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Abstract—The cost of energy consumption is an important
concern for network operators. In this paper, we study an
energy-related problem that focuses on network-wide energy
consumption. In the first part of this work, we study how to
maximize throughput under a network-wide energy constraint.
We formulate this problem as a mixed-integer nonlinear program
(MINLP). This formulation differs from prior efforts as it consid-
ers a non-zero device power, which complicates the problem. We
propose a novel piece-wise linear approximation to transform the
nonlinear constraints into linear constraints. We prove that the
solution developed under this approach is near-optimal with a
guaranteed performance bound. In the second part, we generalize
the problem in the first part via a multicriteria optimization
framework, which simultaneously optimizes throughput and total
network energy. We show how weakly Pareto-optimal solutions
can characterize an optimal throughput-energy curve. We offer
some interesting properties of the optimal throughput-energy
curves, which are useful to both network operators and end-
users. Our results fill in some important gaps in the current
understanding on optimizing total network energy.

Index Terms—Energy optimization, total network energy, net-
work throughput, multicriteria optimization, multi-hop wireless
networks.

I. INTRODUCTION

NERGY has been, and will remain, a fundamental

concern for wireless networks. In this paper, we focus
on total network energy (or network-wide energy), which
is not a well studied area but is of critical importance to
network operators. Specifically, we explore the following two
problems: (i) How to maximize network throughput under a
given total network energy constraint. The solution to this
question will help network operators achieve the highest
performance (throughput) under a given energy budget. (ii)
How to simultaneously optimize both network throughput and
network-wide energy consumption. This problem generalizes
the first one and its solution allows us to understand the
relationships and tradeoffs between network throughput and
total network energy.
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We recognize that there is a wealth of literature on opti-
mizing network throughput with energy constraints. A major
thrust of these prior efforts was to develop various heuristic
approaches for physical, link, and network layer operational
schemes (see, e.g., [14], [21], [23]). This is in contrast to
our work in this paper, which follows a formal optimization
framework with the goal of offering a performance guarantee
for the final solution.

Among related works that adopt formal optimization frame-
works in studying network throughput maximization with
energy consideration (see, e.g., [1], [9], [20]), we find that
most of these works only consider per-link power constraints
or per-node power constraints. Although such an approach is
important to characterize local energy consumption, it cannot
be easily extended to address problems for network-wide
energy due to the complex inter-dependency among the layers.

Our work is complementary to a branch of previous work
that addresses how to minimize network-wide energy con-
sumption while satisfying some traffic demands (see, e.g.,
[15], [18]). These works are orthogonal to the problem that we
study in the first part of this paper. In some sense, the problem
studied in this paper is the dual to these existing works. How-
ever, a main departure from these works is our consideration
of the device power, which introduces a new combinatorial
aspect into the problem. As a result, our problem is much more
difficult to solve, and hence a novel approximation approach
that is asymptotically optimal is proposed in the paper. It will
soon be clear that our mathematical formulation and proposed
solution procedure differ from all seemingly similar prior
efforts. Further, in the second part of this paper, we consider
the joint optimization of throughput and network-wide energy
based on multicriteria optimization, which is an area that is
not well studied in network energy conservation contexts.

The main contributions of this paper are the following:

o First, we study how to maximize network throughput
under a total network energy constraint. Our problem
considers device power, which is relevant in practice.
We show that this problem can be formulated as a
mixed-integer nonlinear program (MINLP). To solve this
problem efficiently, we exploit its mathematical structure
and propose a novel piece-wise linear approximation that
is asymptotically optimal. This approximation allows to
transform the nonlinear constraints into linear constraints.
We prove that the solution developed under this linear
approximation is near-optimal in the sense that the perfor-
mance gap between our solution and the optimal solution
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(unknown) can be made arbitrary small as per required
accuracy.

e Second, we generalize the problem in the first part by
exploring the joint optimization of both network through-
put and network energy consumption via a multicriteria
optimization framework, i.e., by maximizing network
throughput while minimizing network-wide energy con-
sumption. The set of weakly Pareto-optimal points char-
acterize an optimal throughput-energy curve. This curve
shows how the maximum network throughput changes
with the total network energy. We offer some interesting
properties of this optimal throughput-energy curve, which
are of importance to both network operators and end-
users.

o Third, we conduct extensive numerical experiments to
show the efficacy of our proposed approach and to vali-
date our theoretical findings. We present numerical results
for 50-node, 100-node, and 200-node networks. These
results offer further insights in addition to validating our
proposed solution procedure.

The remainder of this paper is organized as follows. In
Section II, we describe our network model. In Section III, we
study the problem of how to maximize network throughput
under a given total network energy. In Section IV, we study
how to optimize both network throughout and energy under a
multicriteria framework. Section V presents numerical results,
and Section VI concludes this paper.

II. NETWORK MODEL

Consider a multi-hop wireless ad hoc network that is
represented by a directed graph G = {N, L}, where N and £
are the sets of nodes and directional links, respectively. A link
between two nodes exists if and only if the distance between
the two is within a certain transmission range. If two nodes are
not within one-hop of each other, then a node has to use multi-
hops to relay messages. We assume orthogonal channels on all
links (similar to that in [3], [13], [16]). This can be done by
some interference avoidance mechanism (e.g., OFDMA). Note
that orthogonal channels do not require as many channels as
the number of active links in the network since one can reuse
channels on links that are spatially far away from each other.
This is called spatial reuse and is commonly used in wireless
networks to improve channel efficiency. Note that designing
a channel assignment algorithm to achieve orthogonality has
been well studied in the literature and its discussion is beyond
the scope of this paper.

We assume that there is a set F of active communication
sessions in the network. Each session involves a single-source
single-destination unicast flow. Denote s(f) and d(f) as the
source and destination nodes of session f € JF, respectively.
To differentiate the importance of these user sessions, each
session f is assigned a weight w(f).! Let r(f) be the data
rate of session f. The network throughput U in this paper is
represented by the sum of weighted session rates, which is
given by 3. w(f) r(f). Table I lists all the notation used
in this paper.

'We assume that the weight of a flow is given a priori and is a constant.
How to assign a weight to a flow is application-dependent (e.g., based on
priority) and its discussion is beyond the scope of this paper.
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TABLE I
NOTATION.
Symbol | Definition
B Channel bandwidth on link [
@] Capacity of link [
d; Distance between link {’s transmitting node and receiving
node
F The set of user sessions in the network
da(f) Destination node of session f € F
L The set of links in the network
Ln The set of incoming links at node ¢
Ezd‘“ The set of outgoing links at node %
hy Channel gain on link [
N The set of nodes in the network
12 Transmission power of link [
Py Device power consumption associated with an active link
P = > 1ec (P1 + y1 Pg), network-wide energy consumption
rate
Phet Network-wide energy budget
r(f) Data rate of session f € F
ri(f) Data rate on link [ that is attributed to session f
s(f) Source node of session f
U = > rer w(f)r(f), the network throughput
w(f) A weight assigned to session f € F
Y A binary variable indicating whether or not link [ is active
n Ambient Gaussian noise density

A. Energy Consumption and Power Control

When a wireless link is active for communication, its energy
consumption includes transmission power at the transmitter
(for data transmission over a distance), and device power at
both the transmitter and the receiver (for encoding, modula-
tion, decoding, demodulation, etc.) [5], [17]. Denote p; > 0
as the transmission power at the transmitter for link [, which
can be varied depending on transmission requirements. Let P,
be the constant device power when a link is active. Denote y;
as a binary variable indicating whether or not link [ is active,
ie.,

| 1 if link [ is active;
o= { 0 otherwise.

When a link is active, we utilize the power P;; when a link
is inactive, we do not. This behavior is readily modeled by
multiplying P, by y; (the link activity indicator). Incorporating
the transmission power p;, the total power consumption rate
of link [ is therefore given by p; + y; Py.

Assume that the maximum transmission power of a node
is Ppax. Then, we have the following relationship between p;
and y;:

plgyl'Pmax (ZEE) (1)
For all active links at a node, we have the following node-level
transmission power constraint:

> P Pux (i€EN), ©)

IGLP‘“

where £OU is the set of potential outgoing links at node i.
Denote P as the total energy consumption rate on all

active links in the network. Then, the network-wide energy

consumption rate P can be written as P =), (o + 41 FPa) .
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B. Routing and Link Capacity

To transport data from a source node to its destination
node that is more than one-hop away, multi-hop relaying is
necessary. Since single-path flow routing is overly restrictive
and is likely suboptimal, we allow flow splitting so that data
can be delivered along multi-path routes. We model multi-path
flow routing as follows. Denote 7;(f) as the amount of flow
rate on link [ that is attributed to session f € F. Denote £*
as the set of potential incoming links at node <. If node ¢ is
the source node of session f, i.e., ¢ = s(f), then

S onlf)=r(f). 3)

leL£Out

If node 7 is an intermediate relay node of session f, i.e., i #

s(f) and i # d(f), then

> ri(f) =

IELOM 1£(i,5())

>

meﬁgn,m;é(d(f),i)

rm(f) . 4

If node ¢ is the destination node of session f, i.e., i = d(f),
then

Sy =r(f). Q)

leLin

It can be easily verified that if (3) and (4) are satisfied, then
(5) must be satisfied. As a result, it is sufficient to list only (3)
and (4) in the formulation. It is worth pointing out that our
multi-path routing model is a link-based model with variables
ri(f) (the flow rate on link [ that is attributed to session f)
and r(f) (the data rate of session f). The number of variables
is polynomial of O(|L]| - |F]|), where |£| is the number of
links in the network and |F| is the number of sessions in the
network.

Under the above flow routing scheme, the aggregate flow
rate on link [ is }° ;. ri(f). Since the aggregate flow rate
on any link cannot exceed the link’s capacity, we have the
following link capacity constraint:

donf)<a (eL), (©6)

fer

where ¢; is the capacity of link /. Given that we are employing
orthogonal channels among the links in the network, we have:

DLy

¢ = Bylogy (1 +
nby

) (7)

where B is the bandwidth of link [ under a given channel
assignment, h; is the channel gain between the transmitter
and the receiver of link [, and 7 is the ambient Gaussian noise
density. Combining (6) and (7), we have:

Zm(f)SBzIOgg(lerl;l) (lel). (8)

feF Ul

Note that Constraint (8) couples the network flow variables
(i.e., 7 (f)) and the physical layer power variable p; over the
links in the network.
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III. THROUGHPUT MAXIMIZATION UNDER A TOTAL
NETWORK ENERGY CONSTRAINT

In this section, we study how to maximize network through-
put under a given network-wide energy budget. This problem
is motivated by the scenario where we have a strict total
energy consumption limit in the network. For example, in
a wireless mesh network, we may impose a total energy
consumption constraint due to a given operating budget on
energy, since the operational cost is directly proportional to
energy consumption. The question that we pose is: Given the
network-wide energy operating budget Pt, i.€.,

P=> (i +yPs) < Paet, )
lel

how can we adjust the power on each link and perform multi-
path routing for each session so as to maximize the network
throughput?

Mathematically, this problem can be formulated as follows:

OPT: max U = Z w(f)r(f)

feF
s.t.  Link power constraint: (1)

Node power constraint: (2)

Flow balance: (3), (4)

Link flow constraint: (8)

Total network energy constraint: (9)

Variables y; € {0,1},pi, i (f),7(f) >0
(leL, ferF),

where y; is a binary variable; p;, r(f), and r;(f) are con-
tinuous variables, and all the other parameters are constants.
OPT is a mixed-integer nonlinear program (MINLP), which
in general is NP-hard [10].

Note that the network-wide energy constraint complicates
the overall problem by requiring binary variables. These binary
variables are necessary due to our consideration of the device
power P;. If such a device power is neglected, then the binary
variables can be removed, and the problem becomes a convex
problem, which can be readily solved. But in practice, such
a device power should be considered. Mathematically, this
consideration differentiates this paper from previous works in
this area.

MINLP problems are known to be difficult due to the
combinatorial nature of mixed-integer programs and the dif-
ficulty in solving nonlinear programs. Note that there exist
some techniques to address general MINLP problems (e.g.,
outer-approximation methods [7], branch-and-bound [8], ex-
tended cutting plane methods [22], and generalized Benders’
decomposition [11]). But these techniques do not exploit our
problem-specific structures and properties, and hence can only
handle small-sized problems.

In this paper, we exploit the unique mathematical structure
of our MINLP problem and develop a novel near-optimal
solution procedure with a performance guarantee. Note that
in Problem OPT, the only nonlinear constraints are the link
capacity constraints (8), which involve the log function. To
address this problem, we propose a piece-wise linear approx-
imation technique to transform the nonlinear constraints to
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Given a desired performance
gap Y between the near-
optimal solution and the
optimal solution to OPT

|

Compute the maximum
allowed piecewise linear
approximation error €

| !

Compute linear
approximation constraints
and construct OPT-R

|

Solve OPT-R via CPLEX

Fig. 1. A flow-chart for obtaining a near-optimal solution to OPT.

linear constraints. Our main idea is as follows. We first use a
set of linear segments to approximate the log term in (8) while
ensuring that the linear approximation error does not exceed
a specific threshold €. Subsequently, the nonlinear constraints
in OPT are replaced by a set of linear constraints. Denote
the linearized optimization problem as OPT-R, which is a
mixed-integer linear problem (MILP). Since MILP problems
are relatively easier to solve than MINLP problems, we can
efficeintly apply a solver such as CPLEX [4] to obtain a
solution efficiently.

We will show that solving OPT-R gives us a near-optimal
solution to the original problem OPT. Denote v as the desired
performance gap for the near-optimal solution, i.e., the differ-
ence in the objective values between the optimal solution and
the near-optimal solution to OPT. We analyze the relationship
between the performance gap ~ and the linear approximation
error € (see details in Section III-B). Specifically, for a desired
performance gap vy, we compute the maximum allowed linear
approximation error €, and accordingly, we derive the linear
approximation constraints and construct OPT-R (see details
in Section III-A). The solution to OPT-R then provides a
near-optimal solution with the performance guarantee . We
summarize the above steps in Fig. 1, and we provide details
for the steps in the remainder of this section.

A. Piece-wise Linear Approximation

We can rewrite the nonlinear constraint in (8) as follows:

B il

< —In(1 . 10
> nlf) < g+ P (10)

feF

To simplify notation, we denote
pilu

Sp = — . 11
'=E, (11

Then, the nonlinear term in (10) can be written as In(1 + s;).
The range of s; is [0, sj®*], with s*** = (Pyaxhi)/(nBy).
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In(1 + s7)

0 sl(l) sl(2) 8l(3) s S;nax

Fig. 2. An illustration of piece-wise linear approximation with four linear
segments.

The essence of our proposed piece-wise linear approximation
is to use a set of consecutive linear segments to approximate
In(1 + s;) for s; € [0,s"*] (see Fig. 2). Denote ¢ as the
maximum allowed error for this linear approximation and let
K; be the number of linear segments needed to meet this error
requirement (K; will be determined later). Denote sl(k), k=
0,1,..., K as the s;-axis values of the endpoints for these K
segments, with Sl(o) =0 and sl(Kl) = s

A naive approach to generate a linear approximation is to
have sl(k), k=0,..., K, evenly distributed between [0, s]**].
When setting K sufficiently large, the linear approximation
error requirement will be satisfied. Although this approach
is straightforward and easy to implement, it will generate
too many linear segments to approximate In(1 + s;). Note
that the derivative of In(1 + s;) decreases as s; increases.
This motivates us to enlarge the size of an interval as s
increases. Thus, we want to pursue an algorithm that optimally
divides the K intervals within [0, s;"**]. By “optimally”, we
refer to finding the minimum K; such that the maximum
approximation error of each line segment is no more than

€
(k)

Denote m,; " as the slope of the k-th linear segment, i.e.,
(k) (k—1)
k) _ In(1+s")—In(1+ s )
m; "’ = ® =) . (12)
S; 78

Denote gl(k)(sl) as the k-th linear approximation segment (see

Fig. 3), which can be represented as follows:

gl(k (s1) = ml(k) . (sl — sl(kfl)) +In (1 + sl(kfl)) ,
for s\" 1 <5 < s (13)

Our algorithm computes the values of Sl(o), R sl(Kl) se-

quentially (for a given €) based on Algorithm 1 as follows:
Algorithm I: Initialization: k£ := 0 and sl(o) = 0.
1) ki=k—+1.
2) Compute ml(k) that satisfies
1—In(1+ sl(kfl)) =e.
(14)

—In(m{®) +mP 1+~

3) With ml(k), compute sl(k) that satisfies (12).
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4) If sl(k) < s, go to Step 1.
5) Kii=k; s = gmax,
6) Update m( D using (12).

The values of ml in (14) and s in (12) can be solved by
numerical methods such as the blsectlon method or Newton’s
method [19, Chapter 2].

Our linear approximation method (Algorithm 1) satisfies
the linear approximation error requirement with the minimum
number of linear segments to approximate In(1+ s;) for s; €
[0, sj"@*]. We formally state these claims in the following two
lemmas.

Lemma 1: For the piece-wise linear approximation gener-
ated by Algorithm 1, the maximum approximation error of
each linear segment is at most e.

Proof Denote e( ) as the maximum linear approximation error
for the k-th hnear segment, i.e.,

el(k) = In(1+s;) — 91( )( )‘

= max
Sl(k—l) <s, Ssl(k)

max {ln(l—i—sl) 91()( )},

Sl(k—l) <s, Ssl(k)

where the equality holds since In(1+s;) is a concave function
of s; and all linear segments lie beneath the In(1 + s;) curve.

Consider the k-th linear segment. Referring to Fig. 3, we
can move gl(k) (s1) upward until it is tangential to the In(1+s;)
curve. It is easy to see (by differentiating the above concave
function and setting to zero) that the tangential point achieves
the maximum approximation error el(k). Denote §l(k) as the
s;-axis value of that tangential point. Since the derivative of

In(1+ s;) is le, we have - Lo ie,
+35;

_(k
T =my

1
Al(k) -

l(k) (15)

(k)

where m;"’ is the slope of the linear segment g( )( 1)

k
Therefore, the maximum approximation error ¢, ~ can be

written as:

e =In(1 4 57) — g (3M)

—In(1 48"y — ¥ . (3
1

=In <1 + m(k) — 1)
l
_ {m;m .

—In(m™) + m® @4+ sF Yy 1

— sl(kil)) +1In(1 + S(k 1))]

(k=1)
l

L 1
—= —1-s
m®)

+In(1 + S(k 1))}

In(1+ s* ),

where the second equality holds due to (13) and the third
equality holds due to (15).

In Algorithm 1, we set — ln(ml( )—|—ml(k)(1—|—s(k 1)) 1—
In(1+ sl(k_l)) = e. Thus, the maximum linear approximation
error for the k-th linear segment is e. This result holds for all
k=1,---,K;. This completes the proof. 0

Lemma 2: For a given approximation error bound € for each
linear segment, Algorithm 1 minimizes the number of linear
segments to approximate In(1 + s;) for s; € [0, s**].
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A
In(1+35,)

"~

gz(k)(sl)

~(k) (k) s
Ay S Sy :

Fig. 3. An illustration of the maximum approximation error for the k-th
linear segment.

The proof of Lemma 2 is given in the appendix.

With the proposed piece-wise linear approximation of
In(1 + s;), Constraint (8) can be replaced by the following
set of constraints:

S () < e (o)

fer

(k=1,...,K;,le L),

where s; and gl(k) (s1) are given by (11) and (13), respectively.

Substituting (11) and (13) into the above equation, we have

B h _
Z ri(f) < lnl2 {m [plBl - sl(k 1)] +In {1 —|—S(k 1)}}
feF "
(k=1,....K,l€L). (16)

By replacing the nonlinear constraints in (8) with the set of
linear constraints in (16), we obtain the following revised
formulation for OPT, which we denote as OPT-R:

OPT-R: max Y w(f)r(f)
fer
s.t.  Link power constraint: (1)

Node power constraint: (2)
Flow balance: (3), (4)
Linearized link flow constraint: (16)
Total network energy constraint: (9)
Variables y; € {0,1},p, i (f),7(f) >0
(lel, feF).
We have the following lemma on the relationship between
OPT-R and OPT.
Lemma 3: A feasible solution to OPT-R is a feasible

solution to OPT.
The proof of Lemma 3 is given in the appendix.

B. A Near-Optimal Solution

OPT-R is a mixed-integer linear program (MILP) and can
be solved effectively by a commercial solver such as CPLEX
[4]. We now provide a bound for the gap between the optimal
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objective values of OPT and OPT-R, despite that the optimal
objective value of OPT is not available.

To proceed, we need the following notation. For a given
power assignment (y;, p;) to OPT (i.e., satisfying Constraints

(1), (2), (9)), define x = (7(f),7(f),y1,p1) as a feasible
solution to OPT, where (7(f),7;(f)) is the optimal solution
to the following linear program (LP).

OPT(y;,pi1) :
max Y w(f)r(f)

s.t. Z r(f)=r(f) (feF,ieN,i=s(f))
leLpnt
>

1ELOM £ (i,5(f) L LI IA(d(£).0)

(f e Fiie N,i#s(f),d(f))
Yon(f)<aler

ri(f)r(f) 20 (LeN, feF),

r(f) = i(f)

where ¢; = By log, (1 + ’;;;ll ). Note that OPT(y;, p;) is an LP
once we fix the power variables in OPT to the values (y;, p;).

For a feasible solution X = (7(f), 7 (f), yi,p1) to OPT, we
define a feasible solution xt = (1 (f), 7/ (f), i, 1) to OPT-R
as follows. In xT = (1 (£), 7] (f), i, p1), we let (1 (£), 7] (f))
be the optimal flow routing solution to OPT-R for the given
(yi, pr). That is, (rf(f), r;f(f)) is the optimal solution to the
following LP in which the power variables in OPT-R are fixed
at the given values (yi, p1)-

OPT-R(y;, 1) :
max > w(f)r(f)

st. Y n(f)=r(f) (feFieN,i=s(f)

by 2

LELOY I£(i,5(f)) LeLI I#(d(f),5)
(f € Fiie Ni#s(f),d(f))
don(f)<d (tery,

feF

ri(f) = ri(f)

where c;f is a linear approximation of link [’s capacity given

the transmission power p;.

Remark 1: Recall that we use Constraint (16) to replace
Constraint (8) in OPT-R. When link [’s power is fixed at
pi1, we can determine which line segment is involved in the
linear approximation of In(1+s;). Suppose that the k-th linear

segment is used, i.e., sl(k_l) < % < sl(k). Then, link [’s
approximated capacity can be written as ¢] = 1]3_12 . gl(k) (%).
O

To quantify the performance gap between our solution to
OPT-R and the optimal solution to OPT, we will first show that
for any feasible power assignment (p;,y;), the gap between
the objective values corresponding to X and x' is at most
s maxyer{w(f)} > ;e Bi- Then, we will show that the
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gap between the optimal objective values of OPT and OPT-R
is also bounded by & maxyjer{w(f)} > . Bi.

We find that this gap can be characterized in the dual
domain to Problems OPT(y;, p;) and OPT-R(yy, p;).

Lemma 4: For given (y;,p;), denote z and 2! as
the objective values of the solutions X (to OPT) and
x! (to OPT-R), respectively. Then we have z — 2f <

mz maxfeF{w(f)} Xie, Br-

Proof Note that z is the optimal objective value of
OPT(y;,p;) and z' is the optimal objective value of OPT-
R(y;, p1)- Consider the dual problems of OPT(y;, p;) and OPT-
R(yi,p1), denoted by D(y;, p;) and D-R(y;, pi), respectively.
Note that D(y;, p;) and D-R(y;, p;) have the same constraints,
but different objective functions.

Denote the dual variables corresponding to the first group
of constraints in OPT(y;, p;) and OPT-R(y;, pi) as u(f), f €
F. Denote the dual variables corresponding to the second
group of constraints in OPT(y;,p;) and OPT-R(y;,p;) as
v (f),f € F,i € N,i # s(f),d(f). Denote the dual
variables corresponding to the third group of constraints in
OPT(yl,pl) and OPT—R(yl,pl) as q;,l € L. Then, D(yl,pl)
can be written as follows:

(I=(s(f),j) e L,j#d(f), [ €F)
vi(f) —vi(f)+a =0
(1=(i,5) € Li#s(f),i#d(f),j #df), feF)
v(f)+q>001=(,df) el feF)
u(f), vi(f) unrestricted, ¢; > 0
(f e Frie N\{s(f).d(f)},l € L),

where v;(f) = u(f) if ¢« = s(f) in the last dual inequality
constraint. The dual problem D-R(y;, p;) can be written as

D-R(y;,pr): min Y clg
leL
s.t. Same constraints as D(y;, p;).

If (gf,l € £) is (part of) an optimal solution to D-R(y;, p;),
then since both D(y;,p;) and D-R(y;,p;) have the same
feasible region, we have

z—21 < Zélql* - ZCZTCI;* = Z(Ez - CDQl* :
lec lec lec
Note that the gap between ¢; and c}L is

oD
Cl—Cl 7@6,

since the maximum error of our linear approximation is e.

Thus, we have
st < SN B
lel

A7)

By the marginal rate of change interpretation of dual vari-
ables [2], ¢; is bounded above by the largest possible change
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in the optimal objective value of Problem OPT-R(y;, p;) with
respect to the right-hand side cl But since a small marginal
A-change (say, increase) in the capacity of any link can at
most push an extra A units of flows between sources and
destinations, and thus increase the objective value by at most
max¢er{w(f)}, we have that

ai < max{w(f)} . 1s)

Combining (17) and (18) gives us

T
Z—z SEZBlmax{w N=—

)}ZBz-

lel

1n 5 nax ax{w

This completes the proof. O

We are now ready to characterize the performance gap
between the optimal objective values of OPT-R and OPT.

Theorem 1: The gap between the optimal objec-
tive values of OPT and OPT-R is no more than

1n2 maxfef{w( )} Zleﬁ B.

Proof Denote x* and z* as the optimal solution and the
optimal objective value of OPT, respectively. From Lemma 4,
since x* is a particular case of X, we know that there exists
a feasible solution xz to OPT-R corresponding to x* such
that the performance gap between x* and xp is at most
s maxyer{w(f)} > ,c, Bi. Denote zp as the objective
value of the solution xr to OPT-R. Then, we have

N B

el

2*—2r < max{w (19)

In2

Denote z}; as the optimal objective value of OPT-R. Since
zR is the objective value of a feasible solution to OPT-R while
2%, is the optimal objective value of OPT-R, we have

zp > ZR. (20)
Combining (19) and (20), we have z* — 2} <
s maxser{w(f)} > e B O

Based on Theorem 1, the following algorithm prescribes a
near-optimal solution to OPT with a performance guarantee.

Algorithm 2: Input: Given a desired performance gap y for
the solution to OPT.

1) Compute € based on

D Bi=

lel

ma{uw(f @1

1n2 fe

2) Compute ml(k) and sl(k) by Algorithm 1.
3) Construct OPT-R based on ml(k) and sl(k).
4) Solve OPT-R optimally using an MILP package (e.g.,
CPLEX).
Upon the completion of Algorithm 2, we have a near-optimal
solution to OPT with a guaranteed performance bound (no
more than v from the optimal objective value).

IV. MAXIMIZING THROUGHPUT AND MINIMIZING
NETWORK-WIDE ENERGY

In the previous section, we have shown how to maximize
network throughput while satisfying a given total network
energy budget. The problem was formulated as a single
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objective optimization problem OPT. In this section, we go
one step further. We are interested in maximizing network
throughput while minimizing energy consumption. We cast
this problem as a multicriteria optimization problem with two
objectives. Mathematically, this problem can be written as
follows:

MP: max Y w(f)r(f)

fer

Z(pl + yiPa)
lec
s.t.  Link power constraint: (1)

min

Node power constraint: (2)

Flow balance: (3), (4)

Link flow constraint: (8)

Variables y; € {0, 1}, pi, 7(f), r(f) >0
(leL feF).

As we can see, minimizing the network-wide energy con-
sumption and maximizing the network throughput (U) are two
conflicting objectives. For such a problem, it is in general not
possible to find a single feasible solution that is optimal for
both objectives at the same time. For example, when P is
minimized (i.e., equals 0), U is also O but is not maximized.
Therefore, it is important to clarify what we mean by optimal
solutions.

In this paper, we are interested in finding so-called weakly
Pareto-optimal solutions [6]. Such solutions are desirable in
the sense that it is impossible to improve the performance
of both objectives simultaneously. Specifically, we say that
(P*,U*) is a weakly Pareto-optimal solution to Problem MP
if there does not exist another solution to Problem MP with
(P,U) such that P < P* and U > U™.

To find weakly Pareto-optimal solutions, we transform the
multicriteria optimization problem into a single objective
optimization problem. This can be done by moving the second
objective (i.e., > ;c,(pi + yPq) ) into the constraints as

follows:
SP(Pet): max > w(f)r(f)
fer
s.t. Z(pl + Y1 Pi) < Phet
lec

Link power constraint: (1)

Node power constraint: (2)

Flow balance: (3), (4)

Link flow constraint: (8)

Variables y; € {0,1},p;, i (f),7(f) >0
(leL feF).

We see that this single objective optimization problem is
precisely the same as OPT that we studied earlier. For a
fixed value of P, solving SP(P,e;) will give us one weakly
Pareto-optimal point for Problem MP [6]. By varying Pt
from 0 to P?* = |L| - (Pnax + P4), we can obtain all
weakly Pareto-optimal points. These points provide a mapping
from the network-wide energy budget P, to the maximum
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network throughput U, which we denote as 7w : Pyt — U.
This mapping U = 7 (Pyet) provides an optimal throughput-
energy curve, which characterizes how the maximum net-
work throughput changes as the total network-wide energy
consumption rate varies. This curve is useful for network
operators to glean a holistic view of the entire optimal trade-
off curve and decide which point to choose so as to meet their
specific needs.

There are several interesting properties about this optimal
throughput-energy curve U = 7(Ppet), as given in Property 1
below.

Property 1: The optimal throughput-energy curve U =
7(Pyet) has the following properties:

1) 7(Ppet) is a nondecreasing function of Pet.

2) 7(Ppet) has a starting point (Pstart, 0), .., T(Ppet) = 0

for Pnet S Pstart and 71—(-Pnet) > 0 for Pnet > Pstart-

3) There is a saturation point (Psat, Usat) for m(Pret), 1.€.,

7T(P)nct) = Usat for Pnct > Psat-

Proof We prove each of these properties as follows.
1) Assume P Prgiz We need to show that U(P(l)) <

net net
U (P,Eiz ). Note that U (PISQ) and U (Pﬁ@) are the opti-
mal objectives of SP(PIE;)) and SP(PIEQ), respectively.
Since P!} < P{?), the feasible region of SP(P\})) is
contained within the feasible region of SP(PISEE). Thus,
we have U(PY)) < U(P3).

2) Such a starting point exists because when a link is
active, it must consume a constant power P,;. For a
session to have positive throughput, it must activate all
the links along the path that are used by this session for
transporting data. Thus, Psar¢ can be determined by the
session that uses the minimum number of hops from its
source to its destination. Denote by m; the minimum
possible hops for session f. Then, Py, can be written
as Piare = Py -min{my : f € F}.

3) We prove this property by construction. We first
compute the saturation point (Piat,Usat) without the
network-wide energy constraint. That is, we solve the

following optimization problem:

max > w(f)r(f)

feF
s.t. Constraints (1), (2), (3), (4), (8).

U € {051}7plvrl(f)7r(f) >0 (lEE,fEJ:) :

The optimal objective value of the above problem is
Usat. Usat cannot be infinite, since the transmission
power at a node has a threshold Py, ., which guarantees
that the link capacity is finite, and hence the throughput
is finite. Once we obtain Ug,;, we can determine the
minimum energy Fi,¢ that achieves Ug,t by solving the
following optimization problem:

min Z(pz + yiPa)
leL

st Y w(f)r(f) = Usas
fer
Constraints (1), (2),(3), (4

), (8).
y €{0,1}, pi, i (f),r(f) >0

(leLl, feF).
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Fig. 4. An illustration of optimal throughput-energy curve.

Note that Py, is the minimum energy consumption level
that achieves Ug,. When P,¢ is greater than this value,
the maximum network throughput remains as Ugyg, i.e.,
U = 7(Pyet) becomes flat for Pyet > Paat. O

Based on Property 1, Fig. 4 illustrates a typical optimal
throughput-energy curve for a multi-hop wireless network.

V. NUMERICAL RESULTS

In this section, we present some numerical results to illus-
trate our approach in Sections III and IV.

A. Simulation Settings

We consider the following network topologies:

e a 50-node network deployed in a 1000 x 1000 square
area;

o a 100-node network deployed in a 1500 x 1500 square
area;

¢ a 200-node network deployed in a 2000 x 2000 square
area.

The topologies of the 50-node, 100-node, and 200-node
networks are shown in Figures 5, 6, and 7, respectively.
We assume that all units are normalized with appropriate
dimensions. We assume that the maximum transmission range
is 200 and that the maximum transmission power is Ppax =
2. We assume a node device power consumption of Py = 0.2,
unless specified otherwise.> The channel bandwidth is B; = 1
for all links and the channel gain is h; = dl_4, where d; is
the distance between link [’s transmitting node and receiving
node.

B. Results for the 50-node Network

Within this network, we assume that there are |[F| = 5
user sessions, with the source and destination nodes for each
session chosen randomly. Table II lists the source node,
destination node, and weight for each session in the network.

2In wireless mesh networks, the peak transmission power Pmax is usually
several Watts (2-3W), i.e., transmission power is between 0 and this Prax
value, and the constant device power P, is usually several hundreds mWatts
(100-300 mW).
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1) Near-Optimal Solution for OPT: In this case study, we
assume that the maximum network-wide energy consumption
rate is given by Pet = 40. We set the maximum acceptable
performance gap between the optimal objective values of
OPT and the linear approximation OPT-R as -~ 0.1,
and apply Algonthm 2. Based on (21), we compute €
rr}deef{w(f)}ZleLB = 0.000393, and thus compute the
piece-wise linear approximation according to Algorithm 1. We
then use CPLEX to solve OPT-R. The resulting maximum
network throughput is U = 22.32. The achieved session data
rates are r; = 4.53, ro = 6.45, r3 = 9.06, r4, = 4.13, and
r5 = 6.79. Our algorithm gives power control and flow routing
solutions for the network. We list the power assignment for
each active link in Table III, and the flow routing results in
Table IV.

The above numerical results were obtained when P; = 0.2.
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Fig. 8. Network throughput as a function of the device power P, for the

50-node network.

TABLE I
EACH SESSION’S SOURCE NODE, DESTINATION NODE, AND WEIGHT FOR
THE 50-NODE NETWORK.

Session f | Source node s(f) | Dest. node d(f) | Weight w(f)
1 10 35 0.5
2 35 21 0.9
3 5 23 0.7
4 43 14 0.6
5 29 7 0.8

We now vary Py from O to 1 and study how the network
throughput changes. The resulting curve is shown in Fig. 8.
We can see that the device power has a significant impact
on network throughput. Even when F; changes from 0 to
0.1, the network throughput decreases from 32.18 to 26.30.
This confirms our hypothesis that the device power cannot be
neglected in the problem formulation.

2) Optimal Throughput-Energy Curve: For the same 50-
node network instance, we characterize its optimal throughput-
energy curve based on our approach in Section IV. The
optimal throughput-energy curve is depicted in Fig. 9, which
verifies all three properties as stated in Property 1. As shown in
the figure, the curve is nondecreasing. The network throughput
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TABLE III
POWER ASSIGNMENT FOR EACH ACTIVE LINK IN THE FINAL SOLUTION
FOR THE 50-NODE NETWORK.

Link Power Link Power Link Power
1— 27 0.1832 1— 23 0.5066 1—-17 0.4910
2 — 45 0.2003 224 0.0414 3 — 44 0.2012
3 — 13 0.1750 3—6 0.0305 4 — 45 0.1987
4 — 22 0.1493 4 — 13 0.2396 5— 44 0.2120
5—+8 0.1835 5—=7 0.0283 6 — 4 0.5651
7—15 0.4338 7—38 0.1368 8 — 44 0.0740
8 —+ 15 0.2590 8 =7 0.1275 8 =3 0.5422
9 — 43 0.1589 9 — 10 0.2867 10 — 47 0.2002
10 — 42 0.2853 10 — 27 0.3039 10 — 26 0.0103
10— 9 0.1919 10—>1 0.3047 11 — 34 0.2576
11 — 32 0.1568 13 >4 0.4706 13 —» 3 0.0891
14 — 22 0.2455 15 — 47 0.2349 15— 8 0.5184
15— 7 0.6236 17 — 45 0.1398 17 — 23 0.0303
17 —» 14 0.1447 22 — 45 0.0477 22 —» 17 0.3894
22 —» 14 0.2639 24 — 47 0.4010 24 —» 2 0.0588
25 — 37 0.1337 26 — 32 0.3546 27 — 39 0.4766
27 — 10 0.3217 27 —» 1 0.1171 29 — 39 0.5384
29 — 34 0.2134 29 — 32 0.0846 29 —» 1 0.6409
30 — 25 0.0824 32 — 36 0.0807 32 —» 11 0.2872
33 — 43 0.5296 34 — 35 0.4374 34 — 29 0.2962
34 — 11 0.1407 35 — 41 0.3464 35 — 34 0.3822
36 — 30 0.4168 37 — 33 0.1863 39 — 29 0.0862
39 — 27 0.3252 39 — 23 0.0894 39 — 17 0.5201
41 — 14 0.2582 42 — 47 0.0167 42 — 15 0.1460
42 — 10 0.2679 43 — 47 0.4785 43 — 21 0.4445
43 — 9 0.2374 44 — 5 0.3346 44 — 3 0.5413
45 — 22 0.0387 45 — 17 0.3761 45 — 4 0.1229
45 — 2 0.1409 47 — 43 0.4451 47 — 42 0.0347
47 — 24 0.5701 47 — 15 0.2655
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Fig. 9. The optimal throughput-energy curve for the 50-node network,
where the “\\” sign in the figure indicates nonlinear scale for Phet €
[106.20, 431.20].

remains at zero when the network energy consumption rate is
no greater than Pt,,¢. For the starting point (Patart, 0), since
Session 1 needs at least 5 hops , we have Pyay = 5- Py = 1.
For the saturation point (Piat,Usat), we get (Paat, Usat) =
(106.20,36.14). The network throughput ceases to increase
and remains at 36.14 when the network energy consumption
rate exceeds P, = 106.20.

C. Results for the 100-node Network

For the 100-node network, we assume that there are |F| =
10 active sessions in the network, with each session’s source
node, destination node, and weight given in Table V.
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TABLE IV
FLOW ROUTING RESULTS FOR THE 50-NODE NETWORK.
SBS;IOH Flow rate on each link attributed to session f
T‘104>27(1) = 2.59, TlOHQG(l) = 1.94, T‘114>34(1) =1.94
1 rog—32(1) = 1.94, ra7_39(1) = 2.59, r2g_534(1) = 2.59
r3o11(1) = 1.94, r3g35(1) = 4.53, r39520(1) = 2.59
’r‘1_>27(2) = 1.54, ’r‘2_>24(2) = 2.10, ’r‘g_>43(2) =1.54

T10_>9(2) = 1.54, ’r‘11_>32(2) = 1.35, ’r‘14_>22(2) = 2.10
T‘224>45(2) = 2.10, T‘244>47(2) = 2.10, T‘254>37(2) = 2.81
T‘274>10(1) = 1.54, T‘294>32(2) = 1.46, T294)1(1) = 1.54
2 T‘304>25(2) = 2.81, T‘324>35(2) = 2.81, T‘334>43(2) = 2.81
r34-529(1) = 2.99, r3s411(2) = 1.35, r3s41(1) = 2.10
r35534(2) = 4.34, r36530(1) = 2.81, r3733(1) = 2.81
T‘414>14(1) = 2.10, T‘434>21(1) = 6.45, 7‘454>2(1) = 2.10
T‘474>43(1) = 2.10

7‘14>23(3) = 2.10, 7‘14>17(3) = 0.32, 7‘24>45(3) =0.32
7‘34>13(3) = 2.99, T‘34>G(3) = 2.59, 7‘44>45(3) =2.75
’r‘4_,22(3) = 2.83, 'r5_,44(3) = 1.70, r5_,3(3) = 3.07
’r‘5_>7(3) = 4.29, T6_>4(3) = 2.59, 7’7_;15(3) =194
r7_,3(3) = 2.35, ’r‘g_>44(3) = 1.70, ’r‘g_>15(3) =1.54

3 T‘84,3(3) = 2.18, T‘104>27(3) = 1.54, T10H1(3) =1.62
7‘134>4(3) = 2.99, T‘154>47(3) = 3.48, T‘174>23(3) =6.23
ng_,45(3) = 0.32, ng_,17(3) = 2.51, T‘24_;2(3) =0.32
'r27_,39(3) = 0.73, 'r27_,1(3) = 0.81, ’r‘39_>23(3) =0.73
T‘424>10(3) = 3.15, 7‘444>3(3) = 3.40, T‘454>17(3) = 3.40
T‘474>42(3) = 3.15, T‘474>24(3) =0.32

7‘14>17(4) = 1.94, 7‘24>45(4) = 2.18, 7‘94,10(4) =1.94
T‘104>27(4) = 1.94, T‘174>14(4) = 1.94, T‘224>14(4) =2.18
r24_,2(4) = 2.18, r27_,1(4) = 1.94, ’r‘43_>47(4) = 2.18
r43_,9(4) = 1.94, ’r‘45_>22(4) = 2.18, ’r‘47_>24(4) = 2.18
T‘1_>27(5) = 1.78, r3_,44(5) = 2.18, r4_,13(5) = 2.18
’r‘5_>7(5) = 2.18, ’r‘g_>7(5) = 2.26, 7’10_;47(5) =1.38
T‘104>42(5) = 3.24, 7‘134>3(5) = 2.18, T154>8(5) = 2.26
5 7‘154>7(5) = 2.35, T‘174>45(5) = 2.18, T‘274>10(5) =4.61
T‘294>39(5) = 5.02, 7‘294>1(5) = 1.78, T‘394>27(5) = 2.83
ng_,17(5) = 2.18, ’r‘42_>47(5) = 2.26, 'r42_,15(5) =0.97
’r‘44_,5(5) = 2.18, ’r‘45_,4(5) = 2.18, 'r47_,15(5) = 3.64

We assume that the maximum network-wide energy con-
sumption rate is given by P, = 60. By employing our
method, we obtain that the maximum network throughput is
U = 34.49. The achieved session data rates are 1 = 9.68,
ro = 2.76, r3 = 7.07, 1y = 2.52, r5 = 9.40, r¢ = 4.00,
ry = 2.30, rs = 2.57, rg = 7.82, and 19 = 3.39. The
detailed results for power assignment and flow routing are
given in Tables VI and VII, respectively. The above numerical
results were obtained when P; = 0.2. We also show in Fig. 11
how the throughput changes for the 100-node network with
P; = 0.2 as the device power varies.

D. Results for the 200-node Network

For the 200-node network, we assume that there are |F| =
12 active sessions in the network, with each session’s source
node, destination node, and weight given in Table VIII.

We assume that the maximum network-wide energy con-
sumption rate is given by P, = 160. By employing our
method, we obtain that the maximum network throughput is
U = 78.84. The achieved session data rates are r; = 15.23,
ro = 10.27, r3 = 9.70, r4 = 11.84, r5 = 13.07, ¢ = 1.86,
ry = 1014, rg = 2.67, rg = 709, 10 = 1.04, 1 = 27.67,
and r12 = 6.06. The detailed results for power assignment and
flow routing are omitted to conserve space. The device power
and throughput curve and the optimal throughput-energy curve
follow a similar pattern as for the 50- and 100-node network,
which are also omitted here for the sake of brevity.
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where the “\\” sign in the figure indicates nonlinear scale for Phet €
[102.64, 708.40).

VI. CONCLUSIONS

This paper has explored problems associated with total
network energy, an area that is of great significance to
network operators but has not been well studied by the
research community. Specifically, we examined the follow-
ing two problems. In the first problem, we studied how to
maximize network throughput under a network-wide energy
constraint. We formulated this problem as a mixed-integer
nonlinear program (MINLP) and proposed a near-optimal
solution procedure with a guaranteed performance bound that
is asymptotically optimal. In the second problem, we explored
the joint optimization of both network throughput and energy
consumption via a multicriteria optimization framework. We
showed how to generate weakly Pareto-optimal solutions in
order to characterize an optimal throughput-energy curve. In
our study, we have considered the device power associated
with an active link, which turns out to be a significant factor
that affects throughput performance but has been overlooked
in prior efforts. The results in this paper offer both theoretical
solutions and practical insights to network operators when
total energy consumption is of interest while maximizing
network throughput.
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TABLE V
EACH SESSION’S SOURCE NODE, DESTINATION NODE, AND WEIGHT FOR
THE 100-NODE NETWORK.

Session f | Source node s(f) | Dest. node d(f) | Weight w(f)
1 40 26 0.9
2 27 17 0.8
3 4 55 0.7
4 31 41 0.2
5 78 100 0.8
6 7 83 0.6
7 73 91 0.3
8 12 10 0.4
9 64 38 0.6
10 51 56 0.5

TABLE VI

POWER ASSIGNMENT FOR EACH ACTIVE LINK IN THE FINAL SOLUTION
FOR THE 100-NODE NETWORK.

Link Power Link Power Link Power
1 — 42 0.2149 27 0.2222 3 —91 0.5415
4 — 83 1.0234 4 — 8 0.9766 6 — 99 0.0232
6 — 34 0.2688 7T — 74 1.4991 7 — 42 0.3606
8 — 83 0.1404 8 — 11 0.2158 11 — 52 0.1615
11 — 23 0.3240 12 -5 71 0.3392 13 — 56 1.6038
14 — 55 0.0315 14 — 3 0.5382 15 — 90 0.9677
15 —>1 1.0323 18 — 89 | 0.2942 20 — 38 2.0000
23 — 65 0.1818 23 — 41 0.2434 27 — 18 0.1185
28 — 52 0.0176 28 — 39 | 0.3859 29 — 38 1.5862
30 — 85 0.5012 30 — 43 | 0.2242 31 — 60 0.1188
34 — 99 0.1345 34 — 67 | 0.3060 34 — 6 0.1601
36 — 100 | 0.3526 39 — 68 | 0.3097 40 — 47 1.1874
40 — 30 0.8126 41 — 26 | 0.5198 42 —» 74 0.9261
42 — 46 0.1153 42 — 36 | 0.9586 43 — 85 0.3057
45 — 72 1.5655 46 — 94 | 0.3396 46 — 42 0.0473
47 — 86 0.6319 47 — 17 | 0.4046 48 — 13 0.1070
51 — 99 0.8480 52 — 65 | 0.2639 52 — 28 0.0243
52 — 23 0.2692 54 — 10 | 0.7201 55 — 68 0.2972
56 — 76 0.0261 60 — 28 | 0.4521 64 — 67 0.3104
64 — 48 0.0627 65 — 77 | 0.4445 66 — 73 0.6573
67 — 76 1.4814 67 — 34 | 0.5186 68 — 55 0.3907
68 — 54 0.7710 71 — 14 | 0.0362 72 — 2 0.2333
73 — 41 0.3026 73 — 14 | 0.5069 74 — 100 | 0.3338
74 — 36 0.0155 76 — 56 | 0.0236 76 — 29 0.2422
77T — 55 0.3670 78 — 45 | 0.9702 78 — 15 0.1884
79 — 40 0.7875 83 — 11 0.0566 85 — 26 2.0000
86 — 95 0.0144 89 — 79 | 0.2912 90 — 94 0.1828
94 — 83 1.8608 94 — 46 | 0.1392 95 — 66 0.4048
99 — 20 0.3262 99 — 6 0.0390

In this study, we have employed orthogonal channels to
simplify scheduling at the link layer. However, our proposed
solution may also be extended to solve problems under more
complex interference situations. For example, we could extend
our approach to the interference models proposed in [15],
[18]. In these models, the network was represented as a
directed graph, where the vertices represent the nodes and
the links represent the communication links. A node can only
receive from or transmit to at most one node in any time-slot.
Under such an interference model, we can introduce suitable
binary variables and use linear constraints to characterize the
node-exclusive interference relationship in the network. In
this case, the problem formulation will still be an MINLP.
It will have more linear constraints, but the same set of
nonlinear constraints as those in the present paper (i.e., based
on logarithmic functions for computing the link capacities).
Therefore, we can likewise apply the linear approximation
technique proposed herein to transform such an MINLP into
an MILP and solve it thereby to derive a near-optimal solution.
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TABLE VII
FLOW ROUTING RESULTS FOR THE 100-NODE NETWORK.
Ses;lon Flow rate on each link attributed to session f
T30—85(1) = 3.00, r30-43(1) = 3.78, r40-47(1) = 2.90
1 r40—30(1) = 6.77, r41526(1) = 2.90, T43-85(1) = 3.78
ra7s6(1) = 2.90, reg—73(1) = 2.90, r73541(1) = 2.90
rg5—26(1) = 6.77, rge—95(1) = 2.90, ro5e6(1) = 2.90
9 r1889(2) = 2.76, r27518(2) = 2.76, rao—47(2) = 2.76
ra7—17(2) = 2.76, T79540(2) = 2.76, r8979(2) = 2.76
ra—83(3) = 3.23, 1138 (3) = 3.84, 75 583(3) = 1.59

T8411(3) = 2.24, T11—52 (3) = 4.33, T11—23 (3) =2.74
3 723565 (3) = 2.74, T28 -39 (3) = 2.91, T39—568 (3) =2.91
r52-65(3) = 1.42, r52528(3) = 2.91, 16577(3) = 4.16
T68—55 (3) == 2.91, T77—55 (3) =4. 16 7’33_;11(3) = 4.82
( ( (
(

4 T23—41 4) == 2.52, T28—52 4) == 2 52 T31—60 4) = 2.52
r52-523(4) = 2.52, reo—28(4) =

7’1_;42(5) = 2.96, 7’2_;7(5) = 3. 60 7’7_>74(5) = 3.38
7’7_;42(5) =0.22 7’15_;90(5) = 2.84, 7’15_;1(5) = 2.96

5 T354100(5) = 6.13, T‘424>74(5) = 3.01, T‘424>35(5) = 3.00
T45—>72 (5) = 3.60, T46—42 (5) = 2.84, T72*>2(5) = 3.60
r74-100(5) = 3.27, r7436(5) = 3.13, r7845(5) = 3.60
7’73_>15(5) = 5.80, 7’90_>94(5) = 2.84, r94—46 (5) = 2.84
7’7_;42(6) = 4.00, r42_46 (6) = 4.00, 7’46_>94(6) = 4.00
7T904—83 (6) =4.00

7 1”3_>91(7) = 2.30, 7’14_>3(7) = 2.30, 7’73_;14(7) = 2.30
T12—>71 (8) = 2.57, T14—55 (8) = 2.57, T54‘>10(8) = 2.57
T55—68 (8) = 2.57, T58‘>54(8) = 2.57, T71‘>14(8) = 2.57
TGHQQ(Q) = 2.74, T13—56 (9) = 3.53, T20—38 (9) =4.10
T29—538 (9) = 3.72, T34—99 (9) = 1.36, T34*>5(9) =2.74

9 7’43_>13(9) = 3.53, T56—76 (9) = 3.53, T64—>67(9) =4.29
T64— 48 (9) = 3.53, T67—76 (9) = 0.20, T67—>34(9) =4.10
T76 —29 (9) = 3.72, T99‘>20(9) = 4.10

7’6—»34(10) = 3.39, 'r34_,67(10) = 3.39, 7’51_>99(10) = 3.39
TG7*>75(10) = 3.39, T‘754>5G(10) = 3.39, TQQA)G(].O) = 3.39
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TABLE VIII
EACH SESSION’S SOURCE NODE, DESTINATION NODE, AND WEIGHT FOR
THE 200-NODE NETWORK.

Session f | Source node s(f) | Dest. node d(f) | Weight w(f)
1 35 21 0.9
2 115 23 0.7
3 43 114 0.6
4 29 7 0.8
5 58 25 0.5
6 147 99 0.9
7 3 62 0.7
8 137 17 0.4
9 78 65 0.5
10 147 99 0.9
11 183 162 0.5
12 137 17 0.9
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APPENDIX

Proof of Lemma 2 Our proof is based on contradiction. As-
sume that the number of linear segments that Algorithm 1
generates is K, and sl(k), k=0,..., K, are the corresponding
s;-axis end-point values. Suppose that there is another piece-
wise linear approximation that needs K] < K; linear segments
with £ ( k= 0,..., K/, ! = 0 and ¢V = smox) being
the corresFonding s;-axis values at the end-points.

Since s;  is the largest possible s;-axis value of the second
end-point given the e-tolerance, we have that tl(l) < sl(l). By

induction, we can show that tl(k) < sl(k), k=1,...,K]. For
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k = K], we have tl(Kl) < sl(Kl). Furthermore, since K| <
Kl

K, we also have sl( 0 < s;"®%, Therefore, we conclude that
K, K/ . . .. K/

tl( )< sl( D < s;%, which is a contradiction to tl( D =

5;7@%. This completes the proof. (]

Proof of Lemma 3 Note that the only difference between
OPT and OPT-R is with respect to the link capacity con-
straints. Each link capacity constraint for link [ in OPT
is replaced by a set of linear constraints in OPT-R. Since
these linear constraints are generated by the piece-wise linear
segments lying beneath the log curve, the feasible region of
OPT-R is contained within the feasible region of OPT. Thus, a
feasible solution to OPT-R is also a feasible solution to OPT.
O
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