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SUMMARY
In time division multiple access (TDMA)-based wireless
mesh networks, interference relationships should be considered when time
slots are assigned to links. In graph theory-based time slot assignment algorithms, the protocol interference model is widely used to determine radio
interference information, although it is an inaccurate model of actual radio
interference. On the other hand, the signal-to-interference-plus-noise-ratio
model (SINR model) gives more accurate interference relationships but is
diﬃcult to apply to time slot assignment algorithms since the radio interference information cannot be determined before time slot assignment. In
this paper, we investigate the eﬀect of the parameters of the protocol interference model on the accuracy of the interference relationships determined
using this model. Specifically, after assigning time slots to links based on
the protocol interference model with various interference ratios, which is
the major parameter of the protocol interference model, we compare the interference relationship among links in the protocol interference and SINR
models. Through simulation experiments, we show that accuracy of the
protocol interference model is improved by up to 15% by adjusting the
interference ratios of the protocol interference model.
key words: wireless mesh networks, protocol interference model, SINR
model, TDMA, parameter tuning

1.

Introduction

Wireless mesh networks for providing wireless broadband
access have attracted a great deal of attention because of
their expandability and cost eﬃciency [2]. Wireless mesh
networks consist of a gateway node, which is connected to a
wired network, and mesh nodes as shown in Fig. 1. A mesh
node provides a wireless broadband access service to client
terminals within its service area. Mesh nodes are connected
through a wireless link when they are within transmission
range of each other. A wireless mesh network is also called
a wireless relay network when the topology is a tree.
When closely located links in a wireless network are
used simultaneously, a receiver node cannot correctly receive radio signals from the corresponding sender node due
to radio interference, which is why it is necessary to avoid
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radio interference in wireless networks. Time division multiple access (TDMA) is a fundamental technique for avoiding radio interference. In TDMA protocols, time is divided
into frames, each of which consists of time slots of constant
duration. Diﬀerent time slots are then assigned to links that
interfere with each other. The performance of TDMA-based
wireless mesh networks is highly dependent on the time
slot assignment algorithms. Until now, graph theory-based
time slot assignment algorithms have been studied [3]–[8]
because time slot assignment algorithms can be analogous
to graph coloring.
Graph theory-based time slot assignment algorithms
require information about the interference relationships
among links before assigning time slots to links. In these
algorithms, the protocol interference model (a.k.a. the unified disk graph model or ratio-K model) [9] has been widely
used to obtain radio interference information [4], [8]. In the
protocol interference model, the radio interference range is
defined as a circle centered on a sender node. The radius
of an interference range is determined by the interference
ratio parameter. Since the interference relationships among
links are defined according to the location and interference
ranges of nodes, the protocol interference model can be easily used in theoretical analysis. However, the protocol interference model is not an accurate model of actual radio interference [10]. For example, close links can be used simultaneously when each receiver node can receive signals of sufficient strength from the corresponding sender node, even if
the protocol interference model indicates that the links interfere with each other [11]. This is called the capture eﬀect. In
addition, there are situations in which a receiver node cannot correctly receive radio signals from a sender node when
many links are used simultaneously and interfere with the

Fig. 1

A wireless mesh network.
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receiver node, even if there are no interference relationships
among the links in the protocol interference model.
To apply graph theory-based time slot assignment algorithms to actual wireless mesh networks, accurate information on interference relationships is needed in order to avoid
interference among links and to assign time slots to links efficiently. In other words, accurate radio interference models
are needed that can be applied in graph theory-based time
slot assignment algorithms.
Among the radio interference models, the signalto-interference-plus-noise ratio (SINR) model [10], [12] is
known for its accurate representation of radio interference.
In this model, the received signal strength is first obtained,
and then the SINR is calculated. When the SINR of a link
is above a certain threshold value, the receiver node can
successfully receive the radio signal from the sender node.
The SINR model can handle features of actual wireless radio propagation such as Rayleigh fading, shadowing eﬀects
and capture eﬀects [12], [13]. However, to determine interference relationships among links, the SINR model requires information not only on the locations of the sender
and receiver nodes but also on other nodes that simultaneously emit radio signals. Therefore, radio interference information cannot be determined before assigning time slots
to links, and the SINR model cannot be applied directly in
graph theory-based time slot assignment algorithms.
In this paper, to apply graph theory-based time slot assignment algorithms, we obtain a more accurate radio interference model by adjusting the interference ratio parameter
of the protocol interference model according to the SINR.
By obtaining a more accurate protocol interference model,
interference among links can be avoided and time slots can
be assigned to links eﬃciently without modification of the
graph theory-based time slot assignment algorithms. For
this purpose, we investigate the eﬀect of varying parameters of the protocol interference model on the accuracy of
predicted interference relationships. Specifically, after assigning time slots to links based on the protocol interference
model with various interference ratios, we compare the interference relationships among links for the protocol interference and SINR models. To adjust the interference ratio parameter, we propose three heuristic methods, each of
which selects diﬀerent nodes as candidates for interference
ratio adjustment. The eﬀectiveness of the parameter adjustment methods are evaluated through simulation experiments
in terms of accuracy of interference decision and network
performance which is result of time slot assignment.
The rest of this paper is organized as follows. In Sect. 2,
we introduce some related studies. In Sect. 3, we explain
the wireless mesh network model, the protocol interference
model and the time slot assignment algorithm which are
used in this paper. Then in Sect. 4, we explain the SINR
model and propose three methods for adjusting the interference ratio in the protocol interference model using the
SINR. We investigate the eﬀects of parameters in the protocol interference model with our proposed interference adjustment methods through simulation experiments in Sect. 5.

Finally, we give conclusions and discuss future work in
Sect. 6.
2.
2.1

Related Work
Graph Theory-Based Time Slot Assignment Algorithms

In the past literature, there have been proposed many graph
theory-based time slot assignment algorithms for wireless
networks [3]–[8], because time slot assignment algorithms
can be analogous to conflict graph coloring. Clark et al.
have shown that coloring with minimum sum of colors for
an arbitrary graph is a NP-hard problem [3]. Then they propose a greedy coloring algorithm. In the algorithm, each
link is allocated the earlier time slots from the beginning of a
frame by avoiding interference. Kumar et al. have proposed
a distributed time slot assignment algorithm which incorporates fairness, energy and path-length requirements [5].
Wang et al. have proposed some time slot assignment algorithms for decreasing the frame length [7]. Their algorithms
handle diﬀerent transmission ranges and diﬀerent interference ranges among nodes. Ishii et al. have extended the algorithms in [7] to accommodate weighted time slot assignment and to reduce transmission latency [8].
These graph theory-based time slot assignment algorithms require information about the interference relationships among links before assigning time slots to links. The
information on interference relationships should be accurate
to avoid interference among links and to assign time slots to
links eﬃciently. Our proposal in this paper can be applied
to these graph theory-based time slot assignment algorithms
without modification of the algorithms.
2.2

Interference Models

In addition to the protocol interference and SINR models
there are a variety of radio interference models for wireless
networks. The request to send / clear to send (RTS/CTS)
interference model [4], [14] is a radio interference model
based on the RTS/CTS flow control which is widely used
in carrier sense multiple access (CSMA) mechanisms. In
the RTS/CTS interference model, both the receiver node
and the sender node have circular radio interference ranges,
whereas only the sender node has a radio interference range
in the protocol interference model. In the hop-based interference model [15], [16], a sender node interferes with
other links whose receiver node is within a certain number
of hops from the sender node. This model is widely used
in practical wireless network protocols. The sender-based
interference model [17] is similar to the protocol interference model. In this model, a sender node interferes with
all links whose receiver or sender nodes are within the interference range of the sender node. The sender-based interference model can be easily used to analyze wireless networks. The link quality-based interference model [18] is a
measurement-based radio interference model. In this model,
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interference relationships are determined according to the
packet reception rate among links.
The SINR model is classified into two models according to the way to obtain the received signal strength. In
this paper, we call the two models as the measurementbased SINR model and the equation-based SINR model. In
the measurement-based SINR model, the received signal
strength for each node pair is at first measured. Then SINR
is calculated using the measured received signal strength
values. The measurement-based SINR model can be accomplished accurate representation of radio interference,
however, preliminary measurements for each received signal strength are required to use the model for time slot
assignment algorithms. Some studies are based on the
measurement-based SINR model [18], [19]. On the other
hand, in the equation-based SINR model, the received signal
strength is calculated from equations with some parameters.
The SINR is then calculated using the calculated received
signal strength. The equation-based SINR model is suitable
for analysis and simulation evaluations. Some studies are
based on the equation-based SINR model [9], [12], [19].
The radio interference models have been compared in
previous studies [10], [18]–[20]. Maheshwari et al. have
investigated the accuracy of radio interference models in
IEEE 802.15.4-based wireless sensor networks [18]. They
conducted experiments using 20 TelosB commercial sensor nodes, and evaluated the accuracy of the protocol interference model, the measurement-based SINR model, the
hop-based interference model, the link quality-based interference model and the range-based interference model.
They found that the measurement-based SINR model is
the most accurate predictor of radio interference. Furthermore, they evaluated the throughput of the wireless sensor
network using a time slot assignment algorithm based on
each radio interference model. Through experimental evaluations, they demonstrated that time slot assignment based
on the measurement-based SINR model achieves the highest
throughput.
Zhu and Lu have compared a physical radio interference model and the hop-based interference model, which is
used in IEEE 802.16 wireless mesh networks [20]. Through
simulation evaluations using a QualNet simulator, it was
shown that about 7% of links cannot be used due to radio
interference when we assume that there are interference relationships among links within three-hop links in the hopbased interference model.
Shi et al. have compared the protocol interference
model and the SINR model for multi-hop multi-channel
wireless ad hoc networks to determine how to use the protocol interference model correctly [10]. They show that the
link capacity of wireless networks based on the protocol interference model can be close to that based on the SINR
model by using an appropriate parameter value for all nodes
in the protocol interference model. Che et al. also have
compared the protocol interference and SINR models for
mission-critical wireless networks [19]. They proposed the
physical-ratio-K (PRK) interference model, which is com-

bination of the protocol interference and SINR models, and
showed that the throughput of a wireless network based on
the PRK interference model is close to that of one based on
the SINR model while ensuring the required packet delivery
reliability. They used the equation-based SINR model for
analysis, and the measurement-based SINR model for the
testbed experiments.
In this paper, we also compare the protocol interference
and SINR models. In contrast to [10], [19], the purpose of
our study is to use the protocol interference model for graph
theory-based time slot assignment algorithms in TDMAbased wireless mesh networks. To use the protocol interference model correctly, we consider an adjustment of the interference ratio parameter of the protocol interference model
for each node. In addition, we conduct detailed a comparison of the protocol interference and SINR models. We compare the accuracy of interference prediction for the protocol
interference model and the SINR model, whereas the previous studies [10], [19] have only compared the performance
of wireless networks. To evaluate fundamental performance
of our proposal through simulation evaluations while changing parameters and topologies, we use the equation-based
SINR model in this paper. Hereinafter, we simply denote the
equation-based SINR model as SINR model. Testbed-based
evaluations using the measurement-based SINR model are
future work.
3.

System Model

In this section, we briefly explain the wireless mesh network
model and the time slot assignment algorithm which are assumed in this paper. We consider the same wireless mesh
network that is used by Ishii et al. [8].
3.1

Wireless Mesh Network Model

We assume that there is a set of n mesh nodes V =
{v1 , v2 , . . . , vn } deployed in a plane. We consider the directed
communication graph Gc = (V, Ec ) which gives the communication relationships for each node. Ec is the set of directed communication links li, j , representing a link directed
from mesh node vi ∈ V to mesh node v j ∈ V. The existence of directed communication link li, j in the graph Gc
is determined according to the protocol interference model
which is described later. One of the mesh nodes is the gateway node that is connected to a wired network, and we assume, without loss of generality, that mesh node v1 is the
gateway node. Figure 2 (a) shows an example of directed
communication graph where eleven mesh nodes and a gateway node are deployed on a flat region. In the figure, a filled
circle, an open circle and an arrow line indicate a gateway
node, a mesh node and a directed communication link, respectively.
There are two types of communication: upward communication and downward communication. In upward communication, data is transferred from mesh nodes toward the
gateway node. Conversely, data is transferred from the gate-

IEICE TRANS. INF. & SYST., VOL.E94–D, NO.11 NOVEMBER 2011

2194

(a) Directed communication
graph

(b) Transmission graph for
upward communication
Fig. 2

(c) Transmission graph for
downward communication

Example of a wireless mesh network.

way node toward mesh nodes in downward communication.
Communication between the gateway node and mesh nodes
is achieved through intermediate mesh nodes in a multihop fashion along a path is determined by a routing algorithm. In this paper, we consider a tree-based routing algorithm which constructs the transmission graphs for upward
communication, Gtup = (V, Etup ), and downward communication, Gtdw = (V, Etdw ), as tree graphs. Here, Etup ⊂ Ec
and Etdw ⊂ Ec . In the transmission graphs, the root is the
gateway node and each node is connected to the gateway
node through minimum-hop and minimum-distance links.
We call the link li, j ∈ Et in Gt a transmission link, where
Et ∈ {Etup , Etdw } and Gt ∈ {Gtup , Gtdw }. In addition, a link that
is on a path directed toward the gateway node is called an
upward link, and a link that is on a path directed away from
the gateway node is called a downward link. Figures 2 (b)
and 2 (c) show examples of transmission graphs for upward
and downward communication, respectively. The transmission links are determined by the routing algorithm and the
directed communication graph shown in Fig. 2 (a).
The traﬃc demand wi between mesh node vi and client
terminals is determined in proportion to the size of the
Voronoi cell [21] of mesh node vi in both upward and downward communication. Here, an intermediate mesh node relays data from a child node to a parent node in upward communication, and it relays data from a parent node to a child
node in downward communication. Therefore, the traﬃc
load of a mesh node becomes the sum of the traﬃc demands
of mesh nodes that are within the subtree whose root is the
mesh node. For example, each cell with a solid line boundary in Fig. 2 is a Voronoi cell, and each traﬃc demand between a mesh node and client terminals is determined according to the Voronoi cell. When mesh node v2 transfers
data to the gateway node v1 using upward link l2,1 in upward
communication, the traﬃc load of upward link l2,1 becomes
the sum of traﬃc demands w2 , w3 and w4 , whose Voronoi
cells are shown as shaded areas in Fig. 2 (b). In a similar
fashion, when the gateway node v1 transfers data to mesh
node v2 using downward link l1,2 in downward communication, the traﬃc load of downward link l1,2 becomes the sum
of w2 , w3 and w4 , as shown in Fig. 2 (c).

Fig. 3

3.2

Example of the behavior of the protocol interference model.

Interference Decisions in the Protocol Interference
Model

In the protocol interference model [9], the existence of links
and interference relationships between links are determined
according to the location of node vi , transmission radius
ri and interference ratio αi as follows. When two nodes
vi , v j ∈ V satisfy ||vi − v j || < ri , where ||vi − v j || stands for
the distance between node vi and node v j , communication
from sender node vi to receiver node v j is possible, and the
directed communication link li, j ∈ Ec exists. In addition,
sender node vi interferes with a link whose receiver node vk
satisfies ||vi − vk || < αi ri . The interference ratio αi is usually
set at between 2 and 4 depending on the environment [7].
Figure 3 shows an example of an interference decision
in the protocol interference model where there are two transmission links, li, j and l f,k . In this example, link li, j interferes
with link l f,k since receiver node vk of link l f,k is within the
interference range of link li, j .
3.3

Time Slot Assignment

In this paper, TDMA is adopted as the medium access control (MAC) protocol of the wireless mesh networks. In
TDMA, time is divided into slots T = {t1 , t2 , . . . , tm } , and
diﬀerent time slots are assigned to links which have an interference relationship. We call the total number of time slots,
m, the frame length. The frame length can be reduced by the
sharing of time slots by multiple links which do not interfere
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with each other, which is called spatial reuse [22]. The interference relationships among the links are determined by
the protocol interference model as described in Sect. 3.2.
For the time slot assignment algorithm at the transmission link, we adopt the greedy algorithm that was used by
Ishii et al. [8]. In this time slot assignment algorithm, the
order of time slot assignment for each transmission link is
first determined according to the interference relationships
among transmission links and the traﬃc load. Then, time
slots are assigned to the transmission links avoiding interferences in a greedy manner. For each transmission link, a
number of time slots whose number is determined according to the traﬃc load, are assigned. The frame length m
is then the number of time slots, which depends on the deployment of mesh nodes and the interference relationships
among transmission links.

at sender node vi , R is a random variable that follows a
Rayleigh distribution to take into account Rayleigh fading, ξ
is a parameter for considering shadowing eﬀects, and K and
η are parameters controlling power decay due to distance.
The parameter η is usually set at between 2 and 4 depending
on the environment [12].
In the SINR model, when si, j,x ≥ B, the receiver node v j
can successfully receive radio signals from sender node vi in
communication period ci, j,x . B is called the capture threshold which depends on the wireless devices used. On the
other hand, when si, j,x is less than threshold B, communication from sender node vi to receiver node v j fails in communication period ci, j,x . This means that the set of sender nodes
Vi,intj,x interferes with link li, j .

4.

After assigning time slot to links based on the protocol interference model with various interference ratios, we can
compare the interference relationships among links to those
based on the SINR model. In this subsection, we propose
methods for adjusting the interference ratio of the protocol
interference model based on the SINR model.
The SINR model cannot ensure that all SINRs in all
communication periods exceed a certain threshold, since the
SINR includes random variables as described in the previous
subsection. In addition, in some wireless devices which employ adaptive modulation and coding (AMC) mechanisms,
communication performance parameters, such as bit rate,
change depending on the SINR. Therefore, a viewpoint
that the SINR should exceed a certain threshold in a certain proportion of communication periods is meaningful,
and we adjust the interference ratio of the protocol interference model to ensure that the SINR is greater than B in
a proportion z (0 < z ≤ 1) of all communication periods
C = {ci, j,x |li, j ∈ Et , t x ∈ T }.
Figure 4 shows the flowchart of the proposed method
for adjusting the interference ratio. First, a transmission

Adjusting the Interference Ratio Parameter of Protocol Interference Model Using the SINR

The result of time slot assignment in the wireless mesh networks depends on the parameters of the protocol interference model. To apply the time slot assignment algorithm
to real networks, the parameters should be configured to increase the accuracy of the interference decision. In this paper, we investigate the eﬀect of the parameters of the protocol interference model on the accuracy in determining interference relationships. To evaluate the accuracy of interference decisions, we use the SINR model which gives a more
accurate interference relationship. The parameter of the protocol interference model that we adjust is the interference ratio. In this section, we first explain the SINR model. Then,
we propose methods for adjusting the interference ratio of
the protocol interference model based on the SINR.
4.1 Interference Evaluation by the SINR Model
After assigning time slots to links by the time slot assignment algorithm, it is possible to evaluate the interference relationships among links using the SINR model. Let sender
node and receiver node be vi and v j . We denote the communication period of link li, j at time slot t x by ci, j,x if time slot
t x is assigned to link li, j . In addition, let Vi,intj,x be the set of
sender nodes other than node vi that use the same time slot as
link li, j . The SINR si, j,x during communication period ci, j,x
is given by
si, j,x =

pnoise +

pi, j


vk ∈Vi,intj,x

pk, j

4.2

Interference Ratio Adjustment Methods

(1)

where pnoise is the signal strength of noise, which depends
on the environment. The strength of the signal received at
node v j from sender node vi , pi, j , is given by
pi, j = R2 eξ K

ptri
.
||vi − v j ||η

(2)

Here, ptri is the transmission power of the wireless signal

Fig. 4

Flowchart for adjusting the interference ratio.
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graph Gt is generated based on the protocol interference
model. Information on interference relationships among
transmission links are then determined based on the protocol
interference model, where the interference ratio of all nodes
is set to an initial value α0 that is assumed to be small. Next,
a set of communication periods CB = {ci, j,x |si, j,x ≥ B, ci, j,x ∈
C} is calculated using the SINR model. Then, if the inequality
|CB |
≥z
|C|

(3)

is satisfied, the interference ratio adjustment is finished. On
the other hand, if the inequality is not satisfied, we adjust the
interference ratio as described in a later subsection. Then we
again determine the interference relationships among transmission links and assign time slots based on the protocol
interference model. This process is repeated until Eq. (3)
is satisfied. In the next three subsections, we propose three
heuristic methods for adjusting the interference ratio parameter, each of which selects diﬀerent nodes as candidates for
interference ratio adjustment.

resulting interference relationships in the protocol interference and SINR models. The AINA method adjusts the inint
by adding δ. In the
terference ratio of all nodes in Vg,h,w
example of Fig. 5, the interference ratio of sender nodes
int
= {v3 , v6 , v8 }, which are assigned the same time slot
V7,4,w
as transmission link l7,4 , are adjusted.
The AINA method adjusts the interference ratio of all
int
. Therefore, it may increase the
sender nodes within Vg,h,w
interference ratio of a node more than necessary when the
node is far enough from the receiver node vh that has the
minimum SINR.
4.2.3

Nearest Interference Node Adjustment (NINA)
Method

In the NINA method, the interference ratio of the node that
is the closest to the receiver node vh , among the set of nodes
int
, is adjusted by adding δ. In Fig. 5, node v6 is the nearest
Vg,w
int
to receiver node v4 among the set of nodes V7,4,w
, and so its
interference ratio is adjusted.

4.2.1 All Nodes Adjustment (ANA) Method

5.

In the ANA method, the interference ratio αi of all nodes
is adjusted by adding δ. Figure 5 shows an example transmission graph for the case of eight nodes and seven transmission links. Let transmission link l7,4 have the minimum
SINR smin = min{si, j,x |ci, j,x ∈ C} in time slot tw . In addition,
let the time slot tw be assigned to transmission links l8,1 , l7,4 ,
l6,5 and l3,2 . In the ANA method, the interference ratios of
all nodes, that is, v1 –v8 , are adjusted.
The ANA method is simple and increases the interference ratio of all nodes even if there is no diﬀerence between
the results of the interference decision in the protocol interference model and the SINR model in a local region. If
the interference ratio is increased more than necessary, more
links are considered to have interference relationships, and
the number of time slots increases.

In this section, we evaluate the protocol interference model
with the proposed interference ratio adjustment methods
through simulation experiments.

4.2.2 All Interference Nodes Adjustment (AINA) Method
In the AINA method, the interference ratio is adjusted locally. Let the SINR in communication period cg,h,w be the
minimum SINR smin , and let the set of sender nodes which
int
. At transgive interference to transmission link lg,h be Vg,h,w
mission link lg,h , there is the largest diﬀerence between the

Fig. 5

Example of a transmission graph.

5.1

Simulation Experiments

Evaluation Environment

We use an IEEE 802.16j mesh network simulator developed
in our laboratory. In the simulation, one gateway node is
placed at the center and 49 nodes are randomly distributed in
a 1×1 square area. We use the protocol interference model to
obtain interference relationship information before time slot
assignment, and the SINR model to adjust the interference
ratio parameter using our proposed methods as described in
previous sections. In the protocol interference model, the
transmission distance ri is set to 0.18 for all nodes. In the
SINR model, the transmission power ptri and the parameter
of power decay η are set to 1.0 and 3.0, respectively. Environmental noise pnoise is set to 32, which is same level as
the case that there are four sender nodes at a distance of 0.5
from the receiver node. Other parameters eξ , K and R in
Eq. (2) are set to 1.0, which mean that there is no Rayleigh
fading and shadowing eﬀects. The initial interference ratio
α0 and the incremental ratio δ are set to 0.0 and 0.01, respectively. As the interference model of the simulator, we also
use same SINR model to evaluate fundamental comparative
evaluation between the SINR model and the protocol interference model with our proposed methods.
In this paper, the false negative rate and the false positive rate are used to measure the accuracy of the interference
decision in the protocol interference model. We define them
as follows. First, we consider the set Y which is the set
of transmission links that become candidates to be assigned
same time slot. Here, we should note that we exclude sets
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of transmission links where neighboring links are simultaneously selected, since we assume a single channel is used
in the wireless mesh network. Therefore, Y is the set
Y = {X|X ⊂ E, X  ∅,
∀li, j ∀lm,n (li, j ∈ X, lm,n ∈ X, i  m,
j  n, i  n, j  m, li, j  lm,n )}.

(4)

For any set of transmission links in Y, interference relationships can be determined by the protocol interference model
and the SINR model. If there is an interference relationship
in a set of transmission links, the transmission links cannot be used simultaneously. Therefore, a set of transmission
links in Y can be classified to belong to one of four cases.
When both the SINR model and the proposed protocol interference model agree on whether or not a set of transmission links can be successfully used simultaneously, the set of
transmission links is classified as true positive or true negative. When the SINR model produces the result that a set of
transmission links can be used simultaneously and the proposed model produces the result that the set of transmission
links cannot be used simultaneously, the set of transmission
links is classified as false negative. In the opposite case, it
is classified as false positive. We denote the number of true
positives, false negatives, false positives and true negatives
by Ntp , N f n , N f p and Ntn , respectively. The false positive
rate R f p and the false negative rate R f n are given by
Nfn
,
Ntp + N f n
Nf p
=
.
N f p + Ntn

Rfn =

(5)

Rf p

(6)

When the false positive rate and the false negative rate are
close to zero, it means that the protocol interference model
is highly accurate.
As evaluation metrics of network performance, we use
the number of time slots and the gateway throughput. The
former metric is the number of time slots assigned by the
time slot assignment algorithm [8], and indicates the eﬃciency of spatial reuse. Fewer time slots mean higher eﬃciency of spatial reuse. The gateway throughput is the number of time slots assigned to the gateway node in a frame,
and it represents the communication eﬃciency between the
wireless mesh network and the external wired network. A
higher gateway throughput means higher network communication eﬃciency. In this paper, to evaluate fundamental
network performance, we do not consider situations where
network performance varies for each time slot. That is, we
do not consider AMC mechanisms and random conditions
of radio propagation such as Rayleigh fading in the simulation experiments. Therefore, the number of time slots and
the gateway throughput can be evaluated when z = 1.0.
For comparison, we also conduct simulations where a
SINR-based time slot assignment algorithm is used (hereinafter referred to as SINR coloring). SINR coloring assigns
time slots to transmission links in an order that is determined
by the time slot assignment algorithm. If the SINR of all

transmission links will be over the threshold B, the current
time slot is assigned to the transmission link; otherwise, a
new time slot is assigned to the transmission link. Here, we
should note that SINR coloring is modification of the time
slot assignment algorithm [8] considering the SINR model.
The purpose of this paper is to obtain an accurate interference model that can be applied in graph theory-based time
slot assignment algorithms as described in Sect. 1. Therefore, the direct comparison between the graph theory-based
time slot assignment algorithm based on the protocol interference model with our proposed interference ratio adjustment methods and SINR coloring is not adequate. In addition, since SINR coloring is one of time slot assignment
algorithms, evaluation of accuracy of the protocol interference model, that is, the false negative rate and the false positive rate, cannot be conducted. SINR coloring improves the
network performance compared to the graph theory-based
time slot assignment algorithm with the protocol interference model, since SINR coloring assigns time slots to links
according to the SINR model which is an accurate interference model compared to the protocol interference model.
In this paper, we use SINR coloring as a reference method
to achieve an upper bound of the performance of the graph
theory-based time slot assignment method based on the protocol interference model with our proposed methods.
In the following, the results are averaged over 100
topologies excluding the cases of disconnected graphs.
5.2

Evaluation of the Accuracy of the Protocol Interference Model

Figure 6 shows the false positive rate and the false negative
rate of the protocol interference model with 99% confidence
intervals when z = 1.0 and B = 3 dB. For comparison purposes, we also show the results for the protocol interference
model where α is set to 2, 3 or 4. We refer to this as the
conventional method. It can be seen in Fig. 6 that the false
positive rate is larger and the false negative rate is smaller
for the proposed methods than for the conventional method
in both upward and downward communication. The reason for this is as follows. In the proposed methods, the
interference ratios of the nodes are set to minimize the radio interference in the SINR model under a given topology
and time slot assignment. Therefore, a lot of nodes have
a smaller interference ratio compared with the conventional
method. When a smaller interference ratio is used in the
protocol interference model, more combinations of links are
determined to have no interference relationship. That is, the
number of sets of links which can be used simultaneously
in the protocol interference model increases. Therefore, the
number of true positives and the number of false positives
increase. As a result, the false positive rate for the proposed
methods becomes higher and the false negative rate for the
proposed methods becomes lower compared with conventional method.
Among the proposed methods, the NINA method
shows the highest false positive rate and the lowest false
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(a) False positive rate

(a) Number of time slots

(b) False negative rate

(b) Gateway throughput

Fig. 6

Accuracy (z=1.0).

Fig. 7

Network performance (z=1.0).

negative rate, while the ANA method exhibits the lowest false positive rate and the highest false negative rate.
The reason for this is as follows. Both the AINA method
and the NINA method adjust the interference ratio locally,
whereas the ANA method increases the interference ratio of
all nodes. Therefore, in the AINA and NINA methods, a
lot of nodes are assigned the initial ratio or smaller interference ratios than in the ANA method. As a result, the false
positive rate becomes higher and the false negative rate becomes lower for the AINA and NINA methods than for the
ANA method. In addition, the NINA method is designed not
to increase the interference ratio more than necessary compared with the AINA method. That is why the NINA method
achieves the highest false positive rate and the lowest false
negative rate.
Although the false positive rate for the NINA method
is the highest, it is quite low at only 0.0022. On the other
hand, the false negative rate for the ANA method decreases
to 0.05, and that for the NINA method decreases to 0.15
compared with the conventional method which has the false
negative rate of around 1.00. That is, the accuracy of the
protocol interference model with the NINA method is improved by up to 15%. However, the false negative rate for
the NINA method is still high, and is about 0.84 for upward
communication. This is due to the limitation of the protocol
interference model which employs a binary decision for the
existence of radio interference based on a circular region.
When we compare the results of the AINA and NINA
methods for upward and downward communication, the values are slightly diﬀerent as shown Fig. 6. In this paper, since
we assume a tree topology whose root is the gateway node
of the wireless mesh network, the number of sender nodes
and the density of receiver nodes in upward communication
is larger than it is in downward communication. For ex-

(a) Accuracy against z

(b) Accuracy against threshold B
Fig. 8

Accuracy for various parameter values.

ample, leaf nodes become only sender nodes in the case of
upward communication. Therefore, the number of sets of
links which can be used simultaneously in the SINR model
decreases in upward communication. As a result, the number of false positives and the number of true negatives increase, and the false positive rate becomes higher in upward
communication. Since there is a trade-oﬀ between the false
positive rate and the false negative rate, the false negative
rate decreases in upward communication.
5.3

Evaluation of the Network Performance

Figure 7 shows the average number of time slots and the
average gateway throughput with 99% confidence intervals.
Since there are links that cannot be used simultaneously under the SINR model when we use the conventional method
with α = 2, we only show results for the conventional
method where α is set to 3 or 4. Here, we should note that
the number of time slots is larger than the number of transmission links since a number of time slots are assigned for
each transmission links according to the traﬃc load as described in Sect. 3.3.
As shown in Fig. 7, both the number of time slots and
the gateway throughput of the proposed methods are drastically closer to the results for SINR coloring than the conventional methods. Among the proposed methods, the results for the NINA method are the closest to the results for
SINR coloring. Because the accuracy of the protocol interference model with the NINA method is the highest, as described in the previous subsection, time slots are eﬃciently
assigned to the links and communication eﬃciency becomes
higher. As a result, the number of time slots with the NINA
method is reduced by up to 5% compared to that with the
ANA method and is reduced by up to 13% compared to that
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with the AINA method on average. In addition, the gateway
throughput with the NINA method is improved by up to 7%
compared to that with the ANA method and is improved by
up to 12% compared to that with the AINA method on average.
When we compare the number of time slots and the
gateway throughput for upward and downward communication, the results are almost same.
5.4 Evaluation of the Accuracy for Various Parameter Values
As described in Sect. 5.2, the false negative rate of the protocol interference model is high although the false positive
rate is low when z = 1.0. To evaluate the accuracy of the
protocol interference model when the false negative rate is
lower, we also conduct simulation evaluations under z < 1.0
in this section.
Figure 8 (a) shows the false positive rate and the false
negative rate of the protocol interference model with the
proposed methods when z is varied from 0.6 to 1.0. In the
figure, the value of z is shown only next to the results of
the AINA method. As we can see in Fig. 8 (a), there is a
trade-oﬀ between false positive rate and false negative rate.
For all the proposed methods the false negative rate becomes
higher and the false positive rate becomes lower when z increases. This is because the interference ratio of nodes becomes smaller as z decreases since the number of iteration
steps required to satisfy Eq. (3) decreases.
Among the proposed methods, the ANA method
achieves the lowest false positive rate and the highest false
negative rate. This is because a lot of nodes are given
a higher interference ratio in the ANA method compared
with the AINA and NINA methods, as described previously.
When we compare the results of the AINA and NINA methods, the false positive rate becomes smaller and the false
negative rate becomes higher for the NINA method when z
is smaller than 0.9.
Figure 8 (b) shows the false negative rate and the false
positive rate of the NINA method when the threshold B is
changed. In the figure, the value of z is shown near to the
results for B = 3. It can be seen that the false positive rate
becomes lower and the false negative rate becomes higher as
the threshold B increases. This is because the interference
ratio of nodes becomes smaller as the threshold B decreases
since the number of iteration steps required to satisfy Eq. (3)
decreases.
In this subsection, we showed the accuracy of interference decision in the protocol interference model when
z is varied. For network performance metrics, the number
of time slots and the gateway throughput can be evaluated
when z = 1.0 as described in Sect. 5.1. To evaluate network
performance under z < 1.0, we should take into account situations that AMC mechanisms are applied and SINR is affected by Rayleigh fading. In addition, we should evaluate
the network performance not only in terms of the number
of time slots but also in terms of throughput at bit rates to

handle varying throughput for each time slot. We plan to
conduct these detailed evaluation under z < 1.0 as future
work.
6.

Conclusions

In this paper, we have investigated the relationship between
interference decisions in the protocol interference and SINR
models for TDMA-based wireless mesh networks. We proposed three methods (ANA, AINA and NINA) for adjusting
the interference ratio parameter of the protocol interference
model based on the SINR. Through simulation experiments,
we found that accuracy of the protocol interference model is
improved by up to 15% by adjusting the interference ratios
of the protocol interference model using the NINA method.
In future work we will consider heterogeneous and dynamic cases where the transmission power of nodes is diﬀerent and SINR is aﬀected by Rayleigh fading and shadowing
eﬀects. We will also consider to apply AMC mechanisms
and to evaluate detailed network performance in terms of
throughput at bit rates. In addition, we should consider hopbased interference models, which are widely used in practical wireless networks, such as IEEE 802.16j networks. We
plan to compare and investigate the relationships among the
protocol interference, measurement-based SINR, hop-based
interference models and actual interference through experimental evaluations.
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