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Abstract—In this paper, we present short communication
schedules for broadcast, data aggregation, data gathering, and
gossiping in multihop wireless networks subject to physical
interference. We assume that all communications proceed in syn-
chronous time-slots, each node can transmit at most one packet
of fixed size in each time-slot, and all nodes have fixed and equal
transmission power. Under mild assumptions, all of our com-
munication schedules for those four group communications have
constant approximation bounds. These communication schedules
are built upon a general technique which enables a unified graph-
theoretic treatment of the communication scheduling subject to
the physical interference constraint.

I. INTRODUCTION

The main objective of this paper is to construct short
communication schedules for the following four group com-
munication tasks in mutihop wireless networks subject to
physical interference:

o Broadcast: A distinguished source node sends a common

packet to all other nodes.

o Data aggregation: A distinguished sink node collects the
data aggregated from all the packets at the nodes other
than the sink node. In other words, every intermediate
node combines all received packet with its own packet
into a single packet of fixed-size according to some
aggregation function such as logical and/or, maximum,
or minimum.

o Data gathering: A distinguished sink node collects a
packet from every other node.

o Gossiping: Every node broadcasts a common packet to
all other nodes.

We adopt the following model of the multihop wireless
networks in this paper. All the networking nodes V' lie in
a plane and have a fixed transmission power P. When a node
u transmits a signal, the power of this signal captured by
another node v is nP ||uv||”", where n € (0,1) is a reference
loss parameter, ||uv| is the Euclidean distance between u
and v, and « is the path-loss exponent typically greater than
2 but less than 6. Let £ be the ambient noise power. The
signal quality perceived by a receiver is measured by the
signal to interference and noise ratio (SINR), which is the
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quotient between the power of the wanted signal and the total
power of unwanted signals and the ambient noise. In order
to correctly interpret the wanted signal, the SINR must be
no less than certain threshold o. We further assume that all
communications proceed in synchronous time-slots and each
node can transmit at most one packet of fixed size in each
time-slot.

All of our communication schedules for the four group
communications are built upon a general technique which
enables a unified graph-theoretic treatment of the communica-
tion scheduling subject to the physical interference constraint.
Under mild assumptions, these communication schedules have
constant approximation bounds. Our communication schedule
for broadcast is shorter than the best-known one proposed in
[11]. There are a number of recent works on the scheduling for
aggregation [4] [12] [13], gathering [2] [3] [5] and gossiping
[7] [6] [10] subject to the protocol interference or the k-hop
interference. But we are not aware of any prior works on the
scheduling for these three group communications subject to
the physical interference.

We conclude this section by introducing some standard
graph-theoretic and geometric terms and notations used this
paper. Let G = (V, E) be a connected graph. The graph radius
of G with respect to a node v is the maximum depth of the
breadth-first-search (BEFS) tree rooted at v. A graph center of
G is a node in G with respect to which the graph radius of
G is the smallest. A subset U of V is an independent set of
G if no two nodes in U are adjacent. If U is an independent
set of G but no proper superset of U is an independent set of
G, then U is called a maximal independent set (MIS) of G.
A subset U of V is a dominating set of G if each node not
in U is adjacent to some node in U. Clearly, every MIS of G
is also a dominating set of G. If U is a dominating set of G
and the subgraph of G induced by U is connected, then U is
called a connected domincii)ng set (CDS) of G. The directed
version of G, denoted by G, is the digraph obtained from G
by replacing every edge e in G with two oppositely oriented
links between the two endpoints of e.
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Suppose that V' is a finite planar set and d is a positive
number. A d-disk graph on V' is an undirected graph on V' in
which there is an edge between two nodes if and only their
Euclidean distance is at most d. A subset U of V' are said to be
distance-d independent if and only if their mutual Euclidean
distances are greater than d. Equivalently, a set of nodes are
distance-d independent if and only if they form an independent
set of the d-disk graph on V. A distance-d coloring of a finite
planar set U of nodes is an assignment of colors to the nodes
in U such that any pair of nodes of distance at most d receive
distinct colors.

II. BASIC PROPERTIES OF PHYSICAL INTERFERENCE

1/k
Let R = (;7—13) . Then, for any pair of distinct nodes «

N
and v, they can communicated with each other in the absence
of interference if and only if ||uv|| < R. Consequently, R is
referred to as the maximum transmission radius, and the R-
disk graph on V is referred to as the (maximal) communication
topology. Let R’ be the maximum edge length of an Euclidean
minimum spanning tree of V. In other words, R’ is the
smallest r such that the r-disk graph on V is connected.
Clearly, R has to be at least R’ to ensure the connectivity
of V. In this paper, we assume that there is a small constant
e > 0 such that " < (1 —¢)R. Let I' denote the set of
mutual distances of V at least R’ but less than R, i.e.,

I ={[Juv| : R < |w| < R,u,v € V}.

Then, 1 < |T|<n(n—1)/2.

Consider a set I of nodes which transmit simultaneously.
Suppose that a node v ¢ I intends to receive the signal
transmitted by a node u € [I. The SINR of the signal
transmitted by w captured by v is given by

nP |luv]| "
N + Zwel\{u} nP Hw"}”_l’€
B 1
B N K ||uv v
7 1uvll™ + 3 e n (van)
B 1
1 (Huvu)“ by (nml)"‘
o R wel\{u} \ [Jwoll
ag

<

] )™ [u
( R ) 0D wenfu} (Hw
Such SINR is at least o if and only if

(51 +o 3 (fap) <

wel\{u}

=

Next, we present sufficient conditions for a set of transmis-
sions to succeed when occurring simultaneously. Our condi-
tions make use of the Riemann zeta function in the following

form : -
1
C@)=>_ &
=17
Note ¢ (1) = oo, and for any = > 1,

=1 > 1 T
C(x)zz.jﬁl*‘-/l Edy:x—l'

=17

The values of ¢ (x) for small values of x are

C(1.5) = 2.612,

¢(2) = %2 = 1.6449,
¢(2.5) = 1.341,

¢ (3) = 1.202,
¢(3.5) = 1.127,

C(4) = 79% =1.082,

¢ (5) = 1.041,

71-6
C(6) = gy = 1017

For each r € [R’, R), define

- <U(16C(H 1) + 8¢ () 6))”“

1—(r/R)" '

Note that for practical applications, the value of p is a small

constant. Figure 1 is a plot of p for kK = 4 and 0 = 16. When

r/R = 0.99,0.95,0.9,0.81, p is at most 10.71, 7.6, 6.6.5, 6
respectively.

ey

0.5 0.6 0.7 0.8

Fig. 1. A plot of p when kK = 4 and o = 16.

A set I of nodes is said to be r-independent under the
physical interference model if (1) the mutual distances of the
nodes in [ are greater than r, and (2) when all nodes in [
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transmit simultaneously, the transmission by each node v € I
can be received successfully by all nodes within a distance of
r from w. The next lemma gives a simple sufficient condition
for a set of nodes to be r-independent.

Lemma 1: A a set I of nodes is r-independent under the
physical interference model for some r € [R',R) if their
mutual distances are all greater than pr where p is given by
equation (1).

Proof: Suppose that the mutual distances of all nodes in
I are greater than prConsider a node v € I and a node v with
0 < ||uv|| < r. Clearly, v ¢ I. We first show that

<||uv||>"C 1— )"
> < .
[wo]] o

wel\{u}
Ii={wel:jpr<|uwl| <(+1)pr},

For each j > 1, define

Then, Iy, I, - - - form a partition of I\ {u}. By a classic result
due to Bateman and Erdos [1], |[1] < 18. For j > 2, using
the folklore area argument we have

)’ =7 (jor — 4)°

0 ((j +1)pr + &
m(5)"

17| <
<8(2j+1).

Consider a node v in the unit-disk centered at u. Then, for
each w € I; with j > 1,

Jwol| = [wull -

So,

Jwol| = jpr —r=j(p—1)r

(||?w|| )H
wel\{u} va”

=i2(%wﬂ

j=lwel
— 17
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g

Thus,
IIWII)” <|uv|| )”
+ o
( R 2 [[wo]|
wel\{u}
e, 1= ()"
<|= — =1,
- (R) to o
So, the lemma follows. |

A set A’ of links is said to be independent under the physical
interference model if (1) the links in A’ are disjoint, and (2)
when all the transmitting ends of the links in A’ transmit
simultaneously, the receiving end of each link ¢ in A" can
successfully receive the transmission by the transmitting end
of a. The next lemma presents a sufficient condition for a
set of links to be independent under the physical interference
model.

Lemma 2: Suppose that A" is a set of disjoint links whose
lengths are at most 7. If all the receiving ends of the links
in A’ have mutual distances are greater than pr, then A’ is
independent.

Proof: Let U be the set of receiving ends of the links
in B, and U’ be the set of transmitting ends of the links in
B. For each node w € U, let w’ be the node in U’ such that
(w’,w) is a link in B. Fix a link (uv/,u) € B. We construct
a partition Uy, Uy, - -+ of U \ {u} as in Lemma 1. We further
partition U as follows. For each j > 1, let U} be the set of
nodes w’ with w € U;. Then, U{,Uj, - - form a partition of
U\ {u'}, and ‘U]’| = |Uj| for each j > 1. In addition, for
any w' € Ujf with 7 > 1, we have

[w'ull = wull = [Jw'w|| > jor—r = (jp = 1)r=j(p—1)r.
Using the same argument as in Lemma 1, we have

2 ( |||Z’/12||| ) H

w' €U \{u'}

Thus,

Z ( [[w/ull )rC
’ ! / ||wlu||
w' eU\{u'}

S )
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So, the lemma follows. |

Lemma 1 and Lemma 2 have a profound implication, which
enables us to develop communication schedules following a
graph-theoretical approach.

III. DOMINATING TREE

Let G be a connected r-disk graph on V, and s be a
fixed node. In this section, we introduce a structure called
dominating tree utilizing the CDS presented in [13]. The
construction of U follows a two-phased approach. The first
phase constructs a maximal independent set (MIS) I of G
induced by a breadth-first-search (BFS) ordering (with respect
to s) of V. All nodes in I form a dominating set, and hence are
referred to as dominators. The second phase constructs a set
C of connectors, such that 7 U C is connected. Let G’ be the
graph on [ in which there is edge between two dominators
if and only if they have a common neighbor. Then, G’ is
connected, and we denote by L’ the radius of G’ with respect
to s. Clearly, L’ < L — 1. For each 0 <[ < L/, let I; be the
set of dominators of depth [ in G’. Then, Iy = {s}. For each
0 <1< L, let W; be the set of nodes adjacent to at least
one node in I; and at least one node in I;;;, and compute a
minimal cover Cl/g Wi of ;11 (see an illustration in Figure
2). Set C' = |J;_y" Ci. Then, I U C is a CDS of G. The
following sparse properties of I U C' were proved in [13]:

o |Co| < 12.

o Foreach 2 <[ < L'—1, each dominator in I; is adjacent

to at most 11 connectors in Cp ;.

Fig. 2.

The selection of connectors (marked by gray).

Now, we construct a spanning tree 7' of GG rooted as s by
specifying the parent of each node other than s. First, each
dominator in I; with 2 < | < L’ chooses the neighboring
connector of the smallest ID in Cj_; adjacent as its parent.
Second, each connector in C; with 0 < [ < L’ — 1 chooses
the neighboring dominator of the smallest ID in I; adjacent as
its parent. Third, each other node, referred to as dominatee,
chooses the neighboring dominator of the smallest ID as its
parent. Clearly, 7" is a spanning tree, and it is referred to as a
dominating tree.

In the remaining of this section, we present a first-fit
distance-d coloring of a finite planar set of nodes in the
lexicographic order. Let U be a finite planar subset. In the
lexicographic order of U, all nodes in U are sorted from
the left to the right with ties broken by the ordering from
the bottom to the top. Suppose that (uj,us,--- ,ux) is the
lexicographic order of U. The first-fit coloring in this order
use colors represented by natural numbers and runs as follows:
Assign the color 1 to u;. For ¢ = 2 up to k, assign to wu;
with the smallest color not used by any v; with j < 4 and
[[viv; || < d.

In the next, we give an upper bound on the number of
colors used by a first-fit distance-pr coloring of any subset
of dominators in the lexicographic order. We will make use of
the following classic geometric result on disk packing.

Theorem 3 (Groemer Inequality[8]:): Suppose that S is a
compact convex set and U is a set of points with mutual
distances at least one. Then

area (S) . peri (S)

V3/2 2
where area (S) and peri (S) are the area and perimeter of S
respectively.

Uns| <

+1,

When the set S is a half-disk, we have the following packing
bound. For any d > 0, let

By = {\%dQ—i—(g—&-l)dJ—&-l.

Corollary 4: Suppose that S is a half-disk of radius d, and
U is a set of points with mutual distances at least one. Then
|UNS| < Ba.

Using the above corollary, we can deduce the following
lemma.

Lemma 5: Let U be any subset of dominators. Then, the
first-fit distance-pr coloring of U in the lexicographic order
uses at most 3, colors.
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Proof: Consider an arbitrary node v € U. All other nodes
preceding v and apart from v by a distance at most pr lie in
the left-half disk of radius pr centered at u. By Corollary 4,
the number of these dominators is at most 3, — 1, where the
—1 term is due to that u is also in this half-disk. Hence, the
color number received by u is at most (5, — 1) +1 = [,.
Thus, the lemma holds. [ |

IV. BROADCASTING SCHEDULE

Let s be the source of the broadcast. If all nodes are apart
from s by a distance at most R, then a single transmission by
s suffices for the broadcast. So, we assume subsequently that
at least one node is apart from s by a distance more than R.

Consider a fixed r € I" and compute p according to equation
(1). Denote by G the r-disk graph on V' and let L be the
graph radius of G with respect to s. We first construct the
dominating tree 7" rooted as s as in Section III. The routing
of the broadcasting schedule is the spanning s-aborescence
oriented from 7. The broadcasting schedule is then partitioned
in 2/ 4+ 1 rounds sequentially dedicated to the transmissions
by

107007117017 e 7IL'717CL’717IL'

respectively. For each 1 < [ < L/, we compute a first-fit
distance-pr coloring of I; in the lexicographic order. The
individual rounds are then scheduled as follows:

« In the round for [, only the source node s transmits, and
hence this round has only one time-slot.

o In the round for Cy, all nodes in Cj transmit one by one,
and thus this round takes at most 12 time-slots.

e In the round for I; with 1 <[ < L', a dominator of the
i-th color transmits in the ¢-th time slot, and hence this
round takes at most (3, time-slots.

e In the round for C; with 1 <[ < L’ — 1, a connector
with a child dominator of the ¢-th color transmits in the
i-th time slot, and hence this round also takes at most 3,
time-slots.

Thus, the latency of the entire broadcasting schedule is at
most

1+124 (2L - 1)6,
<13+, (2L - 3)
= 28,L — (33, — 13).

So, we have the following theorem.

Theorem 6: The latency of the above broadcasting schedule
is at most 26,L — (38, — 13).

Under the mild assumption that L is within a constant
factor of the minimum broadcast latency, the latency of the

above broadcasting schedule is also within a constant factor
of the minimum aggregation latency. We remark that such
assumption holds if L is within the constant factor of the graph
radius of the R-disk graph with respect to s.

Finally, for each » € I" we compute a broadcast schedule
using the algorithm given in this section. Among all these
broadcast schedules, we choose the shortest one.

V. AGGREGATION SCHEDULE

Let s be the sink of the aggregation. Consider a fixed r €
I". Denote by G the r-disk graph on V. Let A denote the
maximum degree of GG, and L be the graph radius of G with
respect to s. For the trivial case that all nodes lie in the disk
of radius r centered at s, we simply let all nodes other than s
transmit one by one. Such trivial schedule has latency n—1 =
A. Subsequently, we assume that at least one node is apart
from s by a distance greater than r. We compute p according
to equation (1).

We first construct the dominating tree 7' rooted as s as
in Section III. The routing of the aggregation schedule is
the spanning inward s-aborescence oriented from 7'. Let W
denote the set of dominatees. The aggregation schedule is then
partitioned in 2L’ + 1 rounds sequentially dedicated to the
transmissions by

Wiy, Cr—1,Ip—1,---,C1, 11, Cy

respectively. We describe a procedure used by the scheduling
in the round for W and the round for each C; with 1 <[ <
L' —1.

Let B be a set of links whose receiving endpoints are all
dominators. Suppose that ¢ is the maximum number of links
with a common dominator endpoint. We first partition B into
at most ¢ subsets B; with 1 < j < ¢ such that each dominator
is incident to at most one link in each Bj. The schedule of B
is then further partitioned into ¢ sub-rounds dedicated to

BlaBQH"' aB¢

respectively. In the sub-round for B;, we compute a first-fit
distance-pr coloring of the dominators incident to the links
in Bj, and then all links in B; whose dominator endpoints
receive the i-th color are scheduled in the i-th time-slot. Thus,
each of the ¢ sub-rounds consists of at most 3, time-slots.
Hence, the total number of slots is at most ¢.3,.

Now, we are ready to describe the schedule in the individual
rounds.
o In the round for W, we adopt the above procedure to
produce a schedule in this round. Since each dominator is
adjacent to at least one dominatee, the maximum number
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of nodes in W adjacent to a dominator is at most A — 1.
Hence, this round takes at most (A — 1) 3, time-slots.

e In the round for C; with 1 <1 < L’ — 1, we also adopt
the above procedure to produce a schedule in this round.
Since each dominator in /;_; is adjacent to at most 11
connectors in Cj, this round takes at most 113, time-
slots.

o In the round for Cy, all nodes in Cj transmit one by one,
and thus this round takes at most 12 time-slots.

o In the round for I; with 1 <[ < L/, we compute a a first-
fit distance-pr coloring of [;, and let each dominator of
the ¢-th color transmit in the ¢-th time slot. This round
takes at most (3, time-slots.

The latency of the entire aggregation schedule is at most

(A-1)B,+ 118, (L' = 1)+ 12+ L',
=AB, +126, (L' — 1)+ 12

< AB, + 126, (L —2) +12

=AB, +128,L —12(26, — 1).

Since the trivial case takes A time-slots and 3, > 1, we have
the following theorem.

Theorem 7: The latency of the above aggregation schedule
is at most AG, +126,L — 12 (26, — 1).

It’s well-known (see., e.g., [4]) that logn is a lower bound
on the minimum aggregation latency. In addition, the graph
radius of the R-disk graph on V with respect to s is also
a lower bound on the minimum aggregation latency. If A =
O (logn) and either L = O (logn) or L is within the constant
factor of the graph radius of the R-disk graph on V' with
respect to s, the above aggregation schedule is also within a
constant factor of the minimum aggregation latency.

Finally, for each » € I' we compute an aggregation schedule
using the algorithm given in this section. Among all these
aggregation schedules, we choose the shortest one.

VI. GATHERING SCHEDULE

Let s be the sink of the gathering. If all nodes are apart
from s by a distance at most R, then all other nodes transmit
to u one by one, and this schedule is optimal. So, we assume
subsequently that at least one node is apart from s by a
distance more than R. Let r = R’. i.e., r is the maximum
edge length of an Euclidean minimum spanning tree of V. We
compute p according to equation (1). Denote by G the r-disk
graph on V. We first construct the dominating tree of G rooted
at s. The routing of the gathering schedule is the spanning
inward s-aborescence oriented from 7. Our gather schedule
utilizes a labelling of the edges of 1", which is described below.

Let (v1,v2, -+ ,v,—1) be an ordering of V' \ {s} in the
descending order of depth in 7" with ties broken arbitrarily.
For 1 < i < n, we assign the j-th edge in the tree path from
s to vj with a label 2 (¢ — 1)+ (see an example in Figure 3).
Clearly, the number of labels received by an edge connecting v
and its parent is equal to the number of descendents (including
v itself) of v in T'. If v is connector (respectively, dominator),
all labels received by the edge between v and its parent
are odd (respectively, even). In addition, all edges across
two consecutive layers of the dominating tree receive distinct
labels. We further claim that the largest label is 2n — 3.
Consider a node v; and let h be the length of the path from
s to v;. The maximum label assigned to the edges in the path
from s to v; is 2 (¢ — 1) + h. It’s sufficient to show that

2(i—1)+h<2n—3.

Since none of v1,vs,--- ,v;,—1 belongs to the path from s to

v;, we have
h+i—1<n-1

and hence i < n — h. Therefore,

20@—1)+h<2(n—h—-1)+h
=2n—h—2
<2n-—3.

So, the claim holds.

Fig. 3. A multi-labelling of the edges in the dominating tree.

For each 1 < k < 2n — 3, let E; denote the set of
edges of T which have been assigned with a label k, and Ay
denote the links in the inward s-arborescence oriented from
the edges in . Then, for odd (respectively, even) k, all the
receiving (respectively, transmitting) endpoints of links in Ay
are dominators. In addition, for each 1 < k < 2n — 3, every
dominator is incident to at most one link in Ayg.

Now, we are ready to describe the gathering schedule.
The schedule are partitioned in 2n — 3 rounds sequentially
dedicated to

A2n—3) A2n—27 e 7A27 Al
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respectively. For each 1 < k < 2n — 3, the round for Ay is
scheduled as follows. We first compute a first-fit distance-pr
coloring of the dominator endpoints of the links Aj. Then
each link whose dominator endpoint receives the i-th color is
scheduled in the i-th time-slot of the k-th round. Thus, each
round takes at most 3, time-slots. Consequently, the latency
of the gathering schedule is [, (2n — 3). So, we have the
following theorem.

Theorem 8: The latency of the above gathering schedule is
at most 3, (2n — 3).

Since n — 1 is a trivial lower bound on the minimum
gathering latency, the approximation ratio of the scattering
schedule presented in this section is at most 23,.

VII. GOSSIPING SCHEDULE

We first consider the trivial case in which all nodes lie in
the disk of radius R centered at some node s. In this case, we
adopt the following two-phased schedule. In the first phase,
all nodes other than s transmit one by one. This phase takes
n—1 time-slots. In the second phase, the source node transmit
all the received packets and its own packet. This phase takes
n — 1 time-slots. So, the total latency is 2n — 1. Clearly, n is
a trivial lower bound on the minimum gossiping latency, as
every node has to transmit at least once and receive at least
n — 1 times. Thus, its approximation factor is at most 2.

From now own, we assume that every node is apart from
some other node at a distance greater than R. Let r = R’ and
compute p according to equation (1). Denote by G the r-disk
graph on V' and find a graph center s of G. Let L be the graph
radius of G with respect to s. Our gossiping schedule consists
of two phases. In the first phase s collects all the packets from
all other nodes, and in the second phase s broadcasts all the
n packets to all other nodes. We adopt the gathering schedule
presented in the previous section for the first phase. In the
sequel, the node s disseminates all received packets and its
own packet to all other nodes. We present a schedule for the
second phase in the next.

We first construct the dominating tree 7' of G rooted at s.
The routing of the second phase is the spanning s-aborescence
oriented from 7. Then, we compute the first-fit coloring
distance-pr coloring of dominators. Let k& be the number of
colors used by this coloring. Then, k < 3,. By proper renum-
bering of the colors, we assume that s has the first color. We
group the time-slots into 2k-slot frames. In each frame, the first
k slots form a dominator subframe, and the remaining k slots
form a connector subframe. The source node s transmits one
packet in each frame. Each connector (respectively, dominator)
of color 7 receiving a packet in a dominator (respectively,

connector) subframe transmits the received packet in the i-th
time-slot of the subsequent connector (respectively, dominator)
subframe.

The correctness of the above schedule is obvious. The
latency of the second phase can be bound as follows. After
n — 1 frames, s transmits the last packet. After another L'
frames, the last packet reaches all nodes in I;.. Finally, after
another dominator sub-frame, the last packet reaches all nodes.
So, the total number of time-slots takes by the second phase
is at most

2k(n—1+L")+k
<2k(n+L—-2)+k
=2k (n+ L —1.5)
<2B,(n+L—15).

By Theorem 8, the first phase takes at most (3, (2n — 3)
time-slots. Hence, the total number of time-slots taken by the
two phases is at most

B,(2n—3)+28, (n+ L —1.5)
=B, (4n — 6 +2L).

Therefore, we have the following theorem.

Theorem 9: The latency of the two-phased gossiping sched-
ule is at most 3, (4n — 6 +2L).

It is also well-known that (see., e.g., [9]) that 2L < n + 1.
So,

dn — 6+ 2L < d5n — 5.

Therefore, the approximation factor of our gossiping schedule
under the physical interference model is at most 53,.

VIII. CONCLUSION

In this paper, we have developed simple scheduling algo-
rithms for broadcasting, data aggregation, data gathering, and
gossiping. All these algorithms have constant approximation
bounds under mild conditions. It’s straightforward to extend
our scheduling algorithm for broadcasting to a scheduling
algorithm for multicasting. It’s also trivial to modify our
scheduling algorithm for data gathering into a scheduling
algorithm for data scattering, which is a reverse of data
gathering. We believe that properties stated in the two lemmas
in Section II can find applications in the scheduling of other
communication tasks as well subject to the physical interfer-
ence constraint.
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