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Abstract— Multipath routing (MPR) is an effective strategy
to achieve robustness, load balancing, congestion reduction, and
increased throughput in computer networks. Disjoint multipath
routing (DMPR) requires the multiple paths to be link- or
node-disjoint. Both MPR and DMPR poses significant challenges
in terms of obtaining loop-free multiple (disjoint) paths and
effectively forwarding the data over the multiple paths, the latter
being particularly significant in IP datagram networks.

This paper develops a two-disjoint multipath routing strategy
using colored trees. Two trees, red and blue, that are rooted
at a designated node called the drain are formed. The paths
from a given source to the drain on the two trees are link- or
node-disjoint. Such an approach requires every node to maintain
only two preferred neighbors for each destination, one on each
tree. This paper (1) formulates the problem of colored-trees
construction as an integer linear program (ILP); and (2) develops
the first distributed algorithm to construct the colored trees
using only local information. We demonstrate the effectiveness of
the distributed algorithm by evaluating it on grid and random
topologies and comparing to the optimal obtained by solving the
ILP.

I. INTRODUCTION

Multipath routing (MPR) is an effective strategy to achieve
robustness [1], load balancing [2], congestion reduction [3],
low power consumption [4], and increased throughput. It
operates by transmitting data over multiple paths. In general,
the multiple paths from a source to a destination may have
common links (or nodes) as long as the shared links (or
nodes) have sufficient resources. To improve the transmission
reliability and avoid shared-link (or node) failures, the multiple
paths can be selected to be link- or node-disjoint. In this case,
the MPR approach is referred to as disjoint multipath routing
(DMPR). DMPR provides better robustness compared to the
generic MPR. However, it may be inefficient with respect to
other metrics such as the overall energy consumption [4].

DMPR has been extensively studied in the context of
wired networks [5], [6], where the multiple paths are often
employed for failure resiliency purposes. Only one of the
paths, referred to as the primary path, is used at any instant.
Upon a failure, the connection is rerouted over a backup path.
If the backup path is the same for any link (or node) failure
that affects the primary path, then the primary and backup
paths must be link- (or node-) disjoint1. In applications such as
transmission of multiple description encoded video streaming,
the two link-disjoint paths are used simultaneously. Two
independently encoded video streams are transmitted along

1Multiple backup paths may be employed, where each backup path cor-
responds to a particular link failure in the primary path. Upon a failure, a
connection is rerouted on one of the backup paths depending on the failure
location. In such an approach, it is possible that no two multiple paths are
disjoint with the primary path.

two link-disjoint paths [7]. If multiple paths are employed for
increased throughput, then the data may be split over multiple
paths.

A. Motivation

Implementation of generic MPR and DMPR poses two
main challenges. The first is related to the computation of
loop-free multiple paths. Several centralized algorithms (or
equivalently those that assume a global network knowledge)
have been proposed for the DMPR problem in the context
of failure resiliency in wired connection-oriented networks.
Because of their centralized nature, these algorithms are not
directly applicable to large-scale (wired or wireless) networks.
In such cases, a distributed solution that relies only on local
information is preferred. Distributed multipath routing algo-
rithms in the literature are developed purely in the context of
wireless networks. MPR approaches based on Dynamic Source
Routing (DSR) [8], [9], [10] require the destination to select
maximally disjoint paths among the received route requests.
MPR approaches based on AODV routing [11], [12], [13],
[14], [15] do not guarantee finding disjoint paths. The only
well-known generic multipath routing employed in the wired
datagram network is the OSPF algorithm, where the choice of
paths is limited to paths of equal cost.

The second challenge of implementing MPR (or DMPR)
techniques is related to the forwarding of data over the multiple
paths. In typical connection-oriented networks, the end-to-
end path is clearly identified using, for example, connection
identifiers or labels. In such networks, nodes maintain a
routing table that specifies the output port for each label.
Each path in the set of multiple paths requires a unique set
of connection identifiers. Hence the size of the routing table
is directly proportional to the number of multiple paths. In
contrast, datagram networks rely on the destination address in
the packet header for the purpose of forwarding packets over
a single path. To implement MPR or DMPR techniques in
such networks, every node must maintain a set of preferred
neighbors to reach a destination, such that the paths are
loop-free (and disjoint, if needed). Forwarding of packets to
meet such constraints must be based on destination address
and some “additional” information (e.g. source address). The
intermediate nodes must be aware of this additional informa-
tion or otherwise, it must be carried in every packet header.
The choice of what additional information is used to achieve
forwarding along multiple paths determines the overhead of
the scheme.

Our work is motivated by the lack of any known distributed
algorithm that employs only local information for computing
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disjoint multiple paths for effectively forwarding packets in a
datagram network. As a first step, this work focuses on trans-
mitting data from every node in the network to a designated
node called the drain over two link- or node-disjoint paths.
Hence, the communications paradigm considered is of multi-
point to a point. The approach developed for this scenario
may be used to support all-to-all routing by independently
considering every node as a drain node. To this end, three
possible approaches for the DMPR problem are reviewed.

B. DMPR Approaches

DMPR approaches may be classified into three broad cat-
egories, depending on the information used for forwarding
individual packets.

Explicit forwarding. In this approach, every node indepen-
dently finds two link/node-disjoint paths to the drain using
well-known disjoint-path algorithms [5]. Once the disjoint
paths are obtained, the path information is embedded in every
packet and is used by intermediate nodes to route individual
packets. No routing tables are needed at intermediate nodes.
MPR algorithms based on DSR (for mobile ad hoc networks)
fall under this category. The embedding of path information
in the packet header is a significant overhead that limits the
application of this approach.

Source-based forwarding. The communication cost of ex-
plicit routing may be reduced by transferring the disjoint path
information embedded in the packets to intermediate nodes
along the paths. Every node then maintains a routing table
and forwards a packet based on the destination and source
addresses provided in the packet header. Figure 1 shows two
node-disjoint paths computed by nodes A and B. Consider
the situation at node C. This node receives packets from one
incoming link (`) and forwards them to one of two distinct
outgoing links, based on the source address. The routing table
at node C will have two entries for the drain, corresponding
to the two sources.

Drain

A

B

C !

B

Drain

C A!

(a) Paths for node A (b) Paths for node B
Fig. 1. Two node-disjoint paths from nodes A and B to the drain, computed
independently by each node.

If the average sum of the lengths of the two paths from a
source to the drain is Hd, then the total number of routing
entries in the network for for a given drain is (N − 1)Hd,
where N denotes the number of nodes in the network. Note
that a typical single-path routing would require only (N − 1)
entries for a particular drain. The sum of any two disjoint paths
between a pair of nodes must be at least of length three, (N−
1)Hd ≥ 3(N−1). The value of Hd may range anywhere from
O(1) for a fully connected network to O(N) for a sparsely

connected network. Given that there may be O(N) entries for
each drain, in the worst-case, routing a packet based on both
destination and source addresses will increase the table lookup
time significantly.

Colored trees. To reduce the routing-table overhead, hence
reduce lookup time, this paper develops a novel multipath
routing strategy called colored trees. Every node in the net-
work has two preferred neighbors to the drain: red and blue.
A packet transmitted from a source is marked with one of
the two colors. An intermediate node that receives the packet
forwards it to its preferred neighbor based on the color of
the packet. Thus, the routing table at a node has only two
entries (for every drain node). The network may be viewed as
two trees (red and blue) that are rooted at the drain, where
the paths on these trees are directed towards the drain. The
two trees have the property that the two paths from a given
source to the drain on the two trees are link/node-disjoint. The
number of routing table entries for a drain in a network of N
nodes is 2(N − 1). Compared with single-path (source-based)
forwarding, the colored tree approach reduces the routing table
by a factor of Hd

2 . Figure 2 shows the colored trees for the
example network in Figure 1.
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(a) Red tree (b) Blue tree
Fig. 2. Two colored trees (any two paths from a node to the drain on the
two respective trees are node-disjoint).

C. Scope and Contribution

The goal of this paper is to develop a distributed algorithm
for the CT-LD and CT-ND problems and to compare the per-
formance of this algorithm with the optimal solution obtained
by formulating the problem as an integer linear program. The
contributions of this work are as follows:
• ILP formulation: To the best of the our knowledge, this

work is the first attempt at obtaining an optimal solution
to the CT-LD and CT-ND problems. While centralized
heuristic algorithms developed in the context of robust
multicasting [16], [17], [18] may be adapted to this
problem, there has not been any effort to compare the
results to the optimal solution.

• Distributed algorithm with local information: This paper
develops the first distributed algorithm to constructing
two colored trees, employing only local (neighborhood)
information. The algorithm is guaranteed to find a solu-
tion if one exists. In addition, a technique to reduce the
average path length is also developed and evaluated.

The rest of the paper is organized as follows. Section II
describes the network model, problem definition, and ILP
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formulation. Section III discusses the related work in obtaining
multitrees using heuristic approaches that were originally
developed in the context of robust multicasting. This section
also points out key observations in the centralized solutions
that are essential for a distributed solution using local infor-
mation only. Section IV develops the distributed algorithm for
constructing two colored trees and techniques to arrange the
neighbors in order to minimize the average path length from
a source to the drain. Section V presents the performance of
the distributed algorithm and compares it with the optimal
solution. Conclusions and future work are presented in Section
VI.

II. PROBLEM FORMULATION

Consider a network G(N ,L) composed of a set of nodes N
and a set of links L. The links are assumed to be bi-directional.
The terminology of arc is used to refer to a directed link
between two nodes. An arc from node i to j is represented as
i → j. For wireless networks, the set of links indicates that
two nodes are in the receiving range of each other. Let Cij

refer to the cost of the arc i → j. The cost is assumed to be
symmetric, i.e., Cij = Cji.
Problem definition. Given a drain node d ∈ N , the goal is
to construct two colored trees R and B (referred to as the
red and blue trees, respectively) rooted at d that minimize the
average path length from a source to the drain such that the
CT-LD and CD-ND versions of the problem satisfy the link-
disjoint and node-disjoint path constraints, respectively. These
constraints are stated as follows.

Let PRsd and PBsd denote the paths from a node s to the drain
d on trees R and B, respectively.

Link-disjoint path constraint: If the path from s to d on
the red tree traverses i → j, then the path from s to d on
the blue tree traverses neither i → j nor j → i, i.e., ∀s ∈
N \ {d} and ∀i, j ∈ N

i → j ∈ PRsd ⇒ (i → j /∈ PBsd) ∧ (j → i /∈ PBsd).

Node-disjoint path constraint: If the path from s to d on
the red tree traverses node i, then the path from s to d on the
blue tree does not traverse node i, i.e., ∀s ∈ N \{d} and ∀i ∈
N \ {s, d}

i ∈ PRsd ⇒ (i /∈ PBsd).

A network must be two-node-connected to obtain a solution
to the CT-ND problem. Similarly, the network must be two-
edge-connected in order to obtain a solution to the CT-LD
problem [17].

ILP formulation. The ILP formulation for the construction of
two colored trees is shown in Figure 3. The tree constraints T-1
and T-2 specify that every node must have exactly one parent
on each tree. The flow constraints F-1 through F-4 specify
that every node s sources one unit of traffic to the drain. Each
link is assumed to have unit capacity in each direction, if it
is present on a tree; otherwise, none. The link-disjoint path
constraints LD-1 and LD-2 specify that the paths from node s
to d on the two trees may not use a link in the same or opposite
directions. Note that if every node is assumed to generate

traffic, then LD-1 also implies αij + βij ≤ 1,∀i, j ∈ N .
Hence, the red and blue trees are arc-disjoint when every node
sources traffic. The node disjoint path constraint ND specifies
that the two paths from node s may not pass through the same
node more than once. The ILP is solved with either the LD-1
and LD-2 constraints or the ND constraint to compute colored
trees for link-disjoint or node-disjoint paths, respectively.

The ILP formulation helps in identifying an optimal solution
for small networks. However, its application to large networks
is impractical due to its prohibitive computational time. It
can still serve as a benchmark for evaluating the effectiveness
of heuristic approaches in reasonable-sized networks, thereby
aiding in developing heuristic solutions for large-scale net-
works.

III. RELATED WORK

The construction of colored trees for wired networks was
considered in the context of robust multicasting to with-
stand at most single-link failures. The trees constructed for
multicasting are directed from the source towards multiple
destinations. The techniques employed for multicasting may
be applied to the problem at hand by simple arc reversal. Note
that the routing table information maintained for multicast
routing is quite different from that required when multiple
nodes transmit to a single drain. Two centralized approaches
have been proposed in the literature for multicast routing, one
based on s-t numbering [16] and the other on generalized path
augmentation [17], [18].

A. s-t Numbering

Given a graph with N nodes and an edge s–t in that graph,
an s-t numbering is a numbering of the vertices of the graph
such that the following two properties are obeyed:
• Node s has the number 1 and node t has the number N .
• Every node i other than s and t has a number vi, 1 <

vi < N , such that node i has at least one neighbor with a
higher s-t number than vi and at least one neighbor with
lower s-t number than vi.

Itai et al. [16] employed the s-t numbering technique to
obtain a centralized solution to the CT-ND problem. The major
drawback of the s-t numbering approach is that it is applicable
only to networks that are two-node-connected. Hence, it is not
possible to obtain a solution to the CT-LD problem using this
approach.

B. Generalized Path Augmentation

The path augmentation algorithm starts by choosing an
arbitrary directed cycle (d, v1, ..., vk, d) in G with at least
three nodes (k ≥ 2). If this cycle does not include all the
nodes of G, then a path that starts and ends on that cycle
and that passes through at least one node not on the cycle is
chosen for augmentation. The algorithm continues with path
augmentation until all the nodes in the network are considered.

Medard et al. [17] developed a centralized algorithm that
selects a cycle and successive paths at random. Xue et al. [18]
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Notations employed in the ILP formulation.
Symbols Type Comment
d Index Drain node.
i, j, s Indices Denotes nodes in the network.
Lij Data Denotes if a arc exists from node i to j. Assume Lij = Lji, ∀i, j ∈ N .
Cij Data Cost of arc i → j. Assume Cij = Cji, ∀i, j ∈ N .
αij Variable Binary variable that denotes if arc i → j is present in the red tree.
βij Variable Binary variable that denotes if arc i → j is present in the blue tree.
γs

ij Variable Binary variable that denotes node s uses arc i → j in the red tree.
δs
ij Variable Binary variable that denotes node s uses arc i → j in the blue tree.

Objective function:
Minimize

∑
i,j∈N

∑
s∈N\{d}(γ

s
ij + δs

ij)Cij

Tree constraints:
T-1.

∑
j∈N αijLij = 1 ∀i ∈ N \ {d}

T-2.
∑

j∈N βijLij = 1 ∀i ∈ N \ {d}

Flow constraints:

F-1.
∑

j∈N γs
ijLij −

∑
j∈N γs

jiLji =

 1 if i = s
−1 if i = d
0 otherwise

∀s ∈ N \ {d} and ∀i ∈ N

F-2.
∑

j∈N δs
ijLij −

∑
j∈N δs

jiLji =

 1 if i = s
−1 if i = d
0 otherwise

∀s ∈ N \ {d} and ∀i ∈ N

F-3. 0 ≤ γs
ij ≤ αijLij ∀s ∈ N \ {d} and ∀i, j ∈ N

F-4. 0 ≤ δs
ij ≤ βijLij ∀s ∈ N \ {d} and ∀i, j ∈ N

Link-disjoint path constraint:
LD-1. (γs

ij + δs
ij)Lij ≤ 1 ∀s ∈ N \ {d} and ∀i, j ∈ N

LD-2. (γs
ij + δs

ji)Lij ≤ 1 ∀s ∈ N \ {d} and ∀i, j ∈ N

Node-disjoint path constraint:
ND.

∑
j∈N (γs

ij + δs
ij)Lij ≤ 1 ∀s ∈ N \ {d} and ∀i ∈ N \ {s, d}

Bounds:
B-1. αij , βij ∈ {0, 1} ∀i, j ∈ N

Fig. 3. ILP formulation for the construction of two colored trees with link/node-disjoint path constraint.

developed a generalized version of the centralized path aug-
mentation approach (referred to as the XCT algorithm in the
rest of the paper) by specifying certain criteria for selecting
paths for augmentation, which depend on the problem ob-
jective (e.g. minimizing average delay or cost, maximizing
bandwidth, etc.).

The XCT algorithm is based on partial ordering of nodes
in the network. The partial order ≺ of the nodes on the blue
tree B is defined as follows. If u → v ∈ B, then u preceeds
v in the partial order, represented as u ≺ v (the algorithm

in [18] employs partial order on both the red and blue trees
for link-disjoint paths. However, the explanation here has been
simplified based on the partial order on the blue trees and
node-disjoint paths). The partial ordering satisfies the transitive
relationship, i.e., if u ≺ v ≺ w, then u ≺ w. The generalized
approach is now described for the construction of two colored
trees for the CT-ND problem.

The XCT algorithm for constructing two trees that satisfy
the node-disjoint path constraint follows four steps:

1) Initialize R and B to contain the root node d only.
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Initialize the partial order of the nodes to be the empty
set.

2) Find a cycle (d, v1, ..., vk, d). Let vk → vk−1 → ... →
v1 → d be the red chain and v1 → v2 → ... → vk → d
be the blue chain. Add the blue chain to B and the red
chain to R. Update the precedence relation with v1 ≺
v2 ≺ ... ≺ vk ≺ d.

3) Stop if B spans all the nodes in G.
4) Find a path (x, v1, ...., vk, y) that connects any two

distinct nodes x and y on B and any k nodes not on B,
k ≥ 1, such that x ≺ y. Let vk → vk−1 → ... → v1 → x
be the red chain and v1 → v2 → ... → vk → y
be the blue chain. Add the blue chain to B and the
red chain to R. Update the precedence relation with
x ≺ v1 ≺ v2 ≺ ... ≺ vk ≺ y. Go to Step 3.

The above algorithm may be applied to the link-disjoint
case by relaxing the condition in Step 4 that x and y have to
be distinct and maintaining partial ordering of edges instead
of nodes2. The algorithm is guaranteed to obtain two trees
that satisfy the link-disjoint (node-disjoint) constraint if the
network is two-edge-connected (two-node-connected).

Although [18] developed a generalized approach for select-
ing a path for augmentation, the algorithms have not been
proven for optimality. The generalized cycle and path selection
approach assumes the complete knowledge of network topol-
ogy; i.e., it is a centralized algorithm. For large networks, a
distributed implementation is essential. In such a distributed
implementation, nodes are assumed to have only neighborhood
information.

C. Observations

The distributed algorithm for colored trees construction
developed in this paper is inspired by some key observations
made from the centralized path augmentation approach. The
crux in developing such a distributed algorithm is to identify a
mechanism to manage the partial order in a distributed fashion,
where each node relies only on local information. Consider the
example network in Figure 4.

5

d

1

3 4

6

8

7
11

5

9

10

2

Fig. 4. Example network to illustrate partial ordering and path augmentation
used to develop the distributed colored-tree construction algorithm.

The centralized algorithm first selects a cycle. Let the se-
lected cycle be (d, 1, 2, 3, 4, 5, 6, d). Considering one particular

2For the distributed algorithm developed in this paper, it is sufficient to
consider the node-disjoint version of the XCT algorithm. The distributed
algorithm for the CT-LD problem is obtained through a simple modification
to the CT-ND problem.

direction in the cycle (corresponding to say the blue tree), the
partial ordering of the nodes would be 1 ≺ 2 ≺ 3 ≺ 4 ≺
5 ≺ 6 ≺ d. There are two options for selecting a path for
augmentation: 1–7–8–3 or 4–9–10–11–d. The algorithm by
Medard et al. selects a path at random while that by Xue
et al. selects a path based on a certain metric. Without loss
of generality, assume that the path 4–9–10–11–d is chosen for
augmentation. The partial ordering of these paths must be such
that: (1) node 4 precedes node 9 (4 ≺ 9); node 11 precedes
node d (11 ≺ d); and nodes 9, 10, and 11 must appear in the
same order as in the path (9 ≺ 10 ≺ 11). However, it is to
be noted that there is no explicit ordering between the nodes
9, 10, and 11 in the new path and the nodes 5 and 6 in the
old path. Some of the valid global ordering of the nodes that
satisfy the above partial order are:

1) 1 ≺ 2 ≺ 3 ≺ 4 ≺ 5 ≺ 6 ≺ 9 ≺ 10 ≺ 11 ≺ d
2) 1 ≺ 2 ≺ 3 ≺ 4 ≺ 9 ≺ 10 ≺ 11 ≺ 5 ≺ 6 ≺ d
3) 1 ≺ 2 ≺ 3 ≺ 4 ≺ 9 ≺ 5 ≺ 10 ≺ 6 ≺ 11 ≺ d

It is the choice of which of these global orderings is
selected that distinguishes various approaches. The algorithm
by Medard et. al. selects one particular global ordering at
the end of each path augmentation approach; while the XCT
algorithm does not explicitly impose a particular global or-
dering. However, the path augmentation step in the XCT
algorithm includes an explicit constraint on the blue (or red)
path explicitly, which in turn dictates a global ordering.

In order to develop a distributed algorithm employing only
local information, we select the first ordering, namely 1 ≺ 2 ≺
3 ≺ 4 ≺ 5 ≺ 6 ≺ 9 ≺ 10 ≺ 11 ≺ d. Given that the first
cycle is formed, the global ordering of the nodes is fixed. The
path selection starts from the node that is the highest in the
order. If a new path can be selected for augmentation from the
highest node, then such a path is chosen. The nodes in the new
path are added to the global order just before the node from
which the path was computed. Once the highest node exhausts
all possibilities (adding paths through each of its neighbor),
then the path search begins with the next node in that ordered
list. It is worth noting this is the one of the only two global
orderings3 that allows for a distributed construction of colored
trees using only neighborhood information only.

IV. ALGORITHM FOR DISTRIBUTED COLORED-TREES
CONSTRUCTION

Our algorithm employs the depth first search (DFS) tech-
nique to identify a path for augmentation. Every node main-
tains a list of neighbors. The list is assumed to be arranged in
an arbitrary order. The distributed algorithm employs certain
states and messages for implementation that are described
below4.
States. A node in the network may be in any one of the
following states.

3The other ordering corresponds to considering the nodes in the reverse
order.

4The states and messages described in this paper are employed to compute
the two trees assuming nodes are arranged in a certain order. The states and
messages required.
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• UNVISITED. This state describes a node that is not part
of the trees and is not a part of a path that is being formed
for augmentation.

• VISITED. A node in this state is being considered as
a part of the path for augmentation. However, it is not
added to the trees.

• CYCLE. A node in this state belongs to both the red and
blue trees.

• TOKEN. A node in this state has the authority to initiate
a path search. After initiating a path search through all
its neighbors, sequentially, the node transfers the token
to its neighbors.

• FINISH. A node in this state is already part of the cycle,
has received the token, has initiated a path search along
all its neighbors, and has returned the token back to the
node from which the token was received. Having all the
nodes in the network in this state signifies the termination
of the algorithm.

Messages. Let msg denote a message exchanged between
two nodes. The message has the following fields: (1)
msg.source is the source of the message; (2) msg.dst is
the node which the message is intended for; (3) msg.root
is the root/destination node for which the tree is con-
structed; (4) msg.type is the message type; and (5)
msg.flagNewNodeAdded is a flag that indicates whether
or not the path search through a neighbor resulted in the
addition of new nodes. This flag is used to decide if the path
search token is to be passed to a neighbor or not, another key
element of the distributed implementation.

The algorithm employs the following four different message
types:

• SEARCH. A node in the TOKEN state has the authority
to initiate a path search for augmentation. The path
search (or the initial cycle) is performed through DFS
technique using this message. On receiving this message:
(1) a node in the UNVISITED state changes itself to the
VISITED state, (2) a node in the VISITED state returns
a FAILURE message, and (3) a node in the CYCLE state
returns a SUCCESS message.

• SUCCESS. When a node in the CYCLE state receives
a SEARCH message, it returns a success message that
indicates the termination of a path augmentation. The
SUCCESS message travels the path taken by the SEARCH
message in the reverse direction towards the node that
initiated the path search.

• FAILURE. This message is sent as a response to the
SEARCH message whenever a path for augmentation
cannot be found. When a SEARCH message reaches a
node that is in the VISITED state, then the path search
results in a loop, hence the node in the VISITED state
responds with FAILURE message.

• TOKEN. This message is the token that is being passed
on from the root, giving the authority to a node to initiate
a new path search. Only nodes that have been added
to the tree (in CYCLE state) may receive this message.
In addition, only the node that recently received this

message may initiate the search.
• RETURN. This message is sent by a node in the TOKEN

state to the node from which the TOKEN message was
received. It is sent after the node has initiated a path
search along all its neighbors, passed the TOKEN to all
its neighbors along which a new path was chosen for
augmentation, and received the RETURN message from
all its neighbors to which the token message was sent.

Neighbor list. Every node maintains a list of its neigh-
bors, which can be implemented as a doubly-linked-list. The
head and tail pointers of the neighbor list are denoted by
nbrlist.head and nbrlist.tail, respectively. The ar-
rangement of the neighbors from head to tail may be based
on any criteria, such as random, increasing advertised cost to
the drain (root), etc. For augmenting new paths, the neighbor
list is scanned from head to tail. However, when sending the
search token, the list is traversed from tail to head. Such a
forward-and-reverse traversal guarantees the partial ordering
in a distributed fashion.

In this paper, we consider two orderings of the neighbor
list at a node: (1) random ordering, where the neighbors are
randomly arranged in the list, and (2) Breadth-First-Search
(BFS) ordering, where nodes are arranged in an increasing
order of their advertised path length to the drain5.

A. Working of the Algorithm

An overview of the steps involved in the algorithm is shown
in Figure 5. A detailed flowchart is shown in Figure 6.

Distributed Path Augmentation Algorithm
1) Arrange the neighbors in the neighbor list in an increas-

ing order of their advertised cost (hop count) to the drain.
2) On receiving a TOKEN message, initiate path search

along every node in the neighbor list, one at a time.
a) Every node that receives the SEARCH message for-

wards it sequentially to every node in the neighbor
list until it receives a SUCCESS message.

b) When a SUCCESS message returns from a neigh-
bor, the value of msg.flagNewNodeAdded is stored
next to the neighbor entry in the neighbor list.

3) Forward the TOKEN message to every node if the
newNodeAdded flag for this neighbor is TRUE. The
neighbor list is traversed in the reverse direction. Every
node finishes its operation and sends a RETURN message
back.

4) After receiving a RETURN message from all the neigh-
bors to whom the token message was sent, send RETURN
message to the parent that sent the TOKEN message.

Fig. 5. Overview of the steps involved in the distributed algorithm for
computing two colored trees.

Initialization. The drain is initialized to the TOKEN state.
The other nodes are initialized to the UNVISITED state. Every
node in the network is assumed to employ a neighborhood
discovery protocol. A simple periodic exchange of “Hello”

5Node numbers are used to break ties.
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A node is configured either to send a success or fail message if it is in the TOKEN state.  A response with a SUCCESS message
will provide a solution to the CT-LD case, while a response with FAIL message will provide a solution to CT-ND case.

* *

*

Fig. 6. Flowchart of the distributed algorithm when executed at a node.
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message would suffice for such a neighborhood discovery. The
neighbors of a node are arranged in a random order in the
neighbor list. This order is later chosen in a specific manner
to minimize the average delay along the two trees.

Path search. The drain initiates a path search sequentially
along its neighbors. The first search is for a cycle while the
others are for a path. On receiving a SEARCH message, a
node in the UNVISITED state changes itself to the VISITED
state. The SEARCH message is then forwarded to one of the
neighbors (based on the neighbor list maintained at the node).
The drain always responds to a SEARCH message with a
SUCCESS. When a SEARCH message reaches any other node,
that node responds with a SUCCESS message if it is in the
CYCLE state. The global ordering employed in the distributed
algorithm (described in the previous section) guarantees that if
a node in the TOKEN state receives a SEARCH message, then
the path search must have been initiated by the same node.
This property allows simple adaptation of the algorithm for
CT-ND and CT-LD cases. If the node in the TOKEN state is
configured to send a SUCCESS message, then the paths for
augmentation may start and end at the same node, resulting
in a solution for the CT-LD case. If the node in the TOKEN
state is configured to respond with a FAILURE, then the result
would be a solution for the CT-ND case.

The sequence of nodes that are in the VISITED state
indicates the path under formation for augmentation. If the
SEARCH message reaches any node in the VISITED state,
then a loop is formed. Such a loop is avoided by having
the node in the VISITED state respond to the SEARCH
message with a FAILURE message. When a node in the
VISITED state receives a FAILURE message, it forwards the
search along successive neighbors in its list until all neighbors
are exhausted. If the search through all the neighbors result
in a failure, the node changes its state from VISITED to
UNVISITED and returns a FAILURE message back to the
node from which it received the SEARCH.

A node in the CYCLE state responds to a
SEARCH message with a SUCCESS message in which
msg.flagNewNodeAdded is set to FALSE. This enables
the receiving node to not forward the search token to a node
that is already on the cycle. As a rule, a path search token may
be forwarded from node i to node j only if node j was added
to the path through a path search message from node i to j.
Note that as paths are being searched from the highest node
in the ordered list, any node that is on the cycle that receives
the search message must be lower in order than the node that
initiated the message in the ordered list. Upon receiving a
SUCCESS message, a node in the VISITED state changes to
the CYCLE state. It adds the node from which it received the
SEARCH message as its parent on the blue tree and the node
from which it received the SUCCESS as its parent on the red
tree. The flagNewNodeAdded variable for that neighbor is set
to the value indicated in the message. The node then sends a
SUCCESS message to the node from which it received the
SEARCH message with the msg.flagNewNodeAdded set
to true.

Forwarding search token. A node that has the path search
token attempts to augment a path through each of its neighbor.

The node then forwards the token to those eligible neighbors,
traversing the ordered list in the reverse direction (opposite to
the order in which the SEARCH messages were initiated), one
at a time. An eligible neighbor is one for which the variable
flagNewNodeAdded is set to true. Such an order reversal for
passing the token helps maintain a consistent global ordering
in a distributed manner across all the nodes in the network.
A node that receives a TOKEN changes its state from CYCLE
to TOKEN, starts the path search along each of its neighbors,
and forwards the token to its eligible neighbors.

Once the tokens are returned by all neighbors, the node sets
its state to FINISH and returns the token to the node from
which it first received the token. The token finally reaches
the drain, indicating that all nodes in the network are in the
FINISH state, at which point the algorithm terminates.

B. Example

The working of the distributed tree construction algorithm
is illustrated on an example network shown in Figure 7. The
numbers inside the parenthesis denote the shortest path length
to the drain, taken as node 1. The neighbors are assumed to be
arranged in the neighbor list in the BFS order. The working
of the algorithm is as follows:

1) Node 1 has the TOKEN. It initiates a path search through
node 2. The cycle formed is 1–2–3–6–7–8–1. The links
added to the blue tree are shown in Figure 7(a). Node
1 then attempts path search through node 8. How-
ever, this node is already added to the trees. As the
flagNewNodeAdded is false for node 8, the token
is forwarded to node 2.

2) Node 2 initiates a path search through node 7 (node
3 is skipped because it is the blue parent). The search
succeeds, however no new nodes are added to the trees.
The token is passed to node 3.

3) Node 3 initiates a path search through node 4. The path
chosen for augmentation is 3–4–5–6. The links added to
the blue tree are shown in Fiure 7(b). The path search
is not initiated through node 6 because it is the blue
parent. Search token is passed to node 4.

4) Node 4 does not have any paths to add, as node 5 is the
blue parent and node 3 is the red parent. The token is
passed to node 5.

5) Node 5 augments the path 5–12–11–6. The links added
to the blue tree are shown in Figure 7(c). The search
token is passed to node 12.

6) Node 12 does not have any paths to augment, as both its
neighbors are its parents on one of the trees. The token
is forwarded to node 11.

7) Node 11 augments the path 11–10–7. The links added to
the blue tree are shown in Figure 7(d). Node 11 passes
the token to node 10.

8) Node 10 augments the path 10–9–8. The links added to
the blue tree are shown in Figure 7(e). Node 10 passes
the token to node 9.

9) Node 9 does not have any paths to augment. Node 9 does
not pass the token to node 8 as the newNodeAdded flag
is set to false; hence, it returns the token to node 10.
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10) The token starts to return from every node and finally
reach the drain, indicating the completion of the algo-
rithm.

The blue and red trees thus formed are shown in Fig-
ures 7(e) and (f), respectively.

Proof of correctness. The distributed algorithm is based
on the path augmentation technique [17]. Hence, the proof
of correctness of the algorithm follows from [17] and is not
repeated in this paper due to space constraints.

V. PERFORMANCE EVALUATION

The ILP formulation is solved using the CPLEX 8.0
solver [19] with an objective to minimize the average hop
length of a path on a tree. The effectiveness of the distributed
algorithm is evaluated and compared against the ILP. As the
ILP execution time may be prohibitively large, we consider a
small network in which we compare the results of the ILP to
the heuristic approach. We demonstrate the effectiveness of the
BFS ordering by comparing its performance against random
ordering of nodes in the neighbor list.

Performance metrics. The performance metrics considered
are: (1) ILP execution time, (2) number of messages of each
type transmitted, (3) average path length on the red and blue
trees, and (4) Average minimum and maximum path lengths
across two trees. Among the two paths from each node to
the drain, the average of the length of the shortest (longest)
path over all nodes is computed as the “average minimum
(maximum) path length.” The rationale for these metrics is that
when a message is sent along the red and blue paths, the first
message received by the drain would have most likely traveled
on the shorter path while the second message on the longer
path. If the paths are employed for redundancy purposes, then
from the standpoint of the receiver, the delay to obtain the
message equals that of the shortest path delay (hop-count in
this case).

The simulations results for the distributed algorithm were
using a C++ program. The solution time for the simulation is
simply the running time of the program to obtain a solution.

The performance evaluation reported in this paper has
been restricted to obtaining trees satisfying link-disjoint path
constraint (by setting the response to SEARCH message at
the node initiating the search to SUCCESS). The performance
results for node-disjoint path constraints are not reported due
to space limitations.

We consider two kinds of network topologies, grid and
random. We consider an M×M network where nodes are
placed on a two-dimensional grid at integer coordinates. Two
cases are studied where a link between two nodes exists if the
distance between them is no more than: (a) 1 unit, and (b)

√
2

units. The node at the origin is assumed to be the drain.
The performance of the algorithm is studied using random

arrangement of nodes in the neighbor list. Ten random arrange-
ments of neighbors were employed. The average and standard
deviation of various metrics are computed.

A. Results and Discussion

Tables I(a) and (b) show the performance results for a 7×7
grid network. As expected, the ILP solution time for network is
significantly higher than the heuristic approach. The heuristic
approach completed well under 10 ms for all scenarios. As
the neighborhood arrangement technique is only a heuristic
approach to minimizing the average path length, it is certainly
not optimal. This fact is observed from the tables as well.
The average minimum path length is found to be closer to the
average minimum path length of the ILP. Thus, under lighter
loads, when two messages are transmitted together with one
on each tree, the first message is expected to reach the drain
sooner, while the second message may arrive much later. Such
a property if often preferred in sending redundant data.

The arrangement of neighbors based on the advertised
shortest path to the drain helps in significantly reducing the
running time. It is observed that the standard deviation of the
solution time with random arrangement of nodes is higher than
the average, indicating that certain arrangements result in an
excessive amount of backtracking during the path searching
process. The behavior is also observed based on the number
of FAILURE messages, which is reduced significantly by the
BFS ordering. The number of TOKEN messages is the same
as the number of nodes in the network, indicating that every
node receives the token exactly once. The drain that generates
this message is also counted in the computation.

The algorithm is also evaluated for a 10×10 grid network.
The results are shown in Table II. The optimal solution could
not be obtained using ILP for such large networks in a
reasonable time. ILP results are, therefore, not reported for
this network. The performance results follow similar trends
as seen in the 7×7 network. The impact of BFS arrangement
over random arrangement is observed to be more significant
with increased network sizes.

If two link-disjoint paths were to be obtained independently
from every node to the drain in a 7×7 grid network (with
84 links), the average sum of the two path lengths may be
obtained as 13.375. Therefore, if destination-and-source-based
routing is employed, the number of routing table entries is 642.
In contrast, the number of routing table entries needed using
the colored tree approach is 96 (two entries per node). The size
of the routing table has been reduced by a factor of 6.6875
over the network. Similarly, for the 10×10 grid network, the
average hop sum of the path lengths is 19.27 when two link-
disjoint paths are computed independently. The colored tree
approach, therefore, reduces the routing table information by
a factor of 9.635 compared with the source-based routing
alternative.

For a grid network, a simple scheme for link-disjoint routing
can be designed using the geometrical property of grid: If one
route first traverses the x-axis and followed by y-axis while
the other does vice versa, the two paths will be link-disjoint.
However, such routing may be employed only when the entire
topology is known, which is not the case here.

The distributed algorithm with random and BFS orderings
is also evaluated on randomly generated topologies with
100 and 300 nodes. The random topologies are generated
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Fig. 7. Example showing the working of the distributed tree construction algorithm with BFS arrangement. The numbers in parenthesis denote the shortest
path length from the node to the drain while those outside the parenthesis represent the node numbers.

TABLE I
PERFORMANCE RESULTS FOR 7×7 NETWORK

(a) Network has links between nodes (b) Network has links between nodes.
that are not more than 1 unit apart (84 links). that are not more than

√
2 units apart (156 links).

Metrics ILP
With

Neighbor
Arrangement

Random Arrangement

Mean Std. Dev.

Solution Time (in seconds) 5133 < 10 ms < 10 ms < 10 ms

PATH-SEARCH - 173 10972 23743

PATH-SEARCH-SUCCESS - 168 168 0

PATH-SEARCH-FAIL - 5 10804 23743

PATH-SEARCH-TOKEN - 49 49 0

PATH-SEARCH-TOKEN-RETURN - 49 49 0

Average RED Path length 6.3 13.458 16 1.8

Average BLUE Path length 6.3 7 12 2.8

Average Minimum Path length 6.125 6.125 7.8 1.05

Average Maximum Path length 6.475 14.333 20.2 3.67

Metrics ILP
With

Neighbor
Arrangement

Random Arrangement

Mean Std. Dev.

Solution Time (in seconds) 85113 < 10 ms < 10 ms < 10 ms

PATH-SEARCH - 312 14930 41663

PATH-SEARCH-SUCCESS - 312 312 0

PATH-SEARCH-FAIL - 0 14618 41663

PATH-SEARCH-TOKEN - 49 49 0

PATH-SEARCH-TOKEN-RETURN - 49 49 0

Average RED Path length 4.35 9.71 16.5 3.2

Average BLUE Path length 4.27 5.22 19.07 3.4

Average Minimum Path length 4.08 4.95 8.51 1.49

Average Maximum Path length 4.54 10.08 27.06 3.68 

TABLE II
PERFORMANCE RESULTS FOR 10×10 NETWORK

(a) Network has links between nodes (b) Network has links between nodes.
that are not more than 1 unit apart (360 links). that are not more than

√
2 units apart (522 links).

Metrics
With

Neighbor
Arrangement

Random Arrangement

Mean Std. Dev.

PATH-SEARCH 368 434.3 125.6

PATH-SEARCH-SUCCESS 360 360 0

PATH-SEARCH-FAIL 8 74.3 125.6

PATH-SEARCH-TOKEN 100 100 0

PATH-SEARCH-TOKEN-RETURN 100 100 0

Average RED Path length 21.79 16.38 2.47

Average BLUE Path length 10 27.56 4.92

Average Minimum Path length 9.09 11.26 0.83

Average Maximum Path length 22.7 32.68 6.4

Metrics
With

Neighbor
Arrangement

Random Arrangement

Mean Std. Dev.

PATH-SEARCH 684 8522.5 22882.9

PATH-SEARCH-SUCCESS 684 684 0

PATH-SEARCH-FAIL 0 7838.5 22882.9

PATH-SEARCH-TOKEN 100 100 0

PATH-SEARCH-TOKEN-RETURN 100 100 0

Average RED Path length 16.09 38.8 6.50

Average BLUE Path length 7.22 41.9 4.34

Average Minimum Path length 7.02 19.9 3.09

Average Maximum Path length 16.29 60.8 7.78

using Waxman’s model [20]. Tables III and IV show the
performance results. The average node degree for the 100-node
and 300-node networks were observed to be 12.25 and 17.34,
respectively. BFS ordering performs better than the random
arrangement consistently. Comparing the results of the 10×10
grid network (with 156 links) and 100-node random networks,
it may be observed that increasing the connectivity of the
network first deteriorates the performance as evidenced from
Tables II(a) and (b). The increase in connectivity is observed
to improve the performance for random arrangement, beyond
a threshold as evidenced from the results of Tables II(b) and
III.

VI. CONCLUSIONS

This paper develops an effective disjoint multipath forward-
ing approach based on colored trees. A distributed algorithm
for constructing two trees rooted at a drain such that the
paths from every node to the drain are link/node-disjoint is
developed. The distributed algorithm is guaranteed to obtain
a solution whenever one exists. In addition, a neighbor ar-
rangement technique that orders the neighbors based on the
advertised least cost path to the drain is shown to reduce the
average path length on the trees significantly. The algorithm
is evaluated on six different networks and compared with ILP
results to demonstrate feasibility of distributed implementation
and its effectiveness. The technique of arranging neighbors
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TABLE III
PERFORMANCE RESULTS FOR RANDOM NETWORK TOPOLOGIES WITH 100

NODES

Metrics BFS
Arrangement

Random Arrangement

Mean Std. Dev.

PATH-SEARCH 1119.3 1189.3 64.1

PATH-SEARCH-SUCCESS 1118 1118 --

PATH-SEARCH-FAIL 1.3 71.3 40.09

PATH-SEARCH-TOKEN 100 100 0

PATH-SEARCH-TOKEN-RETURN 100 100 0

Average RED Path length 6.7 23.35 9.25

Average BLUE Path length 3.9 34.34 7.69

Average Minimum Path length 3.2 12.56 4.27

Average Maximum Path length 7.4 45.13 12.57

TABLE IV
PERFORMANCE RESULTS FOR RANDOM NETWORK TOPOLOGIES WITH 300

NODES

Metrics BFS
Arrangement

Random Arrangement

Mean Std. Dev.

PATH-SEARCH 4890.18 5224.1 365.73

PATH-SEARCH-SUCCESS 4890.09 4890.09 0

PATH-SEARCH-FAIL 0.09 356.64 192.56

PATH-SEARCH-TOKEN 300 300 0

PATH-SEARCH-TOKEN-RETURN 300 300 0

Average RED Path length 15.90 79.20 33.94

Average BLUE Path length 3.73 107.90 26.51

Average Minimum Path length 3.53 41.30 16.21

Average Maximum Path length 16.1 145.80 44.08

based on the BFS ordering is shown to improve the perfor-
mance, however is not guaranteed to provide optimal results.
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