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Abstract: This paper focuses on establishing a communications path among an ordered 
sequence of moving nodes, representing vehicles. A channel is used to send 
information from one node to the next in the sequence on a wireless link. The 
set of available channels may differ from one node to the next node. Each of 
the available channels at a node can be used for receiving information from its 
predecessor node in the sequence or for transmitting information to its 
successor node in the sequence. However, the same channel cannot be used at 
a node for both receiving and transmitting information. We present algorithms 
that determine an optimal sequence of channels that establishes a 
communications path from the first node to the farthest node possible. We 
present a depth-first search algorithm that uses a “look-ahead” channel 
selection rule in order to decrease backtracking. We also present an algorithm 
that requires only a single pass through the sequence of nodes by identifying 
optimal channel assignments in subsequences of nodes without a need for 
backtracking. The latter algorithm requires computational effort that is 
proportional to the number of nodes in the ordered sequence of nodes. 

Keywords:  Channel assignments; mobile ad-hoc networks; vehicular ad-hoc networks; 
wireless communication.

1. INTRODUCTION 

A mobile ad-hoc network (MANET) is formed by multiple moving nodes 
equipped with wireless transceivers. The mobile nodes communicate with 
each other through multi-hop wireless links, where every node can transmit 
and receive information. Mobile ad-hoc networks have become increasingly 
important in areas where deployment of communications infrastructure is 
difficult. Such networks are used for communications in battle fields, natural 
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disasters, fleets on the ocean, and so forth. Numerous papers have been 
published on this topic. Representative references include Lin and Gerla 
(1997), Lin and Liu (1999), and McDonald and Znati (1999). Xu, et al. 
(2006) describe a framework for multi-channel management in such 
networks. Earlier related work has focused on channel assignment for 
traditional packet radio networks with no mobility. Representative studies 
include Cidon and Sidi (1989), Ephremides and Truong (1990), and Lu 
(1993).  

A vehicular ad-hoc network (VANET) refers to a mobile ad-hoc network 
designed to provide communications among nearby vehicles and between 
vehicles and nearby fixed equipment. Chisalita and Shahmehri (2002), Chen 
and Cai (2005) and Chen, et al. (2006) present a networking approach that 
uses local peer group architecture in order to establish communications 
among vehicles. The use of multiple channels allows for simultaneous 
communication sessions at the logical layer among a network of moving 
vehicles without partitioning available resources at the physical layer. Thus, 
the use of multiple channels would significantly increase the network 
throughput. Existing channel assignment methods use distributed decisions 
where each vehicle determines which channel to use based on local 
information on channel availability at neighboring vehicles.  

In this paper, we focus on establishing a communications path among an 
ordered sequence of moving nodes, representing vehicles, using global 
information of channel availability. The ordered sequence of nodes can be 
viewed as a directed linear tree topology where a link interconnects a node 
only to its successor node in the ordered sequence. A channel is used to send 
information from one node to the next on a wireless link. The set of available 
channels may differ from one node to the next due to external interferences, 
other ongoing communications that involve some of these nodes, different 
equipment used at the nodes, and the like. Each of the available channels at a 
node can be used for receiving information from its predecessor node in the 
sequence or for transmitting information to its successor node in the 
sequence. However, the same channel cannot be used at a node for both 
receiving and transmitting information. Note that the channel used to 
transmit information from a node is the channel used to receive information 
at its successor node in the ordered sequence of nodes. The first node in the 
sequence, or some nearby system, has as input the information of the set of 
available channels at each of the nodes in the ordered sequence.  

A sequence of channel assignments is called optimal if it establishes a 
communications path from the first node in the ordered sequence of nodes to 
the last node in that sequence, or, if such a feasible sequence of channels 
does not exist, it establishes a communications path from the first node to the 
farthest node possible. We present two algorithms that determine an optimal 
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sequence of channel assignments. The first algorithm uses a depth-first 
search starting from the first node in the sequence. We present two versions 
of the Depth-First Search Algorithm, where the second version improves 
upon the channel selection rule at a node by using a “look ahead” scheme 
that may decrease the amount of backtracking, and thus reduce the 
computational effort. The second algorithm, referred to as the One-Pass 
Algorithm, requires only a single pass through the sequence of nodes by 
identifying optimal channel assignments in subsequences of nodes without a 
need for backtracking, resulting in computational effort that is proportional 
to the number of nodes in the ordered sequence of nodes.   

2. THE MULTI-CHANNEL ASSIGNMENT PROBLEM 

Consider a sequence of nodes i, i = 1, 2, …, N, where the nodes represent 
moving vehicles. The ordered sequence of nodes can be viewed as a directed 
linear tree topology where a link interconnects node i only to node i+1 in the 
ordered sequence. The sets Si denote the channels available at node i, i = 1, 
2, …, N. The number of channels in each of the sets is expected to be quite 
small, say, between 2 to 4. 

Consider the example in Figure 1 with N = 5. Each node has a set of 
channels available for receiving or transmitting information where the term 
channel is used as a logical entity. It may represent a frequency band (under 
FDMA), an orthogonal code (under CDMA), and so forth. The set of 
available channels may differ from one node to the next due to external 
interferences, other ongoing communications that involve some of these 
nodes, different equipment used at the nodes, and so forth. For example, 
node 1 can use channels 1 and 2 as depicted by the set S1 = {1, 2}, and node 
2 can use channels 1, 2 and 4 as depicted by the set S2 = {1, 2, 4}. The 
information of all sets Si, i = 1, 2, 3, 4 and 5, is provided as input to the 
channel assignment algorithms. Typically, the input will be available at node 
1, however, it may be available at some other location, e.g., at nearby fixed 
devices. The channel assignment methods are generic and independent of the 
location of the input. 

Each of the available channels at any node i can be used for receiving 
information from node i-1 or for transmitting information to node i+1. 
However, the same channel cannot be used at a node i for both receiving and 
transmitting information. The objective of the channel assignment 
algorithms is to establish a communications path from node 1 to the farthest 
node possible in the sequence of ordered nodes. Of course, if possible, the 
established communications path should reach node N, however, this may 
not always be possible. 
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1 2 3 4 5

S1 = {1, 2} S3 = {1, 3} S5 = {1, 2}S2 = {1, 2, 4} S4 = {1, 3, 4}
 

Figure 1. An Ordered Sequence of Nodes and the Available Channels 

Let Ti denote the set of available channels at node i and at node i+1, i.e., 
Ti = Si ∩ Si+1. The sets Ti for i = 1, 2, …, N-1 are readily computed from the 
sets Si for i = 1, 2, …, N. Thus, in the example of Figure 1, T1 = {1, 2}, T2 = 
{1}, T3 = {1, 3}, and T4 = {1}. Since node i must use on its outgoing link a 
channel that is in Si and node i+1 must use on its incoming link a channel 
that is in Si+1, node i can interconnect with node i+1 only on channels that are 
in the set Ti. In addition, node i must use different channels for receiving 
information from node i-1 and for transmitting information to node i+1.  

Let f represent index for channels. Let xfi = 1 if channel f is selected at 
node i to interconnect node i to node i+1, and let xfi = 0 otherwise. From the 
discussion above, xfi = 0 if f ∉ Ti. Let zi = 1 if a channel is assigned at node i 
to interconnect node i to node i+1, and let zi = 0 otherwise. The multi-
channel assignment problem is formulated as follows. 

 
The Multi-Channel Assignment Problem 
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Constraints (2) express decision variables zi in terms of decision variables 
xfi, while constraints (3) state that channel f cannot be assigned at node i if f 
∉ Ti. Constraints (4) assure that a node cannot receive and transmit 
information on the same channel. Constraints (5) state that a channel can be 
assigned at node i+1 only if a channel is assigned at node i. Constraints (6) 
define the 0-1 decision variables that are not forced to 0 by constraints (3). 
Note that by constraints (2) and (6), the number of channels assigned at a 
node is at most one. Given the constraints above, objective function (1) 
maximizes the number of assigned channels, which is equivalent to 
assigning channels to the farthest possible node in the ordered sequence of 
nodes. Problem (1)-(6) is an integer program with significant structure. A 
similar formulation without variables zi can also be provided. In Section 3, 
we present the Depth-First Search Algorithm for the Multi-Channel 
Assignment Problem that is not necessarily polynomial as it may require 
backtracking. In Section 4, we present the One-Pass Algorithm that finds an 
optimal solution in polynomial time; in particular, for given sets Ti, the 
computational effort is O(N). 

We present below several important observations that will be exploited 
by the algorithms. 
• If each of the sets Ti has two or more channels, a sequence of channels 

that connects node 1 to node N can readily be assigned. Moreover, this 
still holds if either T1 or TN-1 (but not both) have a single channel. 
Consider an example of five nodes with T1 = {1}, T2 = {1, 2}, T3 = {1, 
2} and T4 = {1, 2}. Then, we simply select channel 1 from T1 and T3 and 
channel 2 from T2 and T4. 

• The challenge is to determine optimal assignments when some of the sets 
Ti include only one channel. Suppose T1 = {1, 2}, T2 = {1, 2}, T3 = {1} 
and T4 = {1, 2}. Then, we must select channel 1 from T1. If channel 2 is 
selected from T1, we must select channel 1 from T2 which, in turn, would 
prevent selection of channel 1 from T3. 

• Each of the sets Ti can be limited to at most three channels. This is easy 
to see through the following example. Suppose T1 = {1}, T2 = {1, 2, 3} 
and T3 = {2}. Although channels 1 and 2 cannot be selected from T2, 
there is always another channel available for selection in T2.  

• If set Ti does not include any channel, a feasible communications path 
cannot be established beyond node i. Other infeasible cases can also be 
identified. For example, if sets Ti = Ti+1 = {1}, or if sets Ti-1 = {1}, Ti = 
{1, 2} and Ti+1 = {2}, a feasible communications path cannot be 
established beyond node i+1. 
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3. THE DEPTH-FIRST SEARCH ALGORITHM 

The search algorithm constructs a tree, while using backtracking when 
necessary. We first describe the basic version of the algorithm. From here on 
we use the notation fi to denote the channel used for transmitting information 
from node i to node i+1. Let FEASi denote the set of channels that can be 
used for interconnecting node i with node i+1, given that node i-1 
communicates with node i on channel fi–1. Since node i must use different 
channels for receiving information from node i-1 and for transmitting 
information to node i+1, FEAS1 = T1 and FEASi = Ti - fi–1 for i > 1 
(obviously, if fi–1 ∉ Ti, then FEASi = Ti). 

Starting from node 1, we select a channel f1  ∈ FEAS1. The selection can 
be done randomly or using any other arbitrary rule. Thereafter, the set T2 is 
updated by deleting channel f1 from T2 ( no update is needed if f1 ∉ T2). The 
search then continues, attempting to assign a channel that would connect 
node 2 to node 3. The search continues until a channel successfully 
interconnects node N-1 to node N, in which case a communications path is 
established from node 1 to node N, or until at some node i < N FEASi = ∅. In 
the latter case, backtracking in the search tree is needed. If at some stage 
FEAS1 = ∅, node N cannot be reached for the specified sets Si, and the 
search terminates with a communications path that connects node 1 to the 
farthest node possible. 

We illustrate the search algorithm by solving the example shown in 
Figure 1. We compute the sets Ti = Si ∩ Si+1. The resulting search tree is 
shown in Figure 2. 

Starting with node 1, we select a channel from the set T1 as the candidate 
channel on the link from node 1 to node 2, using some specified rule, e.g., 
random selection, the largest or smallest channel index, and so forth. 
Suppose we select channel 1. Channel 1 is now deleted from the set T2 since 
the channel used on the outgoing link from node 2 must differ from the 
channel used on the input to the node. Since the set T2 is now empty, there is 
no available channel to connect node 2 to node 3. So the search on this 
branch of the tree failed as depicted by in the right part of the tree in Figure 
2.  

We then backtrack to node 1 and delete channel 1 from set T1. We now 
select the remaining channel in T1, i.e., channel 2, to connect node 1 to node 
2 as depicted in the left part of the tree in Figure 2.  

Since channel 2 is not in T2, the set T2 remains unchanged. Next, we 
select channel 1 to connect node 2 to node 3. Channel 1 is deleted now from 
T3 and we select channel 3 to connect node 3 to node 4. Since channel 3 is 
not in T4, the set T4 remains unchanged. We now select channel 1 to connect 
node 4 to node 5. 
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Figure 2. Example of the First-Depth Search Algorithm 

We found an optimal sequence of channels that establishes a 
communications path that connects node 1 to node 5. The path uses channel 
2 on the link from node 1 to node 2, channel 1 on the link from node 2 to 
node 3, channel 3 on the link from node 3 to node 4, and channel 1 on the 
link from node 4 to node 5. 

The search algorithm can be improved by using a “look-ahead” rule to 
select a channel from among the channels in the set FEASi. We first examine 
whether the set FEASi includes a channel that is not in the set Ti+1, and if so 
we select such a channel. This selection does not decrease the selection 
options at node i+1 since it does not affect FEASi+1; hence, it may lead to 
less backtracking in the search tree. If such a channel does not exist, we use 
the same selection rule as before. 

Figure 3 illustrates the search algorithm by resolving the example shown 
in Figure 1. 

We start by selecting a channel from the set FEAS1 = T1 as the candidate 
channel on the link from node 1 to node 2. Since channel 2 is the only 
channel in FEAS1 that is not in T2, we select channel 2. By using this “look-
ahead” rule we did not select channel 1 which would lead to a failure to 
establish a connection from node 2 to node 3 as previously demonstrated in 
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Figure 2. The remaining steps of the search shown in Figure 3 are the same 
as those shown in the left part of the tree in Figure 2. The search with the 
“look-ahead” rule found the same optimal solution found by the basic 
search, but did not require any backtracking.   
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Figure 3. Example of the First-Depth Search Algorithm Using the “Look-Ahead” Rule 

Note, however, that the search with the “look-ahead” rule may still 
require backtracking. This can be easily demonstrated by adding another 
node to the example of Figure 1, referred to as node 1A, between node 1 and 
node 2 with the set S1A = S1. Now, since T1 = T1A = {1, 2}, starting at node 
1, the “look-ahead” rule does not provide any guidance at node 1. If channel 
2 is selected at node 1, channel 1 must be selected at node 1A, and no 
channel would be available to connect node 2 to node 3. Backtracking on the 
search tree would then be required. 

As mentioned in Section 2, we may limit the number of channels in each 
of the sets Ti to no more than three. Although not guaranteed, this will often 
reduce the effort spent on backtracking. We should attempt to keep channels 
that are likely to be selected by the “look ahead” rule; e.g., keep in Ti 
channels that are not in Ti+1. 

We now present the search algorithm with the “look-ahead” rule. 
 



Optimal Multi-Channel Assignments in Vehicular Ad-Hoc Networks 33
 

The Depth-First Search Algorithm 

 Initialization 
 Compute sets Ti  =  Si ∩ Si+1 for i = 1, 2, …, N-1.  
 If Ti has more than three channels, keep only three. If available, keep in           
   Ti channels that are not  in Ti+1. 
 N ← minimum[N, smallest i with Ti = ∅] (a communications path 
 cannot be established from  node 1 to a node beyond the revised N). 
  Initialize sets TEMP = BEST = ∅ (TEMP is the interim sequence of 
 channels from node 1 to the currently reached node, and BEST 
 records the longest sequence of channels found since the beginning 
 of the search). 
 Initialize i = 1.  

 End of initialization. 

 While i < N 
 FEASi  =  Ti - fi-1 ( for i = 1, FEASi = Ti). 
 If FEAS1 = ∅, STOP (the set BEST  provides the longest possible 
 sequence of channels; at this stopping point the optimal 
 communications path does not reach node N).  
 If FEASi = ∅ (i > 1), backtracking is needed: 

  Begin 
  If the sequence of channels in TEMP is longer than that in BEST,  
      then update BEST ← TEMP. 
  Update Ti-1  ← Ti-1 – fi-1. 
  Update TEMP ← TEMP – fi-1. 
  Update i ← i-1.  
  Go to beginning of the while loop. 

  End. 
  FEASi ≠ ∅: Select channel on next link. 
  Begin 

  Select channel for transmitting from node i to node i+1 as follows:    
  If available, select some fi ∈ FEASi\Ti+1 (i.e., fi is in FEASi but not in
  Ti+1); otherwise, select some fi ∈ FEASi. 
  Update TEMP ← TEMP + fi.  
  Update i ← i+1.  
  If i < N, go to beginning of the while loop. 

  End. 
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 End of while loop. 

    BEST ← TEMP (at this stopping point the set BEST provides a         
    communications path that connects node 1 to node N). 

    STOP. 

 End of Depth-First Search Algorithm. 
 

Each of the sets Ti can be obtained by sorting sets Si and Si+1 and merging 
the sorted sets. Thus, the N-1 sets Ti are computed at an effort of O(Nhlogh) 
where h is the number of channels in the largest set Si. Recall that if all sets 
Ti include two or more channels, a sequence that connects node 1 to node N 
is obtained through arbitrary selection. The Depth-First Search Algorithm 
will then find a solution without any backtracking. Nevertheless, in general, 
the computational effort may grow exponentially with N, where in the worst 
case the entire search tree will be constructed. The computational effort 
(after computing the sets Ti and keeping up to three channels in each) is at 
most O(3N). We illustrate this through an example in which there is no path 
that connects node 1 to node N. Let TN-3 = {1}, TN-2 = {1, 2} and TN-1 = {2}, 
and let each of the other sets Ti include three channels. Then, the search tree 
will explore (almost) all possible O(3N) assignments while failing to find a 
connection from node N-1 to node N. 

4. THE ONE-PASS ALGORITHM 

The One-Pass Algorithm does not build a search tree. Instead, it looks for 
the first node, say node m, along the ordered sequence of nodes that has a 
single channel in the set Tm and assigns the channel in Tm to the link 
connecting nodes m to node m+1. The assigned channel is deleted from set 
Tm-1. The algorithm then proceeds backwards to node m-1 and arbitrarily 
assigns a channel from set Tm-1 to the link connecting node m-1 to node m. 
The algorithm continues in that manner until a channel is assigned to the link 
connecting node 1 to node 2. Assignment of channels to the links along the 
path that connects node 1 to node m+1 is completed. Note that the 
backwards assignment of channels to interconnect the subsequence of nodes 
1 to m+1 is guaranteed to succeed since each of the sets Ti for i = m-1, m-2, 
…, 1 has at least two channels. 

If node m = N-1, the algorithm terminates since a path is established from 
node 1 to node N. Suppose m < N-1. The assigned channel on the link into 
node m+1 is deleted from set Tm+1 and the algorithm searches for the next 
node in the ordered sequence beyond node m, say node n, that has a single 
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channel in the set Tn. The algorithm then assigns channels to the 
subsequence of links that connect node n to node n+1, node n-1 to node n, 
…, node m+1 to node m+2.  

The algorithm continues to assign channels to such subsequences until a 
path that connects node 1 to node N is established or until some updated set, 
say Tp, is encountered with Tp = ∅. In the latter case, a communications path 
can be established only from node 1 to node p.  

Note that a subsequence with node N as its last node may have more than 
one channel in TN-1, in which case the algorithm arbitrarily assigns one of 
these channels to the link connecting node N-1 to node N.  

Figure 4 illustrates the One-Pass Algorithm by resolving the example 
shown in Figure 1. 

1 2 3 4 5

2

1

3

1

 

Figure 4. Example of the One-Pass Algorithm 

Recall that in Figure 1 S1 = {1, 2}, S2 = {1, 2, 4}, S3 = {1, 3}, S4 = {1, 3, 
4}, and S5 = {1, 2} resulting in T1 = {1, 2}, T2 = {1}, T3 = {1, 3}, and T4 = 
{1}.  

Starting from node 1, set T2 = {1} is the first set with a single channel. 
Therefore, moving backwards, we select channel 1 on the link from node 2 
to node 3, update T1 by deleting channel 1 from T1, which results in T1 = {2}, 
and select channel 2 on the link from node 1 to node 2. The selection of 
channels on this subsequence is depicted in Figure 4 by the arrow pointed 
backwards from node 3 to node 1. Channel 1 is also deleted from set T3, 
leading to T3 = {3}. 

Next, starting from node 3, T3 = {3} is the first set with a single channel. 
Therefore, the second subsequence includes only a single link and we select 
channel 3 on the link from node 3 to node 4. The selection of channels on 
this subsequence is depicted by the arrow pointed backwards from node 4 to 
node 3. Since T4 does not include channel 3, no update is needed. 

Finally, starting from node 4, node 5 is reached, and channel 1 is selected 
from node 4 to node 5. 
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Note that the One-Pass Algorithm found the same solution provided 
above by either version of the Depth-First Search Algorithm. However, the 
One-Pass Algorithm finds an optimal sequence in an effort that is 
proportional to the number of nodes, i.e., in an effort of O(N) (after 
computing the sets Ti). The sequence found will generate a communications 
path from node 1 to node N, or, if not possible, from node 1 to the farthest 
node possible along the ordered sequence of nodes. Consider again the 
example with TN-3 = {1}, TN-2 = {1, 2}, TN-1 = {2}, where each of the other 
sets Ti includes three channels. The One-Pass Algorithm will first find a path 
from node 1 to node N-2, followed by a path from node N-2 to node N-1 
(using channel 2). Finally, it will terminate since the updated set TN–1 will be 
empty. The total effort spent on finding a path from node 1 to node N-1 is 
O(N). On the other hand, as discussed before, the Depth-First Search 
Algorithm will terminate after spending an effort of O(3N).   

Let |Ti| denote the number of channels in the set Ti. We conclude this 
section by presenting the One-Pass Algorithm. Note that in this algorithm we 
do not realize computational savings by deleting channels from the sets Ti 
that have more than three channels. 

 
The One-Pass Algorithm 

 Initialization 
 Ti  =  Si ∩ Si+1 for i = 1, 2, …, N-1. 
 N ← minimum[N, smallest i with Ti = ∅] (a communications  path 
 cannot be established from  node 1 to a node beyond the revised N). 
 MIN = 1. 

 End of initialization. 
 
 Subsequence Channel Assignments 

   MAX = [i: Smallest i ≥ MIN with |Ti| = 1]; if no |Ti| = 1 set MAX = N-1.  
   Select some fMAX ∈ TMAX. 
  i = MAX. 

  While i > MIN 
           Ti-1 ← Ti-1 - fi. 

          Select some fi-1 ∈ Ti - 1. 
          i ← i-1. 

  End of while loop.  
 End of subsequence channel assignments. 
 
 Termination Checks 
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 MIN ← MAX+1. 
 If MIN = N, STOP (assigned channels f1, f2, …, fN-1 provide a 
 communications path from node 1 to node N). 
 TMIN  ← TMIN – fMIN-1. 
 If TMIN = ∅, STOP (assigned channels f1, f2, …, fMIN-1 provide a 
 communications path to the farthest node possible, node MIN). 
 Go to beginning of Subsequence Channel Assignments. 

 End of termination checks. 
 End of One-Pass Algorithm. 

5. FINAL REMARKS 

We presented two algorithms that determine an optimal sequence of 
channel assignments that establish a communications path from node 1 to the 
farthest node possible in a specified ordered sequence of nodes, where the 
sets of available channels Si may be node-dependent. For given sets Ti, the 
One-Pass Algorithm assigns channels in a computational effort O(N), 
whereas the Depth-First Search Algorithm is not polynomial due to possible 
backtracking. Hence, for the problem of channel assignments for an ordered 
sequence of nodes, the One-Pass Algorithm is clearly more efficient. Future 
research may consist of developing algorithms of multiple channel 
assignments to more complicated problems where, for example, vehicles 
may be involved in multiple sessions at the same time. Possible extensions 
of the algorithms presented in this paper to such problems should be 
explored. It is an open question which of these algorithms could be 
effectively extended to more complex problems that cannot be modeled as a 
single ordered sequence of nodes, but would instead be represented by more 
general network topologies.  
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