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Abstract—ZigBee is a standard which is considered to be
suitable for wireless sensor networks (WSNs). This paper discusses
four research topics in ZigBee-based WSNs. First, we observe
that using the ZigBee network formation scheme may lead to
some nodes cannot join the network. We model an orphan
problem to characterize this phenomenon. Second, based on the
observation that convergecast is a fundamental operation in
WSNs. We define a minimum delay beacon scheduling problem
for quick convergecast in ZigBee tree-based WSNs. Third, we
promote a new concept of long-thin (LT) topology for WSNs,
where a network may have a number of linear paths of nodes
as backbones connecting to each other. We propose a simple, yet
efficient, address assignment scheme for a LT WSN. Finally, we
introduce a novel 3D dynamically path finding algorithm based
on ZigBee WSNs. This algorithm aims to guide people to safe
places when emergencies happen.

Index Terms—graph theory, IEEE 802.15.4, pervasive comput-
ing, wireless sensor network, ZigBee

I. INTRODUCTION

The rapid progress of wireless communication and embed-
ded micro-sensing MEMS technologies has made wireless
sensor networks possible. A WSN consists of many inexpen-
sive wireless sensors capable of collecting, storing, processing
environmental information, and communicating with neighbor-
ing nodes. Applications of WSNs include wildlife monitoring
[2][3], object tracking [11], and so on.

Recently, several WSN platforms have been developed, such
as MICA [4] and Dust Network [1]. For interoperability among
different systems, standards such as ZigBee [17] have been
developed. In the ZigBee protocol stack, physical and MAC
layer protocols are adopted from the IEEE 802.15.4 standard
[9]. ZigBee solves interoperability issues from the physical
layer to the application layer.

ZigBee supports three kinds of networks, namely star, tree,
and mesh networks. A ZigBee coordinator is responsible for
initializing, maintaining, and controlling the network. A star
network has a coordinator with devices directly connecting
to the coordinator. For tree and mesh networks, devices can
communicate with each other in a multihop fashion. The
network is formed by one ZigBee coordinator and multiple
ZigBee routers. A device can join a network as an end
device by the associating with the coordinator or a router.
In a tree network, the coordinator and routers can announce
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Fig. 1. An example ZigBee tree network.

beacons. However, in a mesh network, regular beacons are
not allowed. Beacons are an important mechanism to support
power management. Therefore, the tree topology is preferred,
especially when energy saving is a desirable feature.

In ZigBee, a device is said to join a network successfully if it
can obtain a network address from the coordinator or a router.
Before forming a network, the coordinator determines the
maximum number of children of a router (Cm), the maximum
number of child routers of a router (Rm), and the depth of the
network (Lm). Note that a child of a router can be a router or
an end device, so Cm ≥ Rm. ZigBee specifies a distributed
address assignment using parameters Cm, Rm, and Lm to
calculate nodes’ network addresses. While these parameters
facilitate address assignment, they also prohibit a node from
joining a network. We say that a node becomes an orphan node
when it can not associate with the network but there are unused
address spaces. We call this the orphan problem. For example,
in Fig. 1, the router-capable device A has two potential parents
B and C. Router B can not accept A as its child because it has
reached its maximum capacity of Cm = 5 children. Router C
can not accept A either because it has reached the maximum
depth of Lm = 2. So A will become an orphan node.

Considering that data gathering is a major application of
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Fig. 2. An example of convergecast in a ZigBee tree-based network.

WSNs, convergecast has been investigated in several works
[5][7]. This paper discusses efficient convergecast solutions
for WSNs that are compliant with the ZigBee/IEEE 802.15.4
standards. Assuming a tree topology, Fig. 2 shows the problem
scenario. The network contains one sink (ZigBee coordinator),
some full function devices (ZigBee routers), and some reduced
function devices (ZigBee end devices). Each ZigBee router
is responsible for collecting sensed data from end devices
associated with it and relaying incoming data to the sink.
According to the ZigBee specification, a ZigBee router can
announce a beacon to start a superframe. Each superframe
consists of an active portion followed by an inactive portion.
On receiving its parent router’s beacon, an end device has
also to wake up for an active portion to sense the environment
and communicate with its parent device. However, to avoid
collision with its neighbors, a router should shift its active
portion by a certain amount. Fig. 2 shows a possible allocation
of active portions for routers A, B, C, and D. The collected
sensory data of A in the k-th superframe can be sent to C in
the k-th superframe. However, because the active portion of
B in the k-th superframe appears after that of C, the collected
data of B in the k-th superframe can only be relayed to C in
the (k + 1)-th superframe. The delay can be eliminated if the
active portion of B in the k-th superframe appears before that
of C. The delay is not negligible because of the low duty cycle
design of IEEE 802.15.4. For example, in 2.4 GHz PHY, with
1.56% duty cycle, a superframe can be up to 251.658 seconds
(with an active portion of 3.93 seconds). Clearly, for large-
scale WSNs, the convergecast latency could be significant if
the problem is not carefully addressed. The quick convergecast
problem is to schedule the beacons of routers to minimize the
convergecast latency.

Next, we discuss the long-thin (LT) network topology, which
seems to have a very specific architecture, but may be com-
monly seen in many WSN deployments in many applications,

such as gas disclosure detection of fuel pipes, carbon dioxide
concentration monitoring in tunnels, stage measurements in
sewers, and so on. In such a network, nodes may form
several long backbones and these backbones are to extend
the network to the intended coverage areas. A backbone is
a linear path which may contain tens or hundreds of ZigBee
routers and may go beyond hundreds or thousands of meters.
So the network area can be scaled up easily with limited
hardware cost. While the ZigBee address assignment scheme
has low complexity, it also prohibits the network from scaling
up and thus can not be used in LT networks. An efficient
address assignment scheme for ZigBee-based LT WSNs will
be presented.

In this paper, we introduce a novel 3D dynamically path
finding algorithm based on ZigBee WSNs. This service aims
to guide people to safe places when emergencies happen.
At normal time, the network is responsible for monitoring
the environment. When emergency events are detected, the
network can adaptively modify its topology to ensure trans-
portation reliability, quickly identify hazardous regions that
should be avoided, and find safe navigation paths that can lead
people to exits. In particular, the structures of 3D buildings
are taken into account in our design. Prototyping results will
be demonstrated, which show that our protocols can react to
emergencies quickly at low message cost and can find safe
paths to exits.

The rest of this paper is organized as follows. Preliminaries
are given in Section II. Section III and Section IV introduce
the orphan and convergecast problems in ZigBee-based WSNs,
respectively. Section V presents the proposed address assign-
ment scheme for LT WSNs. Section VI presents the proposed
emergency guiding service based on ZigBee WSNs. Finally,
Section VII concludes this paper.

II. PRELIMINARIES

A. ZigBee Address Assignment

In ZigBee, network addresses are assigned to devices by
a distributed address assignment scheme. The coordinator de-
termines Cm, Rm, and Lm. The coordinator and each router
can have at most Rm child routers and at least Cm − Rm
child end devices. Devices’ addresses are assigned in a top-
down manner. For the coordinator, the whole address space is
logically partitioned into Rm+1 blocks. The first Rm blocks
are to be assigned to the coordinator’s child routers and the last
block is reserved for the coordinator’s own child end devices.
From Cm, Rm, and Lm, each node computes a parameter
called Cskip to derive the starting addresses of its children’s
address pools. The Cskip for the coordinator or a router in
depth d is defined as:

Cskip(d)=

{
1 + Cm × (Lm − d − 1) if Rm = 1
1+Cm−Rm−CmRmLm−d−1

1 − Rm otherwise.

(1)

The coordinator is said to be at depth 0; a node which is a
child of another node at depth d is said to be at depth d + 1.



Address assignment begins from the ZigBee coordinator by
assigning address 0 to itself. If a parent node at depth d has
an address Aparent, the n-th child router is assigned to address
Aparent +(n−1)×Cskip(d)+1 and n-th child end device is
assigned to address Aparent+Rm×Cskip(d)+n. An example
of the address assignment is shown in Fig. 1. The Cskip of
the coordinator is obtained from Eq. (1) by setting d = 0,
Cm = 5, Rm = 3, and Lm = 2. Then the child routers of the
coordinator will be assigned to addresses 0+(1−1)×6+1 = 1,
0+(2−1)×6+1 = 7, 0+(3−1)×6+1 = 13, etc. The address
of the only child end device of coordinator is 0+3×6+1 = 19.
Note that, in ZigBee, the maximum network address capacity
is 216 = 65536, so the coordinator can not decide the Cm,
Rm, and Lm arbitrarily. Moreover, the above assignment is
much suitable for regular networks, but not for LT WSNs. For
example, when setting Cm = 4 and Rm = 2, the depth of
the network can only be 14. Also, when there are some LT
backbones, the address space will not be well utilized.

B. IEEE 802.15.4 Superframe Structure

The ZigBee coordinator defines the superframe structure of
a ZigBee network. The structure of superframes is controlled
by two parameters: beacon order (BO) and superframe order
(SO), which decide the lengths of a superframe and its active
potion, respectively. For a beacon-enabled network, the setting
of BO and SO should satisfy the relationship 0 ≤ SO ≤
BO ≤ 14. (A non-beacon-enabled network should set BO =
SO = 15 to indicate that superframes do not exist.) Each
active portion consists of 16 equal-length slots, which can be
further partitioned into a contention access period (CAP) and
a contention free period (CFP). The CAP may contain the
first i slots, and the CFP contains the rest of the 16− i slots,
where 1 ≤ i ≤ 16. Slotted CSMA/CA is used in CAP. FFDs
which require fixed transmission rates can ask for guarantee
time slots (GTSs) from the coordinator. A CFP can support
multiple GTSs, and each GTS may contain multiple slots. Note
that only the coordinator can allocate GTSs. After the active
portion, devices can go to sleep to save energy.

In a beacon-enabled star network, a device only needs to
be active for 2−(BO−SO) portion of the time. Changing the
value of (BO − SO) allows us to adjust the on-duty time of
devices. However, for a beacon-enabled tree network, routers
have to choose different times to start their active portions to
avoid collision. Once the value of (BO−SO) is decided, each
router can choose from 2BO−SO slots as its active portion. In
the revised version of IEEE 802.15.4 [10], a router can select
one active portion as its outgoing superframe, and based on the
active portion selected by its parent, the active portion is called
its incoming superframe. In an outgoing/incoming superframe,
a router is expected to transmit/receive a beacon to/from its
child routers/parent router. When choosing a slot, neighboring
routers’ active portions (i.e., outgoing superframes) should
be shifted away from each other to avoid interference. But,
the specification does not clearly define how to choose the
locations of routers’ active portions such that the converge-
cast latency can be reduced. In our work, we consider two

kinds of interference between routers. Two routers have direct
interference if they can hear each others’ beacons. Two routers
have indirect interference if they have at least one common
neighbor. Both interferences should be avoided when choosing
routers’ active portions.

III. THE ORPHAN PROBLEM IN ZIGBEE-BASED WSNS

Given a sensor network, we model the orphan problem
in ZigBee by two subproblems. In the first problem, we
consider only router-capable devices and model the network by
a graph Gr = (Vr, Er), where Vr consists of all router-capable
devices and the coordinator t and Er contains all symmetric
communication links between nodes in Vr. We are also given
parameters Cm, Rm, and Lm such that Cm ≥ Rm. The
goal is to assign parent-child relationships to nodes such that
as many vertices in Vr can join the network as possible. Below,
we translate the subproblem to a tree formation problem.

Definition 1: Given Gr = (Vr, Er), Rm, Lm, and an inte-
ger N ≤ |Vr|, the Bounded-Degree-and-Depth Tree Formation
(BDDTF) problem is to construct a tree T rooted at t from Gr

such that T satisfies the ZigBee tree definition and T contains
at least N nodes.

In [8], it is shown that the Degree-Constrained Spanning
Tree (DCST) as defined below is NP-complete.

Definition 2: Given G = (V,E) and a positive integer K ≤
|V |, the Degree-Constrained Spanning Tree (DCST) problem
is to find a spanning tree T from G such that no vertex in T
has a degree larger than K.

Theorem 1: The BDDTF problem is NP-complete.
Proof: We can reduce the DCST problem to a special

case of the BDDTF problem in polynomial time. The details
can be found in [14]. �

In the second subproblem, we will connect non-router-
capable devices to the tree T constructed earlier such that
the ZigBee definition is followed and as many end devices
are connected to T as possible. Toward this goal, we model
the sensor network by a graph Gd = ({V̂r ∪ Ve}, Ed), where
V̂r consists of all routers in T formed in the first stage, Ve

consists of all end devices, and Ed contains all symmetric
communication links between V̂r and Ve. Each vertex v ∈ V̂r

can accept at most Cv ≥ (Cm − Rm) end devices. From
Gd, we construct a bipartite graph G̃d = ({Ṽr ∪ Ṽe}, Ẽd) as
follows.

1) From each vertex v ∈ V̂r, generate Cv vertices v1, v2,
..., vCv

in Ṽr.
2) From each vertex u ∈ Ve, generate a vertex u in Ṽe.
3) From each edge (v, u) in Ed, where v ∈ V̂r and u ∈ Ve,

connect each of the Cv vertices v1, v2, ..., vCv
generated

in rule 1 with the vertex u generated in rule 2. These
edges form the set Ẽd.

It is clear that G̃d is a bipartite graph with edges connecting
vertices in Ṽr and vertices in Ṽe only. Intuitively, we duplicate
each v ∈ V̂r by Cv vertices. Then we enforce each vertex in
Ṽr to be connected to at most one vertex in Ṽe. This translates
the problem to a maximum matching problem in graph G̃d.



Definition 3: Given a graph G̃d = ({Ṽr ∪ Ṽe}, Ẽd), the
End-Device Maximum Matching (EDMM) problem is to find
a maximum matching of G̃d.

In the above, we prove that the first subproblem is in-
tractable. On the contrary, the maximum matching problem
in Definition 3 is solvable in polynomial time. Based on the
above model, we design a two-stage network formation policy
to relieve the orphan problem. The first stage algorithm is
designed for the BDDTF problem and the goal is to connect as
many routers as possible. And then, based on the result of the
first stage, the second stage algorithm, which is designed for
the EDMM problem, is used to reduce the number of orphan
end devices.

Below, we present a centralized algorithm for the BDDTF
problem. Given a graph Gr = (Vr, Er), the algorithm finds
a tree T = (VT , ET ) from Gr which satisfies the ZigBee
tree definition. In this algorithm, we decide to connect or
disconnect a node according to its association priority. The
priority assignment is based on forming BFS trees from Gr:
(i) A node x has a higher priority than another node y if the
subtree rooted at x (in the BFS tree) has more nodes than the
subtree rooted at y. (ii) If the subtrees rooted at nodes x and
y have the same number of nodes, the one with a less number
of potential parents has a higher priority. A node takes a tree
neighbor as its potential parent if this neighbor has a smaller
hop count distance to the root of the BFS tree than its. This
algorithm consists of a sequence of iterations.

1) Initially, T contains only the coordinator t.
2) In each iteration, there are two phases.

• Span phase: pick a node in T , say x, and span from
x a subtree T ′ to include as many nodes not in the
tree T as possible. Then we attach T ′ to T to form
a larger tree T .

• Prune phase: traverse nodes in T ′ from x in a top-
down manner to trim T . When visiting a node, say
y, if y has more than Rm children, we will compute
their priorities based on T ′. Only the Rm highest
prioritized children will remain in T ′, and the other
children will be pruned from T ′.

3) The resulting tree is then passed to the next iteration for
another span and prune phases.

After finishing the first stage algorithm, we will have a
G̃d = ({Ṽr∪ Ṽe, Ẽd}). The algorithm for the EDMM problem
is to apply a bipartite maximum matching algorithm in [6].

Below, we present a large-scale simulation result in a
circular field of a radius 200 m and a coordinator at the center.
There are 800 router-capable devices randomly deployed in
the network. The transmission range of nodes is set to 35 m.
We set Cm = Rm = 3 and Lm = 7, which implies
that this network can accommodate up to 3280 routers. We
compare the proposed first stage algorithm with the ZigBee
network formation algorithm. The simulation result shows
that, when using ZigBee, more than 25% of devices (about
207.45 devices) will become orphan nodes. When use the
proposed algorithm, in average, about 65.8 devices can not

(a) (b)

Fig. 3. Network formation results by (a) ZigBee and (b) the proposed first
stage algorithms.

join the network. Fig. 3 shows one simulation scenario. We
can observe that when using ZigBee, many devices near the
network boundary can not join the network and some devices
near the center do not have any child. For more simulation
results, readers can refer to [14].

IV. QUICK CONVERGECAST IN ZIGBEE

BEACON-ENABLED TREE WSNS

This section introduces the quick convergecast problem in
ZigBee beacon-enabled tree networks. Given a ZigBee net-
work, we model it by a graph G = (V,E), where V contains
all routers and the coordinator and E contains all symmetric
communication links between nodes in V . The coordinator
also serves as the sink of the network. End devices can only
associate with routers, but are not included in V . From G, we
can construct an interference graph GI = (V,EI), where edge
(i, j) ∈ EI if there are direct/indirect interferences between i
and j. There is a duty cycle requirement α for this network.
From α, we can determine the most appropriate value of
BO − SO. We denote by k = 2BO−SO the number of active
portions (or slots) per beacon interval.

The beacon scheduling problem is to find a slot assignment
s(i) for each router i ∈ V , where s(i) is an integer and s(i) ∈
[0, k− 1], such that router i’s active portion is in slot s(i) and
s(i) �= s(j) if (i, j) ∈ EI . Here the slot assignment means
the position of the outgoing superframe of each router (the
position of the incoming superframe, as clarified earlier, is
determined by the parent of the router). Motivated by Brook’s
theorem [16], which proves that n colors are sufficient to color
any graph with a maximum degree of n, we would assume that
k ≥ DI , where DI is the maximum degree of GI .

Given a slot assignment for G, the report latency from node
i to node j, where (i, j) ∈ E, is the number of slots, denoted
by dij , that node i has to wait to relay its collected sensory
data to node j, i.e.,

dij = (s(j) − s(i)) mod k. (2)

Note that the report latency from node i to node j (dij) may
not by equal to the report latency from node j to node i (dji).
Therefore, we can convert G into a weighted directed graph
GD = (V,ED) such that each (i, j) ∈ E is translated into



two directed edges (i, j) and (j, i) such that w((i, j)) = dij

and w((j, i)) = dji. The report latency for each i ∈ V to
the sink is the sum of report latencies of the links on the
shortest path from i to the sink in GD. The latency of the
convergecast, denoted as L(G), is the maximum of all nodes’
report latencies.

Definition 4: Given G = (V,E), G’s interference graph
GI = (V,EI), and k available slots, the Minimum Delay
Beacon Scheduling (MDBS) problem is to find an interference-
free slot assignment s(i) for each i ∈ V such that the
convergecast latency L(G) is minimized.
To prove that the MDBS problem is NP-complete, we define
a decision problem as follows.

Definition 5: Given G = (V,E), G’s interference graph
GI = (V,EI), k available slots, and a delay constraint d,
the Bounded Delay Beacon Scheduling (BDBS) problem is to
decide if there exists an interference-free slot assignment s(i)
for each i ∈ V such that the convergecast latency L(G) ≤ d.

Theorem 2: The BDBS problem is NP-complete.
Proof: We can reduce the 3-CNF-SAT problem to a

special case of the BDBS problem in polynomial time. The
details can be found in [15] �

In this paper, we propose a centralized slot assignment
algorithm for the MDBS problem. Given G = (V,E), GI =
(V,EI), and k, our algorithm is composed of the following
three phases:

1) From G, we first construct a BFS tree T rooted at sink
t.

2) We traverse vertices of T in a bottom-up manner. For
each vertex v visited, we first compute a temporary slot
number t(v) for v as follows.

a) If v is a leaf node, we set t(v) to the minimal non-
negative integer l such that for each vertex u that
has been visited and (u, v) ∈ EI , (t(u) mod k)
�= l.

b) If v is an in-tree node, let m be the maximum of the
numbers that have been assigned to v’s children,
i.e., m = max{t(child(v))}, where child(v) is
the set of v’s children. We then set t(v) to the
minimal non-negative integer l > m such that for
each vertex u that has been visited and (u, v) ∈ EI ,
(t(u) mod k) �= (l mod k).

After every vertex v is visited, we make the assignment
s(v) = t(v) mod k.

3) In this phase, vertices are traversed sequentially from t
in a top-down manner. When each vertex v is visited, we
try to greedily find a new slot l such that (s(par(v)) −
l) mod k < (s(par(v)) − s(v)) mod k, such that l �=
s(u) for each (u, v) ∈ EI , if possible. Then we reassign
s(v) = l.

Note that in phase 2, the number t(v) is not a modulus
number. However, we will check that if t(v) is converted to
a slot number, no interference will occur. Intuitively, this is
a temporary slot assignment that will incur the least latency
to v’s children. At the end, t(v) is converted to a slot

L(G)=22

k = 64 k = 64

L(G)=19

(a) (b)

Fig. 4. Slot assignment results by the proposed (a) centralized and (b)
distributed slot assignment schemes.

assignment s(v). Phase 3 is a greedy approach to further
reduce L(G). Moreover, we also design a distributed slot
assignment algorithm in [15].

Fig. 4 shows some slot assignment results of centralized
and distributed slot assignment schemes when r = 35 m and
k = 64. Devices are randomly distributed. The transmission
range of routers is set to 20 m. We can observe that the
centralized method performs better than the distributed one.
More simulation results can also be found in [15].

V. AN ADDRESS ASSIGNMENT SCHEME FOR

ZIGBEE-BASED LT NETWORKS

In this work, we propose an address assignment scheme for
ZigBee-based LT WSNs. Our goal is to automatically form
a LT WSN and give addresses to nodes. Assuming that all
nodes are router-capable devices, Fig. 5 shows an example of
a LT WSN. Nodes are divided into multiple clusters, each as
a line segment. For each cluster, we define two special nodes,
named cluster head and bridge. The cluster head (resp., the
bridge) is the node that has the smallest (resp., largest) hop
count to the coordinator. As a special case, the coordinator, is
also considered as a cluster head. The other nodes are network
nodes (refer to Fig. 5). A cluster C is a child cluster of a cluster
C ′ if the cluster head of C is connected to the bridge of C′.
Reversely, C ′ is C’s parent cluster. Note that a cluster must
have a linear path as its subgraph. But it may have other extra
links beside the linear path. For example, in Fig. 5, there are
two extra radio links (A, A2) and (A1, A3) in A’s cluster.
To be compliant with ZigBee, we divide the ZigBee 16-bit
network address into two parts, an m-bit cluster ID and a
(16 − m)-bit node ID. The network address of a node v is
thus expressed as (Cv , Nv), where Cv and Nv are v’s cluster
ID and node ID, respectively.

Before deploying a network, the network manager should
carefully plan the placement of cluster head, bridge, and
network nodes. There are some basic principles:

1) The network contains a number of linear path.
2) For each cluster, the first and the last nodes are pre-

assigned (manually) as cluster head and bridge, respec-
tively.
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3) A cluster head that is not the coordinator should have a
link to the bridge of its parent cluster.

4) Conversely, the bridge of a cluster which has child
clusters should have a link to the cluster head of each
child cluster.

5) A cluster does not cross other clusters and does not have
links with other clusters except those locations near-by
the cluster head and bridge areas.

After planing the placements, the network manager can con-
struct a logical network GL, in which each cluster is converted
into a single node and the parent-child relationships of clusters
are converted into edges. For example, Fig. 6 is the logical
network of Fig. 5. Then the network manager can determine
two parameters: the maximum number of child CCm of a
node in GL and the depth CLm of GL.

In this work, network addresses are assigned in two stages.
With the above planning, the network manager first mutually
assigns a cluster ID to each node. Then node IDs are assigned
in a distributed manner after network deployment.

The network manager assigns cluster IDs as follows. If
CCm = 1, there is no branch in the network and the cluster
ID assignment is a trivial case. If CCm ≥ 2, the cluster
IDs are assigned following the style of ZigBee in a recursive
manner. The nodes in the coordinator’s cluster have a cluster
ID of 0. For each node at depth d in GL, if its cluster ID
is C, then its i-th child cluster is assigned a cluster ID of

C + (i − 1) × CCskip(d) + 1, where

CCskip(d) =
1 − CCmCLm−d

1 − CCm
.

Fig. 6 shows an example of cluster ID assignment of Fig. 5.

After cluster ID assignment and node deployment, each
node periodically broadcasts HELLO packets including its
IEEE 64-bit MAC address, 16-bit network address (with its
cluster ID but node ID is initiated to NULL), and role. Each
node maintains a neighbor table to record its neighbors’
information. Then the node ID assignment is started by the
coordinator broadcasting its beacon with its node ID setting
to 0. When a node without a node ID receives a beacon,
it will send an Association Request to the beacon sender. If
there are multiple beacons, the node with the strongest signal
strength will be selected. When the beacon sender, say, v
with a network address (Cv, Nv), receives the association
request(s), it will do the following steps.

1) If v is not a bridge node, it sets a parameter N = Nv+1.
Then it sorts request senders according to the received
signal strength of their request packets in an descending
order into a list L. Then v sequentially examines each
node u ∈ L by the following rules:

• If Cu �= Cv , v skips u and continues to examine
the next node in L.

• Otherwise, v assigns Nu = N and increments N
by 1. Then v replies an Association Response to u
with its address. If L is not empty, v loops back and
continues to examine the next node in L.

After finishing the above iteration, v further selects a
node u, from the accepted ones, using the following
rules: i) If there is a bridge node in the accepted ones, v
selects the bridge node. ii) Otherwise, v selects the last
node in L. Then v delegates u as the next beacon sender
by sending a command next beacon sender(u) to u.

2) If v is a bridge node, it only accepts the requests from
cluster heads of its child cluster. When deciding to
accept a node u, v replies an Association Response to
u with Nu = 0 and a next beacon sender(u).

For each node u that receives a next beacon sender(u)
in the above steps, it will use the MLME-START primitive
defined in IEEE 802.15.4 to start its beacons. Then the same
procedure is repeated. Note that we allow a beacon sender to
accept multiple children so as to reduce the communication
cost of address assignment. Fig. 5 shows some assignment
results.

We also design a routing protocol that can utilize nodes’
network addresses to facilitate routing. In addition, our routing
protocol can take advantage of shortcuts for better efficiency,
so our scheme does not restrict nodes to relay packets only to
their parent or child nodes as ZigBee does. More details can
be found in [12].
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Fig. 7. System architecture of our indoor 3D sensor network.

VI. DYNAMICALLY PATH FINDING FOR EMERGENCY

GUIDING IN ZIGBEE-BASED WSNS

In this paper, we design a dynamic path finding in a 3D
indoor environment for emergency guiding service. Fig. 7
shows the system architecture. Sensor nodes are deployed floor
by floor and are connected together by those at stairs. These
sensors form a multi-hop ad hoc network. One node serves
as the sink of the network, and it is connected to the control
host, which can issue commands and configure the network.
From the network, we will construct a communication graph
Gc = (V,Ec) and a guidance graph Gg = (V,Eg), where
V is the set of sensors. Each edge (u, v) ∈ Ec represents a
communication link between u and v ∈ V , while each edge
(u, v) ∈ Eg represents a walking path between u and v. Note
that a walking path is a physical route that human can pass.
So Eg has to be constructed manually based on the floor plane
of the building.

After deploying sensors, network initialization starts to con-
struct a reporting tree rooted at the sink for reporting purpose.
Then, guidance initialization finds escape paths leading to
exits at normal times on the graph Gg . During the guidance
initialization, we will compute for each sensor x a weight
wx = (lx, altx), where level lx is the number of floors from
x’s current floor to the ground level and altitude altx is the
guidance hop distance from x to the nearest stair or exit on
the same floor. For example, Fig. 7 shows the initialization
result of the given deployment.

We design a distributed path finding algorithm for emer-
gency guidance, and allows multiple emergency events and
multiple exits coexisting in the sensing field. Our design
focuses on quick convergence and can avoid guiding people
through hazards. When a sensor detects an emergency event,
this sensor and the sensors surrounding it will form a haz-
ardous region by raising their weights. Each sensor locally
chooses a neighbor with the smallest weight than its weight
as the guidance direction. A sensor becomes a local minimum
one if it can not find any neighbor with a weight smaller than
its own. We use the partial link reversal concept to solve this
problem. After leading people to stairs, stair sensors will direct
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service
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detection
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Guidance interface

HELLO Report EMG
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Application   
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Fig. 8. Protocol stacks of our system.

people to go downstairs if there is no hazardous downstairs.
Otherwise, stair sensors will force people to go to other stairs.
If there is no suitable ways to go downstairs, our protocol will
guide people to the rooftop to wait for help. More details can
be found in [13].

We implement our system using ZigBee compatible sensor
nodes [4] on TinyOS. Fig. 8 shows the protocol stack of our
system. Our system can be divided into a “user part” and a
“sensor part”. In the user part, we implement two application-
level user interfaces:

• Graphical user interface (GUI): We provide a JAVA
interface for controller to deploy the sensor network, to
initialize the network, and to query the statuses of sensors.

• Guidance interface: We implement a LED guidance panel
to display the guidance results of sensors. The LED panel
is attached to the HiRose connector of the MTS310.
When a sensor determines its guidance direction, it
will send a control signal to the panel. In our current
implementation, this panel can show up to six guidance
directions.

For the “sensor part”, the protocol is divided into an ap-
plication layer and a network layer. The former has two
components.

• Guidance service: This component implements the guid-
ance protocol to find safe escaping paths.

• Sensor task: At normal time, sensors periodically sense
environmental data and report to the control host. When
a sensor detects an emergency event, this component will
trigger the guidance service component.

The network layer has two components:
• Symmetric link detection: This component measures the

quality of communication links between sensors. Sensors
periodically send HELLO packets. If a sensor finds a
neighbor’s signal quality is below a threshold for a period
of time, this neighbor will be removed from its neighbor
table. Only symmetric links will be included into Gc.

• Tree maintenance: This component maintains a sensor’s
parent. If a sensor’s parent is removed from its neighbor
table, it will disassociate its descendants and locally find
a replacement with the smallest hop count to sink.

We have implemented our emergency guiding system in a
virtual building as shown in Fig. 9. Fig. 10 shows two guidance
results by placing 27 nodes in a virtual 3-store building. Each
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floor is a 3×3 grid network. Fig. 10(a) shows a case that
the sensor near the stair sensor on the third floor sensed an
emergency event. Since there is no way to roof, sensors will
guide people to the exit on the ground floor. In Fig. 10(b), three
emergencies are detected. Since the second floor is almost
all covered by emergencies, people on the third floor will be
guided to the roof. Simulation results for large scale networks
can be found in [13].

VII. CONCLUSIONS

In this paper, we have introduced four research topics in Zig-
Bee WSNs. First, we discuss the orphan problem in ZigBee-
based WSNs. We model this problem by two subproblems, the
bounded-delay-and-depth tree formation (BDDTF) problem
and the end-device maximum matching (EDMM) problem.
The BDDTF problem considers only router-capable devices
and is NP-complete, and the EDMM problem considers end
devices. Based on the problem formulation, we propose a
centralized network formation algorithm. Second, we define
a minimum delay beacon scheduling (MDBS) problem for
convergecast with the restrictions that the beacon scheduling is
compliant to the ZigBee standard. We prove the MDBS prob-
lem is NP-complete and introduce centralized and distributed
heuristic algorithms. Third, we propose an address assignment

scheme for ZigBee-based LT WSNs. The proposed scheme
divides nodes into several clusters and then assigns each node
a cluster ID and a node ID as its network address. Finally, we
introduce our emergency guiding system in a 3D environment
based on ZigBee WSNs. The proposed emergency guidance
scheme can quickly converge and find safe guidance paths to
exits when emergencies occur. Prototyping results show that
our protocols can react to emergencies quickly at low message
cost and can find safe paths to exits.
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