢),¢ = 0,1,2,...), where

X)) 2 (Zew1(t), . Zo g, (1)), (8,k) € P) .
We define the norm of X' (%) as

A -
X @I = Q@) + W (@H]- ®)
Clearly, under Q-BP, the evolution of X' forms a discrete-time
Markov chain with countable state space. Let X*) denote a
process X with an initial configuration such that
HX@)(O)H _ )
The following lemma was derived in [28] for continuous-time
countable Markov chains, and it follows from more general re-
sults in [29] for discrete-time countable Markov chains.
Lemma 1 ([12, Theorem 4]): Suppose there exist an € > 0
and a finite integer T > 0 such that for any sequence of pro-
cesses { A (27, x = 1,2, -}, we have

1
limsup,_  E [—HX("”)(.%T)H] <1l-—e (10)
x
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Then, the Markov process & is positive recurrent.

A stability criteria of (10) leads to a fluid limit ap-
proach [30], [31] to the stability problem of queueing
systems. Hence, we start our analysis by establishing the
ﬂuzd limit model as in [12] and [30]. We define the process
Y2 (A F F,Q PT,0U,W,U), and it is clear that a sample
path of y(’) uniquely defines the sample path of X () Then,
we extend the definition of Y = A, F, F.Q, P,1I, ¥, W, and
U to continuous time domain as Y (¢) = Y(|t]) for each
continuous time ¢ > 0.

Asin [12], we extend the definition of F (@ )( t) to the negative
interval £ € [—z,0) by assuming that the packets present in
the initial state X'(*)(0) arrived in the past at some of the time
instants —(x — 1), —(z — 2), - - -, 0, according to their delays in
the state X ()(0). By this convention, we have F{")(—z) = 0
foralls € Sandz,and ), ¢ F: )(0)<J,forallJ,

Then, applying the technlques used in the proof for
[30, Theorem 4.1] or [12, Lemma 1], we can show that with
probability one, for any sequence of processes { Y (#+) (z,,)},
where {z,} is a sequence of positive integers with T, — 00,
there exists a subsequence {x,,} with z,, — oc as j — o0
such that the following convergences hold uniformly over
compact (u.0.c.) intervals:

1 imnlt Loy s
/ Ai J)(T)(],’T — Agt (11)
Tn, 0
(Tn ) .
—F, (1) — folt) (12)
T, :
1 a(way), N
L ) = Fusl) (13)
1A (:nnj)
QU () = ) (14)
[N
T—Psk (iLnjt) — psx(t) (15)
1 T "
— ( ) T)dT—>/ s k(T (16)
.’L'nj Jo
1 w”] (0 ,
— . (T)dT — / Ys 1 (T)dT 17)
Lng Jo J0

Similarly, the following convergences (which are denoted by
“=") hold at every continuous point of the limit function:

1 T
. Ws(:k ])(ZL‘njt) = ws (%) (18)

1 (Tn )
Usr” (@n,t) = usi(t). (19)

Ty
T

The above convergence properties follow directly from the
Arzela—Ascoli Theorem and the structure of the model: that the
arrival process satisfies the SLLN and that the sequence of the
(scaled) departure process is uniformly bounded and uniformly
equicontinuous. .

Any set of limiting functions (f, f, ¢, p, 7, ¥, w,u) is called
a fluid limit. The family of these fluid limits is associated
with our original stochastic network. The scaled sequences
{+ L y@a)(g,)} and their limits are referred to as a fluid
lzmzt model [27]. Since some of the limiting functions, namely
Is, fs,,k, (s.ks Ds.k» are Lipschitz continuous in [0, o0), they are
absolutely continuous. Hence, at almost all points ¢ € [0, 00),
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the derivatives of these limiting functions exist. We call such
points regular time. We then present the fluid model equations
of the system as follows:

O AUES! (20)
k
Pak(t) = Z G i(t) @1)
Ps, k(t):fe(t) fe x(1) (22)
1) = 1:(0) + A (23)
us 1 (f) =1 — ws 1 (t) (24)
ek (t) < myp ) (25)
A(h k(t) = 4s k — s, k+1(t) (26)
B 1/1q b1 t) — ms 1 (1), ifgs x(¢) >0

q° k(h) = { (Ysk1(t) — ms 1 (£))T, otherwise

27

where ()™ £ max(z, 0), and we set ¢; o = 7,0 = A,. Fluid
model equations can be thought of as belonging to a fluid net-
work that is the deterministic equivalence of the original sto-
chastic network. Any set of functions satisfying the fluid model
equations is called a fluid model solution of the system. It is easy
to check that any fluid limit is a fluid model solution.

It is clear from (7) that Q-BP will not schedule link-
flow-pair (s,k) if Qsx(t) — Qsrt1(t) < 0. Hence,
if link-flow-pair (s,%) is scheduled, it must satisfy that
qu( ) — Qs A+1( t) > 0. Moreover, the length of queue Qs i
can decrease by at most one within one time-slot, and the
length of queue 25 141 can increase by at most one within one
time-slot, due to the assumption of unit link capacity (a similar
argument also holds with nonunit link rates). This implies that
if

Qak(t) 2 Qs,k+1(t) -2

initially holds for all (s, k) at time-slot 0, then the inequality
holds for every time-slot £ > (. This further implies that

QGk(t) Z q.s,k—l—l(t)a

(28)

ie, Agui(t) 20 (29)
for all (scaled) time ¢ > 0, from the convergence of (14). We
assume that at time-slot 0, all queues on the route of each flow
are empty except for the first queue, then it follows that (28)
holds for all (scaled) time ¢ > 0, and thus Ag, () > 0 holds
for all time ¢ > 0.

Remark: Note that we make the assumption of empty queues
for ease of analysis. Even without this assumption, we can show
that there exists a finite time 7" > 0 such that for all time ¢ > T,
(29) holds for all (s, k) € P. This can be proved by induc-
tion. The detailed proof can be found in our online technical
report [32], but the basic idea is as follows. Consider a flow
5 € §. We want to show that there exists a finite time 75 > 0
such that for all time ¢ > 7%, (29) holds for all ($, k) with
ke{l,2,---,H(§)}.

1) First, we show that there exists a finite time T3 ; > 0
such that for all time £ > T ¢, (29) holds for link-flow-
pair (§, 1). Suppose that (29) does not hold for (§, 1). Then,
Q-BP does not schedule (3, 1), i.e., gs.1(¢) does not de-
crease and ¢z 2(¢) does not increase. On the other hand,
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Fig. 1. Linear relation between queue lengths and delays in the fluid limits.

due to the exogenous arrivals at the source node of flow s,
¢s1(t) must increase with time. Hence, there must exist a
finite time 7; ; such that (29) holds for (8, 1) at time T5 ;.
We can further show that (29) holds for all £ > T} ; under
Q-BP. This can be proved by contradiction.
2) Then, we discuss the induction step. Consider k& &

{1,2,---,H(8) — 1}. Suppose that for all time
t > Tir > 0, (29) holds for (4,;), and for all
j € {1,2,---,k}, we show that there exists a finite
time 75 py1 2> Ts,% such that for all time £ > T 11, (29)
holds for (5, j’) and for all §* € {1,2,---,k + 1}. For
simplicity, we consider the case for which & = 1, and the
general induction step follows similarly. Now, suppose
that (29) does not hold for (5, 2), and we prove it by contra-
diction. Clearly, Q-BP will schedule only link-flow-pairs
for which (29) holds (i.e., link-flow-pair (3,1) in this
case). Hence, the fluid limit model of the subsystem that
consists of link-flow-pairs for which (29) holds must
be stable, from the throughput optimality of Q-BP (see
Proposition 2). This, in particular, implies that gz is
stable, which further implies that Qg72(t) must increase
with time, because Q-BP keeps forwarding packets from
gs,1 to g3 2 while not serving ¢; 2. Hence, there must exist
a finite time T » > T ; such that for all time ¢ > T} »,
(29) holds for (8, 2).

Hence, letting T 2 T 11 (s)> we have that for all time ¢ > T,

(29) holds for all (4, k) with k € {1,2,---, H(§)}. Since the

above arguments can be applied to any flow § € S, we can

complete the proof by setting 7' 2 maxXzes 1.

B. Throughput Optimality of Q-BP

Proposition 2: Q-BP can support any traffic with arrival rate
vector that is strictly inside A*.

Before giving the proof of Proposition 2, in the following
lemma, we present a linear relation between cumulative queue
length p, x(t) and waiting time w, (), which is used for
proving Proposition 2.

Lemma 3: For any fixed t,; > 0, the two conditions
Us i (tse) > 0 and f;ﬁk(ts,k) > f5(0) are equivalent for every
link-flow-pair (s, k) € P. Furthermore, if the conditions hold,
we have

P k(t) = Asws () (30)
for all ¢ > 1, , with probability one.

Fig. 1 describes the relations between the variables.

Proof: Since the first part, i.e., that the two conditions are
equivalent, is straightforward from the definition of fluid limits

and (4), we focus on the second part, i.e., if,f;k(t&k) > 15(0),
then (30) follows.

Suppose that fs 1 (ts.%) > fs(0). Then, by the definition of
us (1), we have for() = Js(us (1)), for all £ > 4, 5. From
(22)—(24), we obtain that

par(t) = fo(t) = fux(t)
= (fs(0) + Ast) = (fs(0) + Asus (1))
=X - (t — us (1))
= Asws 1 (t).

|

Proof of Proposition 2: We prove stability using standard

Lyapunov techniques. Let V(§(#)) denote the Lyapunov func-
tion defined as

V(@) 2 53 ep s

From the results of Lemmas 1 and 3, to show positive recur-
rence, we only need to prove that for any ¢ > 0, there exists a
finite time 77 > 0 such that for any fluid limit with ||g(0)|| < 1,
we have

(€2))

(OIS

for all time £ > I';. To show the above, it is sufficient to show
that for any ¢; > 0, there exists ( > 0 such that V{({(t)) > (;
implies %V((j’(t)) < —( for any regular time ¢ > 0, where
de—:V((j(f)) = lims)o v (fl(t+<5)g*"’ @)

Suppose X is strictl inside A*, then there exists a vector (/_; €
Co(Mp) such that A < ¢, i.e., Ay < ¢ forall (s, k) € P.
Since §(t) is differentiable, then for any regular time ¢ > 0, we
can obtain the derivative of V (g(t)) as

\
D vaw)

(é) Z(s,k)Equ’k(t) : (’1/157k¢,1(t) - Ws,k?(t))

(2 Z(&k)epqﬁ’k(t) (T2 (8) = e k(1))
- Z<s7k)epﬁqs,k(t) s

= X apep a0 Tt
- Z<s7k)epﬁqs,k(t) (s — sk

* Z@,k)efpﬁf!s,k(t) (P — o (1))

where (a) and (b) are from (27) and (25), respectively.

Note that ¢s(t) < H™ ¥ max, jyep Agy (1),
for any (s,k) € P. Hence, we have V(q({)) <
%|S|H”““‘(H‘“"LX max(, yep Agr;(t))?. Let us

choose (3 = 7‘5‘&%“)3, then V(q(t)) =
max(, jyep Agr (1) > (3. Since X < @(t) and Ag, ,(t) > 0
for all (s,k) € P, then in the final result of (33), we can
conclude that the first term is bounded as follows:

Z(s,k)E’F’Aqs’k(t) : ()\e - (bs,k) S 7(3 Ii{llcll(qss,k - /\9)

2 (<0

(32

(33)

(1 implies
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and that the second term becomes nonpositive due to the fol-
lowing. Since Q-BP chooses schedules that maximize the queue
differential weight sum (7), then we have that

7(t) Emgmax@eco(MP)Z Bep Ags. k(1) - Ps i

which implies that

Z(s,k)e”P (Lk() Po < Z A(Isk

(s,k)EP

Ws’k(t)

for all q? € (‘o(Mp) Therefore, this shows that V(¢{t)) > ¢
implies 2+ V( 7(t)) < —(z. Then, it immediately follows that
for any ¢ > 0, there exists a finite time 77 > 0 such that for any
fluid limit with ||§(0)|] < 1, we have ||§(¢)|| £ ¢ for any time
t > T7. Also, we have

ps k() < [l < € (34)

forall (s, k) € P.Letus choose T} large enough, then it follows
from (20), (22), and (34) that

Fow(T1) = Fo(T1) = ps(T1) > f5(0)

forall (s, k) € P and for any time ¢ > T7. Hence, we have (30)
from Lemma 3, and thus we have

1

(@)
< [l +

e . 1
)+ 1l o I
(b) S Hrﬂax
< (1 + L) ¢
ming Ag
A

where (a) and (b) are from (30) and (34), respectively. We can
make €1 arbitrarily small by choosing small enough ¢.

Now, consider any fixed sequence of processes
{Lx@)(zt),z = 1,2,---} (for simplicity also denoted by
{«}). Hence, for any fixed ¢; > 0, we can always choose a
large enough integer 7' > 0 such that for any subsequence
{zn} of {«}, there exists a further (sub)subsequence {z,, }
such that

lim —HX(T '

Joe T,

(o, T)|| = 1D + 15D <
almost surely. This in turn implies (for small enough €;) that

lim supwﬂoc% HX(””>(:ET)H < 2l-e<l (35)
almost surely. This is because there must exist a sub-
sequence of {x} that converges to the same limit as
lim sup, _ o, %HX(*)(TT)H

One can readily show that the sequence { 1| X (2T)||, = =
1,2,---} is uniformly integrable using standard techniques by
invoking the Dominated Convergence Theorem, and so the de-
tails are omitted here. Then, the almost sure convergence in (35)
along with uniform integrability implies the following conver-
gence in the mean:

limsup,_, .

1
E [— HXW(;L-T)H] <1l-—e
X
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v = I—Il— N
(,k-1) \ (s,k) \ (sk+1)\

Ws e (t) Wsi(t) W ses1(t)

Wai(t) = Wesdt) - Weea(t)
Ws,k+1(t) = Ws,k+1(t) - Vvsk(t)
AWe(t) = Wer(t) - Wepan(t)

Fig. 2. Delay differentials using new delay metric.

Since the above convergence holds for any sequence of pro-
cesses {1 X (x),z = 1,2,-}, the condition of (10) in
Lemma 1 is satisfied. This completes the proof. [ |

IV. DELAY-BASED BACK-PRESSURE ALGORITHM

A. Algorithm Description

In this section, we develop the D-BP policy, and in
Section IV-B, we prove that it is throughput-optimal. A
similar delay-based approach has appeared first in [12] for
single-hop networks. However, as mentioned earlier, when
packets travel multiple hops before leaving the system, the
analytical approach in [12] (i.e., using HOL delay in the queue
as the metric) cannot capture queueing dynamics of multihop
traffic, and the resultant solutions cannot guarantee the linear
relation. We will carefully design link weights using a new
delay metric and reestablish the linear relation between queue
lengths and delays in the fluid limits for multihop traffic.

Recall that W, 1.(¢) denotes the sojourn time of the HOL
packet of queue @, 4 (%) in the network, where the time is mea-
sured from the time when the packet arrives in the network. We
define the delay metric W ;. (¢) as

I/i]&k(t) é W@,k‘(t) - We,kfl(t) (36)
and also define delay differential as
AW, (1) 2 Wor(t) = We g (t). (37)

The relations between these delay metrics are illustrated in
Fig. 2. We specify the back-pressure algorithm with the new
delay metric as follows.

Delay-based Back-Pressure (D-BP) Algorithm:

Z AVVek ck

(s,k)EP

M* e arguax g a (38)

D-BP computes the weight of (s, k) as the delay differential
AVAVS, x(t) and solves the MaxWeight problem, i.e., finds a set
of noninterfering link-flow-pairs that maximizes weight sum.
Ties can be broken arbitrarily if there is more than one schedule
that has the largest weight sum. An intuitive interpretation
of the new delay metric W, x(¢) is as follows. Note that the
queue length @, 4 () is roughly the number of packets arriving
at the source node of flow s during the time-slots between
[Us 1 (t), Us i (t) + W (1)), and from the SLLN, @, 1 (%) is on
the order of A, VAqu(t) when Ws’k(t) is large. Hence, a large
I/T/’s,k(t) implies a large queue length Q; 1 (%), and similarly, a
large delay differential AWs,k(t) implies a large queue length
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differential AQ; ;(#). Therefore, being favorable to the delay
weight sum in (38) is in some sense “equivalent” to being
favorable to the queue length weight sum in (7) as Q-BP. We
later formally establish the linear relation between the fluid
limits of queue lengths and delays in Section IV-B.

We highlight here that the last packet problem can be solved
by the D-BP scheme using our proposed delay metric. Let us
focus on the source nodes first. Suppose that at the source node
of flow s, there are a finite number of packets waiting to be trans-
mitted and there are no further packet arrivals. From the defini-
tion of (36) and the fact that W, ¢(¢) = 0, we have W 1(t) =
W, 1(t). If some of the packets are stuck at the source node,
the delay metric Wsyl(t) keeps increasing with time. On the
other hand, VAVsyg(t) = W, 2(t) — W,.1(t) is equal to the in-
terarrival time between two packets and does not increase with
time, in particular because some packets at the source node are
not served. Hence, the delay differential AW, 1 (t) = W, 1(¢)—
W, »(t) also increases with time. This implies that under DBP,
the increasing delay will eventually “push” all the packets that
are waiting at the source node to the second-hop link. After all
the packets leave the source node, we can observe similar pro-
cedure at the transmitting node of the second-hop link: Since
Qs1(t) =0and W, 1(t) = 0, we have W, »(t) = W, »(1). Re-
peating the same argument, we can conclude that all the packets
will ultimately be “pushed” to the destination node of flow s.

Recall that U ;.(¢) denotes the time when the HOL packet
of ()5 arrives in the network (or the source node, rather
than the current node). We let U7, (¢) denote the time when
the packet that arrives (in the network or the source node)
immediately after the HOL packet of (), ;. arrives in the net-
work. Let B, 1(t) £ U; x(t) — U x(t) denote the interarrival
time between the HOL packet of ¢}, ; and the packet that
arrives immediately after it. Clearly, D-BP will not schedule
link-flow-pair (s, k) if

2~

Wi r(t) — ﬁfs,k-ﬂ(t) < 0.

Hence, if link-flow-pair (s, %) is scheduled, it must satisfy
Ws,k(t) — ngk_kl(t) > 0. Moreover, the delay VAVS,k(t) can
decrease by at most B, (¢) within one time-slot, and the delay
W, 411(t) can increase by at most I3, . (t) within one time-slot,
due to the assumption of unit link capacity (a similar argument
also holds with nonunit link rates). Therefore, if inequality

VAVS,I@@) Z Ws,k:+1(t) - 2Bs,kz(t) (39)
initially holds for all (s, %) at time-slot 0, then the inequality
holds for all time-slot £ > 0. This further leads to

Wk (t) > Wy pt1(t), ie., Awy (t) >0 (40)

for all (scaled) time ¢ > 0, in the fluid limits, from the conver-
gence of (18) and that %Bgn,:-")(xnjt) — 0,as z,, — o0
(otherwise, we will arrive a contradiction with the assumption
on the arrival process, i.e., it satisfies the Strong Law of Large
Numbers). Recall that we assume that all queues on each route

are empty at time-slot 0, except for the first queue, then (39) and
(40) follow.

B. Throughput Optimality

The following lemma provides the linear relation between
queue lengths and delays in the fluid limits.

Lemma 4: For any fixed ts 5 > 0, if f, x(ts.4) > fs(0) for
every link-flow-pair (s, k) € P, then we have

s k(1) = Asths 1 (1) (41)
for all £ > %, 1, with probability one.
Proof: 1t follows immediately from Lemma 3. ]

We emphasize the importance of (41). Lemma 4 implies that
after a finite time (i.e., max(; xyep £s,k), the queue lengths are
A, times delays in the fluid limit model. Then, the schedules of
D-BP are very similar to those of Q-BP, which implies that D-BP
achieves the optimal throughput region A*. In the following, we
show that the condition of Lemma 4 indeed holds, i.e., such a
finite time exists.

Lemma 5: Consider a system under the D-BP policy. Then,
for A strictly inside A*, there exists a finite time 7" > 0 such that
the fluid limits satisfy the following property with probability
one

fbk(T) > fs (0)

for all link-flow-pairs (s, k) € P.

We can prove Lemma 5 by induction following the techniques
described in [12, Lemma 7]. The formal proof is provided in
Appendix B. We next outline an informal discussion, which
highlights the main idea of the proof. First, we consider the base
case. D-BP chooses one of the feasible schedules in Mp (we
omit the term “feasible” in the following, whenever there is no
confusion) at each time-slot. Each schedule receives a fraction
of the total time, and there must exist a schedule that receives at

least ﬁ fraction of the total time. Thus, after a large enough

time 77 > 0, there must exist a schedule M* that is chosen
for at least Ia—lr\ amount of time. The number of initial packets

of M* is bounded from (20), thus, for a large enough 77, all
initial “fluid” of at least one link-flow-pair of M* must be com-
pletely served, i.e., fs £ (T1) > f5(0), for at least one (s, k) with
M) = 1.

Next, we consider the inductive step. Suppose there exists a
T; > 0, such that for at least one subset S; C P of cardinality I,
we have

(42)

fer(T1) > £.(0) (43)
for all (s, k) € S;. Then, there exists ;41 > 7} such that
for(Tin) > £:(0) (44)

holds for all link-flow-pairs (s, &) within at least one subset
Si+1 C P of cardinality I + 1. Since flows travel hop-by-hop,
packets that have been served by one link must have been served
by the link at the previous hop (of the flow to which the packets
belong). Hence, if (s, k) € S;, we must have (s, k — 1) € ;.
Repeating the argument, if (s, k) € S;, we have (s, ) € S; for
1 <i<k. Let

S; 2 {(r.f)|(rj) & S (rj — 1) € S, forj > 1;
or (r,j) ¢ Si. forj =1} (45)



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

denote the set of link-flow-pairs (r, j) such that (r, j) € P\S;
is the closest hop to the source of . To avoid unnecessary com-
plications, we discuss the induction step for ! = 1. The general-
ization for [ > 1 is straightforward. We show that for given Sy
and 77, there exists a finite time 75 > 77 such that (44) with 75
holds for at least two different link-flow-pairs.

Let (5, k) denote the link-flow-pair that satisfies (43) with 7.
Since (8, k) € S; implies (3,4) € ) forall 1 <i < k, we must
have k = 1 and Sy = {(4.1)}. From (45), we have that

ST =A(r, Dlr e S\{3}} UN; (46)
where Ny = {(§,2)} if H(8) > 1,and N; = Dif H(8) = 1. We
discuss only the case that F/{$) > 1, and the other case can be
easily shown following the same line of analysis. Now suppose
that

Jri(t) < £o(0),  forall (r,j) € P\S1, andallt >0

(47)

i.e., for all the link-flow-pairs except those of 51, the total
amount of service up to time ¢ is no greater than the amount
of the initial fluid for all # > 0. We show that this assumption
leads to a contradiction, which completes the induction step.

From the base case and Lemma 4, we have q,;l(t) =

Asws 1(F) for all ¢ > Ty. We view the subset of link-flow-
pairs S as a generalized system and consider the time-slots
when there is at least one packet transmission from the outside
of 51, i.e., (r,7) € P\S;. For each such time-slot, we say that
the time-slot is unavailable to S;.

1) The number of such unavailable time-slots is bounded
from the above by Ty since at every such time-slot, at
least one initial packet will be transmitted and the total
number of initial packets is bounded by [|Q(0)|| < wy,
from (9). Hence, the amount of (scaled) time unavailable
to Sy is bounded by [|G(0)|| < 1.

2) Since the amount of (scaled) time unavailable to Sy is
bounded, there exists a sufficiently large £ > T3 such
that the fraction of time that is given to (r,j) € P\S;
is negligible, and we must have @, ;(*) = ©(1)? and
Aq[;;}_j(t) = O(1) for (#,7) € P\(51 U ST).

3) Then, we can restrict our focus on the generalized
system S to time ¢ > T} and ignore the time that is un-
available to 5. Then, Q-BP and D-BP are in some sense
“equivalent” in the generalized system S5; for ¢ > T}
with the following properties. First, Q-BP will stabilize
the system if the arrival rate vector is strictly inside
A*. Second, since the linear relation (41) holds for all
link-flow-pairs in S; from Lemma 4, D-BP will schedule
links similar to Q-BP and also stabilizes the generalized
system S7.

4) Now let us focus on S7. Link-flow-pairs in ST must
have some initial fluid at ¢ > T; because S N ST = (.
On the other hand, the generalized network S; is stable.
This implies that the delay metrics of link-flow-pairs in
ST should increase on the same order as we increase ¢,
i.e., Wy ;- (£) = O(t) for (r*,5*) € S7. Then, we have
A 5+ (8) = O(#) since w,- j+41(¢) = O(1) from

2We use the standard order notation: g(n) = o(f(n)) implies

lim, o (g(n)/f(n)) = 0; and g(n) = ©O(f(n)) implies ¢; <
lim,,_, oo (g(n)/ f(n)) < ¢z for some constants ¢; and c.
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(r*.j*4+1) € P\(S51 U S7) and 2). Since the delay differ-

entials Aw;, ,(t) for all (s,%k) € S; and Ay 5 (t) for all

(#,5) € P\(S1 U S;) are bounded above from stability of

S1 and 2), respectively, D-BP will choose link-flow-pairs

in the set of 57 for most of the time for a sufficiently large

t. This implies that the amount of time unavailable to S

is ©(1), which contradicts with our previous statement in

1) that the fraction of time that is given to (r,j) € P\S1

is negligible.

We provide the detailed proof of Lemma 5 in Appendix B.

We then present throughput optimality of D-BP in the fol-
lowing proposition.

Proposition 6: D-BP can support any traffic with arrival rate
vector that is strictly inside A*.

Proof: We show the stability using fluid limits and standard
Lyapunov techniques. From Lemmas 4 and 5, we obtain the
key property for proving throughput optimality of D-BP in (41),
i.e., after a finite time, there is a linear relation between queue
lengths and delays in the fluid limit model. We start with the
following quadratic-form Lyapunov function

2
v = %Z(S,k)EP %

Following the line of analysis in the proof for Proposition 2, we
can show that for any ¢; > 0, there exist {» > () and a finite time
T > 0 such that V{(@(¢)) > ¢; implies 22V(F(t)) < —C, for
any regular time ¢ > T if the underlying scheduler maximizes
Dok Aq/\—‘(t) - ms (). Then, by applying the linear relation
(41), we can see that D-BP indeed satisfies such a condition and
obtain the results. We omit the detailed proof since it mirrors the
derivations in Proposition 2. ]

(43)

V. GREEDY ALGORITHMS

It is well known that the schemes (e.g., Q-BP and D-BP)
based on the back-pressure techniques are complex to imple-
ment because they involve computing a MaxWeight component,
which in general is NP-hard [19]. Hence, although D-BP oper-
ates efficiently and achieves the optimal throughput region, it
could be difficult to implement in practice. Therefore, we are
interested in simpler approximations of D-BP that can achieve
a guaranteed fraction of the optimal performance. The Delay-
based Greedy Maximal Scheduling (D-GMS) algorithm is a
good candidate approximation algorithm. A Greedy Maximal
Scheduling (GMS) algorithm [23],[26], [33], [34] [which is also
known as Longest Queue First (LQF)] operates (in the scenarios
with single-hop traffic) as follows: At each time-slot ¢, starts
with an empty schedule; first picks a link / with the maximum
weight (e.g., queue length or delay); adds [ into the schedule,
and disables other links that interfere with /; next picks a link I
with the maximum weight from the remaining set of links, adds
!’ into the schedule, and disables other links that interfere with
I’; and continues this process until all links are either chosen or
disabled. All chosen links will be scheduled during time-slot 7.
Note that any schedule obtained by GMS is maximal.

GMS has been extensively studied due to its low com-
plexity [23], distributed implementations [35] (or distributed
approximations [36]) and empirically observed good per-
formance [22]. It was first shown in [33] that GMS is
throughput-optimal in networks where the so-called local
pooling condition is satisfied. The authors of [21] and [34]
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generalize the idea of local pooling to a-local pooling, where
o is a topological notion depending on the underlying network
topology and is called the local pooling factor. There, the
authors show that GMS can achieve a o-fraction of the optimal
throughput region. On the other hand, in [37] and [38], the
local pooling condition is generalized to the scenarios with
multihop traffic, i.e., GMS is throughput-optimal in networks
where the multihop local-pooling condition is satisfied. Next,
we will discuss the performance limits of D-GMS.

Algorithm 1: GMS Algorithm

1: procedure GMS (P, z)

2: M — @

33 P —P

4 while P’ # () do

5 pick a link-flow-pair (s, k) with maximum weight:

x(s. k) = max, jyep #(7, J)
6: M — MU{(s k)}
7: P — P\I(s, k)
8 end while
9: end procedure

To generalize the GMS algorithm to settings with multihop
traffic, we consider link-flow-pairs. We let x(s, k) denote the
weight of link-flow-pair (s,k) € P, and conclude the pro-
cedure of GMS in Algorithm 1. We then describe the opera-
tions of D-GMS and its queue-length-based counterpart (called
Q-GMY) in the following.

D-GMS Algorithm: At each time-slot ¢, the algorithm sets the
weight of each link-flow-pair to the delay differential, i.e.,

2(s, k) — AW, x(t) forall (s,k) € P (49)

and finds its schedule in decreasing order of weight con-
forming to the underlying interference constraints, by applying
Algorithm 1.

Queue-length-based Greedy Maximal Scheduling (Q-GMS)
Algorithm: At each time-slot ¢, the algorithm sets the weight
of each link-flow-pair to the queue-length differential, i.e.,

(s, k) — AQs i(t), forall (s, k) € P (50)
and finds its schedule by applying Algorithm 1.

We characterize the throughput performance of D-GMS in
the following proposition.

Proposition 7: The achievable throughput region of D-GMS
is no smaller than that of Q-GMS.

We omit the proof here since it follows the similar line of
analysis for D-BP to establish the linear relation between queue
lengths and delays in the fluid limits, and the result can then be

obtained by applying the techniques used in [37] and [38].

VI. NUMERICAL RESULTS

In this section, we first highlight the last packet problem
for the queue-length-based back-pressure algorithm. The last
packet problem implies that flows that lack packet arrivals at
subsequent time may experience excessive delays under Q-BP,
which is later confirmed in the simulations. Then, we compare
throughput and delay performance of Q-BP and D-BP in a grid
network topology under the 2-hop interference model. Finally,
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Fig. 3. Illustration of the last packet problem under Q-BP. (a) “H”-type net-
work topology. (a) HOL delay of short flow (2 — 4 — 6) when A = 3.

we compare throughput performance of Q-GMS and D-GMS
in a size-6 ring network under the /-hop interference model.

We first show the last packet problem of Q-BP through sim-
ulations. We observe that several last packets of a short flow
(that carry a finite amount of data) may get stuck, which could
cause excessive delays. We consider a scenario consisting of 7
nodes and 6 links as shown in Fig. 3(a), where nodes are rep-
resented by circles and links are represented by dashed lines
with their associated link capacities.? We assume a time-slotted
system. We establish three flows: one short flow (2 — 4 — 6)
and two long flows (1 — 2 — 3)and (6 — 6 — 7). The
short flow arrives in the network with 10 packets at time 0. The
long flows have an infinite amount of data and keep injecting
packets at the source nodes following Poisson distribution with
mean rate A at each time-slot. Numerical calculation shows that
the feasible rate under the 2-hop interference should satisfy that
A < 4.44. We conduct our simulation for 10° time-slots and
plot time traces of HOL delay of the short flow when A = 3.
Fig. 3(b) illustrates the results that the delay increases linearly
with time under Q-BP, which implies that several last packets of
the short flow are excessively delayed. On the other hand, D-BP
succeeds in serving the short flow and keeps the delay close to
0. This also implies that certain flows whose queue lengths do
not increase due to lack of future arrivals (or whose interarrival
times between groups of packets are very large) may experi-
ence a large delay under Q-BP, which will be confirmed in the
following simulations.

Next, we evaluate the throughput performance of different
schedulers in a grid network that consists of 16 nodes and
24 links as shown in Fig. 4(a), where nodes and links are

3Unit of link capacity is packets per time-slot.
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Fig. 4. Performance of scheduling algorithms for multihop traffic following
Poisson distribution. (a) Grid network topology. (b) Average queue length.

represented by circles and dashed lines, respectively, with link
capacity. We establish nine multihop flows that are represented
by arrows. Let A; = 0.1 and As = 1. At each time-slot, there is
a file arrival with probability p = 0.01 for flow (11 — 10 — 9)
(represented by the red thick arrow in Fig. 4(a)), and the file
size follows Poisson distribution with mean rate* pA; /p. Note
that flow (11 — 10 — 9) has bursty arrivals with a small mean
rate (we simply call it the bursty flow in the following part).
All the other 8 flows have packet arrivals following Poisson
distribution with mean rate pAs at each time-slot. Although
these flows share the same stochastic property with an identical
mean arrival rate pAs, uniform patterns of traffic are avoided
by carefully setting the link capacities and placing the flows
with different number of hops in an asymmetric manner.

We evaluate the scheduling performance by measuring
average total queue lengths in the network over time. Fig. 4(b)
illustrates average queue lengths under different offered loads
to examine the performance limits of scheduling schemes.
Each result represents an average of 10 simulation runs with
independent stochastic arrivals, where each run lasts for 10°
time-slots. Since the optimal throughput region is defined as the
set of arrival rates under which the queue lengths remain finite,
we can consider the traffic load, under which the queue length

“Note that given the network topology, it is hard to find the exact boundary of
the optimal throughput region of scheduling policies in a closed form. Hence,
we probe the boundary by scaling the amount of traffic. After we choose A,
which determines the direction of traffic load vector, we run our simulations
with traffic load pA changing p, which scales the traffic loads.
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Fig. 5. Delay distribution of the bursty flow under p = 0.2.

increases rapidly, as the boundary of the optimal throughput re-
gion. Fig. 4(b) shows that D-BP achieves the same throughput
region as Q-BP, thus supporting the theoretical results on
throughput performance.

Although Q-BP and D-BP perform similarly in terms of the
average queue length (or average delay due to Little’s Law) over
the network, the tail of the delay distribution of Q-BP could
be substantially longer because certain flows are starved. This
could cause enormous unfairness between flows, resulting in
very poor QoS for certain flows.

Note that although a bursty flow is a long flow that has an in-
finite amount of data, the arrivals occur in a dispersed manner
(i.e., the interarrival times between groups of packets are very
large), and we can view this bursty flow as consisting of many
short flows. Thus, we expect that the bursty flow may experi-
ence a very large delay under Q-BP. This is because the bursty
flow lacks subsequent packet arrivals over long periods of time,
which does not allow the queue-lengths to grow, and thus con-
tributes to the long tail of the delay distribution. However, this
phenomenon may not manifest itself in terms of a higher av-
erage delay for Q-BP, as can be observed in Fig. 4(b), because
the amount of data corresponding to the bursty flow in the sim-
ulation is small compared to the other flows. On the other hand,
D-BP can achieve better fairness by scheduling the links based
on delays and not starving bursty or variable flows. We confirm
this in the following observations.

Fig. 5 illustrates the effectiveness of using D-BP over Q-BP
in terms of how each scheme affects the delay distribution of
bursty flows. We set p = 0.2. The results show that the tail
of the delay distribution under D-BP vanishes much faster than
Q-BP. Furthermore, we plot the mean delay, the 1st and 5th per-
centile delay> of the bursty flow over offered loads in Fig. 6.
All these delays under D-BP are substantially less than under
Q-BP, which implies that D-BP successfully eliminates the ex-
cessive packet delays. This confirms that Q-BP causes a sub-
stantially long tail for the delay distribution of the network due
to the starvation of the bursty flow, while D-BP overcomes this
and achieves better fairness among the flows by scheduling the
links based on delays.

5Suppose there are N packets sorted by their delays from the largest to the

smallest; the X th percentile delay is defined as the delay of the L%J th packet.

If XX < 1, it means the maximum delay. For example, if the delays are [3, 2,
1, 1, 1], the 40th percentile delay is 2.
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Fig. 6. Mean delay, the 1st and 5th percentile delay of the bursty flow (11 —
10 — 9) over offered loads.
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Fig. 7. Performance comparison of Q-BP, D-BP, Q-GMS, and D-GMS for
multihop traffic under the 1-hop interference model. (a) Size-6 ring network
topology. (b) Average queue length.

Finally, we consider a size-6 ring network topology under the
1-hop interference model as shown in Fig. 7(a), where links
have unit link capacity. We simulate two flows: flow (1 —
2 —=3—4)andflow (4 — 5 — 6 — 1). It is known [21]
that Q-GMS is not throughput-optimal in this network, as the
local pooling condition is not satisfied (and thus the multihop
local pooling is not satisfied from [38, Lemma 7]). On the other
hand, although D-GMS is at least as efficient as Q-GMS, it is
not known whether D-GMS can achieve larger throughput in
certain scenarios, e.g., in the network in Fig. 7(a).

To see these, we construct a traffic pattern using the idea
in [34]. We consider packet arrivals in a frame of 12 time-slots.
Two flows have the same arrival pattern in each frame. We as-
sume two arrival patterns for each frame. Starting with empty
queues at time-slot 0, in each frame, the number of exogenous

packet arrivals at the source of each flow (i.e., nodes 1 and 4)
follows pattern P, = {1,0,5,0, 1,0,5,0, 1,0, 5,0} with prob-
ability €, and pattern P, = {1,0,0, 1,0,0, 1,0,0, 1,0,0} with
probability (1 — €), where 0 < e < 1. The average arrival rate
vector is then A = (136 + 5(1 — €))e = (3 + Ze)e, where
e is a dimension-2 vector with all components equal to 1. It is
easy to check that A lies strictly inside the optimal throughput
region when 0 < € < L while Q-GMS cannot stabilize the net-
work under such a traffic pattern for all € > 0. Because under
Q-GMS, when pattern P» occurs in a frame, all the packets ar-
riving in this frame can be completely served and leave the net-
work by the end of this frame, while pattern P; occurs, none of
the packets arriving in this frame leaves the network by the end
of this frame. We evaluate the performance of different sched-
uling policies under the above traffic pattern. For each policy
under a fixed €, we take the average over 10 independent exper-
iments, with each run being 107 time-slots. In Fig. 7(b), we can
see that Q-BP and D-BP have finite average queue length for
0<e< % = 0.143 and thus achieve the maximum throughput.
On the other hand, the average queue length increases linearly
with € under Q-GMS and D-GMS starting from ¢ = 0 and
¢ = 0.04, respectively. This implies that neither Q-GMS nor
D-GMS is throughput-optimal in this setting, while D-GMS
achieves larger throughput (¢ < 0.04). To fully characterize the
performance limits of D-GMS is an interesting yet challenging
problem.

VII. CONCLUSION

In this paper, we developed a throughput-optimal delay-based
back-pressure scheduling scheme for multihop wireless net-
works with fixed routes. We introduced a new delay metric
suitable for multihop traffic and established a linear relation
between queue lengths and delays in the fluid limits, which
plays a key role in the performance analysis and proof of
throughput optimality. Delay-based schemes provide a simple
way around the well-known last packet problem that plagues
queue-based schedulers, and thus avoid flow starvation. As a
result, the excessively long delays that could be experienced
by certain flows under queue-based scheduling schemes are
eliminated without any loss of throughput. Nonetheless, in
this paper, we have only considered the scheduling problem
with fixed routes, albeit with multihop flows. The question
of whether delay-based schemes under dynamic routing can
achieve throughput optimality is still very much open.

APPENDIX A
SUMMARY OF NOTATIONS

Table I lists the summary of notations.

APPENDIX B
PROOF OF LEMMA 5

We show that there exists a finite time 7 > 0 such that
the fluid limits satisfy f, »(T) > fs(0) for all link-flow-pairs
(s,k) € P. We prove this by induction. We show that there ex-
ists a finite time 7" with at least one link-flow-pair that satisfies
the condition, and for a given set of link-flow-pairs satisfying
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TABLE I
SUMMARY OF NOTATIONS
Symbol Definition
% set of nodes
& set of links
S set of flows
P set of link-flow-pairs
Mp set of feasible schedules
Co(Mp)  convex hull of Mp

A* optimal throughput region

H(s) # of hops on the route of flow s

Hmax maxses H(s)

As(t) # of packet arrivals for flow s at time slot ¢

s mean arrival rate for flow s

Fs(t) cumulative # of packet arrivals for flow s up to time slot ¢

Qs,k(t) queue length of Q j at time slot ¢

I, 1 (t) service at Q j, at time ¢

U, k(1) # of packet departures at Q j at time slot ¢

Es,k(t) E»’;:l Qs,i(t)

Fs (1) cumulative # of packets served at Q;  up to time slot ¢

Zs 1,i(1) sojourn time (in the network) of the i-th packet of Q, j at
time slot ¢

W i (t) sojourn time (in the network) of the HOL packet of Q; i
at time slot ¢, i.e., Z j,1(t)

Us, k(L) time when the HOL packet of Q; , arrives in the network,
i.e., t— Wa‘,k'(t)

Wsik(t) Ws,k(t) - VAVs,kfl(t)

AVVs,k(t) VVs,k(t) - Ws,kJrl(t)

AQs,k(t) Qs,k(t) - Qs,k+1(t>

Bs i (t) inter-arrival time (at the system or the source node) be-

tween the HOL packet of Q1 and the packet that arrives
immediately after it

the condition, at least one additional link-flow-pair will satisfy
the condition by increasing 7'.

We first fix an arbitrary ¢; > 0 and define a constant K 2
maxs H(s)+ (D, AsH(s))e1. In the fluid limit model, we will
have
foralls € S.

fS(El) = fs((]) + A€ > fS(O)f

Since queue lengths are no greater than the injected amount of
data, we have that p, 1 (e1) < fs(e1) forall (s, k) € P, and thus

Z(sﬁmepps,k(ﬂ) < Z(s,k)epfs(el)
<Y HE)(F:(0) + Aser)
< K, 1)

where the last inequality is from (20): >~ f5(0) < 1 and the
definition of K;. Now we show by induction that there exists a
finite time 7" such that

Far(T) > f4(0),

Base Case: There exists T; > 0 such that for at least one
link-flow-pair (s, k)

for all link-flow-pairs (s, k).

.}Es,k(Tl) > fo(er).

LetT) 2 ¢;+K;. Suppose that (52) does not hold, i.e., there ex-
ists at least one packet that arrives before time-slot |z, 1] +1
and is not served by the end of time-slot | z,, ;71 | . Hence, at each
time-slot between [| %, €e1| + 1, |z,,T1]], there exists at least
one schedule that has positive summed weight. Therefore, the
schedule determined by D-BP must serve at least one packet
in the original system, otherwise the summed weight of the

(52)
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schedule (that does not serve any packet) is zero, which is not
the maximum over all the feasible schedules. Hence, we must
have

A

A("Ijnj) (wnj)
> e (Fod? (1) = B (wae0)
2 L”JﬂjTlJ - L’J?anlJ :

Dividing both sides of the above inequality by z,,; and letting
T,; — 00, We obtain

Z(stk)ep(ﬂ"’“(ﬂ) — farler)) > K.

Then, from (51), we have
;o N - -
Z(S’k)epfé’k(Tl) - Z(sﬁk)epfb""(ﬁl) + Z(S’k)eppa,k(l‘.l)
= Z(S"]erfs(el).

Therefore, fs,k(Tl) > fs(e1) for at least one link-flow-pair
Inductive Step: Suppose that there exist 7} and a subset S; C
P such that for all (s, k) € S;, we have

fsi(T) > foler).

Then, there exists T4 > T;, where 1 < [ < > H(s),anda
link-flow-pair (5, k) € P\S; such that

(53)

Foi(Te) > filer):

Further we define S;; = S; U {(5,k)}.

We prove the inductive step for / = 1. The generalization for
[ > 1 is straightforward. Hence, we show that for given S and
11, there exists a finite 75 > T such that (54) with 75 holds for
at least two different link-flow-pairs.

Let (3, k) denote the link-flow-pair that satisfies (53) with 77 .
Then, we haves S; = {(3,1)} and can specify the set ST of
link-flow-pairs (s, k) € P\S; that is closest to the source of
each flow from (46). We illustrate the case that H($) > 1, and
the other case that F/(3) = 1 can be easily shown following the
same line of analysis. Now, we have

far(t) > faler),

For all the other link-flow-pairs, we observe that

(54)

forall ¢ > 5.

(1) — s < K.
D pems, Frlen) = (M) S Kioo (59)
Suppose that for all £ > T3, we have

fri(®) < frler),  forall(r,5) € P\S;.  (56)

In the following part, we provide a choice of 75 > 77 such that
assumption (56) leads to a contradiction, which completes the
inductive step, and then the lemma follows by induction.

We view each sample path X (**37(£) after time-slot [, T1]
as a generalized system with link-flow-pairs in S; = {(§,1)}.
We say that a time-slot is unavailable to S; when a packet from a
link-flow-pair (r, j) € P\S; is transmitted during the time-slot.
Let hg, (t) denote the (scaled) amount of time unavailable to .Sy

®Note that if (s, k) € S;, we must have (s, k — 1) € S;. Hence, for{ = 1,
we must have the first hop of a flow, i.e., 51 = ($.1) for some 5.
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during the period of (77, #] in the scaled system, for all # > T7.
For the scaled generalized system S7, we obtain from (55) and
(56) that

hsi() <D0 s, () = frs(T) < K1 (57)

for all # > T7j. Since the time unavailable to S; is bounded,
as time ¢ increases, only link-flow-pairs in S; will be sched-
uled, which implies that the weight of link-flow-pairs of P\.S;
becomes negligible. This allows us to focus on 5. Owing to
Lemma 4 and the definition of S, the linear relation between
queue lengths and delays holds for the link-flow-pair in 5.
Then, it can be easily shown following the same line of anal-
ysis of Proposition 6 that link-flow-pairs in S; are stable under
D-BP.7 Hence, for all (s, k) € S;, we have

g 1(t) < C1, forallt > T} (58)
and thus
C
W (1) < A—l forall ¢ > T} (59)

£

for some constant C7, which depends on 77 and K7 and does
not depend on time ¢.

Recall that ST denotes the set of link-flow-pairs that is closest
to the source of each flow out of 57 defined in (48). We choose
t large enough such that for all (s, k) € Sy and (r*, j*) € S

C C C
Al - <t61A—:) < (th:) — €. (60)

From (56), there are packets that arrive at the source node by
time €; and have not been served at jth hop by time ¢ for all
(r,7) € P\S1, we obtain that

t—e <w,(t) <4, for all (r, j) € P\S;. (61)

Since (#*, §*), (r*, 5% + 1) € P\\S; for (r*, j*) € ST, we have

e o1 (1) = wee o1 (b) — wiee oy () < @ (62)
forall (+*, j*) € ST.From (59),(61), and that (+*, j*—1) € 51,
we have

C
e () 2 ey —

(63)

-

for all (r*, j*) € S}. Then, we have

Aty (1) = Wy (£) — Wy g1 (2)

(a)
S C/As —(t—a — C1/)s)

(®)
< (t — €] — Cl/)\,,‘*) — €1

(¢)
S ’UAJr» e (t) — ’uAl,w’j»+1(t)

= At~ j+ (t)

"Note that since Lemmas 4 and 5 hold for the generalized system .51, Propo-
sition 6 can be applied to S;.

forall (s, k) € Sy and (r*, j*) € S7, where (a) is from (59) and
(63), (b) is from (60), and (c) is from (63) and (62). Hence, for
large £, we have that

Ay p(t) < min  {Ad 4+ (1)} (64)
' (r,5*)€ST '
Also, from (61), we have that
A, 5(1) < @1 (65)

for all (7, 7) € P\(S) U ST). Since (65) holds for an arbitrarily
small ¢; and from (64), D-BP favors link-flow-pairs of S} for
all large ¢. Note that Aw, x(t) is bounded for (s, k) € S from
(59), and Addy, +(¢) is bounded for (7,7) € P\(Sy U S) from
(65), and A, j«(t) increases linearly on the order of ¢ for
(r*,j*) € ST from (63). Hence, there exists a large 73 such
that for all ¢ > T3, link-flow-pairs in S;7 will be scheduled at
all the time-slots between [|x,,75] + 1, |+,,]] under D-BP.
Then, we can choose T5 > T4 and have that

hsl(Tg) > — T2/ > K.

However, this contradicts with (57), which shows that the as-
sumption (56) is false, and there exists a large 7% such that

Jz i (Ts) > filer), for at least one (3, k) € P\ 8.

(66)

In fact, our choice of T, depends on the set .S1. However,
since there are only a finite number of flows, we can always
choose a large enough 75 so that (66) holds for some (5, k) €
P\Sl |
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