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Abstract

Increasing the capacity of wireless mesh networks has motivated numerous studies. In this context, the
cross-layer optimization techniques involving joint use of routing and link scheduling are able to provide
better capacity improvements. Most works in the literature propose linear programming models to
combine both mechanisms. However, this approach has high computational complexity and cannot be
extended to large-scale networks. Alternatively, algorithmic solutions are less complex and can obtain
capacity values close to the optimal. Thus, we propose the REUSE algorithm, which combines routing
and link scheduling and aims to increase throughput capacity in wireless mesh networks. Through
simulations, the performance of the proposal is compared to a developed linear programming model,
which provides optimal results, and to other proposed mechanisms in the literature that also deal with
the problem algorithmically. We observed higher values of capacity in favor of our proposal when

compared to the benchmark algorithms.
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1. Introduction

The study of the capacity of wireless mesh net-
works (WMNs) has received a great deal of at-
tention in the last years [1, 2, 3, 4, 5, 6]. These
works show that the capacity of WMNs depends
on several factors such as nodes density and place-
ment, and traffic demand. Gupta and Kumar
[1] show that the throughput per node is given
by @(ﬁ), assuming arbitrar.y communication
pattern between pairs of n identical and randomly
placed nodes. Following this fundamental work,
different models for a variety of scenarios were
proposed to estimate the capacity of WMNs [7, §].

A methodology commonly used on these works
to calculate bounds for the network capacity as-
sumes that link scheduling occurs in slots of time,
where links that do not present mutual interfer-
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ence may be activated at the same time slot. Hence,
optimal link scheduling algorithms aim to deter-

mine the links that will be activated in each time

slot in such a way that all links of the network

are scheduled at least once in a certain minimum

number of slots. When used as the TDMA sched-

ule, this minimum sequence of slots corresponds

to the maximum capacity of network under asymp-
totic traffic conditions. Thus, the goal is to mini-

mize TDMA schedule length in order to maximize

capacity. On the other hand, this same TDMA

schedule length designates the maximum through-

put that can be achieved under a certain traffic

demand matrix. In this case, only the links with

traffic demand should be scheduled. The works

in [2, 9, 3, 10, 4, 11, 12, 5, 13, 14, 6] follow this

approach.
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Some of these works [2, 3, 10, 12, 5, 13, 14] in-
tegrate routing and link scheduling in order to ob-
tain improved performance bounds. These works
define how links should be scheduled and which
routes should be chosen to meet a certain traf-
fic demand in a minimum time. They show that
the combined use of routing and link scheduling
mechanisms provides a better performance than
the independent use of them.

The idea of coupling these mechanisms comes
from the fact that one can select routes that suf-
fer and cause less interference, and hence, favor
the simultaneity in their links activation. The in-
tegrated mechanisms look for a balance between
choosing longer routes, which are less prone to in-
terference, but have more links to be scheduled,
and selecting shorter routes with fewer links that
suffer a larger interference. Conversely, routing
has a great impact in the link scheduling since
multi-hop paths followed by traffic flows deter-
mine the links of the network that need to be
activated and their respective demand. Normally,
scheduling algorithms deal with this increased de-
mand by assigning weights to links that are tra-
versed by traffic flows.

However, the joint optimization, named cross-
layer, of routing and link scheduling mechanisms
presented in most of these works uses the lin-
ear programming optimization approach to ob-
tain performance bounds. Therefore, there are
few works that follow an algorithmic approach to
propose combined link scheduling and routing al-
gorithms [13, 14]. The algorithm proposed in this
paper follows this approach.

At first, this paper evaluates the impact of the
routes used by multi-hop flows in WMNs in the
performance of link scheduling algorithms. Fol-
lowing, a joint mechanism of routing and schedul-
ing, called REUSE, that explores the spatial reuse
by favoring the simultaneity in links activation is
proposed. This mechanism defines both a routing
metric and a scheduling algorithm in which the
traffic demand and the allowed degree of interfer-
ence among links have been taken into account.

The main contributions of this paper are two-
fold, the proposal of the REUSE algorithm, which
combines routing and link scheduling, and its eval-

uation and comparison to other proposals and to
the joint optimization through linear program-
ming of both mechanisms. The obtained results
show the efficiency of the mechanism in compar-
ison to other three algorithms [4, 6, 15], two of
which schedule links traversed by shortest path
flows [4, 6] and a third one that performs inte-
grated routing and link scheduling [15].

This paper is organized as follows. The next
section presents related works. Section 3 describes
the proposed mechanism. In Section 4, the simu-
lation environment, the models used in the perfor-
mance evaluation of the algorithms, and the prob-
lem formulation through linear programming are
detailed. Section 5 shows the numerical results
obtained through simulation and linear program-
ming optimization as well as a discussion about
them. Finally, Section 7 draws the conclusions.

2. Related Work

The problem of link scheduling in wireless net-
works has been tackled for a long time [16, 9, 10,
17,4, 15,12, 11, 5, 6, 18, 14]. These works address
the problem in an isolated fashion [9, 10, 4] or
jointly with routing and topology/power control
[16, 17, 15, 5, 12]. According to the used method-
ology, existing works can be classified as follows:
i) optimization by linear/integer programming [17];
ii) graphs coloring [19, 12] iii) approximation algo-
rithms [4, 6]; iv) other (neural networks, genetic
algorithms, heuristics, etc.) [16, 15, 11]. Concern-
ing the interference model, these studies use the
protocol (or UDG) [9, 12] or physical (or SINR)
models [4]. In most cases, algorithms/heuristics
are centralized and require global topology knowl-
edge and/or information about links’ interference
levels. However, some studies propose distributed
algorithms [19, 12] based on graph coloring.

A work similar to ours is presented in [14].
The authors propose the use of multipath routing,
where each one of the paths followed by a certain
flow is sequentially chosen by using a metric that
takes into account the scheduling of the links tra-
versed by the previous path. The results of their
heuristic are compared to the optimal value ob-
tained by solving an optimization problem that



takes into account both routing and scheduling.
However, the authors do not compare their results
to others in the literature.

By modeling the wireless network as a graph,
the scheduling problem can be translated into a
graph coloring problem [19, 3, 12]. This coloring
can be made both on edges (edge-coloring) and on
vertices (vertex-coloring). In the first case, the
coloring is valid if all incident edges of a vertex
have distinct colors. This coloring can be easily
mapped to a TDMA scheduling, where each edge
represents a communication link and each color
corresponds to a TDMA slot. Edges that receive
the same color correspond to links that can be
activated in the same slot. The disadvantage of
edge coloring is that despite of ensuring that there
are no primary conflicts in scheduling?, it does not
guarantee that there are no collisions caused by
mutual interference due to the activation of two
or more links that share the same color.

To overcome this problem, the work in [3] in-
troduces the concept of conflict graph, whose ver-
tices correspond to communication links and an
edge between two vertices exists if the two links
cannot be simultaneously activated. Therefore, it
is possible to create edges in the conflict graph
that represent the mutual interference between
links for a given interference model. Thus, when
coloring the vertices of the conflict graph, which
establishes that any two adjacent vertices must
receive distinct colors, conflicts caused by sched-
uling interference are avoided. In summary, the
problem of interference-free scheduling of links con-
sists on determining the minimum number of col-
ors necessary to color the vertices of the conflict
graph. The work in [12] proposes several algo-
rithms, both centralized and distributed, to the
coloring problem.

The next three subsections detail the three
algorithms that have been used as comparison
basis to the proposed one. The first one, the
LDF (Lesser Distance First) algorithm [6], was
chosen due to its ability to provide the upper-

'Occurrence in the same slot of simultaneous trans-
mission and reception at the same node or recep-
tion/transmission to/from two or more nodes

bound capacity of arbitrary networks. Also, the
authors prove that the algorithm approximates to
the optimum solution within a factor of O(log(n)),
where n is the number of links. The second algo-
rithm, GreedyPhy, deals with heterogeneous traf-
fic demands, presents good performance and was
used as basis for our proposal. The third algo-
rithm, IRMA, is the most similar to ours since
it defines integrated routing and MAC scheduling
algorithms.

2.1. LDF Algorithm

The work in [6] presents a centralized sched-
uling algorithm that determines the throughput
capacity of arbitrary networks. It employs the
SINR interference model together with a geomet-
ric analysis. The objectives of the algorithm are
to maximize the amount of links scheduled con-
currently in a slot and to schedule all links in the
smallest amount of slots.

The algorithm chooses from aset L = {ly, ..., [,,}
of links to be scheduled the smaller link [, of
length d,, (Euclidean distance between source s,
and receiver r,). After [, is added to slot s; of
set S ={s1, ..., s7}, the SINR restriction guaran-
tee is performed in two steps. First, every link
[, that is within a radius c¢-d,, of the receiver
r, is removed from the set L, where ¢ is a con-
stant determined by geometric calculations and
depends on the SINR required by link /, and on
the average path loss exponent. In the second
step, all remaining links that have affectedness
greater than or equal to 2/3 are also removed from
the set L. The affectedness of a link [,, measures
how this link is affected by transmission of others
links already present in one slot and is given by
As(ly) = B>, es Tow + N)/Puw. In this equa-
tion, [ is the SINR required by link [, I, is the
total interference within one slot of set S, caused
by all transmitters s, in the receiver r,,, N is the
background noise power and P,,, is the received
power in receiver r, from transmitter s,. The
algorithm is executed repeatedly, taking as input
L=L\S (t=1,..,7), until all links of set L
have been scheduled.



2.2. GreedyPhy Algorithm

The work in [4] proposes a centralized algo-
rithm, called GreedyPhysical, which employs the
SINR interference model and a conflict graph that
models each edge as a vertex. Each edge has a
weight representing the signal strength received
by other vertices. The idea is used to calculate the
interference that each node causes over all others
while it is transmitting.

The first step of the algorithm to calculate
the schedule Spp, is to determine the interfer-
ence number of each link, and sort those links
in decreasing order of interference number. The
interference number of a link e = (u,v) is the
number of links e; that do not own vertex u or
v, and cannot be simultaneously scheduled with e
due to interference. After ordering them, links are
greedily scheduled in the first possible slots. To
determine whether it is possible to schedule e; in
slot t; the algorithm checks if the power added by
e; in each link already scheduled in that slot does
not exceed the required SINR threshold. Also, the
sum of the power of all transmissions previously
scheduled should not exceed the same threshold
at e;. If existing slots are not sufficient to allo-
cate all transmissions of e;, new slots are added
to the end of the Spp, schedule. The remaining
transmissions of e; are scheduled alone in these
slots.

2.3. IRMA Algorithm

The work in [15] proposes centralized algo-
rithms to jointly select paths to be followed by the
flows and to set up end-to-end TDMA schedules.
In [13], the same authors provide distributed algo-
rithms for the same problem. For path selection,
an SPF algorithm is used, where the cost of each
link is updated with the number of already allo-
cated slots plus blocked slots. Then, min-hop and
bandwidth-aware algorithms are used to calculate
the path for the flow. Once the path is selected,
the TDMA schedule for each link along the path
is updated to account for the allocation of slots
required by this new flow. Also, those links which
cannot be concurrently scheduled with these links
have their respective slots blocked. To determine
which links cannot be simultaneously scheduled

within the allocated slots, IRMA uses an n-hop
neighborhood interference model.

The n-hop neighborhood interference model is
derived from the protocol-based interference mo-
del, where distance-based constraints are substi-
tuted by hop-based ones. The model states that
any node k within the n-hop neighborhood of the
intended receiver must be not transmitting. Thus,
n is used as interference index instead of the inter-
ference range. Let a and STN Rypesn be the path
loss exponent and the minimum required SINR
in order to successfully decode a packet, respec-
tively, then n should be the first integer that sat-
isfies n >= /SINRypresn [15]. Due to the use
of this interference model, IRMA does not guar-
antee an interference-free schedule, i.e. collisions
may occur in some slots. For this algorithm be
compared to the others, which are interference-
free, we choose n as the first integer that sat-
isfies the equation above but that also provides
an interference-free schedule, i.e. we increase the
value of n until this is achieved.

3. Proposed Mechanism

The proposed mechanism, named REUSE, is
based on the use of a routing metric that favors
spatial reuse, and of a scheduling algorithm that
increases the number of simultaneous activated
links. Next, the REUSE mechanism and the as-
sumptions used in its distributed design are de-
scribed.

3.1. REUSE Mechanism

The REUSE is composed of two mechanisms
for routing and link scheduling, which were spe-
cially designed to work together aiming to obtain
a cross-layer optimization. The routing mech-
anism consists of a new metric, which assumes
the use of an SPF algorithm, while the proposed
scheduling algorithm is an extended version of the
GreedyPhy [4], which is described in Section 2.2,
with the purpose of coupling it with the routing.
Although the separate operation of both mech-
anisms is straightforward in its objectives, their
joint operation is the main contribution of the
REUSE mechanism.



The extensions to the GreedyPhy algorithm
concern the calculation of the interference number
of each link. In our proposal, this value is calcu-
lated by multiplying the traffic demand of the link
by the number of links with which it cannot be
simultaneously scheduled since they cause mutual
interference. Moreover, only links that have some
traffic demand are counted as interfering links,
instead of all links as in the original algorithm.
However, as said before, the traffic demand im-
posed on links depends on routes chosen by flows.
By doing this extension, a coupling between rout-
ing and link scheduling is created, which means
that the choice of routes has an impact on how
links will be scheduled, i.e. a joint mechanism is
designed. Considering a network where all traffic
flows from multiple sources to a unique sink, the
intuition behind this extension is related to the
fact that links to/from the sink (or gateway) are
usually the most demanding, and then should be
scheduled with priority.

The reasoning behind the routing metric is
to balance traffic across the network, increasing
the weight of links around routes used by flows
according to the level of interference that is al-
lowed. This load balancing favors simultaneous
link schedules, increasing spatial reuse and, hence,
the network capacity.

In the beginning, all links have their weights
set to 1, which are modified as new flows enter or
leave the network. We assume the following sets
of nodes and links:

N; - set of nodes traversed by the flow ¢;

R; - set of links traversed by the flow ¢;

e V; - set of one-hop neighboring nodes of nodes
that belong to N;;

E(X) - set of all incident links to nodes of
the set X.

The weight of link j assumes a new value w; given
by:

w; xa Vje R;
w;£B VjeE(N;)|j¢ R (1)
wjty VjeEWV)|j¢EEN).

Where w; is the previous weight of the link j, and
a, (3, and ~ should be set according to the follow-
ing reasoning. Firstly, these parameters should
assume values of the same order of magnitude of
the initial weight since SPF depends on relative
weight values. In the case where these parame-
ters are much smaller than the initial weight, they
will not influence route calculations. In contrast,
if set too large they can completely exclude links
already used, and hence create stretched routes,
which require lengthy scheduling. Moreover, it is
intuitive to have o > 3 > v since their objective
is to discourage the use of: i) firstly, the links tra-
versed by the flow; ii) followed by the links related
to the nodes traversed by the flow; iii) and finally,
the links related to the one-hop neighbor nodes of
the nodes traversed by the flow.

Another important issue regarding «, 5 and
v calculation is the susceptibility of close links
to suffer interference. This can be measured by
the SIN Rypresh, i.e. the minimum signal-to-noise
ratio (in dB) required to decode a packet at the
transmission rate used by link j. For this purpose
we define the equation 2.

(SIN Ripresn — minSINR)
(mazSINR — minSINR)

(2)

r=1

Equation 2 provides values between [1, 2] for
SIN Rypresn, in the range of 5 (minSINR) to 30
(maxSINR) dB, which roughly corresponds to
the SINR values required to successfully decode
frames transmitted at 2 Mbps and 54 Mbps rates
in the 802.11g, respectively. The higher the value
of SIN Rypresn, the higher are the weights assigned.
Thus, one can describe a, fand yas 1 * r,1/2 * r
and 1/4 x r, respectively.

The intuition behind the definition of param-
eter r (Equation 2) used in the «,  and 7 cal-
culation is that links are more susceptible to in-
terference in scenarios where higher transmission
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Figure 1: Three consecutive routes created by the pro-
posed routing metric.

rates are used. Therefore, the higher values of
SIN Rpresn needed to decode packets transmit-
ted at higher rates result in an increased r, and
hence in higher values for «, # and 7. By doing
0, a better spatial spreading of future calculated
routes is expected, which favors simultaneity of
links scheduling.

Once new weights are determined, the route
to be followed by a new admitted flow must be
the one with lowest cost calculated by the SPF
algorithm. The sign 4 in the Equation 1 indicates

that the value of w; should be increased (+ sign)
at the arrival of a new flow and decreased (— sign)
when a flow leaves the network.

Figure 1 exemplifies the sequential establish-
ment of three routes from source nodes 1, 5 and
2 to destination node 16 in a grid topology un-
der the proposed routing metric. The subfigures
show the paths taken by each route (indicated by
the boldest lines) and the updated link weights
after each route creation. The start of each flow
increases the weights of links closer to the selected
path by the parameters «, 8 and 7. The SPF algo-
rithm tends to select new paths that pass through
lowest cost links, which are farther from the previ-
ously created ones. This way, the proposed metric
promotes spatial spreading of routes, which favors
posterior link scheduling.

3.2. Distributed Design Assumptions

The REUSE mechanism assumes a central-
ized approach with global information knowledge.
However, we argue that a distributed algorithm
could be developed. In the following, some con-
siderations in defining this algorithm are given.
Let a multi-hop wireless network be modeled as a
directed graph G(V, E') composed of a vertex set

V = {v,v9,...,0,}, n = 1,...,|V]| that represents
wireless nodes and a edge set E = {e12,...,€;;},
i,j7 =1,...,|F| that denotes communication links.

Assuming a global knowledge of all nodes posi-
tioning, propagation model and transmission power,
each node v; € V can determine a power matrix
P,, where each element p;, contains the recep-
tion power at node vy from node v; for j,k =
1,2,...,n. By using this matrix along with the
topology graph, each node can calculate inter-
ference numbers. However, with the purpose of
avoiding making strong assumptions about prop-
agation models, a new approach is described next.

Considering a distributed algorithm that as-
signs globally unique and ordered integer num-
bers to nodes (nodelD) [20], a sequence of mini-
slots can be used with the aim of each node v,
to obtain its power vector, i.e. the ith row of
the power matrix P,. During this sequence, each
node transmits a tone in the mini-slot match-
ing its nodelD. Assuming a conflict-free schedule



and global knowledge of nodelDs, each node can
calculate its own power vector. After flooding
their power vector, nodes can calculate interfer-
ence numbers for all links.

However, interference numbers calculated by
the method above do not take into account the
traffic demand of each link. In order to estimate
this, each node keeps track of the number of active
flows and their respective demand for each outgo-
ing link. By piggybacking this information on link
state advertisements, each node can locally calcu-
late interference numbers, rank links by this value,
and calculate respective schedules. Link weights
are also updated by using this looded information
according to equation 1.

In the next section, the interference and prop-
agation models used in the system evaluation are
detailed. Also, some details of the simulator used
in this assessment are provided. Next, the LP
formulation of the problem is presented.

4. Models, Simulation Environment and LP
Optimization

To determine the links that do not interfere
and therefore can be simultaneously activated, an
interference model should be used. Two models
are widely used: physical (or SINR) and proto-
col (or UDG). The first determines whether the
signal-to-interference+noise ratio (SINR) is greater
than a certain threshold so that the transmit-
ted signal can be decoded with a certain bit er-
ror rate (BER) [18]. The protocol model estab-
lishes that a successful transmission occurs when
a node is within the transmission range of the
intended transmitter and away from interference
range from others. In this second model, the
greatest difficulty is to determine the proper inter-
ference range. The work in [18] shows that, with
a good choice of this value, both models lead to
the same results, and the protocol model is much
simpler computationally.

In this study, the simulations consider the phys-
ical interference model (or SINR) associated with
the log-distance path loss model to determine the
feasibility in the concurrent activation of links.
The physical model establishes that the probabil-

ity of a successful packet reception is equal to 1 if
the SINR is above a certain threshold (STN Ripyesh)-
Equation 3 shows the necessary condition for suc-
cessful packet reception, where P,' is the signal
power of the intended transmitter ¢ and g;; is the
path loss from node 7 to node j on link e; ;. The
denominator corresponds to the noise N added to
the signal power that arrives at node j issued by
all possible interfering node k with k € N,k # i,
k=1,...,|K|, where K is the set of all transmiter
k that interferes in the receiver j of the link e;;.
In this model, the simultaneous scheduling of a
set of links is considered valid (or feasible) if all
transmissions do not suffer interference that can
cause loss of transmitted packets.

Pti * Gij
Z SINR hresh (3)
>k P ¥ g+ N t

The log-distance path loss model provides the
average received signal power (P,), given by Péf’,
where P, is the transmission power. The path loss
factor a reflects the influence of the environment,
d is the distance between transmitter and receiver
and ~y factor takes into account the influence of the
frequency, antenna gain and reference distance.

In addition to the restrictions imposed by in-
terference, called secondary constraints, the link
scheduling must meet the primary constraints, also
referred as wireless transceiver constraints in [5].
Typically, these transceivers are half-duplex, which
prevents a node to transmit and receive simulta-
neously. Moreover, a given node can receive pack-
ets from only one transmitter at each instant, and
can only transmit to one receiver at a time.

To take into account the routes used by the
scheduled flows, the traffic demand of each link
shall be calculated as the sum of each flow de-
mand passing through it. Once we know the traf-
fic demand of all links, the links that have zero
demand can be eliminated and those with non-
zero demand must be proportionally scheduled to
the amount of the demand.

The evaluation of link scheduling algorithms
consists in the generation of topologies and the
use of algorithms to determine the TDMA cycle
needed to meet the traffic demand. The proposed




le+10 T T —
1e+08-— S i
1e+06 .
10000

100

Number of combinations

Figure 2: Number of route combinations as a function of
H.

mechanism is compared to three algorithms de-
tailed in the subsections 2.1, 2.2 and 2.3. As the
first two algorithms do not work together with
a specific route selection algorithm, their perfor-
mance is obtained for different sets of shortest
path routes.

Thus, it was implemented in the simulator a
variant of the SPF algorithm that takes as input
a H parameter which has the following meaning.
When H = —1, the algorithm returns the first
shortest path from source to destination found.
When H = 0, it returns all shortest paths, and
when H > 0, all paths with up to H hops higher
than the shortest path are found. The imple-
mented algorithms are compared to the proposed
mechanism for different values of H. When H =
—1, only one route for each source will be used by
the algorithm, however, when H > 0, the combi-
nation of all routes for each source will be used in
the evaluation.

Considering a wireless network that has only
one gateway node and where all links have trans-
mission capacity of Whits/s, the scheduling size
T is related to the network capacity through C' =
W/T. Thus, the average size of the scheduling in
number of slots for that combination of routes will
be used as the performance metric to be evalu-
ated. The smaller is the scheduling size the higher
is the capacity.

The brute force method to the minimal sched-
uling problem would be to use all routes, from
the shortest up to N — 1 hops. However, the

number of route combinations presents a large in-
crease with H, as shown in Figure 2. This figure
shows the total number of computed routes when
H varies from 1 to 5 in scenarios of square grid
networks. The destination node is the one placed
at top-right corner of the grid topology and the
source nodes are the ones placed at the three other
corners. When H = 1 there are more than 100
route combinations in a small 3x3 network, and
more than 10 million route combinations in a 7x7
network. This result proves the infeasibility of a
brute force computation.

4.1. Problem Formulation through Linear Program-
ming

The LP formulation presented here is similar
to the one described in [3]. It considers multi-
ple flows, where each flow follows a single path,
with a physical-based interference model. How-
ever, additional constraints were added with the
purpose of obtaining the scheduling size as the
performance bound. Also, in our LP formulation,
all flows receive equal throughputs provide that
they have the same traffic demand.

The complete LP formulation, similar to the
one presented in [3], is summarized below for the
sake of clarity. Given a wireless network with N
nodes, the connectivity graph C'(N¢, L¢) is com-
posed by the vertex set No (wireless nodes) and
the edge set Le (wireless links). There is a di-
rected link /;; from node n; to n; it SNR;; >=
SN Ripres, and @ # j, where SNR;; means the
signal-to-noise ratio at the node n; for transmis-
sions received from node n;, without considering
any interference.

Let us consider communication between mul-
tiple sources, ny € S, and a single destination, ng.
Finding the maximum achievable throughput be-
tween the sources and the destination using single
path can be formulated as a linear program cor-
responding to a multi-commodity flow problem.
Also, let us consider that there are k commodities
in M = {M, Ms, ..., My}, defined by M; = (i, s),
where n is the source of commodity . Thus, f;jx
denotes the amount of flow on link /;; from com-
modity k, Cap;; denote the capacity of link [;;,



and Lo is a set of all links in the connectivity
graph.

The maximization states that we wish to max-
imize the sum of flow out of the sources. The con-
straint (5) establishes the flow conservation, i.e.,
at every intermediate node, except the sources
and the destination, the amount of incoming flow
is equal to the amount of outgoing flow. The con-
straints (6) and (7) state that the incoming flow to
source nodes and the outgoing flow from the des-
tination node is 0. The constraint (8) restricts the
amount of flow on each link to be non-negative.
The constraint (9) indicates the amount of flow
on a link cannot exceed the capacity of the link.
The constraints (10) and (11) states that all flows
follow a single-path. The constraint (12) estab-
lishes that all sources generate the same amount
of flow. The constraints from (13) to (15) are re-
lated to the wireless interference. They state that
the amount of flow on a link is constrained by the
sum of the activity periods of the schedulable sets
that this link is a member of. A schedulable set
is composed by links that can be simultaneously
scheduled according to the physical interference
model. And, the maximal set is the one that by
adding any other link turns the whole set non-
schedulable. This LP formulation consider that
only one maximal schedulable set can be active
at a time (see [3] for more details), which means
that each schedulable set receives a fraction of
time given by \,.

Max:
Z fsik (4)
lsi€Lco
ng€eS
Subject to:

Z fijk = Z fiik s¥ni € No \ (SU{nq}) (5)
lij€ELc lji€Lc
(k,s)eM (k,s)eM

> fir=0 (6)

liSELC
ng€S
(k,s)eM

> fain=0 (7)
lai€Lc
fije >0 (8)
Z fiji < Cap;j 9)
(k,s)eM

fijk < C’apij “Zijk Vl” € Lo and Zijk € {0, ].} (10)

Zzijk <1, Vn (11)
Z fsjk = Z frjm (].2)
(k,s)eM (m,r)eM
ns€S n,.€s
S fir< D> XaCapi (13)
(k,s)eM lij€H,
K/
d <1 (14)
x=1
A>0 ) Vze {1..K’} (15)

Since finding all maximal schedulable sets is
a NP-hard problem [3], only a limited number of
sets are found in practice. In this case, the LP
formulation above provides only a lower bound of
the problem. The following algorithm has been
used to find K’ schedulable sets H, that are used
in the constraints (13) to (15) of the formulation
problem:

1. initialize * = 1 and Linkslist = sort of all
links € L in decreasing order of their in-
terference number;

2. put the first link [ of Linkslist in the sched-
ulable set H, and exclude [ from Linkslist;

3. for all [ € L¢, insert it in H, if it is still
schedulable;

4. if H, is equal to any previous H schedulable
set: discard it; else: increment x;

5. if Linkslist is not empty, put next link of
Linkslist in new H,, exclude it from Linkslist
and return to step 3;



6. if schedulable sets converge: exit; else: cre-
ate a new randomized Linkslist of all links
€ L¢, and return to step 2.

The algorithm above can find all maximal sched-

ulable sets if it is fed with all links list permuta-
tion (m! inputs, where m is the number of network
links) instead of randomized lists, as cited in the
step 6. We use a convergence criteria to limit the
computational cost. If steps from 2 to 5 do not
increment the number of schedulable sets for 10
times, we stop the algorithm. Other stop criteria
is to use 50 thousands link randomization, or x
greater then 200 thousands since a large number
of schedulable sets increases computational cost
of linear programming solution.

5. Numeric Results

We have developed our own simulator using C
language, which implements the SPF algorithm
for routing and all link scheduling mechanisms
evaluated. Also, it implements the log-distance
propagation and physical interference models.

We have performed simulations using two dis-
tinct topologies: grid and pseudo-random. In
both scenarios, the data traffic lows in multiple
hops from the sources to the gateway, which is
always placed in one of the corners of the square
area covered by the network. Traffic sources are
chosen amongst the nodes placed at the borders
diametrically opposed to the gateway, which are
the farthest nodes from the gateway. Traffic de-
mands are equal among all source nodes.

At the grid topology, nodes are horizontally
and vertically distant from each other by 70% of
the maximum communication range. This place-
ment allows direct communication with neighbors
placed in the diagonal. The maximum commu-
nication range is calculated taking into account
the transmission power (P;), the path-loss expo-
nent () and the minimum signal-to-noise ratio
(SINRthresh)-

The pseudo-random topologies are created by
using the following rules. The position of a new
node is randomly chosen following a uniform dis-
tribution. This new node is inserted in the topol-
ogy only when it is within the communication
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range of at least one previously placed node, and
the degree of the network graph does not exceed
a maximum threshold. Moreover, we also guar-
antee a minimum distance between all pairs of
nodes. The parametrization chosen for this eval-
uation were the following: P, is set to 17 dBm; «
ranges between 5 and 30 dB; the maximum degree
ranges between 6 and 9; and the minimum dis-
tance between nodes is equal to 25% of the max-
imum communication range. We have also per-
formed simulations with varying number of source
nodes.

As previously mentioned, the performance met-
ric used to evaluate the mechanisms is the size of
TDMA cycle in number of slots, hereafter referred
to as the scheduling size. As stated in Section 4,
this performance metric is inversely related to the
network capacity. The four evaluated mechanisms
and their respective acronyms are: GreedyPhy
[4] (GPHY), the algorithms presented in [6] (LDF
- Lesser Distance First) and in [15] (IRMA - In-
tegrated Routing and MAC Scheduling), and our
proposal REUSE. Moreover, we also plot the opti-
mal results obtained by the solution of the Lin-
ear Program described in Section 4.1 (LP). We
used the open-source GLPK package [21] to solve
the LP formulation. However, some results of the
LP were omitted because of the limitation of the
algorithm used to find the maximal schedulable
sets. The algorithm is surely unable to find all
maximal schedulable sets whenever its execution
is stopped because 50 thousand link randomiza-
tion were reached or 200 thousand schedulable
sets were found. At those cases, the lower bounds
provided by the LP formulation were assumed to
be far from the optimal result and were omitted
in the graphs.

To evaluate the impact of routing at the per-
formance of the link scheduling mechanisms, we
have performed simulations in grid topologies us-
ing all possible combinations of routes. The re-
sults presented in Figure 3 show the average, min-
imum and maximum values of the scheduling size
obtained by the GPHY and LDF mechanisms into a
grid with 6x6 nodes (36 nodes), where five source
nodes located at the edges diametrically opposed
to the gateway are used. The vertical bars in



scheduling size
scheduling size

0
5 10 15 20 25 30
SINR{esh (dB)

(a) SINRthresh = 5dB (b) a=25

Figure 3: Average, min. and max. scheduling size (6x6
grid and H = 0).

the graph are plotted between the minimum and
maximum values while the curve indicates the
average scheduling size for the whole combina-
tion of routes. These results are compared to
the ones obtained by the REUSE and IRMA mech-
anisms, which choose specific routes according to
their specialized link weight metrics. Moreover,
the optimal results provided by the LP formu-
lation are included for benchmarking purposes.
For the GPHY and LDF simulations, all routes with
number of hops equal to the shortest path route
(SPF with H = 0) are obtained and combined
leading to 176400 route combinations. The num-
ber of possible combinations grows with the num-
ber of source nodes and routes of the same size
from these sources to the gateway. In a grid topol-
ogy, there are an increasing number of routes of
same cost as function of the distance between the
source and the gateway. For example, by us-
ing H = 1 for this same topology and the same
number of sources, the number of combination of
routes is superior to 6 x 10°.

Figure 3 shows that LDF and GPHY exhibit a
varying performance according to the route com-
bination used since minimum and maximum val-
ues for the scheduling size present a wide diver-
gence. This shows the impact of routes choice on
the link scheduling performance. Moreover, one
can notice that the REUSE mechanism presents
smaller average scheduling sizes than the other
solutions, giving results close to the minimum ob-
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Figure 4: Average, min. and max. scheduling size (4x5
grid and H = 1).

tained by the GPHY algorithm. This indicates that
the proposed mechanism is able to find routes
that allow better link scheduling. Otherwise, the
IRMA mechanism provides poor results, with aver-
age scheduling sizes close to LDF. It occurs mainly
because differently from REUSE the link schedul-
ing algorithm of IRMA incrementally schedules the
links of each discovered route, without reschedul-
ing the links of the previously discovered ones.
Therefore, IRMA has difficulties to improve global
performance, even by using a specialized link weight
metric.

Figure 4 shows the same results for a twenty
node grid (4x5) with five source nodes by combin-
ing all routes up to one hop larger than the short-
est path route (H = 1). In this case, there are
more than three millions of combinations. The
average scheduling size for GPHY and LDF algo-
rithms were obtained for all route combinations,
and are compared to the result of the proposed
mechanism. Here again, the REUSE provides bet-
ter results, lower than the average and close to the
minimum values obtained with GPHY, and IRMA is
unable to achieve the same performance of REUSE
in most scenarios.

Also in Figures 3 and 4, one can see that the
performance of the REUSE mechanism is still away
from the optimal results obtained by the LP for-
mulation in many scenarios. It is also interesting
to notice that in the 4x5 grid, some minimum val-
ues of the scheduling size obtained by the GPHY
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Figure 5: Scheduling size as a function of the number of
nodes for o = 3.

algorithm are equal to the optimum. It proves
the importance of the careful selection of routes,
which is able to provide optimal performance to
the network.

In what follows, we present the results ob-
tained by increasing the number of nodes in grid
topologies. We used NxN grids, where N nodes
are placed in each line and column. In these ex-
periments, all nodes located at the borders dia-
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Figure 6: Scheduling size as a function of the number of
nodes for o = 5.

metrically opposed to the gateway are traffic sources.
Therefore, the number of sources is given by 2 x
N — 1, where N is the number of rows/columns
of the grid. The graphs of Figures 5 and 6 show
the scheduling size as a function of the grid size,
in number of nodes (N?), for different values of
SIN Ripresn, and . At these simulations, the route
used by the GPHY and LDF algorithms is the short-
est path route (H = —1), while the IRMA and
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REUSE mechanisms use the routes selected accord-
ing their specialized weight metrics.

We may observe that the scheduling size in-
creases with the grid size and SIN Rypesh, and de-
creases with a.. For smaller values of o and higher
values of STN Ry esn, it is increasingly difficult
to the link scheduling mechanisms to schedule
links simultaneously. Therefore, for SIN Rpresh
greater than 20dB and o = 3 (Figure 5(d)), the
performance of all scheduling mechanisms is sim-
ilar. As the grid grows, the lengths of the routes
between the sources and the gateway get bigger,
increasing the scheduling size.

In all simulation scenarios, our proposed mech-
anism requires a smaller number of slots to sched-
ule all links in the network according to their traf-
fic demands. This guarantees a higher through-
put, proportional to the reduction in the num-
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ber of slots required to schedule all links. As
the size of the routes increases, the performance
gain of the proposed mechanism is higher. On the
other hand, the LDF and IRMA algorithms present
the worst performances, with the scheduling size
increasing almost linearly with the grid size for
the LDF algorithm. Moreover, similar to the first
results presented in this section, the results ob-
tained by the LP formulation show that the per-
formance of REUSE stay away from the optimal,
especially for larger grid sizes. It shows that de-
spite of being able to provide better results than
other solutions in the literature by the use of the
proposed link weigh metric, the REUSE mechanism
is still unable to achieve the optimal performance.

The curves presented in Figures 7 and 8 show
the results obtained in 300 pseudo-random topolo-
gies composed of 50 nodes. Those results present
the average scheduling size with their respective
confidence interval calculated with a confidence
level of 95%, which are very small to appear in the
curves. The routes used by GPHY and LDF mecha-
nisms are the shortest path routes (H = —1). In
these simulations, we vary the number of sources
and the maximum degree as a function of a and
STN Ripresn, respectively. We also do not solve the
LP formulation for those random scenarios due to
the high number of scenarios and the high com-
putational costs involved.

By the analysis of all results presented in these
pseudo-random scenarios, some considerations may
be taken related to the performance of the simu-
lated mechanisms. In all random topology scenar-
ios, the REUSE provides better scheduling, 20% to
30% smaller than GPHY algorithm. On the other
hand, the LDF and IRMA mechanisms perform far
worse than the others in all scenarios. The modi-
fication of maximum degree used in the topology
generation has low impact on the results, and the
scheduling size decreases for higher values of max-
imum degree. This occurs because network con-
nectivity increases, reducing the number of hops
of the routes. The impact of SIN Ryjyesn and « is
the same as discussed in the previous scenarios.

Simulations were performed to evaluate how
much of the performance gains of the proposed
mechanism were obtained due to the modifica-
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Figure 8: Average scheduling size as a function of This work proposes a new joint mechanism
SIN Rypresn for maximum degree 9. for routing and link scheduling, named REUSE;,

which takes advantage of spatial reuse, favoring si-

multaneous activation of links. Moreover, the pro-
tions in the GPHY algorithm or due to the pro-  Pposed mechanism considers the traffic demands
posed weight metric. The graphs in Figure 9  and the allowed interference levels in the link sched-

show the average scheduling size as a function of ~ uling. The performance evaluation shows the su-
SIN Rypres for the GPHY and REUSE algorithms — periority of the proposed mechanism when com-
and the GPHY algorithm without the route selec- ~ pared to three other algorithms presented in the
tion with the proposed weight metric (GPHY2). literature. However, its performance is still far
These results show that each separate part of the ~ from the optimal results obtained through Linear
proposal (modification of GPHY and proposed weight Programming formulation. It shows that the joint

metric) produces significant performance gains. routing and link scheduling problem in wireless
mesh network is not a trivial task, and indicates

that there is still space for more performance im-
provements.
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