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Abstract�—Cognitive radio networks (CRNs) are composed of
frequency-agile radio devices that allow licensed (primary) and
unlicensed (secondary) users to coexist, where secondary users
opportunistically access channels without interfering with the
operation of primary ones. From the perspective of secondary
users, spectrum availability is a time-varying network resource
over which multihop end-to-end connections must be maintained.
In this paper, a theoretical outlook on the problem of routing
secondary user ows in a CRN is provided. The investigation
aims to characterize optimal sequences of routes over which a
secondary ow is maintained. The optimality is dened according
to a novel metric that considers the maintenance cost of a route as
channels, and/or links must be switched due to the primary user
activity. Different from the traditional notion of route stability,
the proposed approach considers subsequent path selections,
as well. The problem is formulated as an integer programming
optimization model. Properties of the problem are also formally
introduced and leveraged to design a heuristic algorithm when
information on primary user activity is not complete. Numerical
results are presented to assess the optimality gap of the heuristic
routing algorithm in realistic CRN scenarios.

Index Terms�—Cognitive radio networks (CRNs), optimization,
stable routing.

I. INTRODUCTION

W ITH the abundant use of wireless devices, wireless
spectrum, especially the ISM band, becomes increas-

ingly scarce. Recent studies by the Federal Communications
Commission (FCC) highlighted that many spectrum bands
allocated through static assignment policies are used only in
bounded geographical areas or over limited periods of time,
and that the average utilization of such bands varies between
15%�–85% [1].
Spectrum scarcity and the underutilization of statically allo-

cated spectrum motivate the investigation of allocation policies
to allow unlicensed users to utilize the licensed spectrum bands
in a dynamic and noninterfering manner. Advancements in
the eld of software-dened radios allow the development of
spectrum-agile devices that can be programmed to operate on
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a wide spectrum range and tuned to any frequency band in
that range with negligible delay [2]. Resulting so-called cog-
nitive radios (CRs) sense the spectrum, dynamically identify
currently unused spectrum blocks for data communications,
and intelligently access the unoccupied blocks called spectrum
opportunities (SOPs) [3].
We consider in this paper a general scenario of cognitive radio

networks (CRNs) [4] where two kinds of users share a common
spectrum portion: Primary (or licensed) users (PUs) have pri-
ority in spectrum utilization, and secondary users (SUs) must
access the spectrum in a nonintrusive manner. PUs use tradi-
tional wireless communication systems with static spectrum al-
location. SUs are equippedwith CRs and exploit SOPs to sustain
their communication activities without interfering with PUs.
The realization of CRNs requires research in many areas,

including spectrum sensing techniques [5], [6], spectrum
management policies [7], nondisruptive spectrum transition
procedures, and cognitive multiple access strategies [8], [9].
Although most of the research has focused on single-hop sce-
narios of CRNs, the analysis of end-to-end communication has
very recently attracted the attention of the research community,
being of profound importance for networking applications [10].
In their most general form, CRNs are wireless multihop net-
works where information may be forwarded through several
relay points to its destination. Yet, CRNs possess properties
that set them apart from traditional multihop wireless networks
(ad hoc and wireless mesh networks). Different from ad hoc
networks, where topological changes are caused by node
mobility, topological changes in CRNs occur primarily due to
changes in PU activity, which may affect several links at a same
time. Furthermore, the channel availability in CRNs is also
signicantly different than in traditional wireless multichannel
multihop networks. Nodes in CRNs potentially have partially
overlapping or nonoverlapping sets of available channels. The
available channel set at an SU is of time-varying nature and
changes in correlated or uncorrelated manner with respect to
the sets of other nodes. Consequently, the development of net-
work-layer solutions in CRNs is a nontrivial task that requires
novel algorithms able to cope with the spectrum availability
throughout the entire path and the necessity of rerouting in case
specic portions of the currently active path are �“impaired�” by
the presence of an activating PU.
In this paper, we address the problem of routing in CRNs by

offering a novel point of view on the denition of route sta-
bility. Traditionally, a stable route is dened as a route that must
be repaired with a small probability, which ignores the cost of
route repair or route maintenance. The maintenance cost repre-
sents the effort needed or penalty paid to maintain end-to-end
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connectivity. Such a cost may account for the service interrup-
tion time while switching routes, the amount of resources used
to nd new available links and routes, and/or the signaling re-
quired to include new links into the new route.
To alleviate the problems associated with the traditional def-

inition of route stability, which may lead to selection of routes
that require large repair costs, we aim to nd a sequence of paths
throughout the lifetime of a connection thatminimizes the main-
tenance cost. To this end, we associate a cost to each new link
activation and dene a stable route as a route that is maintained
during its lifetime with a small total cost. This denition intrin-
sically considers a tradeoff between the reliability of a given
route and the effort needed to repair that route during its entire
lifetime.
The salient contributions of the work presented in this paper

can be listed as follows.
�• A new approach to route selection in multihop CRNs is
presented that accounts for route maintenance costs.

�• Fundamental properties of the problem and the optimal so-
lutions are formally shown.

�• Efcient algorithms are derived to compute the optimal
solutions under full knowledge of PU activity.

�• Heuristic algorithms are introduced to solve the problem
under partial knowledge of PU activity.

�• Numerical results are presented to assess the quality of
minimum-maintenance-cost route selection.

II. RELATED WORK

Previously published work in the eld is primarily con-
cerned with the design of novel routing protocols in cognitive
environments and with the denition of proper routing metrics.
The most diffused approach resorts to some type of on-demand
routing protocol, leveraging different metrics to assess the
quality of a given path.
In [11] and [12], authors consider metrics based on interfer-

ence and transmission power. In [11], since each node in the
network uses different bands for transmission and each band has
a certain interference area according to its transmission power,
the objective is to minimize the network-wide product between
bandwidth and size of the interference area. In [12], the authors
analyze which is the best forwarding strategy for SU transmis-
sions constrained by the interference level that PUs can tolerate.
Delay minimization is the leading principle of works

in [13]�–[15]. In [13], authors develop a metric that takes into
account the switching delay between frequency bands and
the medium access delay of a given band. Work in [13] is
extend by [14] including queueing delay as well. In [15], the
effective transmission time also considers the end-to-end delay
of prioritized ows.
Path selection in [16] and [17] is based on the max-

imum achievable throughput. The authors in [16] express the
throughput in terms of spectrum availability, the time per-
centage a link can be used without being interrupted by PUs.
Meanwhile in [17], the authors dene a link utility based on the
product between the link backlog and the total available band-
width among its bands according to the Shannon�’s formula.
The utility is then maximized.

A nal set of works, [18]�–[20], aims at maximizing path sta-
bility. In [18], the authors propose a metric that combines link
availability, capacity, packet error performance, and switching
delay. A tree structure is created for each spectrum band and
used for routing and route recovery. In [19], the authors study
link availability in terms of path connectivity based on the
Laplacian spectrum of the graph. Assigning weights to routes
proportionally to the algebraic connectivity of the Laplacian
matrix of the SU network graph, they aim at routing packets
across paths that avoid network areas that do not guarantee
stability and high connectivity. Finally, in [20], mobile SUs are
considered as well.
Roughly speaking, the main purpose of the aforementioned

work is nding �“high-quality�” routes in a dynamic network set-
ting. Although some of the proposed routing metrics consider
future link availability statistics, the denition of the �“best path�”
does not account directly the cost associated with switching to
another path when necessary. In contrast, we provide a math-
ematical framework to design routes in CRNs with minimum
route maintenance cost.
Since we make wide use of mathematical programming for-

mulations throughout the paper, it is worth mentioning here also
the related literature leveraging optimization approaches in the
eld of CRNs. Miao and Tsang propose in [21] a mixed integer
linear programming formulation for the problem of achieving
throughput optimal routing and scheduling for secondary trans-
missions. Shi and Hou propose in [22] a nonlinear mathemat-
ical programming formulation for the same problem, which is
solved through a distributed algorithm. A centralized heuristic
based on a graph-layering approach is introduced in [23].
To the best of our knowledge, ours is the rst effort in the lit-

erature to analyze the interactions of successive route selections
for a given ow and to propose a routing algorithm to minimize
the route maintenance cost in a multihop CRN.

III. PROBLEM DEFINITION AND NOTATION

In the reference network scenario, see Fig. 1, SUs (circles)
coexist in a given geographical area with PUs (squares). PUs
have licensed access to a given spectrum portion, whereas SUs
can opportunistically access the spectrum whenever vacated
by PUs. From the SUs�’ perspective, the spectrum availability
is a random process that depends on the activity of PUs. In
the gure, the circles around PUs represent blocked areas1
for SUs whenever the corresponding PU is actively using its
licensed spectrum portion. In this scenario, SUs are interested
in establishing and maintaining multihop paths toward desti-
nation SUs. Since PUs may intermittently activate/deactivate,
rerouting and route repair are needed to maintain multihop
connectivity among SUs. Rerouting and route repair involve a
route maintenance cost that accounts for the signaling overhead
to coordinate with other SUs, the corresponding consumed
power, etc.
1We use this concept just for the sake of presentation in order to better dene

which SU links are inuenced by PU activities. Clearly, it depends on the con-
sidered communication technology. The generality of our formulation allows
to use any transmission technique: The model only requires to dene which SU
link can/cannot be active according to PU activities.
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Fig. 1. Reference CRN scenario.

The aforementioned network scenario can be abstracted as
follows. Given a two-dimensional Euclidean space , a set of
SU nodes is deployed in . Nodes in are equipped with
a single transceiver and communicate through wireless links.
Along each link, transmissions can be carried out on a given
channel that belongs to the set of available channels .2
The set of available links is denoted by , the availability of
link from node to node only depends on the SU de-
ployment. Link using channel is denoted by ,
that is, .
An epoch in the epoch set is dened as the time

period during which there is no change in PU activities. Progress
in time is given by the ordered sequence of epochs, from 1 to .
Finally, we focus on maintenance costs. In general, since the

set of all routes from node to node , , varies in sub-
sequent epochs, we may be forced by PUs to switch from route

at epoch to a new route . We
associate a cost to this change given by . We say a link
change occurs when a new link must be established during the
transition from epoch to epoch . This means that in order
to build route , one or multiple new links must be set up w.r.t.
. A channel change occurs instead when a link already used

in path at epoch must change only its operating channel
in path at epoch . Maintenance costs and are
assigned to each added new link in a link change and to each
channel switch in a channel change, respectively. Clearly, if a
link does not experience any change from epoch to epoch ,
then its maintenance cost is 0.
The transition cost�—that is, the maintenance cost associated

to the switch from route at epoch to route at epoch ,
�—is given by the total cost of changes, that is

(1)

where is: , if is a new link w.r.t. ;
, if changes the operating channel w.r.t. the one in
; 0, if is a link of . Note that this cost function

allows to simplify the denition of an epoch. Since there is no
change when a PU switches from active to idle, an epoch can
last until a PU switches from idle to active.
The minimum-maintenance-cost Route Selection Problem

(RSP) in CRNs can be stated as follows.
(RSP) Given two nodes and in , nd a route from
to for each epoch , , such that the sum of
the initial route �’s setup cost and all the required transition
costs is minimized
2Note that the denition of a channel is completely arbitrary. It can be a car-

rier, a set of subcarriers, a slot in a frame, etc.

s.t.

where is the route �’s setup cost and
is the sequence of selected routes.

IV. MINIMUM-MAINTENANCE-COST ROUTING

We consider a set of trafc demands, where denotes the
source node, the destination node, and the trafc load for
a given ow , . We dene two sets of variables. Route
selection variables are dened as

demand path goes through link
over channel at epoch

otherwise

and link cost variables that express the change cost when
link with channel is selected for demand at epoch .
The model for the (RSP) is the following:

(2)

s.t.

(3)
(4)

(5)

(6)

(7)
(8)

The objective function (2) minimizes the sum of change costs
of the links included in the routes selected for every epoch and
the setup cost of the initial route. Cost is the setup cost of
each link of the initial route; it captures the amount of commu-
nication resources required to establish the initial route. There-
fore, the objective function takes into account the resource con-
sumption both to set the route and to repair it over epochs. Con-
straints (3) are ow balance equations that dene routing paths.
Constraints (4) force the ow along a link of each single demand
to be served with a single channel in a given epoch. In order to
simplify the problem, multiple channels on a link can be used
to serve multiple demands in an epoch, but each demand must
be served with a single channel on each link. Constraints (5) are
availability constraints for each link on each channel. Note that
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the parameter expresses the capacity of the link
during epoch , and it is equal to 0 if the presence of PU at
epoch prevents its use. Constraints (6) dene the change cost
for each link in each epoch.3
If link is used in epoch and:
1) is used at epoch for the same demand, then its change
cost at epoch is 0;

2) is used at epoch for the same demand with a different
channel, then it gives a channel change cost;

3) is not used at epoch , then it gives a link change cost.
It is worth remarking that, although link change costs and
channel change costs are expressed here as scalar values to
easy up the presentation, they can be vectors of values (f.i.,

) that vary for each epoch, for each link and for each
channel in order to provide a scenario that includes maintenance
cost dependence on geographical positions, epochs, PU activ-
ities, channel interferences, etc. According to the uid trafc
interference model [24], constraints (7) limit the total trafc
of links belonging to the interference set of each link ,
denoted by , where is the smallest constant that
is large enough to ensure that the inequality is always satised
when (regardless of the other variable values).
Constraints (8) dene variable domains.
The model above is nonlinear due to the objective function

and constraints (6). However, it can be linearized by replacing
the objective function (2) with the following:

and constraints (6) with the following two sets of constraints:

Note that since variables are minimized, only the tighter
constraint will be active forcing a link change cost or a
channel change cost , .
The proposed formulation is rather complete, accounting for

all the relevant aspects related to CRNs routing. Nevertheless,
in specic but realistic CRN scenarios, some of the assumptions
(constraints) given in the formulation may be relaxed. As an
example, in some cases connectivity among nodes is the main
issue, whereas capacity limitations are much more loose. Think
of a network scenario where SUs perform transmissions over
short opportunistic, high-capacity links. In this scenario, ows
carry small amounts of trafc with respect to link capacities.
Constraints (7) and demand index �“ �” can be dropped in the
previous formulation, thus focusing on routing a single trafc
3Note that a branch with a disconnection cost can be easily added to con-

straints (6) using route selection variables. However, since timeout-based keep-
alive link probing is widely used in routing protocols for CRNs, we assume no
additional resources are needed to remove a link. Since the timeout is at routing
layer, the problem of medium access control is completely decoupled to it, and
so are spectrum sensing mechanisms to access the channel.

demand throughout epochs. This problem where and
is denoted as (RSP-1). The global routing can be found

by the superimposition of the route of each single demand at
every epoch determined solving (RSP-1).
In Section V, we rst focus on this rst simplied scenario in

order to analyze its properties and behaviors. The useful insights
coming from this study have inspired the work on the complete
scenario, which is given in Section IV-B.

A. Simplied Scenario: (RSP-1)

In this section, we show that (RSP-1) is solvable in poly-
nomial time. We take here a constructive approach: We rst
show that (RSP-1) in the case of a single channel, (SC-RSP-1),

belongs to , and propose a polynomial-time solu-
tion approach. Then, we show that the general (RSP-1) can be
reduced to an equivalent single-channel formulation through a
polynomial reduction.
1) Single Channel RSP-1 (SC-RSP-1): It can be written as

(9)

s.t.
otherwise

(10)
(11)

(12)
(13)

Variable and constraint meanings are similar to ones in the
previous MILP formulation (2)�–(8). Variables , replacing vari-
ables , are indicator variables for a link change at link at
epoch .
Indices and are dropped due to the use of a single channel

and a single demand, as well as constraints (4) and (7).
Note that constraints (12) are equivalent to constraints (6)

thanks to objective function (9). We build the proof of poly-
nomial-time characteristic of (SC-RSP-1) (9)�–(13) on the fol-
lowing theorems.
Theorem IV.1: The matrix of coefcients of (SC-RSP-1) is

totally unimodular.
Proof Sketch: Denoting the sets of variables and
as , the set of constraints (10)�–(13) can be

written as , where is called vector of known coef-
cients and matrix of coefcients. The proof is based on two
observations. First, the rows of are composed only of ele-
ments in . Second, matrix satises the following:
Each collection of rows can be partitioned into two subsets

such that the sum of the rows in one subset minus the
sum of the rows in the other subset is a vector with entries only
in the set . A direct inspection of all the possible
collections of rows in matrix A veries such property. This is a
sufcient condition for to be totally unimodular [25].
Knowing that its matrix of coefcients is totally unimodular,

we can leverage the following theorem to assess the complexity
of (SC-RSP-1).
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Fig. 2. Equivalent structure of a multichannel link.

Theorem IV.2: Let be an integer matrix. The matrix
is totally unimodular if and only if the polyhedron

is integral, for which
[25].
This second theorem states that vertices of the solution space

polyhedron of problems with totally unimodular coefcient
matrices are integer, even if the problem variables are frac-
tional. This allows to solve the continuous relaxation of the
MILP guaranteeing an integer optimum solution. Moreover,
since the vertices of the solution space polyhedron are integer
regardless of the variables�’ integrality, optimum solutions of
the integer formulation and the linear relaxation are guaranteed
to be equal. Consequently, we can obtain the optimal solution
of (SC-RSP-1) by solving a linear program (LP). Since LP
solution methods are known to take polynomial time [26], we
can state that (SC-RSP-1) .
2) Multiple Channel RSP-1: In this section, we describe

a polynomial-time reduction algorithm to reduce any formu-
lation of the general (RSP-1) to an equivalent formulation
of (SC-RSP-1). This proves that the general (RSP-1) is also
polynomial-time since its solution time complexity is given by
the sum of the complexities of (SC-RSP-1) and of the reduction
procedure, both polynomial with respect to instance sizes.
The driving idea of the reduction procedure is to create an

equivalent SU connectivity graph epoch by epoch such that
channel-switching operations in the original graph are equiv-
alent to link-switching operations in the equivalent one. To this
extent, for each link in the original graph, we introduce
the following elements in the equivalent graph:
1) node itself and an additional node ;
2) nodes , one for each available channel on ;
3) for each channel , a link from node to node and one
from node to node are added. In addition, a link from
node to node is added to the graph.

The link switching costs, , in the equivalent graph are
dened as follows:
�• , for links from node to nodes ;
�• , for links from nodes to nodes ;
�• , for the link from node to node .

The newmultiple-channel link representation is shown in Fig. 2.
The objective function (9) is replaced by

(14)

Note that objective function (14) does not modify the matrix
of coefcients, which is still totally unimodular.
Themodeling of channel unavailability between nodes and
during epoch is obtained by imposing
. Note that the unavailability of multiple-channel link
is equivalent to the unavailability of every channel between

nodes and . Imposing ,
prevents ows from entering link , thus the route cannot
go directly from node to node .
As for the maintenance cost from epochs to ,

if channel becomes unavailable between nodes and
and the new selected route uses channel , we have

and ,
while . Therefore, the objective
function (14) adds for a channel change. In case
the link must be switched completely, the newly established
link is characterized by ,
thus the additional cost in the objective function (14) is

, which is consistent with the
original problem formulation.
Finally, since integer solutions provide a unique non-

split path from source to destination in the modied single
channel scenario, per-link per-demand single-channel selection
constraints (4) are implicitly satised. With the procedure
described above, (RSP-1) can be solved with the following
polynomial-time algorithm.

Algorithm 1: PolyAlg (RSP-1)

1:
2:

In Step 1, the instance of (RSP-1) is reduced to an equiva-
lent single-channel formulation leveraging the reduction proce-
dure described above. Note that the reduction steps are poly-
nomial in number, i.e., . The second and nal step
solves the equivalent single-channel formulation leveraging LP
solvers [26].

B. Complete Scenario: (RSP)

In this section, we show that the Route Selection Problem in
the complete scenario, (RSP), is a NP-hard problem.We present
a heuristic algorithm leveraging the Lagrangian Relaxation of
(RSP). After discussing the properties of the selected relaxation,
we conclude by describing our algorithm.
In the complete scenario, capacity constrainst are considered,

and multiple source�–destination demands must be routed under
the uid trafc interference model described by constraints (7).
It is easy to show the following theorem.
Theorem IV.3: (RSP) is NP-hard.
Proof Sketch: We can easily reduce the Two-commodity

Integral Flow in Directed Graphs Problem (D2CIF) to a recogni-
tion version of the Route Selection Problem in the complete sce-
nario (RSP-r). (D2CIF) is the problem of nding a ow routing
for two commodities with integer ow requests in a capaci-
tated directed graph. Therefore, it is equivalent to nd a feasible
routing of an (RSP) instance with two integer demands and only
one epoch in the particular case where sets contain only
the link . Since (D2CIF) is NP-complete [27], (RSP-r),
which is at least as difcult, is NP-complete. This means that
the optimization problem (RSP) is NP-hard.
When dealing with large-scale instances, we may want to rely

on a heuristic algorithm to obtain a solution of (RSP) close to
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the optimum in much shorter time than solving the MILP for-
mulation (2)�–(8) to the optimality. We have designed such an
algorithm from the lessons learned in the simplied scenario
(RSP-1).
As shown in Section IV-A, (RSP) is polynomial in case ca-

pacity constraints are dropped and a single trafc demand must
be routed. Building on this observation, the heuristic leverages
a relaxed problem formulation where capacity constraints are
added to the objective function through Lagrangian multipliers.
The remaining set of constraints, (3)�–(6) and (8), describes
a routing scenario where all the demands are routed together
without capacity constraints. The corresponding matrix of
coefcients can be arranged in a block diagonal form, where
each block consists of the (RSP-1) matrix of coefcients asso-
ciated to the single source�–destination demand. Therefore, it is
straightforward to prove the following theorem.
Theorem IV.4: The matrix of coefcients corresponding to

constraints (3)�–(6) and (8), , is totally unimodular.
Proof Sketch: The proof directly derives from the proof of

Theorem IV.1. We show there that the matrix of coefcients of
(SC-RSP-1) satises a property on its rows. Furthermore, the
extension of (SC-RSP-1) to deal with multiple channels, i.e.,
(RSP-1), does not affect its constraints. Therefore, the property
is still valid for the coefcients of (RSP-1). Since is block-di-
agonal, only zeros will be added to the rows of every collection
; as a result, the property valid for (RSP-1) is also valid for .

This is a sufcient condition for to be totally unimodular [25].

We can now derive the Lagrangian Relaxation of
(RSP), , for any value of the vector

. The linearized ob-
jective function is shown in (15) at the bottom of the page,
while the set of constraints of consists of con-
straints (3)�–(6) and (8) of (RSP). Thanks to Theorem IV.4 and
Theorem IV.2, we can state that belongs to , for
every value of , and we can solve it, quickly and efciently,
by using LP methods.
Since is easy to solve, we have designed our

heuristic algorithm for (RSP) on the idea of the classical subgra-
dient method [28], where the key operation is to iteratively solve

while adjusting the value of . At each iteration,
capacity constraints are checked and, if satised, the solution is
compared to the best solution in terms of route maintenance cost
met so far. The one with the lowest cost is stored, and the algo-
rithm moves to the next iteration. When the algorithm reaches
the end of the last iteration, the stored solution is the result of

the algorithm. However, it may happen that the algorithm cannot
nd a feasible solution because either the scenario does not have
a solution, or the scenario has an exact (RSP) solution, but the
heuristic algorithm cannot nd it. In such cases, the considered
solution is the one computed in the last iteration. Even though it
is not feasible, i.e., capacity constraints are violated, it is the so-
lution that most likely has a small capacity violation because of
convergence of the subgradient method to a solution where the
penalty added to the objective function is minimum [see (15)].
This solution, although not allowing to route the entire trafc
demand, can provide a good throughput. We have veried it by
pushing as much ow as possible through the routes indicated
by the solution, taking into account capacity constraints. The
routing efciency, , can then be dened as the frac-
tion of the total demands admissible under the computed routing
scheme. Note that for feasible solutions. The details of
the procedure are given in Algorithm 2.

Algorithm 2: LagrAlg (RSP)

1: Compute an upper bound
2: , ,
3: for to do
4:
5: if satises capacity constraints (7) then
6: Compute maintenance cost (see

Section III)
7: if cost is less than then
8:
9: end if
10: end if
11:
12: end for
13: if then
14: Return
15: else
16: Return Solution of
17: end if

The upper bound is computed solving with
and, if capacity constraints (7) are

violated, a rerouting phase reroutes each single demand in
order to make the solution feasible. The rerouting is based on
shortest paths with a metric such that the weight of link
is equal to inverse of the residual capacity in its interference

(15)
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Fig. 3. CRN scenario under evaluation.

set , thus penalizing links in highly loaded areas. The
procedure is based on the one of the

classical subgradient method [28] where the initial scaling
coefcient is set equal to 2 and halved after two nonimproving
steps. The value of has been experimentally set to 5.

C. Results
1) Simplied Scenario: To test the effect of parameter values

on solution characteristics, we solve the (RSP-1) in the refer-
ence cognitive network scenario depicted in Fig. 3. SUs are de-
ployed on a grid, and their communication range is equal to the
grid step. The transmitting SU and the receiving one are located
on the left and right edges of the grid, respectively. A variable
number of PUs are active in the scenario and induce interference
areas. Since we want to stress the routing design algorithm, we
further assume that interference areas of PUs form vertical bar-
riers between source and destination.
The barriers can be described as sets of rectangular interfer-

ence areas organized in rows (levels) and columns (stages). In
case multiple channels are available, we have a superimposition
of elementary PUs (one for each channel) within the same rect-
angular interference area.
Unless differently specied, the reference scenario considers

104 SUs (on an 8 13 grid), a two-stages barrier covering
three columns of the grid per-stage, and ve levels with a total
height equal to the grid height; optimal routes are evaluated
over 15 epochs with a PU activity probability of 0.3 on each
channel, in each epoch. The PU activity patterns randomly gen-
erated in each instance are used to determine link availabilities.
We set and . All results are averaged
on 25 realizations of the PU activity process.
As the rst step of analysis, the route maintenance cost is

observed for different PU activity probability and interference
area shapes and dimensions. Fig. 4(a) shows minimum routing
maintenance cost as the PU activity probability increases. As
expected, as PU activity increases, links among SUs are more
likely to be unavailable, thus the frequency of switching link
and/or channel increases. Interestingly, when multiple channels
are available, route maintenance cost decreases. Indeed, if trans-
missions can be carried out over many channels, the probability
of nding at least one available channel between two nodes in
an epoch is higher. As a result, expensive link changes occur
less frequently, and routes can be repaired just by changing the
operating channel of their links. We can further observe that the
gain of having multiple channels is higher when PUs are more
active. Finally, note how the addition of just one channel to the
single-channel case can substantially reduce the route mainte-
nance costs.

As for the shape of the interference areas, Fig. 4(b) shows
the effect of the barrier width on route maintenance. The stage
width is expressed in the number of grid columns affected by PU
activity. Intuitively, maintenance costs increase with the stage
width since a larger number of SU links are affected by the in-
terference areas. The effect of PU barrier locations is shown in
Fig. 4(c). Results are obtained by splitting a single wide bar-
rier into several geographically disjoint stages (3, 4, 6).4 Results
show that the more dispersed the PU activity is, the higher is the
route maintenance cost. Crossing a wide interference area with
an almost synchronous behavior induces a smaller maintenance
cost than crossing several smaller but uncorrelated interference
areas.
Fig. 4(d) shows how the route length varies in different sce-

narios. Here, the average number of hops during epochs and
the length of the initial route are shown as number of stages
varies. In the single-channel case, since the maintenance cost
among epochs has a big impact on the overall cost, the ini-
tial route tends to be longer, preferring links that require less
changes in the future. In case of multiple channels, the initial
setup is the dominant cost, so the rst epoch route is shorter.
The availability of multiple channels allows to perform channel
changes instead of link changes. A similar behavior is exhibited
by the average route length during the epochs. This is readily
conrmed in Fig. 4(e), which reports the number of hops of the
initial route when varying the ratio between link change and
channel change costs. For the case of four channels, the curve
also reports the cost share of the route at the rst epoch with re-
spect to the overall route maintenance cost. The impact of the
route setup cost in the rst epoch grows as the link setup cost
increases. Route maintenance, exploiting channel changes, be-
comes increasingly negligible. In addition, note that while the
initial route length is actually constant with two and three avail-
able channels, with more available channels, it shortens when
the maintenance cost ratio is higher.
Fig. 4(f) shows the minimum route maintenance costs as

the number of epochs increases. In case of a single available
channel, the route maintenance cost increases by 120% going
from 5 to 25 epochs. On the other hand, cost increases are less
relevant when multiple channels are available: 83% and 32%
increase in case of two and three channels, respectively. As
more channels are available, maintenance costs among epochs
are less inuent, and the main component of the overall routing
cost is due to the initial route setup.
2) Complete Scenario: Since the complete scenario is more

difcult to solve, we resort to instances where the end-to-end
routing is easier to maintain. This allows us to obtain a reason-
able ratio between feasible solutions and generated instances in
our tests. The new reference scenario still considers 104 SUs
(on an 8 13 grid), but with a one-stage barrier covering four
columns of the grid. The parameter has been xed equal
to 54 for every available link and for every available
channel at each epoch , while the other parameters have
been left unchanged.
We focus here on the effects of the trafc load. Other pa-

rameters impact the solution in a similar way as the analysis
of (RSP-1). Fig. 5 shows the route maintenance cost when the
4To provide a fair comparison, the splitting is carried out in such a way that

the number of links affected by the PU activity is kept constant.
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Fig. 4. Quality of minimum-maintenance-cost routing. (a) Route maintenance cost versus PU activity.(b) Route maintenance cost versus stage width. (c) Route
maintenance cost versus stages. (d) First epoch route length versus stages. (e) First epoch route length (and cost share) versus available channels. (f) Route main-
tenance cost versus epochs.

Fig. 5. Route maintenance cost for different per-demand trafc load when
the PU activity probability varies.

PU activity probability varies. The scenario consists of two par-
allel demands to be routed from the left side to the right side
of the grid, each demand requiring a trafc amount equal to

. Two kinds of effects can be appreciated. When
the load is low , any load increase does not affect
the maintenance cost. The network is far from the saturation
point, and the obtained solutions are equal to the ones computed
without capacity constraints, i.e., solving (RSP-1) for each de-
mand. When the load becomes tangible , increasing the
trafc load causes an increase of the route maintenance cost.
Due to interow interference, solutions show routes far apart
in order not to violate capacity constraints. This leads the se-
lection toward links that are not good in terms of route main-
tenance cost, but sufciently apart to build a feasible solution.
Moreover, note that the increase of trafc load makes infea-
sible almost every instance with high PU activity probability
due to the stringent capacity constraints. Finally, the slope of the
curves increases when increases. This means that the higher
the trafc load, the higher the impact on the solution of the PU
activity. Roughly speaking, when a network is highly loaded,

TABLE I
PERFORMANCE OF ALGORITHM 2 WITH TWO DEMANDS AND ONE CHANNEL

TABLE II
PERFORMANCE OF ALGORITHM 2

the effort needed to simultaneously repair broken paths and face
capacity limitations increases.
Tables I and II compare the performance achieved by Algo-

rithm 2 against the optimum. The optimality gap is computed as
, where is the cost obtained using Algorithm 2

and is the optimal cost obtained solving the model.
Table I shows the results in case two trafc demands with

trafc load must be routed in a network under several
values of the PU activity probability . The time to solve to opti-
mality theMILPmodel (Model time) and the running time of Al-
gorithm 2 (Alg. 2 time) are reported. Moreover, columns of type

and refer to the runs of Algorithm 2 ter-
minated with a feasible and an unfeasible solution, respectively.
The percentage of the total number of instances for which Algo-
rithm 2 has/has not found a solution is reported under the% tot.
column, while the column gap indicates the average cost gap of
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feasible solutions. Finally, in case a feasible solution cannot be
found , the average routing efciency is also re-
ported.
We can see that the time saving of Algorithm 2 is consid-

erable; it can reach two orders of magnitude, while the opti-
mality gap is contained within 10% for feasible solutions. When
the solution is not feasible, the algorithm reaches a routing ef-
ciency of 0.9, which is remarkable. Moreover, note that when
load is low, thus the solution easier, the PU activity probability
does not actually affect the short solving times, and Algorithm
2 always nds feasible solutions. Vice versa, when the load is
higher, solving instances becomes hard. Increasing the PU ac-
tivity probability results in longer solving times, but this ef-
fect is less evident using Algorithm 2. In these cases, it nds
a larger percentage of unfeasible solutions, but with a good
routing efciency.
Table II shows performance results of CRN instances, where

the number of demands to be routed , available channels
, and per-demand trafc amount vary. Results are ob-

tained averaging over the available values of PU activity prob-
ability, while the columns are the same as in Table I. The so-
lution time is mainly determined by the trafc saturation level
of the scenario. Higher trafc demands determine instances that
are harder to solve; the number of demands is less inuent for
the model. The performance of Algorithm 2 is good even with
heavy trafc. Analyzing the effect of introducingmore available
channels, we can see that the algorithm still performs well, but
with a reduced time saving. The reason is that, despite the higher
number of variables, instances having more available channels
become easier to solve directly with the model.

V. ROUTING HEURISTIC

The algorithms presented in Sections IV-A and IV-B provide
an efcient way to solve (RSP), even for large-size instances, in
case the information on current and future PU activity is fully
available at the SUs. The availability at the SU of the exact
and up-to-date current spectrum occupation pattern is consis-
tent with the recent directions on spectrum access regulations;
indeed, the Federal Communication Commission has recently
promoted the opportunistic use of white spaces in the spectrum
below 900 MHz and in the 3-GHz bandwidth through the use of
centrally maintained spectrum databases indicating over time
and space the channel availabilities [29]. Before sending or re-
ceiving data, cognitive opportunistic devices will be required to
access these databases to determine available channels.
However, the assumption on full and perfect knowledge of fu-

ture PUs activity adopted in the model is obviously not realistic.
To this extent, we drop in this section this assumption, and we
design a routing algorithm operating with a more limited knowl-
edge of the PU activity, based on the statistical characterization
of the spectrum opportunities. Again, we follow a constructive
approach: We start off by highlighting some properties of the
minimum-maintenance-cost routing (Section V-A), which we
leverage in the design of novel routing metrics (Section V-B)
to be used in an operational algorithm (Section V-C). The op-
timality gap and the behavior of the proposed algorithm is also
assessed through numerical evaluations.

Fig. 6. Average number of hops versus number of channels.

A. Properties and Observations
The fundamental property of minimum-maintenance-cost

routing is given in the form of theorem. It states that if two PU
activity processes are equivalent from an epoch to the last
one, and the corresponding optimal route selection sequences
include the same route at the same epoch , then sums of
transition costs given by the two sequences from to the end
are equal and minimum, even if path selections, except at epoch
, are not necessarily the same. We dene two PU activity

processes equivalent from epoch to epoch when their
induced sets are equivalent for . Leveraging
the following theorem, we show in Corollary V.2 that if the
route selection sequence reaches a particular route in epoch ,
then routes at future epochs do not depend on choices made
before . A sketch of the proof of Theorem V.1 and the proof
of Corollary V.2 are given in the Appendix.
Theorem V.1: Given a scenario, two PU activity processes ,

and , and indicating with the route selected at epoch
under PU activity process , if the following conditions hold:
�• from epoch to epoch ;
�• and are min-cost route selec-
tion sequences under corresponding PU activity processes,
where and are not necessarily the same;

�• ;
then the sums of transition costs of and

are equal and minimum.
Corollary V.2. (Memoryless Property): If the route selection

reaches a particular route in epoch , routes at future epochs
do not depend on choices made before .
Corollary V.2 introduces a nice property of the minimum-

maintenance-cost routing, which is proved to be memoryless in
time under specic assumptions.
We highlight here further properties of minimum-mainte-

nance-cost routing as observed from numerical results. Such
properties, given here in the form of observations, are leveraged
to develop a heuristic routing algorithm in Section VI.
�• Observation I: Using minimum-hop routing in individual
epochs results in extremely high route maintenance costs
even though the average path length of optimal routes
converges to minimum-hop path lengths with increased
number of channels per link. Fig. 6 reports the average
number of hops obtained when solving (RSP-1) compared
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against the average number of hops obtained solving
shortest-path problem in each epoch for different numbers
of available channels. The shortest-path curve is labeled
with the percentage increase in route maintenance cost
with respect to (RSP-1). As clearly demonstrated by the
gure, routes created by (RSP-1) feature a larger number
of hops, but on the other hand, the cost for maintaining the
shortest path is considerably and expectedly higher than
the one to maintain RSP-generated routes (up to 200%
increase).

�• Observation II: A good indicator to assess the quality of
a link is the average uninterrupted link lifetime under the
minimum-cost route selection problem. Previous work in
the eld [16] considers the average link availability to as-
sess the stability of a given link. Here, we are more inter-
ested in the expected time-to-switch. Time-to-switch is the
time between the selection of a link until a forced switch
due to a failure of that link. If a link goes up and down fre-
quently, its use incurs a high maintenance cost even if its
availability is high on average.

B. Routing Metric Design

From Section V-A, any consistent routing metric for setting
minimum-maintenance-cost path cannot be based on the hop
count only (Observation I), but must also account for the contin-
uous lifetime of the links (Observation II). Moreover, the mem-
oryless property (Corollary V.2) allows us to neglect the past
history in the denition of the metric, thus focusing on the cur-
rent epoch and the future ones only.
Leveraging these properties and observations, we propose

hereafter two new routing metrics for (RSP). We start from a
metric expressly devised to the simplied scenario (RSP-1),
which is then modied to obtain a second metric where capacity
constraints are taken into account.
Ideally, the link �“quality�” depends on two factors: the cost of

switching from the current link to another link , (switching
cost), and the expected cost to repair link in the future,
(repair cost). The former represents the �“short-term�” investment
to maintain the route, the latter the expected �“long-term�” one.
Each link can be weighted by the following metric:

(16)

Parameter allows tuning different cost contributions, and
represents the average time to switch for the link .

Following Observation II, the longer the continuous lifetime of
a link is, the lower maintenance cost incurs. Therefore, the de-
nominator is used to give lower weights to links available for
longer time periods.
The switching cost for link operating on channel from

epoch to epoch can be dened as

where the value of is computed considering the minimum
number of hops between link and the selected route at epoch
, and the value of depends on whether link appears in

the current route with the same channel , with a
different channel , or not .
The repair cost is dened as

(18)

The term denotes the expected time-to-switch
averaged over the -hop neighborhood. The sum gives the
expected cost to pay to repair link when it becomes unavail-
able. Differently from the modeling approach that assumes
full knowledge of the PU activity, the proposed metrics only
leverage a statistical knowledge of the PU behavior. To this
extent, denotes the probability to nd an available link
hops away from , which is available as a backup when fails

where denotes the set of links at exactly -hops from link .
Note that this equation provides an approximated value of the
exact probability since an exact prediction on where the new
route will go through after link �’s failure is not possible.
We call the ergodic random binary process describing

the activity of a PU : if PU is active at time .
is a time sample of . Given a link : is the set of PUs
that prevent from transmittingwhen they become active. Since

,
we compute the following probabilities for link in :

If the correlation among PUs with overlapping interference
areas is known, then the value of can be computed
exactly. When no correlation information is available, one pos-
sible approximation is splitting the expected value of the
product into the product of their expected values , i.e.,
the product of average activities of each single PU

. This is equivalent to considering PU activity
processes independent of each other.
Finally, the average time-to-switch is determined considering

the mean length of the uninterrupted availability periods of
link . Since PU activity processes are usually ergodic, the
estimate of value can be computed averaging over
past observations.
The very same routing metric for the simplied scenario

(RSP-1) can be extended to the complete capacity-constrained
scenario (RSP). The rationale is to ideally allocate the cost�–time
ratio we have computed so far to the effective capacity of the
link, that is, the actual bandwidth that can be used considering
interference effects. The new metric divides the maintenance
cost associated to the link by the time we can continuously
use that link and the transmission rate we can actually achieve
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Fig. 7. Route maintenance cost when adopting Algorithm 3. (a) Route maintenance cost versus PU activity. (b) Route maintenance cost versus epochs. (c) Route
maintenance cost varying the metric.

using that link. The link �’s weight according to the modied
metric is given by

(19)

where the new terms , , and have been introduced.
indicates the nominal capacity of link , which depends

on the used channel and technology. represents the
load of link �’s interference set, that is, the sum of ows
through links belonging to link �’s interference set. The term

is the residual capacity of link that can
be actually used by trafc ows. Finally, parameter allows
to tune the weight of the residual capacity in order to privilege
solutions with different levels of link saturation. We can think
of a practical meaning of when : It represents the
per-bit maintenance cost of the trafc transmitted during the
period link is expected be available without interruptions.

C. Routing Algorithm Structure and Results

We use the routing metrics provided in Section V-B in
a heuristic to solve the minimum-maintenance-cost routing
problem when exact information on PU activity is not available.
The main idea of the algorithm is to assign weights to each
link in every epoch based on the metric given in (16) or (19)
and iteratively nd the shortest source�–destination route from
epoch to epoch. The algorithm is composed of the following
steps.

Algorithm 3: Routing Algorithm

1: Initialize
2: for do
3:
4:
5: end for

In Step 1, the algorithm computes the shortest path between
the intended source and destination, assuming all PUs are inac-
tive (initialization phase). After that, for each epoch, the algo-
rithm assigns weights to SU links according to metric in (16) or
(19), and then applies the Bellman�–Ford algorithm to nd the
shortest path at epoch .

TABLE III
OPTIMALITY GAP OF ALGORITHM 3

In the following, we report results on the quality of solu-
tions of (RSP-1) obtained with metric in (16) and of (RSP) with
metric in (19).
1) Simplied Scenario (RSP-1): Fig. 7(a) and (b) reports

the route maintenance cost obtained running Algorithm 3 when
varying PU activity and the number of epochs, respectively.
As observed in these gures, the maintenance cost obtained
through the heuristics has a similar trend and behavior as the
minimum maintenance cost obtained in Section IV-C [see
Fig. 4(a) and (f)]. Table III reports the optimality gap between
results obtained using the heuristic algorithm (without using
exact future PU activity knowledge) and optimal results (using
the optimization algorithm) as the PU activity increases.
The error trend is related to the number of changes faced by

selected routes, and the gap increases when the probability of a
change in the selected route is higher due to a higher PU activity
probability.
Finally, it is worth assessing the quality of the routing metric

proposed in (16) with respect to classical metrics of route sta-
bility based on the average link availability [16]. To this ex-
tent, Fig. 7(c) compares the solution of Algorithm 3 when these
two metrics are used to weigh the links among the SUs epoch
by epoch. As shown in the gure (and anticipated in Observa-
tion 2), routing according to the average link availability induces
considerably higher route maintenance cost (up to four times).
2) Complete Scenario (RSP): Fig. 8(a)�–(c) reports the be-

havior of solutions in terms of routing efciency when the pa-
rameter varies. Each gure includes four plots, which have
been obtained with a PU activity probability equal to 0.1, 0.2,
0.3, and 0.4. The three gures show the results when one, two,
and three channels are available, respectively. We can see that
the effect of increasing is to generate solutions that achieve
higher network efciencies. When more channels are available,
it is easier to nd solutions where all the demands can be routed
satisfying capacity constraints. Therefore, increasing leads to
smaller improvements, in particular when the PU activity prob-
ability is low. Obtained solutions can provide more and more
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Fig. 8. Achievable routing efciency and route maintenance cost for different numbers of available channels when parameter varies. (a) Routing efciency with
one channel. (b) Routing efciency with two channels. (c) Routing efciency with three channels. (d) Maintenance cost with one channel. (e) Maintenance cost
with two channels. (f) Maintenance cost with three channels.

frequently the desired throughput within capacity constraints,
thus results are closer to 1.
Fig. 8(d)�–(f) shows the route maintenance cost of solutions

analyzed in Fig. 8(a)�–(c). Note that the price to have solutions
with higher routing efciency is a larger route maintenance
cost. As expected, costs increase when the values of increase.
Again, we can see that the availability of more channels reduces
the effect of varying . Since the solutions can easily satisfy
capacity constraints, we have cost curves almost at with low
route maintenance costs.
Finally, we want to assess the quality of obtained results with

respect to the optimal solution given by the model in Section IV.
Like in Table III, we have the worst performance when only
one channel is available. However, in this scenario, the model
nds feasible solutions for only for less than 10%
of the instances. This explains the two corresponding curves in
Fig. 8(a), which are far from 1, even with high values of . For

, the model provides feasible solutions with an av-
erage cost of 371 and 519, respectively. The results of Algo-
rithm 3 instead vary from 414 to 498 with and from
544 to 638 when , according to the value of . Again,
we want to remark the fact that the heuristic algorithm computes
routes using only PU activity statistics, while optimal results are
computed using a full-knowledge optimization algorithm.

VI. TEST CASES

We show here how the proposed routing framework can be
mapped to a realistic CRN routing scenario. We are not inter-
ested in designing a full-edged routing protocol for CRNs, but
rather we consider a simplied reference routing protocol and
show how its characteristics can be used to derive the parame-
ters of the model.

Suppose we have a simplied system where SUs agree on
the communication channel to use through a common control
channel (CCC). CCC is an out-of-band signaling channel
where SUs fall back after each transmission; it can be im-
plemented, for instance, using an additional interface tuned
on a dedicated band. The routing algorithm is on-demand.
The source SU broadcasts a Route Request (RREQ) message
including a Request ID (RID) and an intended destination,
which is rebroadcasted at each intermediate SU after storing
the association . Upon reception of the RREQ
message, the destination selects the best route according to a
routing metric and sends back a route reply (RREP) message
along the selected path, leveraging stored associations.
In case of link failure due to PU access to the channel, the

system reacts either by changing the working channel or by
rerouting. In the former case, the two extremes of the failed link
fall back to the CCC and, if it is possible, renegotiate a new
channel. If there is no available channel, rerouting is mandatory.
Suppose that in case of rerouting, the system behaves as follows.
The upstream SU broadcasts on CCC a special RREQ mes-
sage toward the destination in order to repair the broken path.
The special RREQ message travels within the network until it
reaches an SU that already belongs to the broken path. Node
replies with an RREP message on CCC along the reverse dis-
covered path between and . During this phase, traversed SUs
must agree on the used channel and tune their interfaces on it be-
fore retransmitting the RREP message. Finally, the broken path
is patched with a new subpath from node to node .
We can now compute the value of parameters and of

the reference routing protocol. Maintenance cost can be associ-
ated, as an example, to delays for route repair. Channel change
cost can be consequently dened as ,
where is the time needed to reach a channel agreement
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Fig. 9. Neighborhood scenario.

between two SUs on the CCC (f.i., due to an RTS-CTS and
CST-CSR exchange), and is the interface switching time
to the new channel. Typical values for the two delay compo-
nents can be set as s, s [30]. The
link change cost instead can be computed as

, where and are the
time needed to transmit a RREQmessage and a RREP message,
respectively. Assuming a rate of 1 Mb/s on CCC,

s and s according to [31]. Note that, as al-
ready stated in Section IV, these time values can change among
nodes and during epochs, and and values can vary ac-
cordingly. For instance, SUs may use different rates to transmit
RREQ and RREP messages, or interfaces may have different
switching times. Finally, note that and can be set con-
sidering many other different route maintenance costs, like ad-
ditional energy consumption or increased network load, even
with different levels of details.

A. Sample Network Scenarios
In this section, we show how our routing selection scheme can

be applied to realistic scenarios. As an example, we consider a
wireless community network in the neighborhood depicted in
Fig. 9.
We have run Algorithm 3 for two types of potential PU ac-

tivities and interference areas. The rst example considers a
single PU that has an interference area that includes the entire
neighborhood, which could represent the case of a TV broad-
caster. Five channels are available to SUs. The second example
considers PUs having an interference area whose diameter is
comparable to the SU communication range; three channels are
available. This could be, instead, the case of multiple GSM base
stations installed within the neighborhood.
Fig. 10 shows selected routing paths during some epochs,

where the selected channel is indicated close to each link.
Darker interference areas are characterized by a higher number
of simultaneously active PU channels. For sake of clarity, the
buildings of Fig. 9 are shown as gray squares.
Fig. 10(a) and (b) refers to the TV broadcaster scenario. They

show results snapshots from two of the 15 epochs to be opti-
mized. The numbers in the lower right corner indicate which
channels PU is using, while trafc demands go from node to
node , from to , and from to . Since PU behaves
synchronously within the entire neighborhood, we can see that
the route selection reacts to PU transmissions only by changing
the working channel of SU links. Routing paths, instead, do not

TABLE IV
ROUTE MAINTENANCE COSTS AND NETWORK EFFICIENCIES FOR EXAMPLE

SCENARIOS

change since the interference due to the PU activity is spatially
homogeneous. In addition, note that the algorithm exploits the
availability of multiple channels to make the solution feasible
in terms of interference constraints.
Fig. 10(c) and (d) refers to the scenario with GSM base sta-

tions at epoch 1 and 11. PU interference areas are depicted as
circles, with PU�’s active channels written in the center. Differ-
ently from the previous example, in this scenario, PU interfer-
ence areas are heterogeneous, which leads the routing selection
process to apply rerouting in order to avoid regions with high
PU activity.
Table IV reports results on route maintenance cost and

routing efciency, comparing solutions obtained applying Al-
gorithm 3 using (19) against solutions computed to the classical
approach of the average link availability. In addition, we have
extended the latter metric to consider residual link capacities
(load-aware average link availability) in the same way we did
with our metric in (19). We can see that Algorithm 3 gives the
best result. It generates solutions with lower maintenance cost
and higher routing efciency. Moreover, in order to achieve the
same routing efciency, solutions provided by load-aware av-
erage link availabilities require much larger route maintenance
costs.

VII. CONCLUSION
In this paper, a theoretical outlook on the problem of routing

secondary user ows in a CRN is provided. Dening optimality
based on the cost of maintaining a connection as a sequence of
paths, we provide several optimal and heuristic algorithms to
solve the problem under different assumptions on PU activity
knowledge and trafc characteristics. To the best of our knowl-
edge, this is the rst attempt to analyze routing multihop CRNs
considering route maintenance cost.
We formally introduce properties of the problem and include

computational complexity proofs. The quality and the behavior
of generated solutions have been evaluated through numerical
results, further sketching guidelines on the applicability and
utility of the proposed framework in realistic CRN scenarios.

APPENDIX
Theorem V.1 Proof Sketch: We dene a graph

with a metric as follows.
�• . represents route

at epoch . and are two virtual vertices repre-
senting, respectively, the initial state in which no route is
selected and the end of the time during which nodes and
must stay connected.

�•

. Arcs in the
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Fig. 10. TV broadcaster and GSM CRN scenarios. (a) TV Tower-Epoch 1. (b) TV Tower-Epoch 4 (c) GSM-Epoch 1. (d) GSM-Epoch 11.

rst set express route changes between epochs and
. Arcs in the second set express the choice of the

initial route. Finally, arcs in the last set join vertices
to the end vertex .

�• is dened as:
, , and

Note that cost is the cost of the selected initial route
. Arcs have length 0 as no route must

be arranged after epoch ; links of the last route from to
can simply be destroyed. In addition,

as route does not change between epochs
and , that is, no new links must be activated. A sequence of
selected routes during epochs, , can be mapped into
a path in , and vice versa. The mapping function is de-
ned as: ,

, and
. Thus, (RSP) reduces to nd a shortest

path from vertex to vertex in graph . Suppose is a
shortest path from vertex to vertex in . The length of
such a path is equal to the cost of the corresponding route selec-
tion sequence. Since is a shortest path, its length is minimum.
This allow us to say that the sum of the initial route �’s setup
cost and all transition costs between two epochs given by
is minimum. A node deployment and the communication range
(scenario) dene graph �’s vertices andweights, while arcs in
depend on the PU activity process. Therefore, PU activity pro-
cesses and induce graphs and , respectively. Since
and are equivalent from epochs to , the subgraph of
involving only vertices in is equal to

the same subgraph of . This common subgraph is denoted
by . Given two subpaths, and , of
two shortest paths going through , for hypotheses, they
cross, actually start, in , where ,
and end in . Since they are subpaths of shortest paths on a
common subgraph, the length of from to must
be equal to the length of from to and be min-
imum. Therefore, adding the costs on arcs of each subpath, we
have

and is minimum.
Corollary V.2 Proof: Suppose two PU activity processes

and are equivalent from epoch to epoch , but not

necessarily equivalent for epochs . Furthermore, let the
optimum routes selected under the two PU activity processes
at epoch be equal, i.e., . Let us proceed
by contradiction and assume that the future route selection
depends on selections made at epochs . This means that
routes selected after epoch in the two optimum sequences

and can be different, in
particular, the sums of transition costs of
and can be different. This contradicts
Theorem V.1, thus future route selections cannot depend on the
past.
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