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Abstract—We study the problem of broadcasting packets in
wireless networks. At each time slot, a network controller acti-
vates non-interfering links and forwards packets to all nodes at a
common rate; the maximum rate is referred to as the broadcast
capacity of the wireless network. Existing policies achieve the
broadcast capacity by balancing traffic over a set of spanning
trees, which are difficult to maintain in a large and time-varying
wireless network. We propose a new dynamic algorithm that
achieves the broadcast capacity when the underlying network
topology is a directed acyclic graph (DAG). This algorithm
utilizes local queue-length information, does not use any global
topological structures such as spanning trees, and uses the idea
of in-order packet delivery to all network nodes. Although the
in-order packet delivery constraint leads to degraded throughput
in cyclic graphs, we show that it is throughput optimal in
DAGs and can be exploited to simplify the design and analysis
of optimal algorithms. Our simulation results show that the
proposed algorithm has superior delay performance as compared
to tree-based approaches.

I. INTRODUCTION

Broadcast refers to the fundamental network functionality
of delivering data from a source node to all other nodes. It uses
packet replication and appropriate forwarding to eliminate un-
necessary packet retransmissions. This is especially important
in power-constrained wireless systems which suffer from inter-
ference and collisions. Broadcast applications include mission-
critical military communications [1]], live video streaming [2],
and data dissemination in sensor networks [3]].

The design of efficient wireless broadcast algorithms faces
several challenges. Wireless channels suffer from interference,
and a broadcast policy needs to activate non-interfering links
at any time. Wireless network topologies undergo frequent
changes, so that packet forwarding decisions must be made
in an adaptive fashion. Existing dynamic multicast algorithms
that balance traffic over spanning trees [4] may be used for
broadcasting, since broadcast is a special case of multicast.
These algorithms, however, are not suitable for wireless net-
works because enumerating all spanning trees is computation-
ally complex and needs to be performed repeatedly when the
network topology changes.

In this paper, we study the fundamental performance of
broadcasting packets in wireless networks. We consider a time-
slotted system. At every slot, a scheduler decides which wire-
less links to activate and which packets to forward on activated
links, so that all nodes receive packets at a common rate.
The broadcast capacity is the maximum common reception
rate of distinct packets over all scheduling policies. We then

design optimal wireless broadcast algorithms without the use
of spanning trees. To the best of our knowledge, there exists
no capacity-achieving scheduling policy for wireless broadcast
without spanning trees.

We begin by considering a rich class of scheduling policies
II that perform arbitrary link activations and packet forward-
ing, and characterize the broadcast capacity over this policy
class II. We impose two additional constraints that improve
the understanding of the problem. First, we consider the
subclass of policies IT"°Mer T that enforce the in-order
delivery of packets. Second, we focus on the subset of policies
IT* C TI™omder that allows the reception of a packet by a node
only if all its incoming neighbors have received the packet.
It is intuitively clear that the policies in the more structured
class II* are easier to describe and analyze, but may yield
degraded throughput performance. We show the surprising
result that when the underlying network topology is a directed
acyclic graph (DAG), there is a control policy 7* € II* that
achieves the broadcast capacity. In contrast, there exists a
cyclic network in which no control policy in II* or ITin-order
can achieve the broadcast capacity.

To enable the design of the optimal broadcast policy, we
establish a queue-like dynamics for the system state, which is
represented by relative packet deficit. This is non-trivial for
the broadcast problem because explicit queueing structure is
difficult to maintain in the network due to packet replication.
As a result, achieving the broadcast capacity reduces to finding
a scheduling policy that stabilizes the system states using the
drift analysis [3], [6].

In this paper, our contributions include:

o We define the broadcast capacity of a wireless network
and show that it is characterized by an edge-capacitated
graph G that arises from optimizing the time-averages
of link activations. For integral-capacitated DAGs, the
broadcast capacity is_determined by the minimum in-
degree of the graph G, which is equal to the maximal
number of edge-disjoint spanning trees.

o We design a dynamic algorithm that utilizes local queue-
length information to achieve the broadcast capacity of
a wireless DAG network. This algorithm does not rely
on spanning trees, has small computational complexity,
and is suitable for mobile networks with time-varying
topology.

o We demonstrate the superior delay performance of our al-
gorithm, as compared to centralized tree-based algorithm



[4], via numerical simulations.

In the literature, a simple method for wireless broadcast is to
use packet flooding [7]]. The flooding approach, however, leads
to redundant transmissions and collisions, known as broadcast
storm [8]]. In the wired domain, it has been shown that
forwarding useful packets at random is optimal for broadcast
[Ol]; this approach does not extend to the wireless setting due
to interference and the need for scheduling [10]. Broadcast on
wired networks can also be done using network coding [L1],
[12]. However, efficient link activation under network coding
remains an open problem.

The rest of the paper is organized as follows. Section
introduces the wireless network model. In Section
we define the broadcast capacity of a wireless network and
provide a useful upper bound from a fundamental cut-set
bound. In Section we propose a dynamic broadcast policy
that achieves the broadcast capacity in a DAG. Simulation
results are presented in Section [V]

II. THE WIRELESS NETWORK MODEL

We consider a wireless network that is represented by a
directed graph G = (V,E,¢c,S), where V is the set of
nodes, E is the set of directed links, ¢ = (c;;) denotes the
capacity of links (i,j) € E, S is the set of all feasible
link-activation vectors, and s = (s.,e € E) € S is a
binary vector indicating that the links e with s, = 1 can
be activated simultaneously. The structure of the activation
set S depends on the interference model. Under the primary
interference constraint, the set S consists of all binary vectors
corresponding to matchings of the underlying graph G [13],
see Fig. m In the case of a wired network, S is the set of
all binary vectors since there is no interference. In this paper,
we allow an arbitrary link-activation set S, which captures
different wireless interference models. Let € V' be the source
node at which the broadcast traffic is generated. We consider a
time-slotted system. In slot ¢, the number of packets generated
at the node r is denoted by A(t), where A(t) is i.i.d. over slots
with mean A. These packets need to be delivered to all nodes
in the wireless network.

III. WIRELESS BROADCAST CAPACITY

Intuitively, the network supports a broadcast rate A if there
exists a scheduling policy under which all network nodes
can receive distinct packets at rate A. The broadcast capacity
is the maximally supportable broadcast rate in the network.
Formally, we consider a class II of scheduling policies where
each policy m € II is a sequence of actions {7 };>1 taken in
every slot t. Each action m; consists of two operations: (i) the
scheduler activates a subset of links by choosing a feasible
activation vector s € S; (ii) each node ¢ forwards a subset of
packets (possibly empty) to node j over an activated link (i, ),
subject to the link capacity constraint. The class II includes
policies that use all past and future network information, and
may forward any subset of packets over a link.

To introduce the notion of broadcast capacity, we define the
random variable RT(¢) to be the number of distinct packets
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Fig. 1: A wireless network and its three feasible link activa-
tions under the primary interference constraint.

received by node ¢ € V' from the beginning of time up to time
t, under a policy 7 € II. The time average limp_, o RT(T)/T
is the rate of distinct packets received at node .

Definition 1. A policy « is called a “broadcast policy of rate
N if all nodes receive distinct packets at rate ), i.e.,

lim TRW( Y=\, forallieV, w. p. 1, (1)

T—o0

where X is the packet arrival rate at the source node ’I".E]

Definition 2. The broadcast capacity \* of a wireless network
is the supremum of all arrival rates )\ for which there exists
a broadcast policy m of rate A\, w € 1L

A. An upper bound on broadcast capacity \*

We characterize the broadcast capacity \* of a wireless
network by providing a useful upper bound. This upper bound
is understood as a necessary cut-set bound of an associated
edge-capacitated graph that reflects the time-average behavior
of the wireless network. We provide an intuitive explanation
of the bound that will be formalized in Theorem [T as follows.

Fix a policy = € II. Let 87 be the fraction of time link
e € F is activated under 7; that is, we define the vector

ﬁ”*(”eEE—hm?Zs (3)

"'We can use the following more rigorous condition in (I):

min lim inf 7R7" (T) =X,

.p. 1 2
i€V T—oo il @

under which all results in this paper still hold.



where s™(t) is the link-activation vector under policy 7 in
slot ¢ (assuming all limits exist). The average flow rate over a
link e under policy 7 is upper bounded by the product of the
link capacity and the fraction of time the link e is activated,
Le., c.¢ . It is convenient to define an edge-capacitated graph
G = (V, E, (¢.)) associated with policy 7, where each directed
link e € E has capacity ¢. = ¢.7; see Fig. 2| for an example
of such an edge-capacitated graph. Next, we provide a bound
on the broadcast capacity by maximizing the broadcast rate at
each node on the graph G over all feasible vectors 37.

We define a proper cut U of the network graph G (or 3)
as a proper subset of the node set V' that contains the source
node 7. Define the link subset

Ey ={(G,j)eE|ieU, j¢ U} “4)

Since U C V, there exists a node n € V \ U. Consider the
throughput of node n under policy n. The max-flow min-cut
theorem shows that the throughput of node n cannot exceed
the total link capacity > . ce 7 across the cut U. Since
the achievable broadcast rate A™ of policy 7 is a lower bound
on the throughput of all nodes, we have \™ < 3 5 ¢ 37.
This inequality holds for all proper cuts U and we have

> e B 5)

eeEy

AT < min
U': a proper cut

Equation (3)) holds for any policy € II. Thus, the broadcast
capacity \* of the wireless network satisfies

Z ce B

ecEy

AN =sup A" <sup min
rell wel1 U: a proper cut

= ﬁeg;gi(w) U a proper cut EEZEU Ce Bes
where the last inequality holds because the vector 3™ associ-
ated with any policy 7 € II lies in the convex hull conv (S) of
the activation set S. The next theorem formalizes the above
characterization of the broadcast capacity A\* of a wireless
network.

Theorem 1. The broadcast capacity \* of a wireless network
under general interference constraints satisfies

> ceBe 6)

e€eEy

A< max min
BeEconv(S) U: a proper cut

Proof of Theorem [l See Appendix ]

B. In-order packet delivery

Studying the performance of a general broadcast policy is
difficult because packets are replicated across the network and
may be received out of order. To avoid retransmissions of
a packet, the nodes must keep track of the identity of the
received packets, which complicates the system state—instead
of the number of packets received, the system state is described
by the subset of packets received at all nodes.

To simplify the system state, we focus on the subset of
policies that enforce the in-order packet delivery constraint:

Fig. 2: The edge-capacitated graph G for the wireless network
with unit link capacities in Fig. [I| and under the time-average
vector 3™ = (1/2,1/4,1/4). The link weights are the capac-
ities ¢.87. The minimum proper cut in this graph has value
1/2 (when U = {r,a,c} or {r,b,c}). An upper bound on the
broadcast capacity is obtained by maximizing this value over
all vectors 8™ € conv (S).

Constraint 1 (In-order packet delivery). A network node is
allowed to receive a packet p only if all packets {1,2,...,p—
1} have been received by that node.

We denote this policy subclass by iy orger. In-order packet
delivery is useful in live media streaming applications [2]], in
which buffering out-of-order packets incurs increased delay
that degrades video quality. In-order packet delivery greatly
simplifies the network state space. Let R;(t) be the number
of distinct packets received by node ¢ by time ¢. For policies
in Il omer, the set of received packets by time ¢ at node ¢
is {1,...,R;(t)}. Therefore, the network state in slot ¢ is
completely represented by the vector R(t) = (R;(t),i € V).

Imposing the in-order packet delivery constraint potentially
reduces the wireless broadcast capacity. It is of interest to
study under what conditions in-order packet delivery can attain
the broadcast capacity A* of the general policy class II. The
next lemma shows that there exists a cyclic network topology
in which any broadcast policy enforcing the in-order packet
delivery constraint is not throughput optimal.

Lemma 1. Let \*j,_or40r be the broadcast capacity of the policy
subclass 11, 5rq0r C 11 that enforces in-order packet delivery.
There exists a network topology with directed cycles such that
)\*in-order < A

Proof of Lemma [I} See Appendix [ |

C. Achieving broadcast capacity of a DAG

In the rest of the paper, we study optimal broadcast algo-
rithms when the network topology is a DAG. For this, we
simplify the upper bound (6)) on the broadcast capacity A* in
Theorem I]in the case of a DAG. For each receiver node v # r,
we consider the proper cut U, that separates the network from
node v:



Using these cuts {U,,v # r}, we define another upper bound
Apag on the broadcast capacity \* as:

L

Ce Be ®)

ADAG max min E
Beconv(S) {U,,v#r}
ecky,

D BN,

ecEy

> max min
Beconv(S) U: a proper cut

where the first inequality uses the subset relation {U,,v #
r} C {U: a proper cut} and the second inequality follows
from Theorem |1} In Section we will propose a dynamic
policy that belongs to the policy class Ili,.order and achieves
any arrival rate that is less than Apsg. Combining this result
with (8), we establish that the broadcast capacity of a DAG is

A= Apag = max min E ce B
Beconv(S) {U,,v#r} ere
ecEy,

> B, O

ecEy

= max min
BeEconv(S) U: a proper cut

which is achieved by a broadcast policy that uses in-order
packet delivery. In other words, imposing the in-order packet
delivery constraint does not reduce the broadcast capacity
when the network topology is a DAG.

IV. DAG BROADCAST ALGORITHM

We design an optimal broadcast policy for a wireless DAG.
We start with imposing an additional constraint that leads to
a new subclass of policies in which it is possible to describe
the network dynamics by means of relative packet deficits,
ie., R;(t) — R;(t), between nodes i and j. We analyze
the dynamics of the minimum relative packet deficit at each
node j, where the minimization is over all incoming neighbors
of j. The minimum relative deficits play the role of virtual
queues in the system, and we design a control policy that
stabilizes them. The main result of this section is to show that
this control policy achieves the broadcast capacity whenever
the network topology is a DAG.

A. System state by means of packet deficits

We show in Section that, in the policy class ITip orders
the system state is represented by the vector R(t). To simplify
the system dynamics further, we impose another constraint
on Il order @s follows. We say that node ¢ is an in-neighbor
of node j if there exists a directed link (i,j) € FE in the
underlying graph G.

Constraint 2. A packet p is eligible for transmission to node j
in a slot only if all the in-neighbors of j have received packet
p in previous slots.

We denote this new policy class by II* C Hin_orderﬂ The
following properties of the system states R(¢) under a policy
in IT* are useful.

2If the network contains a directed cycle, then a deadlock may occur under
a policy in IT* and yields zero broadcast throughput. This problem does not
arise when the network is a DAG.

Fig. 3: Under a policy m € II*, the set of packets available
for transmission to node j in slot ¢ is {11,12, 13,14}, which
are available at all in-neighbors of node j. The in-neighbor of
j inducing the smallest packet deficit is ¢} = ¢, and X;(t) =

min{Qq; (1), Qv; (1), Qe; (1)} = 4.

Lemma 2. Let In(j) denote the set of in-neighbors of a node
7 in the network. Under any policy m € II*, we have:

(1) R;(t) < min;gpj) Ri(t) for all nodes j # r.
(2) The collection of packets that are eligible to be received
by a node j # r from its in-neighbors in slot t is

{pIR;() +1<p< min Ri(t)}.
i€In(j)

We define the packet deficit over a directed link (i,7) € E
by Qi;(t) = Ri(t) — R;(t). Under a policy in IT*, @Q;;(¢t) is
always nonnegative because, by part (1) of Lemma 2] we get

Qu(t) = Rilt) = Ry(t) > min Ri(t) ~ Ry(t) 2 0.

The quantity @;;(t) is the number of packets that have been
received by a node ¢ but not by node j. Intuitively, if all packet
deficits Q;;(t) are bounded, then the total number of packets
received by any node is not far from that generated at the
source node r; as a result, the broadcast throughput is equal
to the packet arrival rate.

To analyze the system dynamics under a policy in II*, it is

useful to define the minimum packet deficit at node j by
i€In(j)

From part (2) of Lemma 2| X(¢) is the maximum number of
packets that node j is allowed to receive from its in-neighbors
in slot ¢. As an example, Fig. 3| shows that the packet deficits
at node j, as compared to the upstream nodes a, b, and c, are
Qaj(t) =8, Qvj(t) =5, and Q.;(t) = 4, respectively. Thus
X;(t) = 4 and node j is only allowed to receive four packets
in slot ¢ due to Constraint [2| We can rewrite X(t) as

Xj (t) = Qijj(t)v where ZI = arg Hlll(n) Qij (t),
1€In(y

(1)

and the node ¢; is the in-neighbor of node j from which node
7 has the smallest packet deficit in slot ¢; ties are broken
arbitrarily in deciding i;‘ﬂ Our optimal broadcast policy will
use the minimum packet deficits X (¢).

3We note that the minimizer i} is a function of the node j and the time
slot ¢; we slightly abuse the notation by neglecting j to avoid clutter.



B. The dynamics of the system variable X ;(t)
We analyze the dynamics of the system variables
Xj(t) = Qiz; (1) = Riz (1) — R;(1)
under a policy m € II*. Define the service rate vector pu(t) =
(ki3 (t))i jev by

pis (1) = {gw

Equivalently, we may write p;;(t) = ¢;;8;;(t), and the number
of packets forwarded over a link is constrained by the choice
of the link-activation vector s(t¢). At node j, the increase in the
value of R;(t) depends on the identity of the received packets;
in particular, node j must receive distinct packets. Next, we
clarify which packets are to be received by node j.

The number of available packets for reception at node
Jis min{X;(t),> oy pr;(t)}, because: (i) X;(t) is the
maximum number of packets node j can receive from its in-
neighbors due to Constraint [2} (i) ), oy ur;(t) is the total
incoming transmission rate at node j under a given link-
activation decision. To correctly derive the dynamics of R, (t),
we consider the following efficiency requirement on policies
in IT*:

12)

if (4,7) € E and the link (i, j) is activated,
otherwise.

Constraint 3 (Efficient forwarding). Given a service rate
vector p(t), node j pulls from the activated incoming links
the following subset of packets

{1 R0 +1<p < Ry(0) + min{X;(0, > s (0)} },
keV

(13)
where which packets are pulled over each incoming link are
arbitrary but must satisfy Constraint E]

Constraint |3| states that scheduling policies must avoid
forwarding the same packet to a node over two different
incoming links in a slot. Under certain interference models
such as the primary interference model, at most one incoming
link is activated at a node in a slot, and Constraint [3] is
redundant.

In (12), the packet deficit Q;:;(t) increases with R;:(t)
and decreases as R;(t) increases, where R;:(t) and R;(t) are
both non-decreasing. It follows that we can upper bound the
increase of Q;x;(t) by the total capacity ) i fmir(t) of
activated incoming links at node ;. Also, we can express the
decrease of Q;x;(t) by the exact number of distinct packets
received by node j from its in-neighbors, and it is given by
min{ X;(t), > ey taj(t)} by Constraint Consequently, the
one-slot evolution of the variable Q;:;(t) is given b

Qi (t+1) < (Qirs() = > ms()) "+ > iz (1)

keV meVv

“Due to Constraints |1{and [2] the packets in (T3) have been received by all
in-neighbors of node j.

5We emphasize that the node i} is defined in (TT), depends on the particular
node j and time ¢, and may be different from the node z,’; 11

+
< (X)) =D g () 4 D iz (1),
keV mev
(14)
where (2)* = max(z,0) and we recall that X;(t) = Q;:;(t).
It follows that X;(t) evolves over slot ¢ according to

(@)

(b)
Xj(t + 1) = lglﬂl(l}) Qij(t + 1) S Qi;‘j(t + 1)
(¢)
< (X0 =Y i)+ Y iz (), (15)

keV meV

where (a) follows the definition of X(¢), (b) follows because
node i; € In(j), and (c) follows from (I4). In (I5), we abuse
the notation to define ) i imr(t) = A(t) for the source
node r, where A(t) is the number of exogenous packet arrivals
in slot ¢.

C. The optimal broadcast policy

Our broadcast policy is designed to keep the minimum
deficits X ;(¢) bounded. For this, we regard the variables X ;(¢)
as virtual queues that follow the dynamics (T3)). By performing
drift analysis on the virtual queues X;(¢), we propose the
following max-weight-type broadcast policy that belongs to
the policy subclass IT* which enforces Constraints [T 2 and [3]
We will show that this policy achieves the broadcast capacity
A* of a wireless network over the general policy class II when
the underlying network graph is a DAG.

Optimal Broadcast Policy 7* over a Wireless DAG:

In slot ¢, the algorithm has the input {R;(t),j € V} and
performs the following four steps.

Step 1: For each link (4,j) € E, compute the deficit
Qi;(t) = R;(t) — R;(t) and the set of nodes K(t) for which
node j is the deficit minimizer:

K;(t) = {k eVi]j= argmréllir(lk) ka(t)}. (16)

We note that the ties are broken arbitrarily in finding a deficit
minimizer.

Step 2: Compute X;(t) = min,epj) Qi;(t) for j # r and
assign to link (4, 7) the weight

Wiy = (X;00 - Y X)) ",

kEK;(t)

a7

where W;;(t) is the minimum deficit of node j minus that of
all nodes for which node j is the deficit minimizer. Intuitively,
the term TW;;(t) arises because while delivering a packet to
node j decreases X;(t) by one, it also increases Xy (t) by
one for all nodes for which node j is an in-neighbor and the
deficit minimizer.

Step 3: In slot ¢, choose the link-activation vector s(t) =
(se(t),e € E) such that

s(t) € arg (SmreréaE%GS;EceseWe(t). (18)



Every node j # r uses activated incoming links to pull packets
{R;(t) +1,...,R;(t) + min{)_, c;js;;(t), X;(t)}} from its
in-neighbors according to Constraint [3]

Step 4: The vector (R;(t),j € V) is updated as follows:

) _ R; (t) + A(t)v Jj=r,
Ry1) = {Rm) T+ min{Y, eiys (0, X, (0}, G # 7,
and R;(0) =0forall j € V.

We illustrate the above algorithm in an example in Fig. [5]
The next theorem demonstrates the optimality of the broadcast
policy 7*.

Theorem 2. If the underlying network graph G is a DAG, then
for any exogenous packet arrival rate A < Apag, the broadcast
policy 7* yields

o
lim L(T) =\, Vi€V, with probability 1,
T— 00 T
where Apag is the upper bound on the broadcast capacity \*
in the general policy class 11, as shown in (). Consequently,
the broadcast policy 7* achieves the broadcast capacity \*
when the network topology is a DAG.

Proof of Theorem [2} See Appendix ]
Fig. @] shows the relationship between different policy
classes discussed in this paper.

IT: all policies that perform
link activations and routing

Hin-order y /; H} )
ot

TI™oer: policies that enforce I

in-order packet delivery

4

II*: policies that allow reception ‘ —
only if all in-neighbors have
received the specific packet

Fig. 4: The relationship between different policy classes.

D. Number of disjoint spanning trees in a DAG

Theorem [2] provides an interesting combinatorial result that
relates the number of disjoint spanning trees in a DAG to the
in-degrees of its nodes.

Lemma 3. Consider a directed acyclic graph G = (V, E) that
is rooted at a node r, has unit-capacity links, and possibly
contains parallel edges. The maximum number k* of disjoint
spanning trees in G is given by

k* =

min  d;,(v),
veV\{r}

where d;,(v) denotes the in-degree of the node v.
Proof of Lemma 3} See Appendix [ |

V. SIMULATION RESULTS

We simulate the optimal broadcast policy 7* in a wireless
DAG network with the primary interference constraint in

Qra(t) =7 Kp(t) = {a}
Qro(t) =7 Ka(t) ={b,c}”
Qre(t) =8  Kyp(t) = {0}
Qap(t) =0  K.(t) = {0}
Qac(t) =1

Que(t) =1

Wira(t) = (Xa(t) — Xp(t) — XC(t))+ =6

Xp(t) =0 Wpp(t) = (X ()" =0
Wre(t) = (Xe(8)T =1
Was(t) = (Xp(t)* =0
Wac(t) = (XC(t))+ =
Wie(t) = (Xe(®) T =1

s1: Wi (t) + Whe(t) =7
so: Wip(t) + Wee(t) =1

s3: Wie(t) + Wap(t) =1
Choose the link-activation vector s
Forward the next packet #4 on (r, a)

Forward the next packet #3 on (b, ¢)

One packet arrives at the source

Fig. 5: Running the optimal broadcast policy 7* in slot ¢
in a wireless network with unit-capacity links and under
the primary interference constraint. Step 1: computing the
deficits @;;(t) and K,(t); a tie is broken in choosing node
a as the in-neighbor deficit minimizer for node c, hence
¢ € K, (t); node b is also a deficit minimizer for node c. Step
2: computing X;(t) for j # r and W;;(¢). Step 3: finding
the link activation vector that is a maximizer in (18], and
forwarding the next in-order packets over activated links. Step
4: a new packet arrives at the source node 7, and new values
of {R,(t+1),Ro(t +1),Rp(t + 1), Rc(t + 1)} are updated.

Fig.[6} the link capacities are presented as weights on the links.
The broadcast capacity A\* of the network is upper bounded
by the maximum throughput of node ¢, which is 1 because



at most one of its incoming links can be activated at any
time. To show that the broadcast capacity is indeed A\* = 1,
we consider the three spanning trees {771, 72,73} rooted at
the source node r. By finding the optimal time-sharing of all
feasible link activations over a subset of spanning trees using
linear programming, we can show that the maximum broadcast
throughput using only the spanning tree 7; is 3/4. The
maximum broadcast throughput over the two trees {71, 72} is
6/7, and that over all three trees {71, 72, 73} is 1. Thus, the
upper bound is achieved and the broadcast capacity is A* = 1.

We compare our broadcast policy 7* with the tree-based
policy Tyee in [4]. While the policy T, is originally proposed
to transmit multicast traffic in a wired network by balancing
traffic over multiple trees, we slightly modify the policy e
for broadcasting packets over spanning trees in the wireless
setting; link activations are chosen according to the max-
weight procedure. See Fig. [/| for a comparison of the average
delay performance under the policy n* and the tree-based
policy 7y over different subset of trees. The simulation
duration is 10° slots. We observe that the policy m* achieves
the broadcast capacity A* = 1 and is throughput optimal.

The broadcast policy 7* does not rely on the limited tree
structures and therefore has the potential to exploit all degrees
of freedom in packet forwarding in the network; such freedom
may lead to better delay performance as compared to the tree-
based policy. To observe this effect, we consider the 10-node
DAG network subject to the primary interference constraint in
Fig. [8] For every pair of node {i,j}, 1 < i < j < 10, the
network has a directed link from ¢ to j with capacity (10 —q).
By induction, we can calculate the number of spanning trees
rooted at the source node 1 to be 9! &~ 3.6 x 103. We choose
five arbitrary spanning trees {7;,1 < i < 5}, over which the
tree-based algorithm 7y is simulated. Table [I| demonstrates
the superior delay performance of the broadcast policy 7%,
as compared to that of the tree-based algorithm 7y over
different subsets of the spanning trees. It also shows that a
tree-based algorithm that does not use enough trees would
result in degraded throughput.

VI. CONCLUSION

We characterize the broadcast capacity of a wireless network
under general interference constraints. When the underlying
network topology is a DAG, we propose a dynamic algorithm
that achieves the wireless broadcast capacity. Our novel design,
based on packet deficits and the in-order packet delivery
constraint, is promising for application to other systems with
packet replicas, such as multicasting and caching systems.
Future work involves the study of cyclic networks, where
optimal policies must be sought in the class IT \ TT"-order,
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APPENDIX
A. Proof of Theorem|]]

Fix an € > 0. Consider a policy 7 € II that achieves a broad-
cast rate of at least \* — e defined in (T); this policy 7 exists
by the definition of the broadcast capacity A* in Definition
Consider any proper cut U of the network G. By definition,
there exists a node i ¢ U. Let s™(t) = (s7(t),e € E) be
the link-activation vector chosen by policy 7 in slot t. The
maximum number of packets that can be transmitted across
the cut U in slot ¢ is at most D .. cest (t), which is the
total capacity of all activated links across U, and the link
subset Ey is given in (@). The number of distinct packets
received by a node ¢ by time 7' is upper bounded by the total
available capacity across the cut U up to time 7T, subject to
link-activation decisions of policy 7. That is, we have

T T
RIT) <> D cest(t)=u-Y s(t), (19)

t=1ecEy

where we define the vector u = (u, e € E), ue = celieep,),
and a - b is the inner product of two vectorsﬁ Dividing both
sides by T yields

RI(T)

T Su (;és”(t))

It follows that

International Conference on Computer Communications. IEEE. 1EEE, (a) R (T) RT (T)
2007, pp. 1073-1081. A* — € < minliminf —Z <liminf 4+~
[10] D. Towsley and A. Twigg, “Rate-optimal decentralized broadcasting: the T jeV T—oo - T—oo

wireless case,” in ACITA, 2008.

S. Zhang, M. Chen, Z. Li, and L. Huang, “Optimal distributed broad-
casting with per-neighbor queues in acyclic overlay networks with arbi-
trary underlay capacity constraints,” in Information Theory Proceedings
(ISIT), 2013 IEEE International Symposium on. 1EEE, 2013, pp. 814—
818.

(11]

T
1
< limi = 7"
< hTm infu ( tEZI s (t)), (20)

Note that (T9) remains valid if network coding operations are allowed.



where (a) follows that 7 is a broadcast policy of rate at least
A* — e. Consider the following useful lemma.

Lemma 4. For each proper cut U, there exists a vector Bf; €
conv(S) such that

hmlnfu ( Zs ):u-,@ﬁ.

Proof: Consider the sequence (f = + 23:1 s™(t) in-
dexed by T' > 1. Since s™(t) € S for all ¢ > 1, we have
¢T € conv (S) for all T > 1. By definition of liminf, there
exists a subsequence {u-C7, }x>1 of the sequence {u-(T}r>1
such that

klglolou-CTk :hTrgloI})fu'CT' (21)
Since the set conv (S) is closed and bounded, any sequence
in conv(S) has a converging subsequence. Thus, there exists

a subsubsequence {C:’,T«ki }i>1 and Bf; € conv(S) such that
C;’}k’_ — B, asi— oo.

It follows that

UBU*

—hmlnfu( Zs )

where (a) uses the fact that if x,, - x thenc-x,, > c-x
for ¢, x,,, and € R!, [ > 1; (b) follows that if the limit of
a sequence {z,} exists then all subsequences {z,, } converge
and limy, z,,, = lim, z,; (c) follows from Equation ZI). =

®

hm u- CT ) hm u - (r, )hmmfu ST
k— 00

Combining Lemma [] with (20), we have that for every
proper cut U, there exists 87, € conv(S) such that

N —e<u- B (22)
Since ([22) holds for all proper cuts U, we have
A*—e< min u-gg. (23)

U': a proper cut

Lemrna shows that 37, € conv (S) for any proper cut U and
policy 7 € II. Thus, from (23) we get

AN —e<  sup < min u~ﬂ>.
Beconv(S) U a proper cut
The minimum in (24) is the pointwise minimum of a finite
number of linear functions, and is concave and continuous
[14]. Thus, there exists a vector 3* € conv (S) that achieves
the supremum in the compact set conv (S) [13]. Also, (24)
holds for all € > 0. We conclude that

(24)

A" < max min  u-8
Beconv(S) \ U: a proper cut

= max min E Cefe-

S) U: a proper cut
BeEconv(S) prop: oy

(25)
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Fig. 9: A cyclic wired network and its two edge-disjoint
spanning trees that yield the broadcast capacity A\* = 2.

B. Proof of Lemma []|

Consider the cyclic wired network in Fig. where all
edges have unit capacity and there is no interference constraint.
Node a has total incoming capacity equal to two; thus, the
broadcast capacity of the network is upper bounded by A* < 2.
In fact, the network has two edge-disjoint spanning trees as
shown in Figures and We can achieve the broadcast
capacity A* = 2 by routing odd and even packets along the
trees 17 and 75, respectively.

Consider a policy 7 € i orger that provides in-order deliv-
ery of packets to all network nodes. Let R;(t) be the number
of distinct packets received by node i up to time ¢; node @
receives packets {1,2,..., R;(t)} by time ¢ due to in-order
packet delivery. Consider the directed cycle a -+ b — ¢ — a
in Fig.0(a)] The necessary condition for all links in the cycle to
forward packets in slot ¢ is R, (t) > Rp(t) > Rc(t) > Ra(t),
which is infeasible. Thus, there must exist an idle link in the
cycle in every slot. Define the indicator variable z.(t) = 1 if
link e is idle in slot ¢ under policy 7, and x.(t) = 0 otherwise.
Since at least one link in the cycle is idle in every slot, we
have

T (a,b) (t) + Z(b,c) (t) + Z(c,a) (t) > 1.

Taking a time average of the above inequality yields

*Z

Taking a lim sup at both sides, we obtain

Z lim sup — Z Ze(t

ecf(a,b),(b,c),(c,a)} L7

+x(b c)( )+x(c,a)(t)) > 1.



> lim sup
T—o0

>

e€{(ab),(b,c),(c,a)}
The above inequality implies that

1z
Tng(t) >1

t=1

(26)

max
e€f{(a;b),(b,0),(c;a)} T—o0

Since the nodes {a,b,c} are symmetrlcally located (i.e., the
graph obtained by permuting the nodes {a, b, ¢} is isomorphic
to the original graph), without any loss of generality we may
assume that the link e = (a, b) attains the maximum in (26),
ie.,

1
lim sup — Z T(ap)(t -

T—o0 t 1

27)

OJ

Noting that x.(¢) = 1 if link e is idle in slot ¢ and that node b
receives packets from nodes r and a, we can upper bound

Ry(T') by

Ry(

\ A

T
Z ]- _‘r(rb)( )+ 1 _x(ab)(t))

t=1

(2 — Z(a,b) (t)) .

M’ﬂ

t=1

It follows that

Ry(T) =
T

<2 —limsup —= Zx(a p (

T—o0 t 1

lim inf ——=
T—o0

OJ\OT

where the last inequality uses (27). Thus, we have

Ri(T) < liminf By(T) < 5
T T—o00 3

min lim inf
i€V T—oo

which holds for all policies 7 € I orger- Taking the supremum
over the policy class Il orger Shows that the broadcast capacity
A subject to the in-order packet delivery constraint

in-order
satisfies
R; 5
Aiorder = Sup  minlim inf (T) < - <2=\7
V T T 3
ﬂ'enm order i€

i.e., the network broadcast capacity is strictly reduced by in-
order packet delivery in the cyclic network in Fig.

C. Proof of Theorem 2]

We present the proof in three steps. First, using the dynam-
ics of X;(t) in (I3), we derive an expression of the one-slot
Lyapunov drift using quadratic Lyapunov functions. Second,
we design a useful stationary randomized policy that yields
near-optimal broadcast throughput; this policy is useful to
show that state variables {X(t)} (treated as virtual queues)
under the optimal broadcast policy 7* are strongly stable for
all arrival rates A < A*. Third, based on the above analysis,
we show that the policy 7* is a throughput-optimal broadcast
policy for any underlying network graph that is a DAG.

"Here, we use the more rigorous definition of a broadcast policy of rate A
in (2).
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Lemma 5. [f we have

Qt+1) < (Q(t) — u(t)" +A(t)

where all the variables are non-negative and (z)t =
max{z,0}, then

Q*(t+1) — Q%(t) < p2(t) + A2(t) + 2Q(1)(A(t) — u(t)).
Proof: Squaring both sides of (28) yields
Q*(t+1)
((Q(1) = (D)%) + 4%(1) +24()(Q(1) — (1)) *
(Q(t) — ul())? + A2(t) + 24(1)Q(t),

where we use the fact that 22 > (1;+)2, Q(t) >0, and p(t) >
0. Rearranging the above inequality finishes the proof. [ ]

Applying Lemma [5| to the dynamics (I3) of X;(t) yields,
for each node j # r,

(28)

<
<

2 2
X2(t+1) — X2(t)
< B(t) 4+ 2X;(

— > (1)),

keVv

(29)

(Y pmi (¢

meV

where B(t) < ji2,, + max{a?(t), 12,0} < (a2() + 202,
a(t) is the number of exogenous packet arrivals in a slot, and
fimax = MaXecf Ce is the maximum capacity of the links. We
assume the arrival process a(t) has bounded second moments;
thus, there exists a finite constant B > 0 such that E[B(t)] <
E(a?(t)) + 202, < B.

We define the quadratic Lyapunov function L(X
X X3()

satisfies

A(X() 2 E[L(X(t+1) — L(X

(1) =
). From (29), the one-slot Lyapunov drift A(X (t))

@) | X ()]

=E[Y (Xj(t+1) - X7(1) | X(1)]
J#r

<BIVI+2D XME[ D iz () = Y () | X (1)
j#r mev kev

=B|V|-2 Z iz (t) | X ()] (X;(t) — Z X (t))
(i,J)€E kEK;(t)

=BIV| =2 > Eluy(t) | X(1)]Wi;(#), (30)
(i,7)€E

where K;(t) and W;;(t) are defined in and (I7), respec-
tively. To emphasize that the evaluation of the inequality (30)
depends on a control policy = € IT*, we rewrite (30) as

AT(X(H) < BIVI=2 Y E[uf(t) | X ()] Wi(t). GD
(i,5)EE
Our optimal broadcast policy 7* is chosen to minimize the
drift on the right-hand side of (3I) among all policies in IT*.
We construct a useful randomized policy 7RANP ¢ IT*. Let
B* € conv (S) be the vector that attains the outer bound on
the broadcast capacity A* in Theorem [1] i.e.,

€ arg max min Z Cefe-
ﬂ & BeEconv(S) U: a proper cm eﬂe

cby



From the Caratheodory’s theorem [15], there exist at most
(|E| 4+ 1) link-activation vectors s; € S and the associated

nonnegative scalars {p} with 2,%,"" p; = 1, such that
|El+1
= Z pisi- (32)
=1
From Theorem [I| we get
XS D ef (33)

ecEy

Suppose that the exogenous packet arrival rate A is strictly less
than the broadcast capacity A*. There exists an ¢ > 0 such that

A+ e < X\*. From (33), we have
> B

eeFEy

min
U a proper cut

At+e< (34)

For any network node v # r, consider the proper cut U, =
V'\ {v}. We have, from (34), that
Ate< Z ceBr, Yv #r.

EGEU“

(35)

Since the underlying network topology G = (V, E') is a DAG,
we have a topological ordering of the network nodes so that:
(1) all links in E' are directed from left to right [16]; (ii)) we
can label the network nodes serially as {vq, ... ,vM}, where
vy is the source node with no in-neighbors and v}y has no
outgoing neighbors. From (33), we define ¢; € [0, 1] for each
node v; such that

l
qi Z Ceﬂ;k:)\‘f'Gm,l:Q,...

6GEU’UZ

AV 36

Consider the randomized broadcast policy mR4NP ¢ IT* work-
ing as follows: (i) it selects the feasible link-activation vector

s(t) = s; with probability p; in 32), | = 1,2,...,|E|+ 1,
in every slot ¢; (ii) for each incoming link e = (-, v;) of node

vy such that s.(t) = 1, the link e is activated independently
with probability ¢;; (iii) activated links are used to forward
packets, subject to the constraints that define the policy class
II* (i.e., in-order packet delivery and that a network node is
only allowed to receive packets that have been received by
all of its in-neighbors). Note that this randomized policy does
not use the state variables X (¢). Since each network node j is
relabeled as v; for some [, from (36) we have, for each node
Jj # r, the total expected incoming transmission rate satisfies

RAND

RAND
> E HIXH) = > Epy  (t)]
i:(1,5)€E i:(i,j)€E
=q Z Ceﬁ:
eeEle
=)+ ei 37)
14
RAND

Equation (37) shows that the randomized policy pro
vides each network node j # r with the total time-average
incoming capacity strictly larger than the packet arrival rate A

11

via proper random link activations. According to the abuse of
notation in (T3)), at the source node r we have
RAND

STOERETT() | X () = B w7,

i:(i,r)EE i(i,r)EE

(O] =

(38)
From and (38), if node ¢ lies before j in the aforemen-
tioned topological ordering, i.e., i = v;, < v;; = j for some

l; < l]‘, then
Yo Elup 0 X@®l- Y Elpg ()] X(0)]
k:(k,i)eEE k:(k,j)EE
€
< =5 (39)
4

The drift inequality (30) holds for any policy 7w € II*. Our
broadcast policy 7* observes the system states X (¢) and seek
to minimize the drift in every slot. Comparing the actions taken
by the policy 7* with those by the randomized policy mRANP
in slot ¢ in (30), we get

AT(X() < BIVI=2 Y E[uf; (1) | X(]Wiy(t)
(i,§)EE

<B|VI-2 Y Eluf  (8) | XOIWy(t)

(i,J)€EE
= B|V| +22Xj(t)< > Bl ()] X(0)]
J#r mev
_ Z E MkJRAND t (t)])
keV
< B|V| - ZX 0

J#T

Note that 7} = arg min;cp ;) Qi;(t) for a given node j. Since
node ¢; is an in-neighbor of node j, i; must lie before j in
any topological ordering of the DAG. Hence, the last inequality
of follows (39). Taking expectation in with respect
to X (t), we have

E[L(X(t+1))] - E[L(X(£)] < BIV| - - E|IX (1)},

IVI

where || - || is the ¢;-norm of a vector. Summing the above
overt=0,1,2,...T — 1 yields

E[L(X(T))] —E[L(X(0))] < BIV|T - |V| ZEIIX -

Dividing the above by 2T'¢/|V| and using L(X (t)) > 0, we
have

TZIEHX

Taking a lim sup of both sides yields

hmsup— ZZE B|2‘£|2

T—o0 t=0 jAr

B|V|2 [VIE[L(X

2T

(0))]

(41)

and all queues X;(¢) are strongly stable.



Next, we show that the strong stability of the virtual
queues X ;(¢) implies that the policy 7* achieves the broadcast
capacity \*, i.e., for all arrival rates A < \*, we have

. R;(T)
pm =

Equation (I5) shows that the virtual queues X;(t) have
bounded departures (due to the finite link capacities). Thus,
strong stability of X;(¢) implies that all virtual queues X ()

=\, Vi

are rate stable [6] Theorem 2.8], i.e., limp_,o0 X;(T)/T =0
for all j. It follows that
o X (T
lim M = 0. (42)
T—o00 T

Now consider any node j # r in the network. Let us construct
a simple path o(r = u, — Up—1... — u; = j) from the
source node 7 to the node j by running the following algorithm
on the underlying graph G(V, E).

Algorithm 1 r» — j Path Construction Algorithm

Require: Graph G(V, E), node j € V
i+ 1
Ui < J
while u; # r do
Uiyl 4 argMiNgepm(y,) Qru, (t); ties are broken arbi-
trarily.
14 1+1
6: end while

Ll

W

This algorithm chooses the parent of a node « in the path o
as the one that has the least relative packet deficit as compared
to u. Since the underlying graph G(V, E) is a connected DAG
(i.e., there is a path from the source to every other node in
the network), the above path construction algorithm always
terminates with a path o(r — j). The number of distinct
packets received by node j up to time 7T can be written as
a telescoping sum of relative packet deficits along the path o,
ie.,

I

\
b
£
3
+
X
3

n—1 T-1
==Y Xy, (T)+ ) alt), (43)
i=1 t=0

where the third equality follows the observation that (see (T1)))
X, (T) = Qui+lui (T) = Rui+1 (T) = Ry, (T).

Using S " X, (1) < > Xj(t), (@3), and that X;(t) are

12

nonnegative, we have, for each node 7,

1= 1 1 1
T Za(t) - TZXJ'(T) < TRJ‘( ) < T
t=0 JF#T t=0
Taking a limiting time average and the strong law of large
numbers for the arrival process, we have
. Ry(T)
1 J
im —

T—o0

=\, Vj.
This concludes the proof.

D. Proof of Lemma [3]

We regard the DAG G as a wired network in which all links
can be activated simultaneously. Theorem [2] and (9) show that
the broadcast capacity of the wired network G is

min Z Ce

min E Ce = i
Uy,
Ey { vATY eckEy,

*

A" = Apag =
U a proper cut

ec

(44)

- vEI\r/u\?r} dm(v)7
where U, = V \ {v} is the proper cut that separates node v
from the network, Ey;, is the set of incoming links of node v,
and the last equality follows that the maximizer in (9) is the
all-one vector 3 = 1 and that all links have unity capacity.
The Edmond’s theorem [17] states that the maximum number
of disjoint spanning trees in the directed graph G is

k* = min g Ce-
U a proper cul

Combining @4) and (@3] completes the proof.

(45)
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