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Abstract

Multipath routing, especially braided multipath routing (BMR), has become a powerful tool to provide reliable and
energy-efficient packet transmissions against wireless links losses and node failures. In previous literatures, most of the
construction methods of braided multipath routes are centralized and inefficient. By exploiting the broadcast nature
of wireless mediums, opportunistic routings proposed recently bring much more reliability and efficiency for wireless
communications. In this paper, with the idea of opportunistic routings, we propose a distributed width-controllable
braided multipath routing (WC-BMR) based on local neighbor’s information for data collections in wireless sensor
networks. By only attaching a little information to data packets, the transmission direction can be restricted near the
main route. Heterogeneous widths, namely, different widths on different hops from the source to the sink can also be
supported to adapt to the dynamic and heterogeneous wireless links. Then, to avoid packet collisions, a novel time
schedule strategy is given. In terms of the reliability, delay and transmission overhead, the performance of WC-BMR is
analyzed theoretically. Additionally, a kind of less cooperative topology (LC-Topology) in the WC-BMR is found, which
brings no or less reliability gain. And modified cooperative WC-BMR (MCWC-BMR) with the detection algorithm for
LC-Topology is proposed to maintain the high reliability and efficiency, which allows parents nodes to choose the best
main route locally and dynamically. Using TOSSIM platform, WC-BMR and MCWC-BMR are both evaluated with
some previous baseline approaches. Simulation results reveal that both WC-BMR and MCWC-BMR, especially the
latter, can achieve higher reliability and efficiency, as well as keep lower delay under various network settings.

Keywords: Opportunistic communications, Distributed braided multipath routing, Width controllable, Time schedule,
Wireless Sensor Networks

1. Introduction

Since early 2000, wireless sensor network (WSN) has
drawn worldwide attentions from both academics and in-
dustrials, and becomes one of the key technologies for in-
formation obtaining in information age. Consisting of nu-
merous smart wireless sensor nodes, WSNs can be used
in various applications [1, 2], such as intelligent buildings,
modern agriculture, factory automation, military recon-
naissance, wild environmental monitoring, etc. Every node
in the network should accomplish data acquisitions, and
transmit its data to the sink cooperatively. All uploaded
sensor data will be processed to obtain useful information
in the sink or in the network distributively for advanced
applications.

As one of the fundamental issues, the research about
data collections in WSNs has been studied for many years
[3]. From several practical projects like VigilNet [4], OA-
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SIS [5] and GreenOrbs [6], some related interesting findings
have been discovered as follows,

1) The packet loss rate over wireless links is much higher,
and tremendous retransmissions are required to guar-
antee the reliability of multihop communications, thus
leading to energy efficiency much lower;

2) Asymmetric wireless links may exist due to the diver-
sity of hardware modules and unbalanced loads;

3) Packet collisions may happen when two or more neigh-
bor nodes are sending packets at the same time;

4) Owing to the varying wireless links and random node
failures in extreme situations, a predictable and sta-
ble path may never exist, the network connectivity is
intermittent, and the rare upload opportunity and un-
predictable node disruptions often result in packet loss.

Those bottleneck problems above are hindering further
practical applications of WSNs. Therefore, the research
about reliability issues for data collections in WSNs in
order to increase disaster tolerance, data survivability and
network lifetime, becomes of great significance.

Related works have been carried out in numerous litera-
tures. There have been several transmission models, such
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as collection trees [7], clustering [8] and mobile sinks/mules
[9, 10]. Multipath routings [11] have been proposed for
end-to-end communications, including disjointed routings
[12–19] and braided routings [15–17, 20–23], which exploit
the redundancy of wireless links to improve the reliability.
By exploiting the broadcast feature of wireless channels
and the spatial diversity among neighbor nodes, oppor-
tunistic routings [24–32] allows that more than one for-
warder overhears the transmission of the node on the pre-
vious hop, and only one best forwarder will be selected
to forward the packet, which can decrease the number of
retransmissions and transmission delay, and increase net-
work reliability and throughput. Moreover, some coding
methods have also been used for reliable transmissions,
such as source coding [33], erasure coding [34], network
coding [35].

However, some problems in multipath routings and op-
portunistic routings still exist, remaining the design space
for performance improvement. 1) The construction meth-
ods for multipath routings in most existing schemes like
[13–16, 20, 21] are still inefficient, which need the whole
link information attached in the control message, leading
to high resource consumptions and complexity, and do not
provide the scalability. 2) Node-disjoint multipath requires
dense networks, where nodes should own many upstream
neighbors. When the network gets sparser, network perfor-
mance cannot be guaranteed. 3) In existing braided multi-
path routings [15–17, 20–23], the transmission path width,
namely, the size of local forwarding list on next hop, has
not been explored to adapt to the varying and heteroge-
neous wireless links. 4) For opportunistic routings, diverg-
ing paths may exist [24–26, 30], and forwarding set does
not adapt to varying links, and only depends on network
deployment [24–32]. 5) Some random or improper backoff
strategies are utilized, which cause the interferences among
two hops transmissions and cut down the reliability gain;
6) Most of existing schemes [12–16, 20, 21, 23–32] are only
designed for one source-destination pair communication,
which can not meet the requirement of many-to-one com-
munications in WSNs.

In this paper, we propose a width-controllable braided
multipath routing (WC-BMR) and a modified coopera-
tive WC-BMR (MCWC-BMR) to increase the resilience
to link dynamics for reliable and efficient data collections
in WSNs. Our design inherits the advantages of braided
multi-path routings and opportunistic routings by exploit-
ing the broadcast nature and spatial diversity of wire-
less mediums. Both of proposed WC-BMR and MCWC-
BMR incorporate four components to achieve high reli-
ability and efficiency: a) the distributed construction of
multiple parent cooperative topology (MPCT), b) the cal-
culation of heterogeneous parent number, c) distributed
WC-BMR packet transmission and its modified version
MCWC-BMR, and d) time schedule strategy (TSS). Our
major contributions are as follows in detail.

(1) First, MPCT topology is built in a distributed and

iterative way to lay the foundation for cooperative
packet delivery. It is not just for end-to-end pattern
but for the many-to-one pattern, one of the popular
communication patterns in the WSNs. In MPCT, ev-
ery node has more than one potential parent to for-
ward its packet to achieve the reliability. Diverse coop-
erative relationships may be absorbed in MPCT under
different network densities and link losses.

(2) Then, the heterogeneous path width, namely, the par-
ent number along the transmission route, can be calcu-
lated locally, which allows different widths on different
hops to adapt to the dynamic and heterogeneous links.

(3) Next, based on MPCT, the WC-BMR packet delivery
scheme is proposed to control the transmission direc-
tion on or near the main route locally during packet
transmissions by only attaching a little information to
the data packet. And a distributed TSS is given to
avoid packet collisions among two hops transmissions.

(4) Besides, a kind of less cooperative topology (LC-
Topology) during MPCT construction is found, which
brings no or less reliability gain. The modified
MCWC-BMR allows nodes to determine which main
route will be followed dynamically to achieve much
higher reliability and efficiency.

(5) At last, in terms of the reliability, delay and transmis-
sion overhead, the performance of WC-BMR is given
theoretically. Compared with some related schemes,
both of WC-BMR and MCWC-BMR are evaluated
using TOSSIM platform. It is validated that both
two proposed schemes, especially the latter one, can
achieve better network performances.

The rest of this paper is organized as follows. In sec-
tion 2, the related works are given first. Then, MPCT
construction, WC-BMR transmission and time schedule
strategy are proposed respectively in section 3. In section
4, the performance of WC-BMR is analyzed theoretically.
In section 5, we present a local detection algorithm for
LC-Topology and a modified cooperative WC-BMR. Com-
pared with several existing schemes, our proposed schemes
are evaluated in section 6. Finally, conclusions and future
work are discussed in section 7.

2. Related Works

In this section, we first analyze several traditional mod-
els for data collections in wireless sensor networks. Then,
we review existing protocols related to multipath rout-
ings and opportunistic routings respectively for end-to-end
communications.

2.1. Traditional Collection Models

With regard to data collections, the popular models
utilized are collection trees [7], clustering [8] and mobile
sinks/mules [9, 10]. 1) The tree based converge-casting
method is that multi-hop tree topology forms in the net-
work, where the child node uploads its sensor data to only

2



one parent node. 2) The clustering method is that the
network is always organized into many clusters hierarchi-
cally, where every node should first send its data to the
cluster head in the cluster, and the cluster head will send
all data to the sink. This method reduces the complex-
ity of network management, but causes much higher over-
head of cluster heads than other ordinary nodes, which
is the unbalancing load problem. Both of collection trees
and clustering above require numerous retransmissions to
guarantee the end-to-end reliability for multi-hop commu-
nications, and the transmission delay may be large. 3) As
to the method by using mobile sinks or mules, the sink
travels in the network according to the planned route and
gathers data close to sensor nodes, which reduces the over-
head of sensor nodes, but needs complex route planning
and is only suitable for the case that mobile sink can enter
the monitored area.

2.2. Multipath Routings

Multipath routing techniques [12–17, 19–23] by utilizing
the redundancy of wireless links, can enhance the reliabil-
ity for end-to-end communications, and reduce control cost
and transmission delay. There are two different kinds of
multipaths, including node-disjoint multipath [12–17, 19]
and braided multipath [15–17, 20–23].

In node-disjoint multipath routings, nodes on the al-
ternate paths do not intersect each other. Based on the
classic AODV [36], Marina et al. proposed AOMDV [12],
an on-demand multipath distance vector protocol for mo-
bile ad hoc networks, which establishes multiple loop-free
and link-disjoint paths similar to [37]. ReInForM [13] em-
ploys a probabilistic flooding scheme to create multiple
paths from the source to the sink, where status informa-
tion at the source node, such as channel quality and hops
to sink nodes, is used to determine the number of trans-
mission paths. Lu et al. gave a distributed, scalable and
localized multipath search protocol to discover multiple
node-disjoint paths, and a load balancing algorithm to dis-
tribute the traffic over the multiple paths [14]. In [19], the
multipath Dijkstra algorithm was proposed to obtain mul-
tiple paths, and achieves great flexibility and extensibil-
ity by employing different link metrics and cost functions.
In GMCAR [18], the sensor network field is divided into
grids. Multiple diagonal paths that connect the master
node selected in each grid to the sink are stored as routing
entries in its routing table. However, node-disjoint multi-
path schemes are only suitable for dense networks where
nodes have many upstream neighbors. When the network
gets sparse, network performances would not be guaran-
teed.

In braided multipath routings, there are no completely
disjoint paths but rather many partially disjoint alternate
paths, which allows nodes or links to interleave over the
transmission paths and achieves much higher reliability
and efficiency. Ganesan et al. first proposed a braided mul-
tipath routing model to solve path rebuilding for energy-
efficient recovery from random node failures [20]. Since a

small number of paths are kept alive, failures on the main
path can usually be recovered without invoking network-
wide flooding for path discovery. With selective forward-
ing and end-to-end forward error correction (FEC) cod-
ing, a meshed multipath routing (M-MPR) protocol was
presented in [21]. Based on local neighbor information,
a distributed N-to-1 multipath discovery protocol and a
hybrid multipath data collection scheme H-SPREAD are
proposed in [16], which can simultaneously establish mul-
tiple node-disjoint and braided routings between a single
source-destination pair to improve both the security and
reliability of data collections. Yilmaz et al. [22] pre-
sented a novel shortest hop multipath algorithm (SHM)
for WSNs to generate efficient shortest hop braided mul-
tipath for data disseminations or routings with the itera-
tive method, where nodes with less hops to the sink relay
the packets without the support of ACK/NACK. Every
iteration from the sink at a network level only helps the
additions of one hop’s marginal nodes into the network.
Thus every time new node wants to joins, network flood-
ing will be required, which supports poor scalability. Ad-
ditionally, SHM’s construction may perform worse under
high lossy wireless environment because frequent packet
loss affect the convergence speed. A flexible and adap-
tive multipath construction method was given in [15] to
construct the maximal number of paths for fault tolerance
in WSNs. Taking advantage of high network degree (the
average neighbor number) and available resources, com-
pletely disjoint paths are built in the first stage of net-
work deployment. Then, the disjointedness condition will
be weakened, and paths intersection at downstream nodes
with highly available resources will appear to avoid rapid
resource depletion. In NC-RMR [17], a reliable disjoint
and braided multipath routing (NC-RMR) is formed hop-
by-hop without establishing end-to-end paths. Neighbors
of each local node are divided into groups according to
their hops to the sink to improve the network load bal-
ancing. Local nodes can select their own backup nodes in
neighbor nodes to form additional logical paths. Similarly
in [23], linear network coding is utilized over a multipath
braided mesh topology constructed by directed diffusion
to improve network performances.

Except the schemes in [17, 22, 23] where the multi-
path is formed hop-by-hop, almost the rest methods [13–
16, 20, 21] of node-disjoint and braided multipath need
to establish end-to-end paths, resulting in much higher
resource consumptions and complexity. In almost node-
disjoint multipath routings [12–17, 19], the total path
number is required to be evaluated by the sink or the
source, while the transmission path width has not been ex-
plored in existing braided multipath routings [15–17, 20–
23]. Both kinds of existing multipath routings are inef-
ficient and unsuitable for the varying and heterogeneous
wireless links, because too small or too large transmission
width in sparse or dense networks may not guarantee the
reliability or waste excessive network resources. For exam-
ple, when the network get sparser over high lossy wireless
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links, SHM [22] will perform worse because only nodes with
less hops to the sink relay packets without the support of
ACK/NACK.

2.3. Opportunistic Routings

Recently, opportunistic routings [24–32] have been stud-
ied well to cope with unreliable and unpredictable wireless
links [38]. Different from traditional routings, multiple
neighbors of the sender are involved into local forward-
ing list and the best forwarder is selected during packet
transmissions in a posteriori manner. Not only can it com-
bine multiple weak links into one strong link, but also it
takes advantage of unexpectedly short or long transmis-
sions, thus achieving high reliability and throughput.

ExOR [24] is a representative opportunistic routing pro-
tocol. Each packet contains a list of neighbor nodes that
can potentially forward it. Forwarders relay packets in
the order of their proximity, such as ETX [39], to maxi-
mize the progress for each transmission. MORE [25] ap-
plies network coding to opportunistic routing in a clever
way, where forwarders do not need to coordinate which
packets are forwarded by which node. In GeRaF [29], the
node closest to the destination has the greatest priority to
forward the packet to next hop in a distributed manner.
SOAR [27] realizes opportunistic forwarding effectively by
selecting forwarders based on ETX and employing priority-
based timers, and further recovers lost packets with effi-
cient local feedbacks. RRP [28] was proposed to enhance
the routing robustness against path breakages with the
minimal control overhead, and adapt to rapid topology
changes. In R3E [31], a biased backoff scheme during
the route-discovery phase was proposed to find a robust
guide path, which can provide cooperative forwarding op-
portunities with the help of common neighbors between
two adjacent hops. Meanwhile, a simple effective coopera-
tive forwarding is also given, pushing data packets towards
the destination greedily without the location information.
Cluster-based forwarding [26, 30] makes all nodes nearby
on each hop form a cluster such that any node in the cluster
can take charge of forwarding. Especially, a cooperative
communication protocol was presented in [30] to establish
these clusters and transmit data packets cooperatively.

However, it is required that every node maintains the
global topology of the network in [24, 25, 27, 28]. In ad-
dition, many schemes above [24–26, 30] cannot prevent
diverging paths, i.e., nodes on different forwarding paths
may not overhear from each other, leading to duplicate for-
warding. Furthermore, the forwarding schedules in all re-
lated schemes are not proper, where the interferences may
still exist among two hops’ transmissions, even though pri-
ority timer-based forwarding is utilized in [27, 31]. Similar
to existing braided multipath routings, the size of forward-
ing list has not been explored in detail, and only depends
on the density of network deployment in almost schemes
[24–30], which does not adapt to the varying and hetero-
geneous wireless links. R3E [31] relies on the common
neighbor nodes between two adjacent hops on the guide

path, and hence cannot tolerate the case that the num-
ber of common neighbor nodes gets small or asymmetric
links appear, under which the network performance will
get worse sharply. In addition, it is assumed in existing
schemes except R3E [31] that a path has already been
established between the source and the destination, thus
remaining the robust end-to-end path discovery for coop-
erative forwarding unaddressed.

Our work is different from existing studies above. By
fully exploiting the broadcast nature of wireless mediums,
MPCT topology generalizes the traditional collection tree
model and allows every node in the network to own more
than one parent node. It transfers time redundancy (re-
transmissions) into spatial redundancy (redundant links)
to guarantee the reliability hop by hop and decreases the
transmission delay. Besides, transmission width can be ad-
justed locally to adapt to the varying and heterogeneous
environment, which is not supported in prior schemes.
Meanwhile, a novel and distributed time schedule strategy
is designed to prevent packet collisions among two hops’
transmissions. In proposed WC-BMR and MCWC-BMR,
a little control information attached in the data packet
helps to achieve the width-controllable braided multipath
routing. Particularly, MCWC-BMR is dynamic and adap-
tive to real-time transmission state, and can eliminate the
effect from LC Topology. At last, like the schemes [16, 22],
ours also support the N-to-1 pattern for data collections,
while others only support end-to-end single flow.

3. Distributed Braided Multipath Routing

In this section, we first present an overview of WC-BMR
based packet delivery. Then, we give the details of proto-
col design, mainly consisting of distributed MPCT con-
struction, the local calculation of heterogeneous widths,
WC-BMR based packet transmissions, and time schedule
strategy.

3.1. Overview

With MPCT topology, WC-BMR based packet delivery
is an active packet controlled routing protocol. Accord-
ing to the dynamic link state information between neigh-
bor nodes, MPCT topology is built in a distributed way,
where every node has more than one upstream parents to
forward its packet, and the reliability for each hop is guar-
anteed at the best effort. The number of upstream parents
can be adjusted at every node locally to adapt to the het-
erogeneous distribution of link unreliability. By using the
control information attached in data packets, every node
will judge its relative position to restrict the transmission
direction on or near the main route. In order to elimi-
nate the interference among two hops’ transmissions, every
node can decide how long should be postponed to forward
packets locally. In addition, the modified MCWC-BMR
protocol in section 5 allows nodes to detect LC-Topology
which brings no or less reliability gain, and switch the
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Figure 1: the leveled network model

main route based on local real-time transmission state to
maintain high network performance.

3.2. Protocol Design

In this part, the WC-BMR based packet delivery proto-
col is give in detail.

3.2.1. Network Model

The network is organized into many levels and every
node will be allocated a level value, which equals the hop
to the sink, in Figure 1. The following assumptions about
the network are made.

1) Each node has a unique node ID NodeID.

2) All nodes are homogeneous in terms of processing, stor-
ing, transmitting and energy.

3) Nodes do not need to know their positions.

4) The position of the sink can be anywhere in the net-
work.

3.2.2. MPCT Construction

In MPCT topology, every node will obtain the local in-
formation about their neighbors, and decide how many
parent nodes will be required and which node will be se-
lected as the potential forwarder with the highest priority
to relay packets according to the real-time channel qual-
ity. MPCT topology lays the foundation for cooperative
WC-BMR packet delivery.

Before the construction of MPCT topology, every
node in the network initializes its state information
{myNodeID, myLevel, myParentNumber, myConfirm-
Mark, myNeighborTable, myParents, myChildren, mySe-
qnum, currentstate} as {myNodeID, Z, 1, 0, 0, Null,
Null, Null, InitialState}, where myNodeID is its nodeID,
myLevel is its level initialized as a large number Z, myCon-
firmMark represents the state whether its parents have
been confirmed, myNeighborTable is its neighbor table,
myParents is its parent set, myChildren is its children set,
mySeqnum is the sequence number for the current MPCT,
and currentstate indicates the state of constructing MPCT
initialized as InitialState. Besides, node u’s link state in-
formation with its neighbor v, namely, packet loss rate
puv, will be required to help the construction of MPCT
topology. However, in this paper, we will not focus on the

Table 1: Packet format for MPCT construction
ConstructMsgType NodeID Level Seqnum Null Null
ConfirmMsgType NodeID Level ConfirmMark ParentList Seqnum

evaluation of packet loss rate over wireless links, which can
be referred in [40].

Two kinds of control messages are used during this pro-
cedure, ConstructMsg and ConfirmMsg, seen in Table 1.

The construction of MPCT is initiated at the sink.
First, the sink broadcasts a new message ConstructMsg
{ConstructType, SinkID, 0, currentseqnum}. Then, all
nodes including the sink will perform MPCT construc-
tion according to algorithm 1, mainly consisting of two
steps: ParentFinding and ParentConfirming. The selec-
tion procedure of node u’s parent set is given in algo-
rithm 2. Figure 2 shows the state transferring for node
u during MPCT construction. When node u first re-
ceives a ConstructMsg from nodes with less level, it up-
dates its level, broadcasts a new ConstructMsg with its
level, and tries to find parents in predetermined period
of FindParentsPeriod in line 3∼11 of algorithm 1. Af-
ter the MPCTTimer runs out in line 35, u gets the set
myParents from its myNeighborTable by calling algorithm
2. Then, u generates and broadcasts a ConfirmMsg to
inform its parents to confirm this relationship in line
36∼38. Upon receiving the ConfirmMsg, u’s parent up-
dates the ConfirmMark, inserts u into their myChildren
sets, and broadcasts a new ConfirmMsg containing up-
dated ConfirmMark in line 26∼28. When u receives a
ConfirmMsg for itself, it updates myConfirmMark with
myConfirmMark|ConfirmMark and checks whether all
bits in myConfirmMark have been set to 1 in line 19∼24.
If so, all parents have already confirmed this relationship
for u, and MPCT construction is done at u. As all nodes
accomplish the procedure above, MPCT topology forms.

The algorithm 1 for MPCT construction is distributed
completely, where the node only needs local information
myLevel and packet loss rates {puv} with neighbor nodes.

Find

Parents

State

Parents

Confirm

State

When receiving the 

first ConstructMsg

Initial

State

MPCTOK

Triggered by 

M
PCTTimer

W
hen MPCTTimer is fired

 and all parents of u 

have not confirmed yet All parents of u have confirmed

Figure 2: state transferring for node u during MPCT construction

T

D E

C
A B

Level 0

Level 1 Level 1

Level 2
Level 2 Level 2

Figure 3: diverse cooperative relationships in MPCT
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Algorithm 1 the procedure of MPCT construction for every node u

1: Upon receiving a ConstructMsg{ConstructType, v, Level, Seqnum} from node v :
2: if Seqnum ≥ mySeqnum and myLevel ≥ Level then
3: if myLevel > Level + 1 then
4: update myLevel and mySeqnum with Level + 1 and Seqnum repectively;
5: generate a new ConstructMsg{ConstructType, u, myLevel, Seqnum}, and broadcast it;
6: if currentstate is not FindParentsState then
7: start the MPCTTimer with a predefined period of FindParentsPeriod ;
8: currentstate← FindParentsState;
9: initialize the sets myNeighborTable, myParents and myChildren as NULL;

10: end if
11: end if
12: if currentstate is FindParentsState then
13: insert {v, puv, Level} into myNeighborTable;
14: end if
15: end if
16: Upon receiving a ConfirmMsg{ConfirmType, NodeID, Level, ConfirmMark, ParentList, Seqnum} from node v :
17: if Seqnum ≥ mySeqnum then
18: if NodeID = u and currentstate is ParentsConfirmState then
19: myConfirmMark ← myConfirmMark|ConfirmMark;
20: if all corresponding bits in myConfirmMark have been set as 1 then
21: currentstate←MPCTOK, stop the MPCTTimer and exit;
22: else
23: generate a new ConfirmMsg{ConfirmType, u, myLevel, myConfirmMark, myParents, mySeqnum} and broad-

cast it;
24: end if
25: else if u is in the ParentList then
26: set the corresponding order bit ConfirmMark{u} with 1;
27: insert {NodeID, Level} into myChildren and store NodeID ’s parent set ParentList ;
28: generate a new ConfirmMsg{ConfirmType, NodeID, Level, ConfirmMark, ParentList, Seqnum} and broadcast

it in a backoff time;
29: else if NodeID is in myChildren then
30: delete NodeID from myChildren;
31: end if
32: end if
33: When the MPCTTimer is fired:
34: if currentstate is FindParentsState then
35: call algorithm 2, and get the set myParents;
36: myConfirmMark ← 0, and currentstate← ParentsConfirmState;
37: generate a ConfirmMsg{ConfirmType, u, myLevel, myConfirmMark, myParents, mySeqnum} and broadcast it;
38: restart the MPCTTimer with the period of ParentConfirmPeriod ;
39: else if currentstate is ParentsConfirmState and all corresponding bits in myConfirmMark are not 1 then
40: generate a new ConfirmMsg and broadcast it;
41: restart the MPCTTimer with the period of ParentConfirmPeriod ;
42: else
43: stop the timer MPCTTimer and exit;
44: end if
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MPCT not just supports one source-destination pair com-
munication but also converge-casting for all nodes in the
network. Under the varying network conditions, there
may exist diverse cooperative relationships between nodes
in MPCT topology, such as traditional relay coopera-
tion, complete cooperation and semi-cooperation between
brother nodes with the same level [41]. Figure 3 gives
an example of MPCT topology with the parent number
M of 2. Node D and E are the relay nodes for node
C, thus forming traditional relay cooperative relationship;
node D and E are both the children of node T, but they
relay packets for each other cooperatively, thus forming
complete cooperative relationship between brother nodes;
moreover, both of node A and C with the same level of 2
are the children of node D, but only node C relays pack-
ets for node A, thus forming semi-cooperative relation-
ship between brother nodes. When M becomes 1, MPCT
topology is transferred into the traditional collection tree,
where every node uploads its packet to its only one parent.
With the varying of network density and parent number
required in MPCT, all kinds of cooperative relationships
may be exploited to provide high reliability. Therefore,
MPCT topology proposed can be regarded as a general
cooperative topology.

3.2.3. Parents Selection

Unlike other schemes where the total path number need
be evaluated by the sink or the source, in this paper, the
optimal parent set will be determined locally based on
the instant channel qualities with the neighbors, which
decreases the computing complexity and achieves the reli-
ability hop by hop.

In order to achieve the target successful delivery rate σt
for each node in the network, the procedure of obtaining
the set myParents for node u with hu hops to the sink
is given in algorithm 2. Nu is the neighbor set of node
u, N−u represents the neighbor set where the level of each
node contained in myNeighborTable is less than the level
of node u, N0

u represents the neighbor set where the level
of each node contained is equal to the level of node u,
and | · | represents the set size. In algorithm 2, neigh-
bor nodes with lower level have higher priority, and those
with lower packet loss rate puv are also preferred, v ∈ Nu.
By using a greedy search method, the optimal parent set
can be chosen to make sure that the local reliability for

hu-th hop meets 1−
∏|myParentsu|

k=1 pu,k ≥ (σt)
2−hu

at the
best effort. For example, suppose that N−u = {A,B,C},
N0

u = {D,E}, where pu,A = 0.15, pu,B = 0.2, pu,C =
0.25, pu,D = 0.2, pu,E = 0.24. Without loss of gener-
ality, the local reliability for node D and E with hu-th

hop meets plocalD/E ≥ (σt)
2−hu

. Table 2 shows two cases for

(σt)
2−hu

= 0.99 and 0.995. 1) If (σt)
2−hu

is set to 0.99,
myParentsu = {A,B,C} and plocalu = 1 − 0.15 × 0.2 ×
0.25 = 0.9925 ≥ (σt)

2−hu

. 2) If (σt)
2−hu

is set to 0.995,
myParentsu = {A,B,C,D} and plocalu ≥ 1− 0.15× 0.2×

Algorithm 2 Parent selection for every node u

Input: hu, Nu, N
−
u , N

0
u , pu,1, pu,2, · · · , pu,|Nu|, σt

Output: myParentsNumber Mu, the set myParents

1: σu ← (σt)
2−hu

;
2: sort packet loss rates in N−u in the increasing order as
{p̃u,i}Si∈N−

u
;

3: Pe ← 1;
4: for m← 1 to |N−u | do
5: Pe ← Pe × p̃u,m;
6: insert the node in N−u corresponding to p̃u,m into

the set myParents;
7: if Pe ≤ 1− σu then
8: |myParents| ← m; and exit;
9: end if ;

10: end for
11: sort packet loss rates in N0

u in the increasing order as
{p̃u,j}Sj∈N0

u
;

12: for n← 1 to |N0
u | do

13: Pe ← Pe × (1− (1− p̃u,n)× σu);
14: insert this node in N0

u corresponding to p̃u,n into the
set myParents;

15: if Pe ≤ 1− σu then
16: |myParents| ← |N−u |+ n; and exit;
17: end if ;
18: end for
19: |myParents| ← |N−u |+ |N0

u |; and exit;

Table 2: The examples of parent selection

(σt)
2−hu

Parent set plocalu

0.99 {A,B,C} 0.9925
0.995 {A,B,C,D} ≥ 0.9987

0.25 ×(1− (1− 0.2)× (σt)
2−hu

) = 0.9987 ≥ (σt)
2−hu

. As
Eq.(1), the total successful delivery rate σ̃t for any node u
can be guaranteed.

σ̃t =

hu∏
j=1

1−
Mj∏
k=1

pj,k

 ≥ hu∏
j=1

(σt)
2−j

= (σt)

hu∑
j=1

2−j

= (σt)
1−2−hu

> σt

(1)

3.2.4. Distributed WC-BMR packet delivery

Upon accomplishing MPCT construction, every node
u in the network gets the local information, including
its parent set myParents{u}, children set myChildren{u}
and its children’s parent setCParents{} (in line 27 of
algorithm 1). In the set myParents{u}, NodeIDs are
ordered by the priority of each parent node, namely,
the upward order of packet loss rates. The informa-
tion CParents{} can be got in the message Confir-
mMsg from its children in algorithm 1. For example,

Table 3: Packet format for WC-BMR packet delivery

SouceID Flag MainrouterID OriginID Seqnum Payload
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Algorithm 3 WC-BMR based transmissions at node u

1: Upon receiving a packet {senderID, flag, main-
routerID, originID, seqnum, payload}

2: if u is the sink then
3: call the receiving procedure;
4: else if senderID is in myChildren set then
5: if flag equals 1 then
6: if OrderofCParents(senderID, u) = 1 then
7: update flag and mainrouterID with 1 and u re-

spectively;
8: else
9: update flag and mainrouterID with 0 and the

first ID in CParents{senderID} respectively;
10: end if
11: else if mainrouterID is in myChildren set then
12: if OrderofCParents(mainrouterID, u) = 1 then
13: update flag and mainrouterID with 1 and u re-

spectively;
14: else
15: update flag and mainrouterID with 0 and

the first ID in CParents{mainrouterID} respec-
tively;

16: end if
17: end if
18: generate a new packet {u, flag, mainrouterID, orig-

inID, seqnum, payload}, and broadcast it;
19: else
20: discard this packet;
21: end if

Childu,v’s parent set is
{
CParents{Childu,v} : {Pu,v,j},

1 ≤ j ≤ |myParents{Childu,v}|
}

, where 1 ≤ v ≤
|myChildren{u}| and |myParents{Childu,v}| is the par-
ent number of Childu,v. Based on MPCT, the main route
from every node to the sink is formed distributively, con-
sisting of the nodes with the highest priority on each hop.

The packet format for packet delivery is shown in Table
3, where SenderID is the NodeID of the sender, Flag rep-
resents whether senderID is on the mainrouter, OriginID
is the NodeID of the source, MainrouterID is the NodeID
of the forwarder on the previous hop along the main route,
Seqnum is the sequence number of the data packet, and
Payload is the information transferred. Only extra con-
trol information with Flag and MainrouterID is enough
for braided multipath based transmissions.

The procedure for WC-BMR based transmissions is
given as follows.

1) As to the source, it will generate a new data packet
with {sourceID, 1, sourceID, sourceID, seqnum, pay-
load} and broadcast it.

2) Immediate node u will execute as algorithm 3.

In algorithm 3, CParents{NodeID} is NodeID ’s parent
set, and OrderofCParents(NodeID1, NodeID2 ) is the pri-
ority order of nodeID2 in the parent set of nodeID1.

Take an example in Figure 4, where there are 4 hops
from the source to the sink, and node A, D and H have the

Source SinkA

B

C

F

E

D

G

H

I

J

Figure 4: an example of WC-BMR based transmission

highest priority in the parent set of the source, node A and
node D respectively, thereby establishing the main route.
The source broadcasts a packet {SourceID, 1, SourceID,
SourceID, 1, payload} which will be received by its parents
A, B and C. Node A with the highest priority will send
a packet {A, 1, A, SourceID, 1, payload}, and B/C will
send a packet {B/C, 0, A, SourceID, 1, payload}. Then,
node D, E, F and G may receive all or part of three packets
respectively. Node D with the highest priority of node A
will send a packet {D, 1, D, SourceID, 1, payload}, while
node F will send a new packet {E, 0, D, SourceID, 1,
payload} if it receives the packet from node B and finds
flag is not 1 but the mainrouterID A is its child. The
case of node G is the same as node F. However, node E
finds that the mainrouterID A is not its child, and will not
forward this packet. Then, node H, I and G receive the
packet from node D. Node H will send a new packet {H, 1,
H, SourceID, 1, payload}, while Node I and J will send a
packet {I/J, 0, H, SourceID, 1, payload}. At last, the sink
will obtain the source packet from node H, I or J. From the
example above, not only is the way of packet forwarding
interleaved, but also transmission width is limited into the
number of parent nodes on the main route.

3.2.5. Time Schedule Strategy

As more than one forwarder is required to relay a packet
from a downstream node, packet collisions would arise if
random or improper backoff strategies are utilized, which
may cut down the reliability gain. In order to eliminate
this harmful effect, SOAR [27] and R3E [31] presented a
timer-based priority forwarding strategy to let only the
best forwarding node forward the packet. The i-th for-
warding node in the forwarding list sorted in a nonde-
creasing order of ETX toward the sink sets its forwarding
timer to (i− 1)Ts, where i starts from 1 and Ts is the
backoff time unit. Thus, the node with lower ETX for-
wards the packet earlier, while other nodes overhearing its
forwarding will cancel their forwarding timer, and remove
the packet from their queue. Additionally, network-layer
ACKs and retransmissions are utilized in [27, 31] to pro-
vide the best effort reliability through time redundancy
(retransmissions) adopted in traditional schemes. Here,
time redundancy means that the redundancy is provided
by multiple retransmissions from a same node with ACK
feedbacks under lossy links.

However, ACKs and retransmissions are recently ex-
pected to be removed because they waste too much en-
ergy and ACKs may be lost, and does not guarantee the
transmission delay. In our work, regardless of whether the
packet has been forwarded by the nodes with higher prior-

8



ity or not, any potential links may be used to provide much
higher reliability without ACKs, namely link redundancy.
It should be recognized that timer-based priority forward-
ing strategy used in [27, 31] cannot deal with packet col-
lisions existing among two hops’ transmissions very well.
Taking an example in Figure 4, node A on the first hop
has the highest priority to forward the packet from the
source, and node D will forward the packet upon receiving
it from node A. If the backoff time is selected improperly,
there would be an unwilling case that during D’s trans-
mission, node B not hearing A’s transmission may be also
transmitting the packet, where packet collision appears.
Even though node H, I and J are not in the transmission
range of node B, the transmission signal of node B may
impose useless noise on the useful signal from node D,
and affect the reception of node H and I. Meanwhile, D’s
transmission affects the reception of node F and E from B.
Anyway, the interferences among two hops’ transmissions
may exist, which will cut down the performance gain that
cooperative WC-BMR brings.

In this paper, a novel time schedule strategy (TSS) is
proposed to handle this issue above. Without considering
the transmission delay over wireless channels, the immedi-
ate node will postpone in a period of Offset and forward
the packet in the middle of time window Ts upon receiving
a packet from its child. Here the size of Ts is chosen to
allow one successful transmission on wireless radio.

Suppose that there are h hops between the source and
the sink, and Mi is the parent number of the node with
i hops to the sink on the main route, where 1 ≤ i ≤ h
and Mh = 1. Every parent node is assigned a priority
based on the packet loss rate with the node on previous
hop along the main route. The priority value of the node
with the minimal packet loss rate is set to 0, while the
priority of the node with the maximal loss rate is set to
Mi−1. N(i, j) represents the node with i hops and the j-th
priority, where 1 ≤ i ≤ h and 0 ≤ j ≤ Mi − 1. Therefore,
the backoff time N(i, j) upon receiving a new packet from
N(i− 1, k) is as follows.

Offset (i, j, k)=


(j+0.5)Ts i = 1

(Mi−1+j−k−0.5)Ts
1<i<h

0≤j≤Mi−1
0≤k≤Mi−1−1

(2)

Theorem 1. According to the time schedule strategy (TSS)
as Eq.(2), there is no interference in cooperative WC-BMR
for end-to-end communications if the proper parameter Ts is
adopted.

Proof. See in AppendixA.

In Figure 5, without loss of generality, time sequences on
three hops are taken into considerations to demonstrate that
the proposed TSS is fine practically. After the source sends
a new packet, N(1, 0), N(1, 1) and N(1, 2) may receive and
forward it within their respective time slices. As to N(2, 0), it
will delay Offset (2, 0, 0) = 2.5Ts in case of receiving a new
packet from N(1, 0); or delay Offset (2, 0, 1) = 1.5Ts in case
of receiving from N(1, 1); or delay Offset (2, 0, 2) = 0.5Ts in

sT

sT

sT

sT

sT

sT

sT

Source

 1,0N

 1,1N

 1,2N

 2,0N

 2,1N

 2,2N

t

Figure 5: an example of TSS

case of receiving from N(1, 2). It means above that N(2, 0) as
well as other nodes will forward the new packet in a fixed time
slice. Therefore, the inferences among two hops’ transmissions
can be prevented efficiently by TSS.

4. Performance Analysises

In this section, the performance of proposed WC-BMR will
be analyzed in terms of network reliability, time delay and
transmission overhead.

4.1. Reliability

Theorem 2 gives the transmission reliability of WC-BMR in
both cases of node failure and link failure.

Theorem 2. Assuming there are h hops from the source to the
sink, and the parent number of the nodes along the main route
is M = {Mi|1 ≤ i ≤ h}.

1) Considering that p1(0 ≤ p1 ≤ 1) is the possibility of node
failure, the upper and lower bounds of transmission reliability
based on WC-BMR are as follows. R1(M,h, p1) = 1 if h = 1;
otherwise,

supR1

(
M,h, p1

)
=

h−1∏
i=1

(
1− pMi

1

)
(3)

inf R1

(
M,h, p1

)
=
(
1− p1

)h−1
(4)

2) Considering that p2(0 ≤ p2 ≤ 1) is the possibility of link
failure, the upper and lower bounds of transmission reliability
based on WC-BMR are as follows. R2(M,h, p2) = 1 − p2 if
h = 1; otherwise,

supR2

(
M,h, p2

)
=
(
1−pM1

2

)(
1−pMh−1

2

) h−2∏
i=1

(
1−pMiMi+1

1

)
(5)

inf R1

(
M,h, p1

)
=
(
1− p2

)h
(6)

Proof. See in AppendixB.

4.2. Time Delay

The transmission delay Tdelay based on TSS proposed is
given in Theorem 3.

Theorem 3.

(
h−2∑
i=1

Mi + 1

)
Ts ≤ Tdelay ≤ Ts

h−1∑
i=1

Mi

Proof. See in AppendixC.
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4.3. Transmission Overhead

Power consumptions in wireless communications mainly con-
sist of packet sending, reception, computation and storage,
among which packet sending accounts for the principal cause
for other consumptions. To illustrate how much WC-BMR pro-
tocol consumes, the total transmission number for sending a
packet over h hops from the source to the sink will be investi-
gated in this part.

When WC-BMR gets the best case of network topology
where it is always link-achievable for any pairwise nodes be-
tween adjacent hops, the average children number correspond-
ing to the links from (i− 1)-th hop to i-th hop is following,

ρc(i, h,M) =

{
1 i = 1

Mi−1 1 < i ≤ h (7)

Assuming Cl (i,M, h, j) is the number of parent nodes re-
ceiving the packet on i-th hop corresponding to j successful
links from (i − 1)-th hop, and Cl (i,M, h, j) is the average in
Eq.(8),

Cl (i,M, h, j)=


j i = 1, 0 ≤j ≤M1

d j
ρc(i,h,M)

e 1<i<h, 0≤j≤Mi−1Mi

d j
ρc(h,h,M)

e i=h, 0≤j≤Mh−1

(8)

Proposition 1. Cl (i,M, h, j) ≤ Cl (i,M, h, j) ≤Mi

Proof. See in AppendixD.

Theorem 4. Assuming Pe is the packet loss rate over wire-
less links, the upper and lower bounds of the total transmission
number for sending a packet over h hops from the source to the
sink in the network are as follows respectively,

sup Γ (h,M, pe) = 1 +M1

(
1− pM1

e

)
+
(

1− pM1
e

) h−1∑
i=2

Mi

i∏
j=2

(
1− pMiMi−1

e

) (9)

inf Γ (h,M, pe) = 1 +

h−1∑
i=1

Mi(1− pe)i (10)

Proof. See in AppendixE.

In WC-BMR, only a little information {flag, mainrouterID,
Mi, k} for i-th hop’s transmissions is attached, which is O(1).

5. Modified Cooperative WC-BMR

5.1. LC-Topology

Since there may exist some worse topologies due to messages
loss during MPCT construction and the irregular node distri-
butions, the reliability will mainly depend on the nodes and

Source

…
SinkA

B

C

F
E
D

G
J

K

… …

…

…

…
H

I

Figure 6: an example of LC topology

Algorithm 4 Local detection of LC-Topology at node u

1: Upon completing the MPCT construction:
2: select all nodes with higher priority than u from all

parent set of its children, and insert them into the
MyPriorityIDList set;

3: for each node m in MyPriorityIDList do
4: MyLCLinksCount{m} ← 0;
5: end for
6: broadcasts a LCReqMsg{LCReqType, u, MyPriori-

tyIDList} and start the timer LCTimer;
7: Upon receiving a LCReqMsg{LCReqType, v, Priori-

tyIDList} from node v :
8: if v is u’s child then
9: select the NodeIDs which are the intersection of u’s

children and PriorityIDList, and insert them into
the set MySubChildren;

10: generate a LCACKMsg{LCACKType, u, v, MySub-
Children} and broadcast it;

11: end if
12: Upon receiving a LCACKMsg{LCACKType, v,

LCReqID, SubChildren} from node v :
13: if LCReqID is u then
14: for each node m in the interscetion of SubChildren

and MyPriorityIDList do
15: MyLCLinksCount{m}+ +;
16: end for
17: end if
18: When the LCTimer is fired:
19: for each node w in MyPriorityIDList do
20: if MyLCLinksCount{w} < THforLC then
21: // LC topology happens near w;
22: MyLCFlag{w} ← 1;
23: else
24: MyLCFlag{w} ← 0;
25: end if
26: end for

links on the main route. Taking an example in Figure 6, node
A, B and C are the parents of the source, and the parents {G,
H} of node B and C don’t have the intersection with the parents
{D, E, F} of node A. Thereby, based on WC-BMR transmis-
sions, the reliability for the second hop relies on only node A
instead of node B and C. If the nodes or links on the main
route are failed, the packet can not be transmitted to the next
hop reliably. Therefore, the proposed WC-BMR brings no or
less reliability gain under this situation. Here, we define this
kind of topology as Less Cooperative Topology, of which LC-
Topology is the abbreviation. All kinds of LC-Topology have a
common feature that there is no or less links with parent-child
relationships between the nodes with low priority and the par-
ents of the node with the high priority on the same hop, e.g.,
the local topology near node A and D.

5.2. Local Detection of LC-Topology

Algorithm 4 describes the local LC-Topology detection
procedure for node u at the end of MPCT construction.
Here, selected from all parent set of u’s children, MyPriori-
tyIDList is the node set consisting of all nodes with higher
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Algorithm 5 MCWC-BMR at node N(i, j)

1: Upon receiving {senderID, level, flag, mainrouterID, Mi−1, k, originID, seqnum, payload} from N(i− 1, k):
2: if N(i, j) is the root then
3: call the reception procedure;
4: else if senderID is N(i, j)’s child then
5: get Offset(i, j, k) with Eq.(2), and start the BackOffTimer with the period of Offset(i, j, k);
6: buffer this packet {flag, mainrouterID, originID, seqnum, payload};
7: initialize HeardPriorityFlag and tempMRID with 0 and the first ID in CParents(mainrouterID) respectively;
8: else if originID equals originID′ buffered before and level ≤MyLevel then
9: update HeardPriorityFlag and tempMRID with 1 and mainrouterID respectively;

10: end if
11: When the BackOffTimer is fired:
12: get the packet {flag, mainrouterID, originID, seqnum, payload} buffered before;
13: if HeardPriorityFlag is 0 and all {MyLCFlag}s of all nodes with higher priority than N(i, j) in the set CPar-

ents(mainrouterID) are 1 then
14: update flag and mainrouterID with 1 and N(i, j) respectively;
15: else
16: if flag equals 1 then
17: if OrderofCParents(senderID,N(i, j)) equals 1 then
18: update flag and mainrouterID with 1 and N(i, j) respectively;
19: else
20: update flag and mainrouterID with 0 and tempMRID respectively;
21: end if
22: else if mainrouterID is N(i, j)’s child then
23: if OrderofCParents(senderID,N(i, j)) equals 1 then
24: update flag and mainrouterID with 1 and N(i, j) respectively;
25: else
26: update flag and mainrouterID with 0 and tempMRID respectively;
27: end if
28: end if
29: end if
30: broadcast a new packet {N(i, j), MyLevel, flag, mainrouterID, Mi, j, originID, seqnum, payload} within Ts;

priority than u. By local message exchanging using LCRe-
qMsg and LCACKMsg, each node can obtain the infor-
mation MyLCLinksCount. MyLCLinksCount{m} is used to
record the number of available links with parent-child rela-
tionship between the parents of u and node m whose prior-
ity is higher than u on the same hop, namely, the links be-
tween u and the parents of m. For example in Figure 6,
MyPriorityIDListB = {A}, MyPriorityIDListF = {D,E},
MyLCLinksCountB{A} = 0, MyLCLinksCountE{D} = 1
and MyLCLinksCountF {D} = 0. In addition, THforLC is
the threshold for LC links. Node B will judge that LC-Topology
appears at node A if THforLC is set to 1, and node E will judge
that LC-Topology appears at node D if THforLC is set to 2.

5.3. Modified Cooperative WC-BMR

Based on algorithm 4 for LC-Topology detection, a mod-
ified cooperative WC-BMR protocol (MCWC-BMR) with
TSS is proposed to maintain high reliability in algorithm 5.
CParents{NodeID} is NodeID ’s parent set, and OrderofCPar-
ents{NodeID1, NodeID2} is the priority order of nodeID2 in the
parent set of nodeID1. The main idea is as follows. The nodes
on the same hop receiving a new packet will forward it on the
basis of priority value. Therefore, the nodes with higher pri-
orities forward the packet earlier, while the nodes with lower

priorities forward later. The nodes with low priorities may
have the opportunity to monitor the forwarding results from
the nodes with high priorities. Because every node in MPCT
topology has its own main route, it can make real-time de-
cisions to switch the main route for this packet dynamically
before its forwarding if it does not overhear the transmission
from the nodes with higher priorities where LC-Topology hap-
pens. For example in Figure 6, LC-topology appears at node
A as THforLC is set to 1. If node B and C don’t overhear
the transmission from node A, they will dynamically follow the
new main route B → G→ J · · · to maintain high reliability.

6. Simulations Results

We evaluate our proposed WC-BMR and MCWC-BMR us-
ing TOSSIM simulator [42] with TinyOS programming [43],
and compare the performances with three baseline protocols -
CTP [7], SHM [22], R3E [31] - under a broader range of sce-
narios. Simulation results show that our proposed protocols
perform better.

6.1. Evaluation Methodology

In this simulation, we integrate our schemes into IEEE
802.15.4 protocol and disable the function of ACK/NACK,
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Figure 7: the reliability (a) and delay (b) of these five protocols for
h = 10 hops transmissions with network degree 5.45 under different
packet loss rates

which is the default setting in most wireless networks. All
nodes are deployed with homogeneous resources and communi-
cation capability in the network. Different topologies, network
degrees and network sizes are set up to evaluate the perfor-
mances of WC-BMR and MCWC-BMR. Here network degree
is defined as the average nodal degree, representing the average
number of neighbor nodes in the network with a certain radio
range. To capture wireless link loss in real networks, we aug-
ment TOSSIM simulator to generate packet losses by dropping
packets received at the MAC layer according to the Bernoulli
distribution, which is similar to SOAR [27]. Time slot Ts for
TSS is set to 10ms.

We quantify the performances using five kinds of metrics: 1)
packet delivery rate, which is the ratio (100%) of the number of
packets received by the sink to the number of packets sent from
the source; 2) end-to-end delay, which is the time (ms) taken
for a packet transmitted from the source to the sink; 3) trans-
mission overhead, which is measured as the total number of
packet transmissions for an end-to-end packet delivery; 4) sup-
ported maximal sampling rate, which is the maximal packet
injection speed from the source while maintaining the targeted
packet delivery rate at the sink, namely, network throughput
for single flow. It can be calculated as the reciprocal of the
sampling period, and the unit is packets/second ; 5) fairness,
namely, the reliability fairness (100%) only for converging flows.
Here, the traditional Jains fairness index [44] is used, and de-
fined as (

∑
xi)

2/(n×∑xi
2
)
, where xi is the reliability of flow

i from node i and n is the total node number in the network.

6.2. Evaluation Results

Two traffic patterns are separately set up to evaluate our
proposed protocols systematically and scientifically. First, we
give the simulation results for end-to-end single flow, and then
study the case for many-to-one converging flows.

6.2.1. Single Flow
In all existing opportunistic routing protocols for end-to-end

communications, several factors may have considerable effects
on network performances, such as packet loss rate, network
degree, the distance from the source to the destination, and
sampling rate. Next, we give the simulation results from four
aspects above, where grid topology is adopted.
A. Packet loss rate

Figure 7 describes the trends of the reliability (a) and delay
(b) of these five protocols for h = 10 hops’ transmissions with
the increasing of packet loss rate, where the network degree
is 5.45. When the packet loss rate keeps low at 5%∼10%, all
these protocols have the similar high level of reliability around
or more than 95%. However, our WC-BMR and MCWC-BMR
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Figure 8: the network performances for h = 10 hops transmissions
with the packet loss rate 20% under varying network degrees, includ-
ing reliability (a), delay (b) and transmission overhead(c)

save more time than R3E, SHM and CTP by about 21.6%,
28.6% and 34.4% respectively. With the increasing of packet
loss rate, the reliability levels of R3E and SHM go down sharply
to 22% and 13%, while the descending extents of WC-BMR,
MCWC-BMR and CTP are slight. Especially, MCWC-BMR
still has a relatively high reliability level of 83% approximately,
and 73.4% and 84.3% reliability gain compared with R3E and
SHM respectively. Besides, more transmissions are expended
to achieve high reliability, thus leading to longer transmission
delays for these protocols. Actually, in CTP, every node has
only one parent to forward packets, and ACKs may be lost as
well as data packets under unreliable links, thus causing unnec-
essary retransmissions, packet collisions and large delay. With
network degree 5.45, R3E depending on the common neigh-
bor nodes between two adjacent hops and SHM only selecting
nodes with less hops to forward their packets without ACKs
can’t cope well with high packet loss rates. In WC-BMR and
MCWC-BMR, nodes with less or same hops to the sink may be
selected as forwarders to guarantee the reliability hop by hop
with the best effort. By eliminating the LC-Topology effects,
MCWC-BMR performs better.

B. Network degree

Network degree, namely, the average number of neighbor
nodes, is a direct factor to reveal how many forwarders can
be available to improve the network performance. By adjust-
ing the communication range, different network degrees can
be obtained for the simulation. Figure 8 compares the perfor-
mances for h = 10 hops’ transmissions with packet loss rate
20% under varying network degrees, including reliability, de-
lay and transmission overhead. As the network gets denser,
nodes in both R3E and SHM will have more forwarders and
cooperative opportunities to relay packets, thereby enhancing
network performances. Owning to only one parent, the per-
formance of CTP does not change with network degree, and
keeps a relatively stable level in terms of reliability, delay and
transmission overhead. In WC-BMR and MCWC-BMR, there
may be all kinds of cooperative relationships with dynamic net-
work degree, and the forwarders may help each other to for-
ward the source packet to achieve the reliability hop by hop.
Hence, WC-BMR and MCWC-BMR are able to maintain high
reliability of 95.5%∼97% and 97.5%∼99.8%, and outperform
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Figure 9: the network performances for different hops communica-
tions with the packet loss rate 20% and network degree 5.45, includ-
ing (a) reliability, (b) delay and (c) transmission overhead

R3E, SHM and CTP, which is shown in Figure 8(a). Here
WC-BMR may suffer from LC-Topology, thus achieving lower
performance than MCWC-BMR. Figure 8(b) shows that the
delay decreases inversely with network degree in those proto-
cols except CTP which keeps around 390ms. The delays of
both WC-BMR and MCWC-BMR range from about 325ms to
195ms, while 460ms∼250ms and 438ms∼170ms are separately
taken by SHM and R3E. The trends of average transmission
overheads are shown in Figure 8(c). In WC-BMR and MCWC-
BMR, cooperations among brother nodes with the same level
may appear to enlarge the transmission number slightly even
when few neighbors are available. As the average neighbor
number increases, the average transmission number will de-
crease and further keep steady as shown. However, in both of
R3E and SHM, the transmission overhead becomes large with
the rising network degree because the forwarding list gets large
with network degree. The transmission overhead of CTP does
not change much with varying network degrees.

C. Hop

Figure 9 illustrates the performance curves of these proto-
cols for different hops’ transmissions from the source to the
sink, where the packet loss rate is 20% and network degree
is 5.45. As to the reliability in Figure 9(a), the packet deliv-
ery rates in R3E, SHM and CTP drop by almost 21%, 22%
and 47% respectively with the hop varying from 1 to 19, while
both WC-BMR and MCWC-BMR still keep a high reliability
level of 97.5%∼91% and 99%∼95% respectively. From Fig-
ure 9(b), the delays of those protocols are in proportion to
the transmission distance, where WC-BMR and MCWC-BMR
have comparatively less delays because of their high reliability
without ACKs. Similarly in Figure 9(c), the average transmis-
sion overheads go up with the increasing hops. With the help
of our novel time schedule (seen in section 3.2.5), more trans-
missions are expended to achieve high reliability in WC-BMR
and MCWC-BMR.

D. Sampling rate

Maximizing the sampling rate under the constraint of relia-
bility is of great benefit to the network flexibility, and enables
users to obtain more information during a certain period and
make better decisions. Figure 10 gives the curves of the relia-
bility with varying sampling periods where the packet loss rate
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Figure 10: the reliability with varying sampling periods under the
case that the packet loss rate is 20%, the transmission hop is 10, and
the network degree is 5.45
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Figure 11: the reliability (left) and fairness (right) of converging
flows within different topologies, where the packet loss rate is 20%,
network size is 400 and network degree is 6.48

is 20%, the transmission hop is 10, and the network degree is
5.45. Obviously, MCWC-BMR can support shorter sampling
period, and the minimal sampling periods under the reliability
restrictions of 80%, 85%, 95% and 90% are about 93ms, 112ms,
140ms and 170ms respectively, while those of WC-BMR are
103ms, 137ms, 200ms and 250ms respectively. By contrast, the
minimal sampling periods of R3E, SHM and CTP are greater
than 200ms. That’s because too fast transmissions will give
rise to the interferences and cut down the reliability. When the
sampling period gets larger, the reliability difference of these
five protocol will shrink because the interference gets smaller.
Therefore, our WC-BMR and MCWC-BMR, especially the lat-
ter, can perform better with higher sampling rates.

6.2.2. Converging Flows
In this part, the simulation results about many-to-one con-

verging flows, one of the most popular communication patterns
in WSNs, will be given under different topologies, network de-
grees and sizes. Here, we just focus on two kinds of perfor-
mances: the converging reliability and the fairness. The con-
verging reliability indicates how much percent of packets from
all nodes in the network are collected successfully by the sink
for each inquiry. The fairness is another important index for
converging flows to reveal the reliability fairness for every node
or flow in the network. R3E is not considered in this part
because it only supports end-to-end communications.
A. Network topology

Node deployment in WSNs may be subject to the environ-
mental factors like topographies or failures, resulting in diverse
topologies unexpectedly. Figure 11 shows the reliability and
fairness of converging flows under different topologies, includ-
ing grid, uniform and random topologies, where the network
size is 400, the packet loss rate is 20% and network degree is
6.48. It should be noticeable that SHM obtains a high converg-
ing reliability level of 96%, and outperforms all others including
WC-BMR and MCWC-BMR with the reliability of 94% ap-
proximately in the grid topology. That’s because in SHM with
a high network degree where enough upstream nodes with less
hops toward the sink for every node are available, the transmis-
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Figure 12: the reliability (left) and fairness (right) of converging flows
under grid topology with different network sizes, where the packet
loss rate is 20% and network degree is 6.48
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Figure 13: the reliability (left) and fairness (right) of converging
flows under grid topology with different network degrees, where the
packet loss rate is 20% and network size is 400

sion direction is not restricted and every upstream node helps
to forward packets upon receiving packets from its children,
thereby causing diverging paths and high transmission over-
head, while our WC-BMR and MCWC-BMR limit the trans-
mission direction near the main route with a width-controllable
method in section 3.2.4. However, under uniform and random
topologies, the performance of SHM gets worse with converging
reliability of 90% and 86% and the fairness of 99.4% and 99.1%
respectively. Among these protocols, based on traditional tree
and ACKs, CTP performs the worst, of which the reliability
varies at a low level around 88% and the fairness also keeps low.
Apparently, MCWC-BMR maintains a high converging rate of
94% and has a good fairness of 99.7% for all nodes under three
different topologies. Since WC-BMR doesn’t cope well with
LC-Topology, it is worse than MCWC-BMR but better than
CTP and SHM.

B. Network size

Here, different network sizes have been set in the simulations
to evaluate the scalability of these protocols. Figure 12 illus-
trates the reliability and fairness results for converging flows
with varying network sizes, including 36, 169, 400 nodes in the
network respectively. When the network is small consisting of
36 nodes and the transmission distance is short comparatively
(maximal transmission hop is 5), all these protocols produce
close results with converging reliability of 94% and the fairness
of 99.8% approximately. That’s because 1) the interferences
among neighbors are light within small network; 2) in SHM ev-
ery node with less hops to the sink forwards packets from the
source, while CTP can perform well for less hops’ transmissions
by using ACKs and retransmissions. As network size increases,
MCWC-BMR can still maintain high reliability and fairness,
and provide the scalability much better, while the performances
of WC-BMR, CTP and SHM descend. But WC-BMR absorb-
ing diverse cooperative relationships and novel time schedule
can support network scalability better than CTP and SHM.

C. Network degree

We test those protocols with two kinds of network degrees:

5.45 and 6.48, where the packet loss rate is 20% and network
size is 400. The reliability and fairness results are illustrated in
Figure 13. As shown, with varying network degrees, MCWC-
BMR always achieves the best performances of converging reli-
ability 94% and fairness 98.4%. WC-BMR, which is susceptible
to LC-Topology, performs worse than MCWC-BMR but bet-
ter than CTP and SHM. Relying highly on network degree,
SHM performs better with a denser network, of which the re-
liability rises by 10% to 93% and the fairness rises by 0.5%.
However, CTP keeps a relatively stable level of converging reli-
ability 91.5% and fairness 98.2% over varying network degrees.

7. Conclusions and Future Work

In this paper, considering unreliable wireless links under
the hostile environment, we propose a distributed width-
controllable braided multipath routing (WC-BMR) and its
modified version (MCWC-BMR) for data collections in wire-
less sensor networks. In MPCT topology, traditional time re-
dundancy (retransmissions) is transferred into spatial redun-
dancy (link redundancy) to guarantee the reliability hop by
hop, where the parent set can be chosen locally by each node
to forward packets. Only with a little control information at-
tached to data packets, distributed width-controllable braided
multipath routing can be realized, thus reducing the complex-
ity. Besides, a novel time schedule strategy is given to prevent
packet collisions among two hops’ transmissions. Moreover, by
allowing nodes to choose the main route dynamically based on
the real-time transmission state, MCWC-BMR eliminates the
effect from LC-Topology that brings no or less network gains.
Additionally, the performance of the basic WC-BMR trans-
mission is analyzed in terms of reliability, delay and transmis-
sion overhead. Simulation results validate that our proposed
WC-BMR and MCWC-BMR, especially the latter, can achieve
much better performances for both of single flow and converg-
ing flows, and be suitable for practical applications.

Since the traditional opportunistic routings focus on single
flow, the opportunistic schedule problem for multiple flows, par-
ticularly many-to-one communications in WSNs, will be ad-
dressed in our future work. And efficient collection schemes
using network coding with the support of duty cycling will also
be explored further to relax the condition that nodes should
overhear wireless channels all the time.
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AppendixA. Proof of Theorem 1

Proof. Without loss of generality, here the transmissions on
the i-th and (i + 1)-th hops are considered. Mi and Mi+1 are
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the parent number of the nodes on the main route on the i-th
and (i+ 1)-th hops respectively. And the time when the node
N(i, 0) receives the packet is set as the zero point on the time
axis. As Eq.(2), the time point that the parent node N(i, j)
forwards the packet is (j + 0.5)Ts, where 0 ≤ j ≤Mi − 1. And
the time point that the parent node N(i + 1, k) forwards the
packet is (Mi + k + 0.5)Ts, where 0 ≤ k ≤ Mi+1 − 1. It can
be easily found that there is no time overlap occurring between
two hops’ transmissions. Thus, the conclusion can be easily
obtained by generalizing two hops’ transmissions to all hops’
transmissions in the network.

AppendixB. Proof of Theorem 2

Proof. The upper and lower bounds of transmission reliabil-
ity based on WC-BMR result from the best and worst cases
of network topology respectively. a) The best case is that it is
always link-achievable for any pairwise nodes between adjacent
hops, which means that the packet delivery of this hop is suc-
cessful even if only one link is successful. b) The worst case,
caused by LC-topology, is that it is link-achievable only for the
pairwise node on the main route between adjacent hops, where
the reliability depends completely on the nodes and links on
the main route.

1) With regard to node failures, both the source and the sink
are supposed to be never failed. Under the best case above,
there must be at least one node on each hop which is not
failed to guarantee the successful delivery. The possibility
that there is at least one node on i-th hop which is not
failed is 1 − pMi

1 . Thus we can get the upper bound of the
reliability. Under the worst case, it is required that all nodes
on the main route be OK during the transmission, of which
the possibility is (1− p1)h−1.

2) With regard to link failures, the total number of achievable
links on i-th hop is as follows under the best case

LinksCount(i, h,M) =


M1 i = 1

MiMi−1 1 < i < h
Mh−1 i = h

(B.1)

As at least one link is successful on i-th hop, one of nodes on
(i+1)-th hop will receive the packet, of which the possibility

is 1 − p
LinksCount(i,h,M)
2 . Therefore, the upper bound of

the reliability can be derived. Under the worst case, the
reliability totally relies on the links on the main route, of
which the possibility is (1− p2)h.

AppendixC. Proof of Theorem 3

Proof. It can be easily known from Eq.(2), every node will
receive and forward the packet at a fixed time slot. Therefore,
the minimal delay occurs when the sink first receives the packet
from the last hop node on the main route, while the maximal
delay occurs when the sink receives the packet from the last hop
node with most offset. Both the upper and lower bounds of time

delay can be respectively derived as
h−1∑
i=1

Offset (i, 0, 0)+ h−1
2
Ts

and
h−2∑
i=1

Offset (i, 0, 0)+Offset (h− 1, 0,Mh−1 − 1)+ h−1
2
Ts,

namely,

(
h−2∑
i=1

Mi + 1

)
Ts and Ts

h−1∑
i=1

Mi.

AppendixD. Proof of Proposition 1

Proof. From the perspective of the spatial distribution of j
successful links from (i− 1)-th hop, the tighter those j success-
ful links are distributed, the less nodes on i-th hop receives the
packet. Due to the caculation method of Cl (i,M, h, j) where
the tightest distribution of j successful links is considered only,
the left inequality Cl (i,M, h, j) ≤ Cl (i,M, h, j) always holds.
Meanwhile, there are at most Mi nodes on i-th hop, the right
inequality Cl (i,M, h, j) ≤Mi also holds.

AppendixE. Proof of Theorem 4

Proof. As the same with reliability analysis above, the upper
and lower bounds of transmission overhead result from the best
and worst case of WC-BMR topology distinctly. Suppose that
T (i, h,M, pe) is the average number of packets sent out by
nodes on i-th hop.

Obviously, T (1, h,M, pe) = 1 and T (2, h,M, pe) =
M1∑
j=1

CjM (1− pe)jpe(M1−j)j = M1 (1− pe);

When 3 ≤ i ≤ h holds,

T (i, h,M, pe) =
M1∑
j0=1

Cj0M1
(1− pe)j0pe(M1−j0)(

M2Cl(1,M,h,j0)∑
j1=1

Cj1M2Cl(1,M,h,j0)
(1− pe)j1pe(M2Cl(1,M,h,j0)−j1)(

M3Cl(2,M,h,j1)∑
j2=1

Cj2M3Cl(2,M,h,j1)
(1− pe)j2pe(M3Cl(2,M,h,j1)−j2)· · ·

MiCl(i−1,M,h,ji−2)∑
ji−1=1

C
ji−1

MiCl(i−1,M,h,ji−2)
(1− pe)ji−1

pe(
MiCl(i−1,M,h,ji−2)−ji−1)Cl (i,M, h, ji−1)

)
· · ·
)))

Thus, the total transmission number is,

Γ (h,M, pe) =

h∑
i=1

T (i, h,M, pe)

By using the result sup C̃l (i,M, h, j) = Mi derived from Propo-
sition 1, The upper bound can be obtained,

supΓ (h,M, pe) =

h∑
i=1

sup T (i, h,M, pe)

= 1+M1 (1−pe)+

h∑
i=2

Mi

(
1−peM1

) i∏
k=2

(
1−peMkMk−1

)
When WC-BMR topology suffers from the worst case, it is
only link-achievable for the pairwise node on the main route
between adjacent hops and the reliability depends completely
on the nodes and links on the main route. As 3 ≤ i ≤ h holds,

infT (i, h,M, pe)

= (1− pe)i−1
Mi∑
k=1

CkMi
(1− pe)kpe(Mi−k)k = Mi(1− pe)i

Therefore, the lower bounds is following,

infΓ (h,M, pe) =
h∑
i=1

inf T (i, h,M, pe)

= 1+M1 (1−pe)+

h−1∑
i=2

inf T (i, h,M, pe)=1+

h−1∑
i=1

Mi(1−pe)i

15



References

[1] Ian F Akyildiz, Weilian Su, Yogesh Sankarasubramaniam, and
Erdal Cayirci. A survey on sensor networks. Communications
magazine, IEEE, 40(8):102–114, 2002.

[2] Jennifer Yick, Biswanath Mukherjee, and Dipak Ghosal. Wire-
less sensor network survey. Computer Networks, 52(12):2292–
2330, 2008.

[3] Feng Wang and Jiangchuan Liu. Networked wireless sensor data
collection: issues, challenges, and approaches. Communications
Surveys & Tutorials, IEEE, 13(4):673–687, 2011.

[4] Tian He, Sudha Krishnamurthy, Liqian Luo, Ting Yan, Lin Gu,
Radu Stoleru, Gang Zhou, Qing Cao, Pascal Vicaire, John A
Stankovic, et al. Vigilnet: An integrated sensor network system
for energy-efficient surveillance. ACM Transactions on Sensor
Networks, 2(1):1–38, 2006.

[5] Renjie Huang, Wen-Zhan Song, Mingsen Xu, Nina Peterson,
Behrooz Shirazi, and Richard LaHusen. Real-world sensor
network for long-term volcano monitoring: Design and find-
ings. Parallel and Distributed Systems, IEEE Transactions on,
23(2):321–329, 2012.

[6] Yunhao Liu, Yuan He, Mo Li, Jiliang Wang, Kebin Liu, and
Xiangyang Li. Does wireless sensor network scale? a measure-
ment study on greenorbs. Parallel and Distributed Systems,
IEEE Transactions on, 24(10):1983–1993, 2013.

[7] Omprakash Gnawali, Rodrigo Fonseca, Kyle Jamieson, Maria
Kazandjieva, David Moss, and Philip Levis. Ctp: An efficient,
robust, and reliable collection tree protocol for wireless sensor
networks. ACM Transactions on Sensor Networks, 10(1):16,
2013.

[8] Wendi B Heinzelman, Anantha P Chandrakasan, and Hari
Balakrishnan. An application-specific protocol architecture
for wireless microsensor networks. Wireless Communications,
IEEE Transactions on, 1(4):660–670, 2002.

[9] Shuai Gao, Hongke Zhang, and Sajal K Das. Efficient data col-
lection in wireless sensor networks with path-constrained mobile
sinks. Mobile Computing, IEEE Transactions on, 10(4):592–
608, 2011.

[10] Yu-Chee Tseng, Fang-Jing Wu, and Wan-Ting Lai. Opportunis-
tic data collection for disconnected wireless sensor networks by
mobile mules. Ad Hoc Networks, 11(3):1150–1164, 2013.

[11] Mohammed Tarique, Kemal E Tepe, Sasan Adibi, and Shervin
Erfani. Survey of multipath routing protocols for mobile ad
hoc networks. Journal of Network and Computer Applications,
32(6):1125–1143, 2009.

[12] Mahesh K Marina and Samir R Das. Ad hoc on-demand mul-
tipath distance vector routing. Wireless Communications and
Mobile Computing, 6(7):969–988, 2006.

[13] Budhaditya Deb, Sudeept Bhatnagar, and Badri Nath. Rein-
form: Reliable information forwarding using multiple paths in
sensor networks. In 28th Annual IEEE International Confer-
ence on Local Computer Networks, pages 406–415. IEEE, 2003.

[14] Ye Ming Lu and Vincent WS Wong. An energy-efficient multi-
path routing protocol for wireless sensor networks. International
Journal of Communication Systems, 20(7):747–766, 2007.

[15] Azeddine Attir, Yacine Challal, Abdelkrim Hadjidj, and Ab-
delmadjid Bouabdallah. Braided disjoint branch routing pro-
tocol for wsns. In 8th International Conference on Broad-
band and Wireless Computing, Communication and Applica-
tions (BWCCA), pages 106–113. IEEE, 2013.

[16] Wenjing Lou and Younggoo Kwon. H-spread: a hybrid multi-
path scheme for secure and reliable data collection in wireless
sensor networks. Vehicular Technology, IEEE Transactions on,
55(4):1320–1330, 2006.

[17] Yuwang Yang, Chunshan Zhong, Yamin Sun, and Jingyu Yang.
Network coding based reliable disjoint and braided multipath
routing for sensor networks. Journal of Network and Computer
Applications, 33(4):422–432, 2010.

[18] Omar Banimelhem and Samer Khasawneh. Grid-based multi-
path with congestion avoidance routing (gmcar) protocol for
wireless sensor networks. In International Conference on
Telecommunications, pages 131–136. IEEE, 2009.

[19] Jiazi Yi, Asmaa Adnane, Sylvain David, and Benôıt Parrein.
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