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Abstract

This paper considers the problem of determining the achiev-
able rates in multi-hop wireless mesh networks with orthog-
onal channels. We classify wireless networks with orthog-
onal channels into two types, half duplex and full duplex,
and consider the problem of jointly routing the flows and
scheduling transmissions to achieve a given rate vector. We
develop tight necessary and sufficient conditions for the
achievability of the rate vector. We develop efficient and
easy to implement Fully Polynomial Time Approximation
Schemes for solving the routing problem. The scheduling
problem is a solved as a graph edge-coloring problem. We
show that this approach guarantees that the solution ob-
tained is within 50% of the optimal solution in the worst
case (within 67% of the optimal solution in a common spe-
cial case) and, in practice, is close to 90 % of the optimal
solution on the average. The approach that we use is quite
flexible and can be extended to handle more sophisticated
interference conditions, and routing with diversity require-
ments.

1 Introduction

Wireless multi-hop networks have attracted lot of attention
in recent years as the next evolutionary step for wireless
data networks. These networks have evolved into two dis-
tinct classes: fixed mesh networks and mobile ad hoc net-
works. Nodes in the former are fixed in one place and are
typically endowed with more power resources than nodes
in a mobile ad hoc network. However, in both these net-
work classes, wireless nodes possess limited communica-
tion capabilities. One of these limitations is the number
of neighbors that these nodes can communicate with si-
multaneously. This is primarily determined by the chan-
nel model: a single shared channel or a set of orthogonal
communication channels. From a medium access protocol
perspective, in the former channel model, interference from
ongoing neighboring transmissions on the same channel can
prevent successful transmissions between two nodes, while
in the latter, neighboring transmissions are possible using
different (orthogonal) channels.

In this paper, we consider the fundamental problem of
characterizing the rates that are achievable in a multi-hop
wireless network that uses orthogonal channels for com-
munication between nodes. This problem has been stud-
ied earlier in a limited context in [1], where each node is
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allowed to be in communication with at most one other
node at any time instant. The paper develops fast and ef-
ficient polynomial-time approximation algorithms for the
joint routing and scheduling problem. We generalize this
model in this paper to allow for a node to engage in multiple
simultaneous communications with its neighbors. This ex-
tension is non-trivial due to the various constraints placed
by system design and other physical layer considerations.
Our main objective is, as in [1], to develop efficient al-
gorithms that perform end-to-end flow routing and link
scheduling in any instance of a multi-hop wireless network
with orthogonal communication channels. The availability
of multiple orthogonal channels in existing and proposed
wireless standards [2, 3] and the use of multiple radios on
a single wireless device [4] have increased the importance
of the kind of studies undertaken in this paper.

Developments in CDMA and MIMO [5] systems have
enabled wireless nodes to engage in simultaneous commu-
nication on multiple channels at the same time. Theoreti-
cally, nodes can simultaneously transmit and receive using
a Full Duplex transceiver. However, system design con-
straints might restrict nodes to Half Duplex operation. In
this paper, we consider each of these cases separately and
analyze the achievable rates in such networks. An inter-
esting aspect of the framework developed in this paper is
that it also allows us to characterize networks with a mix
of Full Duplex and Half Duplex nodes.

The seminal paper of Gupta and Kumar [6] shows that
the throughput per node in a multi-hop wireless networks
with n nodes scales as O(%) bit-meters/second. This
asymptotic throughput bound holds under fairly general
conditions for networks using a single shared channel. In
this paper, however, we are interested in networks with
orthogonal channels and derive the bounds on the actual
performance for a given node configuration. While the
asymptotic results in [6] apply for orthogonal channels,
we investigate the following question: In a given multi-
hop wireless network with specified node configurations,
communication constraints, and wireless link speeds, is a
given rate vector between multiple source-destination pairs
jointly achievable ?

This problem is analogous to the multi-commodity flow
problem [7], and is non-trivial due to the fact that this
problem involves jointly solving a routing and scheduling
problem. We characterize the achievable scheduling space
first, and then solve the routing problem over the achiev-
able scheduling space.

Our contributions are as follows.



e We characterize the achievable scheduling space under
various communication models for multi-hop wireless
networks with orthogonal channels.

e We address the problem of determining if a given set
of source-destination rates are achievable or not and,
if achievable, we derive efficient, simple to implement
algorithms to compute the end-to-end routes and the
per-link flows.

The authors in [8] also consider the problem of achiev-
ing a given set of source-destination rates. This problem,
in theory, can be formulated as a multi-commodity flow
problem on the fractional matching polyhedron. It can be
solved in O(n") polynomial time. The approach would not
be practical to solve even small sized problems. Further,
their approach cannot be extended to interference limited
systems.

e We provide efficient polynomial-time graph edge-coloring  Jain et. al. [12] have recently proposed a model that uses

algorithms for computing schedules for any given set
of achievable source-destination rates.

We summarize some of the related work in Section 2.
In Section 3, we describe the network and channel models.
We characterize the necessary and sufficient conditions for
achieving link flows in Section 4. We describe the multiple
source-destination flow problem in Section 5. Simulation
results are presented in Section 6. We conclude the paper
in Section 7.

2 Related Work

In [1], the problem of achieving a given rate vector in
a multi-hop wireless network with orthogonal channels is
studied with the constraint that a node can communicate
with at most one other node at any time instant. We
use a linear programming formulation to characterize the
schedulable space of such a network, and solve the multi-
commodity flow problem over this space. Finding the link
schedules is reduced to a multi-graph edge coloring prob-
lem, which is NP-complete. However, by using well-known
efficient coloring algorithms, we guarantee 67 % of the op-
timal solution to compute efficient link schedules in O(mn)
time, where n is the number of nodes and m is the number
of links in the network. In this paper, we extend the work
in [1] in two directions.

e We generalize the approach to the Full Duplex systems
where we derive routing and scheduling algorithms for
achieving a rate vector.

e We consider the case where a node has multiple receive
channel elements that enables it to receive transmis-
sions from multiple neighbors simultaneously.

In an earlier work, Hajek and Sasaki [8] consider the link
flow achievability problem in the case of a spread spectrum
system, similar to the model in [1]. The authors showed
that the problem can be solved in polynomial time using
fractional coloring [8]. They formulated the problem as
a linear optimization problem on the fractional matching
polyhedron and used the ellipsoid algorithm [9] to solve
the problem. While the solution can be found optimally,
the trade-off is in the running time of the algorithm, which
is roughly O(mn*), using a separation oracle as a subrou-
tine in the ellipsoid algorithm. As the authors point out in
their paper, the algorithm developed is not practical. Sev-
eral authors including Post, Kershenbaum and Sarachick
[11], Wieselthier, Barnhart, and Ephremides [14] have con-
sidered heuristic procedures for this problem.

a linear programming approach to characterize networks
with interference. They use a conflict graph to model con-
straints on simultaneous transmissions. They focus on the
routing component alone, and assume that the existence
of an ideal scheduling mechanism. Moreover, they do not
propose any approximation algorithm with guaranteed per-
formance to solve the routing problem. In a parallel work
[13], we studied the same problem, and have character-
ized the necessary conditions on the achievable scheduling
space. We have also proposed approximation algorithms
that solve both the end-to-end flow routing problem and
the link scheduling problem near optimally.

Our approach in this paper is similar to the one is [1, 13].
We first solve the link flow achievability problem by char-
acterizing the necessary and sufficient conditions for the
achievability of a link flow vector, for both Full Duplex
and Half Duplex systems. This approach naturally extends
to the problem where we have to determine the maximum
data rate that can be sent between two nodes in the net-
work. In the case of determining the maximum rate, the
problem has a routing component and a scheduling com-
ponent. The necessary conditions from the link scheduling
problem give rise to constraints on the routing problem
that are needed for schedulability. This is a natural gen-
eralization of the maximum flow problem in capacitated
networks. We also consider the problem of determining if
a given rate vector is achievable.

The approach that we take to solve the routing compo-
nent of the problem is to formulate it as a linear program-
ming problem with an exponential number of variables. We
then use a primal-dual approach to develop a Fully Poly-
nomial Time Approximation Scheme (FPTAS). The idea
in FPTAS is to obtain an e optimal solution to the prob-
lem. An € optimal solution to the (maximizing) problems
that we consider in this paper is a solution to the problem
that has a value at least (1 — €) times the optimal solu-
tion. An FPTAS is a family of algorithms that finds an
e-optimal solution in time that is a polynomial function of
the problem parameters and % The problem parameters
in our case are the number of nodes in the network n, the
number of links in the graph m, and the number of source-
destination pairs. The idea of solving linear programming
problems approximately with FPTAS originated with the
work of Shahrokhi and Matula [15]. There were a series of
papers improving and extending these results. This paper
follows the algorithm and analysis in Garg and Kénemann
[16] and Karakostas [18]. For the ease of notation, through-
out this paper we use O(f) to represent flogo(l) m, i.e.,
we hide polylog terms in O.



3 Model and Assumptions

We consider a multi-hop wireless network with n nodes.
The nodes communicate with each other via wireless links.
Each node in the network can communicate directly with
a subset of the other nodes in a network. If node u can
transmit directly to node v, we represent this fact by a
directed edge (link), v — v, from node v to node v. We
assume that there are m links in the network. We represent
the nodes in the network and possible communication with
a directed graph G = (V| E) where V represents the set
of nodes in the network and E the set of directed edges
(links) in the network. We do not assume that links are
bi-directional.

We assume that the system operates in a synchronous
time-slotted mode. In the most general model, one can
assume that a node can transmit to or receive from multiple
nodes in any given time slot. In most multi-hop networks,
the operating point of the system is typically in the linear
portion of the power rate curve. This implies that the
achieved rate scales linearly with the power. Instead of
allowing a node to transmit to multiple nodes in a given
time slot by splitting the power at the node, it is possible
to achieve the same mean rate by

e Allowing transmission to at most one node at peak
power in any given time slot.
e Allocating slots proportional to desired link rates.

Therefore, in any time slot, we assume that a node will
transmit to only one user at peak power. Given a link
e € E, we use t(e) to represent the transmission end of
the link and r(e) to be the receiving end of the link e. We
say that a link e is active when there is a transmission
from t(e) to r(e). We assume that link e can transmit data
at c(e) bits/second. Therefore we implicitly assume sta-
tionary channel conditions and transmission at maximum
power at each node. An example of a network along with
the link parameters are shown in Figure 1.

r(e)
Figure 1: Network Example

We assume that node v can receive transmissions from at
most 2(v) nodes in any time slot, where Q(v) > 1,Vo € V.
This is determined by the number of receive channel ele-
ments at the node. We consider two different communica-
tion modes in this paper.

e Half Duplex Mode: If a node does not have a du-
plexer, then the node can either transmit or receive in
each time slot but not both in each time slot.

e Full Duplex Mode: If the node is operating in Full
Duplex mode, then the node can transmit and receive
in the same time slot.

The length of each time slot is 7 seconds. Therefore,
if a link is active for one time slot, then 7 - ¢(e) bits will
be transmitted from t(e) to r(e) in one time slot. In the
computation of the schedule for nodes, we assume that the
schedule is periodic and has T' time slots in each period.
We label the time slots 1,2,...,T. If the system is asyn-
chronous, then the results in this paper, will provide upper
bounds on the performance of the system.

Given a node v € V, we use N;,(v) to denote the set of
links that terminate at node v. In other words,

Nip(v) ={e€ E:r(e) =v}.

Similarly, for a given node v € V', we use Nyt (v) to denote
the set of edges that emanate from v, i.e,

Nout(v) = {e € E : t(e) = v}.

We use N (v) to denote Ny, (v) U Noyt(v). A list of symbols
used in this paper appears in the appendix in Table 3.

The network model that we consider here occurs with
networks with multiple orthogonal channels available for
transmission with nodes having multiple channel elements
for receiving simultaneously from multiple nodes. As stated
earlier, we assume that in any given time slot a given node
transmits to at most one other node in the network. An
example of a system modeled by this mathematical ab-
straction is a frequency division system where potentially
colliding transmissions are assigned non-overlapping fre-
quency bands. We assume that there is a higher layer that
does frequency planning to ensure that there is no interfer-
ence. This model can also be used as an approximation for
combined TDMA/CDMA based multi-hop networks [10]
where nearby transmissions are assigned orthogonal codes
to communicate between each other.

In the rest of this paper, we assume that all link speeds,
flows and rates are rational numbers. Before we consider
the maximum data rate that can be transmitted from a
given source node to destination node, we consider the sim-
pler problem of the achievability of a given set of link flows.

4 Achieving Link Flows

We now consider the problem of determining if a set of
link flows are achievable. Instead of attempting to solve
this problem directly as in [8], we outline simple necessary
and sufficient conditions for the achievability of link flows.
The objective is to derive a set of simple conditions that
can be used to formulate and solve the end-to-end flow re-
quirement problems. Solving the link scheduling problem
also serves to illustrate the effect of scheduling on the rout-
ing problem. Some of the results in this section are also
implicit in [8].

Assume that we are given a m-vector f where f(e) is the
desired flow on link e € E. The objective is to determine



necessary and sufficient conditions for this link flow vec-
tor to be achievable. Note that the flow is specified as a
link flow and not as an end-to-end flow. This connection
between end-to-end flows and individual link flows will be
made in the next section. In order to achieve this link flow
we first define a 0 — 1 scheduling variable

yé—{

Note that y! is set to one if there is a transmission on
link e in time period t.

Since no node can be transmitting to more than one node
in a given time slot, we have the inequality,

> owi<t,

e€Noyt(v)

1 If link e is active in time slot ¢
0 Otherwise

YWwevV, Vt<T (1)

Similarly, since no node can receive from more than Q(v)
neighbors in a given time slot, we have,

Z ye§1 Wwev, w<T (2
EENML

Note that the fraction of time a link e is active is given by
Eth yé
T

Therefore, the mean flow on link e is given by

s = L asr

4.1 Necessary Conditions

We now derive the necessary conditions that a link flow
vector has to satisfy, in order to be schedulable.

4.1.1 Half Duplex Systems

For a Half Duplex system, we need to introduce two addi-
tional variables. Let I’ (v) and If(v) be indicator functions
that take the value of 1 if v is transmitting and receiving,
respectively, at time slot ¢, and 0 otherwise. Therefore,
when a node v is Half Duplex, we have the following com-
munication constraints.

L) +1I(v) < 1,
Yooyl < L),

e€Noyt(v)

>t

e€Nin(v)

YoeV, ¥t <T
YWweV,t<T (3)

Q)It(v), VweV, vVt < T

IN

We can combine the communication constraints in Equa-
tion (3) as,

> v

e€Nout(v)

Z ve <1,

66 Nin ('U)

VeV, <T

Summing this equation over all T, interchanging the order
of summation, and dividing by T, we get the necessary
conditions for the achievability of a link flow vector, which
we state formally below.

Lemma 1 A given link ﬂow vector £ is schedulable only if
f(e) f
< 1 .
Z ) Z <1, YwelV.
€€ Nout (v) N () ©

For the Half Duplex system, the above condition is only
a necessary condition. This is illustrated by the following
example, where Q(v) = 1,Vv € V. The value of c(e) for
each link is 1 unit and the value of f(e) for each link is 0.5
units as shown in the Figure 2. Note that this flow vector

0.5 O

0.5 0.5

Figure 2: Three Node Example

satisfies Lemma 1 at all the nodes in the network. However,
this flow vector is not achievable. This is so because in
any given time slot at most one of the three links can be
active. This gives a throughput of at most % on each link
in the network. This gap between the necessary condition
for achievability and actual achievability of the flow vector
results from averaging the scheduling constraints over time
which relaxes the 0 — 1 constraints on the y! variables.

4.1.2 Full Duplex Systems

In the case of a Full Duplex system, a given node v can
transmit to at most one node in any given time slot. There-
fore, summing Equation (1) over all ¢,

Y. Y w<T. WweV
t<T e€Nout(v)

Interchanging the order of summation,
we get

>

e€Nout(v)

and dividing by T,

fle) _
(o)

¢
ZtST Ye <1

T <1, YwelV.

>

e€Ngyt(v)

Similarly, since each node can receive from at most (v)
channels in any time slot,

Z f: Z Zt;Tyz <

eEN;n (v eEN;n (v)

Qv), WweW
This implies the following result.

Lemma 2 A given link flow vector f is schedulable only if

3 f(e)

<1,
cervmmu )

YveV

and,




Even though we average the 0 — 1 constraints over time,
these conditions also turn out to be sufficient conditions,
as we prove later in this section.

4.2 Sufficient Conditions

We derive sufficient conditions for the achievability of a
link flow vector based on graph edge coloring. In order to
do so, we need a few more definitions. In the rest of this
paper, we use the term link exclusively to denote an edge
of the network graph G = (V, E).

Definition 1 A multi-graph is a graph where there may be
multiple edges between the same pair of nodes. An alternate
representation of a multi-graph is to have an integral weight
w(e) on link e in the network G, where w(e) represents the
number of edges between t(e) and r(e) in the multi-graph.

We now define a multi-graph on the network G to help us
obtain an achievable schedule for a given link flow vector f.
With 7 seconds/slot, we can send at most 7 - ¢(e) bits/slot
on link e. Hence, in order to achieve a link flow of f(e)
bits/second, link e needs to be scheduled for f(e)/7 - c(e)
slots/second. Therefore, choose a slot time 7 such that

fle)1

a0 T slots/second
is integral. Such a 7 exists since all values of f(e) and c(e)
were assumed to be rational. There exist many such 7 that
satisfy the above equation. We choose the largest such 7.
The w(e) is the slot rate required to satisfy a flow of f(e)
bits/second on a link e with capacity c(e).

Definition 2 Given the network G = (V, E), the flow vec-
tor £ and link speed vector c, let the link weights w(e) be

defined as w(e) = T"féz),Ve € E(G).
graph Gg(f,7), corresponding to G, has the same node
set V., with a link e € E(G) represented by w(e) edges

in Gg(f,7) between the same endpoints.

w(e) = (4)

The scheduling multi-

Definition 3 The maximum degree of the scheduling multi-
graph is denoted by

A = max
veV
e€N(v)

w(e)

The maximum out-degree of a node is denoted by

> wle)

e€ Nyt (v)

A1 = max
veV

The maximum weighted in-degree of a node is denoted by
_ 1
A = max a0 Z w(e)

eEN;n, ('U)

We use the sub-script [ in the notation for the max weighted
in-degree in order to distinguish it from the maximum in-
degree A~ which does not have the term 1/Q(v). We are
now ready to derive the sufficiency conditions for the two
models.

4.2.1 Half Duplex Systems

We define a suitable coloring on the scheduling multi-graph
that will translate to a valid schedule in a Half Duplex
network graph, G.

Definition 4 A proper v-coloring of the scheduling multi-
graph such that the following conditions apply for allv € V:

1. No two edges in the outgoing edge set Noyu:(v) have the
same color, and

2. Any color i is present on at most Q(v) incoming edges
in Nip(v).

3. No color that appears on an edge in N, (v) appears on
any edge in Noyt(v), i.e. the color list of the outgoing
edges has nothing in common with the color list of the
incoming edges.

The 1-chromatic index, Ly, of the scheduling multi-graph
Gyg is defined as the minimum number of colors needed to
1-color the edges of the multi-graph.

In the case where Q(v) = 1 for allv € V, the 9)-chromatic
index is just the regular chromatic index and we represent
this value by L.

The following Theorem is due to Shannon [20].

Theorem 3 Let Gs(V, E) represent a multi-graph with max-
imum degree A. The chromatic index L of this multi-graph
satisfies the following relation:

A<L<-A.

N W

The lower bound on L is obvious. Shannon [20] gives a
constructive proof of the upper bound.

Lemma 4 Any proper i-coloring of the scheduling multi-
graph Gg(f,7) corresponds to a valid schedule for the net-
work graph G representing a Half Duplex system. A flow
is achievable iff the slot-rate is at least Ly, slots per second,
i.€., iff Lym < 1.

Proof:
Let us consider a scheduling frame with slot of length 7
seconds each. Each edge e in the scheduling multi-graph
Gs(f,T) corresponds to one time slot that has to be allo-
cated to the link that represents e, in the network graph
G. If a set of edges, W, in Gg(f,7) have color ¢, then
correspondingly, in time slot i, make all the links in G,
represented by the edges in W, active. Repeat this process
for colors i =1,2,... Ly. No two edges in Ny (v) have the
same color implies that only node v can transmit on only
one link at any time. Similarly, since at most Q(v) edges in
Ni»(v) have the same color implies that node v can receive
on at most (v) links simultaneously. The coloring does
not allow for the same color to appear on an incoming edge
and outgoing edge. This is the same as saying that a node
cannot receive and transmit in the same time slot. Thus, a
proper -coloring with R colors translates to a valid Half
Duplex schedule in R slots.

With R colors, we have colored all edges of the multi-
graph, which implies that in a schedule of length R slots,
each link e in the network graph G is active for w(e) time



slots, thereby sending f(e) bits. The length of the schedule
has to be at least Ly slots, since any proper -coloring
needs at least L., colors.

Therefore, to send a flow of f(e) bits per second, we need
a slot-rate of R > Ly, slots per second. Since the slot length
is 7 seconds per slot, the available slot rate is 1/7 slots per
second. Thus, L, < 1/7 for the flow f to be achievable.

Since a proper edge coloring of the scheduling multi-
graph cannot exist using less than L, colors, the corre-
sponding mapping ensures that a valid schedule that sat-
isfies the demand with a slot rate of less than L., slots per
second cannot be found. Therefore, if Ly > 1/7, then f is
not achievable. |

Corollary 5 Let Ly represent the 1p-chromatic index of
the scheduling multi-graph Gs(f,7). Given that a slot rate
of Ly slots/second is needed to achieve the flow f, then,
with the available slot rate of 1/ slots per second,

e

—, cFk
Lyt €

is an achievable flow in a Half Duplex network G.

Proof:

If we have L, slots/second, then we are guaranteed to
achieve a flow of f bits/second. However, if there are only
1/7 slots/second, then, using these slots, we can only send
£l bits/second
Lw T
a
Note that once the 1¢-chromatic index L and the corre-
sponding coloring is known for Gs(f, 7), we do not have to
recompute the chromatic index to find the schedule for a
flow of £/ = f/L7. By changing the length of the time slot
to 7/ = 1/Ly, it is easy to see that Gg(f',7") = Gg(f, 7).
Thus, Lﬁp = L, and LZIJT/ = 1. Therefore, the coloring and
hence, the schedules are still the same as before, except

that the time slot length has changed.

Theorem 6 Let Ly be the 1-chromatic index of a schedul-
ing multi-graph, Gs(f,7), representing a Half Duplex net-
work, G. Let L be the chromatic index of Gg(f,7). We
have,

Ly <L<ZA

N W

Proof:
Any proper edge-coloring of the scheduling multi-graph is
also a proper -coloring of the multi-graph. Therefore, an
edge-coloring using L colors is a proper w-coloring. Thus,
Ly < L. From Shannon’s Theorem [20], we know that
L< %A. This concludes the proof. O
Determining the chromatic index L of a graph is NP-
hard. However,

e There are fast algorithms to determine a 1.1- approx-
imation to the chromatic index [21].

o A simple greedy algorithm [1] exists for a 2-approximate
solution to the problem in time O(Z). This will be
covered in detail in Section 4.3.

e An algorithm to construct the %A solution can be
computed in time O(™2). A constructive proof was

provided by Shannon [20].

It is easy to implement the greedy edge coloring algo-
rithm in a distributed manner. Though the algorithm guar-
antees only a 2-approximation in the worst case, it usually
does much better in practice.

We now state sufficient conditions for the achievability
of a link flow vector f in a Half Duplex network.

Theorem 7 For a Half Duplex network represented by the
network graph G, an m-link flow vector is achievable if

Proof:
From the conditions in the statement of the theorem, and
the definition of w(e), note that

> w(e) <

e€N(v)

Wl
N

Therefore, A < %% and, using Theorem 6,

Ly <L<ZA<

Do | wo
N

This implies that Ly7 < 1 and, therefore, by Lemma 4,
f(e) is achievable. O
Therefore when a link flow vector satisfies the sufficiency
conditions, it is schedulable. Note that there is a gap be-
tween the necessary and sufficiency conditions.
Clearly, if there exits a v € V such that

e 1
Z f()Jr Z

cenmw &) Q) =

f(e)
c(e) =1

then it not schedulable. If a link flow vector satisfies

2
gg, YveV

then it is schedulable. If f does not satisfy both necessary
and the sufficient conditions, then it is not clear whether it
is schedulable or not. We attempt to close this gap (in prac-
tice) using the following strategy: As long as the link flow
vector f satisfies the necessary conditions, we construct the
scheduling multi-graph and determine its chromatic index.
Let 7 denote the length of the time-slot and Liz; denote the
approximation to the w-chromatic index of the resulting
scheduling multi-graph. If LQZJT < 1 then the given link
flow vector f is achievable. If f satisfies the sufficiency con-
ditions, then clearly it satisfies LQZJT < 1 and is therefore
achievable. Using this strategy will result in determining
the achievability of link flow vectors that fall in the gap be-
tween the necessary and sufficiency conditions. We state
the algorithm formally below:



e If the vector f does not satisfy the necessary con-
ditions then output f is not achievable.

e Determine 7 and w(e) as shown in equation (4).
e Construct the scheduling graph and determine
an approximation L, to its i-chromatic index.

o If LZZJT < 1, then f is achievable.

Experimental testing indicates that the above algorithm
performs extremely well in practice. The effectiveness of
this approach will be illustrated in the case of determin-
ing the maximum achievable rate between a given pair of
nodes. Also note that the link rates are not just achievable
in the long run but are achieved in time at most 1 second.

4.2.2 Full Duplex Systems

We obtain the graph coloring characterization for Full Du-
plex systems, in the same way as for Half Duplex systems.

Definition 5 A proper ¢-coloring of the scheduling multi-
graph colors the edges of the multi-graph such that the fol-
lowing conditions apply for all nodes v € V:

1. No two edges in the outgoing edge set Noyu:(v) have the
same color, and
2. Any color i is present on at most Q(v) incoming edges

in Nin(v).

The ¢-chromatic index, Ly, of the scheduling multi-graph
Gg is defined as the minimum number of colors needed in
any proper ¢-coloring of the scheduling multi-graph.

Note that in the definition, there is no requirement tying
up the colors of the incoming and outgoing links at any
node.

Note that 1-coloring is more restrictive than ¢-coloring.
The proofs of the following theorem and corollary follow
along the lines of the proofs for Half Duplex systems.

Lemma 8 Any proper ¢-coloring of the scheduling multi-
graph Gg(f,7) corresponds to a valid schedule for the net-
work graph G representing a Full Duplex system. A flow
is achievable iff LyT < 1.

Corollary 9 Let Ly represent the ¢-chromatic index of
the scheduling multi-graph Gs(f,7). Given that a slot rate
of Ly slots/second is needed to achieve the flow f, then,
with the available slot rate of 1/ slots per second,

E, Ve e E
L¢T
s an achievable flow in a Full Duplex network G.

The ¢-chromatic index of a scheduling multi-graph can
be determined using the following lemma. It uses the re-
sults of Hakimi and Kariv [19].

Lemma 10 The ¢-chromatic index, Ly, of a scheduling
multi-graph Gg(£,7) is given by

Ly = max(A1,A)) (5)

Proof:

We derive a bipartite graph H(Vr, Vi) from the schedul-
ing multi-graph Gg. Let a node v € V(Gg) be represented
by two nodes, vy € Vr and v, € Vi in H. For each edge e
going from node u to node v in Gg, define an edge from
the corresponding vertices u to v, in H.

From the above definition, we can see that there are no
edges between vertices in Vr, or between vertices in Vg.
Hence, H is bipartite with partite sets Vp and Vi. Now,
for each vertex v in H, define

IfveVp

1
r(v) = { Q) IfveVg

We define a proper k-coloring of H to be a coloring for
which, at each vertex v € V(H), the number of edges hav-
ing a color i is at most x(v).

It is easy to see that a proper ¢-coloring of Gg im-
plies a proper k-coloring of H, and vice-versa. Therefore,
the minimum number of colors L, needed for a proper x-
coloring of H is equal to Ly. If d(v) denotes the vertex
degree in H, then it is clear that max,cv; % = AT and

max,evy % =A/.

From the results in Hakimi and Kariv [19], the minimum
number of colors L, needed for a proper k-coloring of a
bipartite graph H is given by

d(v)

L., =
ve(I\r/lTaS(VR) ’—H(’U)]

= max(AT,Af)

Since L, = Lg, we have our result. o

Using this, we can show that the sufficient condition for
the achievability of a link flow vector in a Full Duplex net-
work is the same as the necessary conditions in Lemma 2.

Theorem 11 A given link flow vector f is schedulable (achiev-

able) if and only if
f(e

~—

> <1 Ywev
c(e)

e€Noyt(v)
and,

1 f(e)

<1
o) Z o) = YoeV
GENML(U)

Proof:

We only need to prove the sufficiency. From the condi-
tions in the statement of the theorem, and the definition
of w(e), note that

e€Npyt(v)
1 1
< Z
Q(v) Z w(e) < T
GENML(U)
Therefore, At < % and A; < % Using Equation (5),

we have 1
Ly =max(A1T, A7) < =
o

This implies that Ly7 < 1 and by Lemma 8, f(e) is achiev-
able. O



4.3 Greedy Coloring Algorithm

While there exists an optimal polynomial time algorithm
for edge-coloring the scheduling multi-graph for a Full Du-
plex system [19], due to lack of space, we describe a unified
greedy algorithm for both the Half Duplex and the Full Du-
plex systems described in this section. We can use greedy
edge coloring to obtain a 2-approximate solution to the op-
timal. Greedy coloring can be implemented in a distributed
manner in a multi-hop wireless network, while finding the
optimum coloring requires centralized coordinator to com-
pute the schedules. In addition, greedy coloring can be
performed in O(m) time, while the optimum coloring al-
gorithm takes much longer. We used the greedy coloring
algorithm for obtaining the schedules in our simulations.
The greedy coloring algorithm is described in Figure 3.

e INPUT: The scheduling multi-graph Gg(f,7)
representing either a Full Duplex or a Half Du-
plex network.

e OUTPUT: A valid edge coloring satisfying the
communication constraints (Full Duplex or Half
Duplex) imposed by the system represented by
Gs.

¢ PROCEDURE:

1. Pick a link e in the scheduling multi-graph.
Let its end-points be u and v.

2. Pick the smallest color ¢ that can be as-
signed to e such that the communication
constraints are not violated at u or v. As-
sign color ¢ to e.

3. Repeat steps (1) and (2) until all edges of
Gg are colored.

Figure 3: Greedy Coloring Algorithm

We can easily prove the greedy solution is at most twice
the optimal schedule length.

Lemma 12 The greedy coloring algorithm described in Fig-
ure 3 is 2-optimal.

Proof:
Let k& = max(A*,A;") for the scheduling multi-graph of
the Full Duplex system. We know that Ly = k. Let the
greedy coloring algorithm consider an edge e in the schedul-
ing multi-graph, with nodes v and v as its end-points. In
the worst-case, we can have colors 1,...,k — 1 fully used
at node u, and colors k,...,2k — 1 fully used at node v,
thereby forcing edge e to have color 2k. Thus, any edge
of the scheduling multi-graph can be colored using at most
2k colors.

For the scheduling multi-graph corresponding to a Half
Duplex system, let

1
k= E;neaxi(( Z w(e) + fm

e€FEoyt (V)

> we))

ecEin ('U)

It is easy to see that Ly > k. Using the same argument
as above, the greedy algorithm can color all edges of the
scheduling multi-graph using at most 2k colors. Thus, k <
Ly, < 2k. This concludes the proof of the lemma. O

Note that [19] provides an algorithm for optimally color-
ing the scheduling multi-graph of a Full Duplex network.
Thus, for Full Duplex systems, there exist algorithms to
find the optimum. However, for Half Duplex systems, the
greedy coloring given above is the algorithm with the best
known performance bound (of 50%), thus far. For the Half
Duplex network with Q(v) = 1,Vv € V, Theorems 6 and
7 provide an algorithm that achieves 67% of the optimal
solution.

5 Achievable Rates for Multiple Source

Destination Pairs

Now consider the problem of characterizing the achiev-
able rates in the case of multiple source destination pairs.’
We assume that the traffic demand for different source-
destination pairs is given in the form of a rate vector r.
We assume that the rate vector has K < n(n — 1) compo-
nents. Each source-destination pair between which there is
a request will be termed a commodity. We use k£ to index
the commodities. Let s(k) represent the source node for
commodity k and d(k) the destination node for commod-
ity k. Let r(k) represent the flow that has to be routed
from s(k) to d(k). The problem that we have to solve is
the following;:

e INPUT: A directed graph G = (V,E) with a
link speed c(e) for e € E and K node pairs
(s(k),d(k)) and associated with each node pair
k is a desired rate r(k).

e OUTPUT: Either declare a set of routes and as-
sociated schedule that achieves the given rates,
or declare the problem as not achievable.

The strategy that we use to determine the set of feasible
routes and the associated schedules for the above problem
is as follows:

e We use the results developed in the last section to
formulate necessary and sufficient conditions for a rate
to be achievable.

e We get an upper bound on the achievable rates by solv-
ing a linear optimization problem over the necessary
conditions.

e We use the scheduling multi-graph to get an achievable
solution which is a lower bound on feasible rate vector.

We also present a detailed solution for the single source-destination
pair (max-flow) problem in [17]. It is a simpler version of the problem
considered here.



e We show that this lower bound gets to within 50% of
the optimal solution in the worst case and, in prac-
tice typically gets to between 80-90% of the optimal
solution.

The linear optimization problem that is solved in the sec-
ond step is the key to determining bounds on the achievable
rate vector. We first give a straightforward formulation for
this problem with flow variables. We also give an alternate
path-arc formulation that is amenable to the development
of primal-dual algorithms for the solution of fully polyno-
mial time approximation schemes (FPTAS). The reason
for preferring the FPTAS to solving the linear program
directly are the following:

e The FPTAS are very simple to implement.

e It is possible to trade-off the accuracy needed with the
speed of solution. From our experiments, we observed
that solving the linear programming problem approxi-
mately is enough to solve the routing-scheduling prob-
lem almost optimally.

e There is no need for a linear programming solver to
solve the problem. (This is especially important if
we have to implement the algorithm at the individual
nodes).

We define the following quantities in order to keep nota-
tion simple. Let fx(e) be the flow on link e associated with
commodity k. Let

Ek fr(e)

Jout (1)) - c(e)

>

e€ Nyt (v)

and

Tilt) = gy 3

eEN;n (v

>k frle)
ele)

5.1 Half Duplex Case

As in the case of the single source-destination flow problem,
it is easy to show the following result.

Theorem 13 Given a graph G = (V, E), with link speed
c(e) associated with link e € E, K source destination pairs
(s(k),d(k)) for k =1,2,...K with a desired flow rate r(k)
between s(k) and d(k). The rate vector r is achievable only
if there exists a flow fi(e) such that

> fwle) =

e:t(e)=s(k)

> fule)

r(k), Vk

Z fele), Yv#s,d, Vk

e€N;n (v) e€Noyt(v)
Jin(v) + Jout(v) < 1, YveV
fele) > 0 Ve Vk.
Proof:

The first constraint ensures that a data rate of r(k) units is
sent out of the source node for commodity k. The second
set of equalities ensure flow balance at the nodes in the
network for each commodity. The last set of inequalities

are the necessary conditions for a link flow vector to be
achievable. a

An alternate formulation of the above conditions can be
given in an arc-path formulation. Let Py represent the
set of paths for the source-destination pair k. Consider a
path P € Pj,. Let x(P) be the amount of flow sent on that
path. This path leads from s(k) to d(k). From the demand
requirements, note that

> a(P)=r(k), Vk

PePy

The total amount of flow on link e, represented by f(e) is

given by
fley=32 > =P
k PeEPr:ecP
We define
Qout('U, ‘T) = Z Zk ZPG;ZZ)PBB ‘T(P)
e€Nout (v)
Qin(v,x) = Z 2k 2pepy:P3e x(P)'

e€N;n(v) Q(v)c(e)

Then the necessary conditions for a rate vector r to be
achievable is the existence of path flows z(P) such that

Y x(P) = rk), Vk
PePy,
Qout(v,7) + Qin(v,z) < 1, VYwel
z(P) > 0, VYPewP, Vk.

Given a rate vector r, the strategy then is to solve for the
x variables that satisfies the necessary conditions. If such
a vector does not exist, then the given rate vector is not
achievable. If it satisfies the necessary condition, then we
determine the length of the time slot 7, form the schedule
multi-graph and determine its i-chromatic index L. Us-
ing the same techniques used above, it is not difficult to
show that

r(k)

Ldﬂ'
is achievable. As in the previous cases, we show that
in practice the performance of the algorithm is extremely
good in practice.

5.2 Solving the Linear Programming Prob-
lem

In order to solve the linear programming problem, we first
write the achievability problem as a concurrent flow prob-
lem and then use a primal-dual algorithm to solve this
problem.

max \
Qout(va ‘T) + Qin(va (E) < 1, Yo e V.
Y x(P) = Ar(k), Vk=12..,K
PePy.
z(P) > 0, VP € Py, Vk



In the concurrent flow problem, the objective is to deter-
mine the maximum scaling factor A* that if all the desired
traffic rates are scaled up by this factor, then it will still
fit in the network. Therefore, if the objective function A*
is less than than one then the vector is not achievable. If
A* > 1, then we have to schedule the flow to determine if
the flow is schedulable.

The largest flow vector that still satisfies the necessary
constraints is A*r which is given by the optimal link flow
vector x*, found from the solution to the LP above. If we
have a Full Duplex system, then Theorem 11 tells us that
the flow A*r is schedulable, and a schedule can be found
using the algorithms described in Section 4.

For a Half Duplex system, we apply Corollary 5 to the
flow A*r and get a schedule for a flow vector 2‘%‘;,
L7, is the -chromatic index of the scheduling multi-graph
Gs(x*,7). For this schedulable flow to be at least r, we
need \* > L;T.

We summarize this in the following theorem.

Theorem 14 1. If \* < 1, then r is not schedulable.

2. For a Full Duplex system, if A* > 1, then the flow A*r

1s schedulable.

3. For a Half Duplex system, if \* > Ly, then there

exists a schedule for the flow 2

*r
L:;}T’
* A'r
]fl S A S L?/}T?

exists a valid schedule for r.

where

and hence for r.

then it is not known whether there

The dual to this problem assigns a weight n(v) to each
node v in the network, and a variable z(k) for each com-
modity (source-destination pair) k =1,2,..., K.

min Z n(v)

veV
1 n(r(e))
;@[n(t(e)wrmr(e))] > 2(k), VPeP, Vk
K
S or(k)z(k) > 1
k=1
nv) > 0, VeekFE

The primal dual algorithm to solve the concurrent flow
problem starts by assigning a precomputed weight of § to
all nodes v. The algorithm proceeds in phases.? In each
phase, for each commodity k, we route r(k) units of flow
from s(k) to d(k). A phase ends when commodity K is
routed. The r(k) units of flow from s(k) to d(k) for com-
modity k is sent via multiple iterations. In each iteration,
the shortest path P* from s(k) to d(k) is determined. Let
f(P*) represent the maximum flow that can be sent on
this path. We can send a flow of at most f(P*) units this
iteration. Since r(k) units of flow have to be sent for com-
modity k£ in each phase, the actual amount of flow sent

2The algorithm is explained in greater detail in [1, 17].

DETERMINE_FEASIBILITY

nv)=3§ YveVandc=0

While > ., n(v) <1
For £k=1,2,....K
r=r(k)
While r >0

Set I(e) = o5 [n(t(e)) + 35
Compute shortest path length from s(k)
to t(k)
Let P* = argminpep, n(P) be
the optimal path.
Let u = min,ep+ f(v, P*).
d =min{r,u}; re—r—29
f(e) < f(e) + 0,Ve € P*
n(v) — 1(v) (14 6(v, P*)3),
end While
end For
c—c+1
end While
Compute p = max,cy ZeeN(v) %
Output A\* = %

Yv € P*

Figure 4: Primal Dual Algorithm: Half Duplex Case

is the lesser of f(P*) and the remaining amount of flow
to make up r(k) in this phase. Once the flow is sent, the
weights of the nodes that carry the flow is increased. The
algorithm is shown in Figure 4. Therefore, the algorithm
then alternates between sending flow along shortest path
pairs and adjusting the length of the links along which flow
has been sent until the optimal solution is reached. A de-
tailed analysis of this algorithm can be found in [1].

By organizing the computation by source, one can send

flows to multiple destinations at the same time as in Karakostas

[18] and the running time of the algorithm has only a log-
arithmic dependency on the number of source destination
pair. The proof of the following theorem is similar to that
in [1].

Theorem 15 The DETERMINE _FEASIBILITY algorithm
computes a (1 — €)=3 optimal solution to the rate achicv-
ability problem in time O(e~2m?).

5.3 Full Duplex Case

In the Full Duplex case, the following theorem that paral-
lels Theorem 13 for the Half Duplex case forms the basis
for the multiple source destination feasibility problem.

Theorem 16 Given a graph G = (V, E), with link speed
c(e) associated with link e € E, K source destination pairs
(s(k),d(k)) for k=1,2,...K with a desired flow rate r(k)



between s(k) and d(k). The rate vector r is achievable only
if there exists fi(e) such that

> fwle) =

e:t(e)=s(k)

> fule)

r(k), Vk

S fle), Vo#sd,

e€N;y (v) €€ Nout(v)
Jout(v) < 1 YoeV
Jin(v) < 1 YveV
fule) > 0 Vee E,Vk.

The path-arc formulation and the resulting algorithm fol-
low the same pattern as in the Half Duplex case and is
omitted.

6 Simulation Results

In this section, we present some results on the performance
of the routing-scheduling algorithms for the Full Duplex
and Half Duplex systems. The routing problem is solved
using the primal-dual scheme with € = 0.05 — 0.1. The
algorithm executes within a couple of seconds for all the
problems considered. To find the schedules, we used the
2-approximate greedy algorithm to solve the coloring prob-
lem.

In all the examples discussed below, each source node
has a demand of 1. The results of in the simulation give
the maximum scaling factor A\*, by which a flow can be
scaled so that it still meets the constraints of the LP. It
is important to note that all flows are scaled uniformly by
this factor. Thus, even though a single flow might be able
to send more along its paths, we are interested only in the
minimum common flow that every source can send.

In each example, we provide the upper bound, \*, that
is given by solving the linear programming problem with
the necessary conditions as well as the achievable solution
given by the coloring algorithm.

In all of the figures, the upper bound is shown by a + for
the Full Duplex case, and by a z in the Half Duplex case.
The achieved lower bounds (through coloring) are shown
as a histogram with the full duplex results on the left side
and the half duplex results on the right side for a given set
of flows. In all cases we assumed that each time slot is 0.01
time units.

6.1 Example 1: Grid

In the first example, we consider a 7 x 7 grid, with 49 nodes
and 84 bi-directional links. The destinations are randomly
chosen from one of the four corners of the grid. and the
sources are picked at random from the rest of the grid. A
node has at most 4 neighbors in a grid, while the destina-
tions have only 2 neighbors each. Therefore, we investigate
the per-flow throughput for Q2(v) = 1,2, 3, in order to com-
pare the Full Duplex and the Half Duplex systems. The
head-to-head comparison is shown in Figures 5,6, and 7,
for the cases Q(v) = 1,2, and 3 respectively. The x-axis

Full Duplex vs. Half Duplex: w(v) = 1
12 T T T

" FulDuplex  +
Half Duplex ~ x

Per-flow throughput
e

0 5 10 15 35 40
Number of Flows

Figure 5: Grid - Full Duplex ‘+’ vs.
Q) =1

Half Duplex ‘x’:

Full Duplex vs. Half Duplex: w(v) = 2
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+
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Per-flow throughput
e
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Number of Flows

Figure 6: Grid - Full Duplex ‘+’ vs.
Qv) =2

Half Duplex ‘x’:

shows the number of flows in the simulation, and the y-axis
is the per-flow throughput, in terms of the scaling factor
A*

In each graph, we show the per-flow throughput when
the number of flows are 1,5, 10, 15, 20, 25, 30, and 35. The

Full Duplex vs. Half Duplex: w(v) = 3

12 T T
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Half Duplex  x
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Per-flow throughput
e
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Number of Flows

Figure 7:
Q) =3

Grid - Full Duplex ‘4’ vs. Half Duplex ‘x:



No. of Q= Q= Q=

flows UB SF UB SF UB SF
1 10 99.6 10 99.6 10 99.6
5 5 100 10 98.1 10 98.1
10 3.333 99.8 6.724 | 97.3 | 6.732 97.1
15 2.5 99.8 4 99.4 4 99.5
20 2.0 99.8 | 3.3411 | 99.2 | 3.3458 | 99.2
25 1.4389 | 99.8 2.864 | 99.3 | 2.8662 | 98.8
30 1.2502 | 99.8 | 2.2358 | 99.2 | 2.2243 | 99.5
35 1.1112 99.8 1.8286 | 99.2 1.8288 | 99.2

Table 1: Full Duplex System: Effect of Q(v)

No. of Q=1 0=2 =3

flows UB SF UB SF UB SF
1 10 99.6 10 99.6 10 99.6
5 5 99.8 6.667 99 7.5 84.2
10 3.334 | 93.1 4.484 84.3 | 5.034 | 75.8
15 2.233 | 96.4 2.874 82.2 | 3.177 | 73.4
20 1.829 [ 90.5 2.359 90.6 | 2.622 | 81.4
25 1.44 98.8 1.918 90.9 | 2.164 | 83.2
30 1.184 | 93.7 | 1.5445 | 90.4 | 1.723 | 82.1
35 1.008 92 1.304 85.1 | 1.442 k4

Table 2: Half Duplex System: Effect of Q(v)

rectangle corresponds to the achieved flow from the greedy
coloring, while the point above the bar represents the linear
programming bound. Our first observation is that greedy
coloring performs very close to optimal for the Full Du-
plex system, achieving 95% and above performance in all
cases. In fact, the number of colors used by the greedy
algorithm is only one more than the optimal. For the Half
Duplex case, the greedy algorithm performs within 70% of
the upper bound in all cases.

When there is only one receiver unit (2(v) = 1), there is
not much of a difference in performance between the Half
Duplex and the Full Duplex cases, for a small number of
flows. This is because there exist at least two independent
paths from the source to the destination, and in such a
scenario, the Half Duplex throughput will be equal to the
single path Full Duplex throughput. Note that with 35
flows, the network is very loaded, as the per-flow through-
put drops below 1 for the Half Duplex case with Q(v) = 1.

For Q(v) = 2, 3, the difference between these two systems
becomes very pronounced. As before, when the number
of flows is very small, there is no difference, but when the
network gets loaded, the intermediate nodes in the grid can
handle more load with the additional resources, represented
by the Q(v), and make use of the Full Duplex system to
achieve higher per-flow throughput.

We now look at the performance of each individual sys-
tem as we increase the number of receivers (radios), Q(v).
We tabulate the results shown in the figures in Tables 1 and
2. For each Q(v) = 1,2,3, we list the upper bound from
the linear program (U B) and the schedulable flow obtained
from the greedy coloring algorithm (SF), as a percentage
of the upper bound.

It can be seen from the tables that per-flow throughput
increases as () increases. The gain improves as the load
(number of flows) increases. In addition, the improvement
is more when we migrate from Q = 1 to 2 = 2, than
when 2 = 3. This can interpreted as the dependency of (2

on the number of neighbors that use a particular node to
relay information. The more neighbors that a node relays
information for, the more performance gain achieved by
using a larger Q(v). However, since a node can transmit to
only one node at a time, there is not much use in receiving
from a lot of neighbors at once, since the transmit link will
become a bottleneck.

6.2 Example 2: Random Graphs

We tested many random topologies with varying number
of nodes. We present one such example in this paper. The
results shown here are representative of the results with
random graphs in general. In this example, 15 nodes were
randomly distributed in a 1000 meter x 1000 meter square.
All nodes within a distance of 200 meters from a given node
were assumed to have direct communication with the node.
The link speed was normalized to 1 units. As before, each
node has unit rate to send to every node in the network.
There were a total of 28 links in the graph, which is shown
in Figure 8.

The number of flows were varied from 2-10 in steps of 2
and the achievable per-flow throughput is plotted in Fig-
ures 9,10, and 11. The number of flows are shown on the
x-axis, while the per-flow throughput is shown in the y-
axis. For Q = 1, the difference between Half Duplex and
Full Duplex systems is more pronounced here because for
most sources, almost all of the flow is routed on a sin-
gle path, where simultaneous transmission and reception
yields significant benefits. For Q(v) = 2, greedy coloring
on the Full Duplex system performed slightly worse, with
the results at least 92% of the optimal. The coloring per-
forms near optimally for (v) = 3, however. For the Half
Duplex system, the coloring always is within 70% of the
upper bound.

Figure 8: 15 Node Example

The simulations confirm that a Full Duplex system easily
outperforms the Half Duplex system even for Q = 1. In
addition, there are clear throughput gains when we have
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Figure 10: Random Graph - Full Duplex ‘+’ vs. Half Du-
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the capability of receiving from more than one neighbor,
even for a Half Duplex system. These are considerations
that a system designer can use during the design of a multi-
hop wireless network.
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Figure 11: Random Graph - Full Duplex ‘+’ vs. Half Du-
plex ‘x’: Q(v) =3

7 Conclusions

We studied algorithms for routing flows and scheduling
transmissions in multi-hop wireless mesh networks. We
considered networks with only primary interference, where
the only constraint on nodes is that each node can be trans-
mitting to at most one node at any time and/or receiving
from at most Q(v) neighbors at a time. This is applicable
in practice due to the availability of multiple orthogonal
channels in such networks that permit neighboring links
to be allotted non-interfering channels. We then look at
two main types of networks: Full Duplex and Half Du-
plex. The approach that we use is to develop tight nec-
essary conditions and solve this as a linear programming
problem. We developed FPTAS which are very simple to
implement. The scheduling problem is solved as a color-
ing problem. We characterize the necessary and sufficient
conditions, and provide efficient coloring algorithms that
guarantee 50 % of the optimal solution. In all the cases
that we tested, our approach is within 15-20 % of the opti-
mal solution. Our approach can be used by system design-
ers for capacity analysis and node placement in multi-hop
wireless networks.
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