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Abstract—Recent advances in ambient energy-harvesting wireless sensor networks (WSNs) technologies have made it possible
to power the network by energy generated from the environment
and thereby increase its lifetime. Various energy sources including
light, vibration and heat can be harvested by sensor nodes.
However, time-varying energy harvesting also bring new design
challenging for WSNs. In this paper, we study a fault-tolerant
topology design problem for an energy-harvesting heterogeneous
WSN, where multiple supernodes with rich resources are used
to improve the performance. We ﬁrst model the network as a
directed and weighted space-time graph in which both spacial
and temporal information are preserved. We then deﬁne the
fault-tolerant topology problem which aims to build a sparser
time-varying structure from the original space-time graph while
maintaining k-connectivity for the fault-tolerant purpose. Six different algorithms are proposed to solve the problem. Simulation
results demonstrate that our proposed methods can save up to
around 80% costs.

I. I NTRODUCTION
Wireless sensor networks (WSNs) have attracted much
attention due to its great potential to be used in various
applications. As sensor nodes are generally battery-powered
devices, the critical aspects to face concern how to reduce the
energy consumption of nodes, so that the network lifetime can
be extended [1]. There are different ways to save energy or
extend the lifetime. In this paper, we consider topology design
for energy-harvesting heterogeneous wireless sensor networks.
Existing research shows that heterogeneity, when properly
deployed, can improve the average delivery rate and extend
the lifetime of a large battery-powered network of simple
sensors [2], [3]. As shown in Fig. 1, heterogeneous WSNs
consist of two types of wireless devices: a large number of
randomly deployed wireless sensor nodes and a much smaller
number of resource-rich supernodes placed at known locations.
Each supernode has two transceivers: one connects to sensor
nodes, and the other one connects to other supernodes. Sensor
nodes transmit and relay data packets on multiple paths toward
multiple potential supernodes. Once a data packet encounters
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Fig. 1. An example of heterogeneous wireless sensor networks.

a supernode, it is forwarded using fast supernode-to-supernode
communications toward the sink [4].
Recent advances in ambient energy-harvesting technologies
show the possibilities to power WSNs by energy generated
from the environment [5]–[7]. Various energy sources including light, vibration or heat can be harvested by sensors. For
example, the sensors used in the CitySee [8] are powered
by solar cells, as shown in Fig. 2(a). Even though energyharvesting technology can power the network more perpetually
than non-renewable energy sources like batteries, the harvested
energy is fundamentally different from battery energy. Usually,
it has a limit on the maximum rate at which the energy
can be used. Furthermore, the harvested energy availability
and the maximum supported rate typically vary with time
and space. Such temporal and spatial variations of ambient
energy sources and consumption impose a great challenge in
protocol design for energy-harvesting WSNs [9]. The change
of energy resources not only affects the communication cost,
but also results in an evolving network topology. Such dynamic
topologies over time domain in energy-harvesting WSNs are
often ignored in protocol design [10], [11].
Fortunately, for certain types of energy-harvesting heterogeneous WSNs, we can capture the temporal characteristics of
energy resources and dynamic evolution of topologies from
historical tracing data. For instance, it is easy to discover
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Fig. 2. (a) A solar energy-harvesting sensor node from CitySee testbed [8] in
WuXi, China; (b) The perceived illuminance of one solar energy-harvesting
sensor in CitySee testbed from July 24 to 28, 2013.

temporal patterns of energy resources in a solar energyharvesting system, since the change of solar irradiance over a
place follows regular patterns. Fig. 2(b) plots the perceived
illuminance of a solar energy-harvesting sensor in CitySee
testbed [8] over ﬁve days. This implies that it is easy to
predict the solar energy resources in an energy-harvesting
WSN. Actually, several energy prediction methods have been
proposed for different energy-harvesting WSNs [12]–[14].
In this paper, we study the fault tolerant topology design problem for an Energy-harvesting Heterogeneous WSN
(EHWSN). EHWSN contains a large number of energyharvesting sensor nodes and a few resource-rich supernodes.
The topology design problem aims to build a sparse timeevolving topology which not only maintains the connectivity
from sensor nodes to supernodes but also can survive with
k − 1 node failures. This time-evolving structure then can be
used for deciding which subset of sensors need to be awake
and assigning their transmission ranges. By doing so, the total
energy consumption is minimized. Our major contributions are
summarized as follows
• We ﬁrst deﬁne the fault-tolerant topology problem in an
EHWSN modeled by a space-time graph G, which aims
to ﬁnd a k-connected space-time graph H (a subgraph of
G), such that H’s cost is minimized.
• We propose six heuristics which can signiﬁcantly reduce
the total cost of network topology while preserving the
k-connectivity over time.
• Extensive simulations demonstrate the proposed methods
can save up to around 80% costs.
The rest of this paper is organized as follows. We ﬁrst
summarize the related work on fault-tolerant topology design
in Section II. Then we introduce our space-time graph model
and formally deﬁne the fault-tolerant topology problem for
EHWSN in Section III. Six algorithms are devised to solve the
problem in Section IV. The simulation results are exhibited in
Section V, ﬁnally we conclude this paper in Section VI.
II. R ELATED W ORK
A great number of studies [4], [15]–[21] have been done on
fault-tolerant topology control problem in wireless ad hoc or

sensor networks. For example, [15]–[17] study power control
algorithms with the objective of minimizing the total power
consumption while providing k-vertex connectivity between
any two nodes. Most of these proposed algorithms for such
optimization problems are centralized. On the other hand,
several distributed topology control algorithms [18], [19] are
proposed to build sparse topologies which can provide fault
tolerance and extend the network lifetime. A survey on fault
tolerant topology control can be found at [22].
Fault tolerance design in heterogeneous wireless sensor
networks has been studied recently too. Han et al. [20] study
two problems of deploying supernodes (or called relay nodes)
to provide fault tolerance with higher network connectivity
in heterogeneous WSNs. They categorize such problems into
two NP-hard placement problems: full fault-tolerant placement
problem and partial fault-tolerant placement problem, and then
propose a set of approximation algorithms. Cardei et al. [4]
consider fault tolerant topology problem with a ﬁxed set of
supernodes in heterogeneous WSNs, with the objective of
minimizing the total energy consumption while providing kvertex independent paths from each sensor node to one or
more supernodes. Such a topology provides the infrastructure
for fault-tolerant data-gathering applications robustness against
failures of up to k − 1 sensors. They propose three algorithms,
namely a k-approximation algorithm, a centralized greedy
algorithm that minimizes the maximum transmission range of
sensor nodes, and a distributed algorithm that incrementally
adjusts sensor’s transmission range. Recently, there is a more
efﬁcient distributed fault-tolerant topology control algorithm
[21] proposed for solving the same problem. Our work differs
from [4], [21] by considering a different network setting with
different objectives, for instance, we focus on the topology design for an energy-harvesting heterogeneous WSN (EHWSN)
by considering time-varying nature of energy replenishment
and dynamic evolution of the topology. Note that our recent
work [9] does consider topology design in EHWSN, however,
without fault tolerance guarantee.
III. FAULT- TOLERANT T OPOLOGY P ROBLEM IN EHWSN
In this section, we ﬁrst introduce a weighted space-time
graph model to model time-evolving EHWSNs and then
formally deﬁne the fault-tolerant topology problem.
A. Models and Assumptions
Inspired by [23] [24], we leverage the space-time graph
to model the EHWSN, which captures the evolving characteristics in both spacial and temporal aspects. Assume that
Vsensor = {v1 , · · · , vn } and Vsupernode = {vn+1 , · · · , vn+m }
are the set of all energy-harvesting sensor nodes and the
set of all supernodes in the network over a period of time
T . Here time is divided
into discrete and equal time slots.

Let V = Vsensor Vsupernode be the whole node set. We
assume that supernodes have sufﬁcient power sources, while
energy-harvesting sensor nodes may die out at certain time.
With the assumptions that co-evolving information of links
between individual node and supernodes (i.e., the topology
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Fig. 3. (a) An example with three energy-harvesting sensors (in black) and two supernodes (in green). (b) The corresponding space-time graph. (c) Two
disjoint paths from v10 to supernodes set during time period T.

over time) are known in advance (from predictions of energy
resources), a sequence of static graphs can be deﬁned over V
to model the interactions among nodes in the EHWSN. Fig.
3(a) illustrates such an example with three energy-harvesting
sensors (in black) and two supernodes (in green).
We can then convert this sequence of static graphs into
space-time graph G = (V, E), which is a directed graph deﬁned in both spacial and temporal spaces. Fig. 3(b) illustrates
the corresponding space-time graph of the same network. In
G , T +1 layers of nodes are deﬁned and each layer has
n + m nodes, thus the whole vertex set V = {vjt |j =
1, · · · , n + m and t = 0, · · · , T } and there are (n+m)(T +1)
nodes in total. Two kinds of links (spacial links and temporal
links) are added between consecutive layers in the edge set E.
−−−−→
A temporal link vjt−1 vjt (horizontal links in Fig. 3(b)) connects
the same node vj across consecutive (t − 1)th and tth layers,
which represents the node carrying the message in the tth time
−−−−→
slot. A spacial link vjt−1 vkt represents forwarding a message
from one node vj to its neighbor vk in the tth time slot (i.e., vj
and vk are within each others transmission range in the tth time
slot). In Fig. 3, black links are communication links among
wireless sensor nodes, while green links are communication
links among supernodes. By deﬁning the space-time graph G,
any communication operation in the time-evolving network
can be simulated on this directed graph. For example, there
are two disjoint paths from v10 to the supernode set during
the period of T : v10 → v11 → v12 → v43 → v44 and
v10 → v21 → v22 → v23 → v54 , marked in red in Fig. 3(c).
As [25], we assume that the transmission power needs to
support a transmission between vi and vj (where vi is a sensor
node) is w(vi , vj ) = |vi , vj |α , where |vi , vj | is the Euclidean
distance between vi and vj and α is the path loss exponent
(between 2 and 4). Therefore, the link weight in the spacetime graph of the link from vi to vj is deﬁned as w(vi , vj ).
Note that the supernode always has enough power, thus the
link started at any supernode has a weight of zero. Then for
any given space-time graph G, we can deﬁne its cost as c(G) =

−−→
−−→
vk ∈G maxvk vj ∈G w(vk , vj ). Note that maxvk vj ∈G w(vk , vj )
is the cost of a node vk in G, i.e., its transmission power which
can reach all its neighbors in G.

We can also deﬁne the k-connectivity of a space-time graph
over time as follows:
Deﬁnition 1: A space-time graph G is k-connected over time
period of T if and only if for any sensor node vj ∈ {vi0 | 1 ≤
i ≤ n}, there are k pairwise vertex disjoint paths from vj
to one or more supernodes in supernodes set {vit | n < i ≤
n + m, 0 < t ≤ T } during the period of T.
B. The Problem
Given the weighted space-time graph, we can now deﬁne
the fault-tolerant topology design problem for EHWSNs with
a goal of minimizing the total cost while maintaining kconnectivity over time.
Deﬁnition 2: Given a k-connected and weighted spacetime graph G (with n energy-harvesting sensor nodes and m
supernodes) and a constant k, the fault tolerant topology
problem is to ﬁnd a k-connected space-time graph H, which
is a subgraph of G, such that H’s cost c(H) is minimized.
Notice that we assume that all supernodes have enough
power resources and can connect to each other via a dedicated
transceiver. In addition, for each sensor that we only need to
connect it to any one or more of the supernodes. Therefore, we
can simply merge all supernodes in the space-time graph as
a virtual root node. Then, m = 1 and V = {v1 , · · · vn , root}.
Links between a sensor node and multiple supernodes can be
replaced with a single link between the sensor node and the
root. The weight of such a link takes the minimal ones from
the original graph. Fig. 4(a) shows an example of the merged
space-time graph from the original graph in Fig. 3(b). Fig. 4(b)
illustrates two disjoint paths from v01 to root during the period
of T . Now the k-connected space-time graph means for any
sensor node there are k-disjoint paths from vi to the root.
IV. T OPOLOGY D ESIGN A LGORITHMS
In this section, we propose a set of heuristics to solve
the fault tolerant topology problem in EHWSNs. For all
algorithms, we assume that the space-time graph G = (V, E),
including n energy-harvesting sensors and the root over time
period of T , are given as the input. Let Ṽ and Ẽ denote the
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Fig. 4. (a) Example of the merged graph from the space-time graph in
Fig. 3(b). (b) Two disjoint paths (marked in red) from vi0 to the root in
the merged graph.

total number of nodes and links in graph G, respectively.
Note that Ṽ = O(nT ) and Ẽ = O(n2 T ). All algorithms
will output a new space-time graph H. Based on the output
H, we can set the transmission power of each node vi to
→
w(vi , vj ).
max−
v−
i vj ∈H
The ﬁrst algorithm (Algorithm 1) basically picks the k least
cost disjoint paths (KPS) between each node in V and the
root. We leverage the Suurballe’s algorithm [26] (a modiﬁed
Dijkstra’s algorithm) to ﬁnd the k least-cost path. Note that
any k least cost disjoint paths can be used, thus, we refer
it as KPS algorithm in Line 3. Assume that KP S is the
output from the algorithm for one node k. Then KP S for
different nodes might involve completely distinctive links and
therefore result in high overall power cost of the entire output
structure H. One possible improvement is to reuse as much
links as possible in different rounds. For such a purpose, we
associate each edge e with a minset and a minsetvalue, which
are denoted by minset(e) and minsetvalue(e), respectively, and
they are deﬁned as follows.
Deﬁnition 3: The minset of (vi , vj ) is the edge set
minset(vi , vj ) = {(vi , vk ) | k = j, w(vi , vk ) < w(vi , vj )}.
The minsetvalue of this edge is minsetvalue(vi , vj ) =

(vi ,vk )∈minset(vi ,vj ) w(vi , vk ).
Similarly, we can deﬁne the maxset and maxsetvalue.
Deﬁnition 4: The maxset of (vi , vj ) is the edge set
maxset(vi , vj ) = {(vi , vk ) | k = j, w(vi , vk ) > w(vi , vj )}.
The maxsetvalue of this edge is maxSetV alue(vi , vj ) =

(vi ,vk )∈maxset(vi ,vj ) w(vi , vk ).
Algorithm 1 (denoted by UKPS) then updates the weights of
the links in the minset and the maxset of the link belongs to
KPS (Lines 6-10). Such operations of updating the link weight
in minset and maxset would make it prefer to choose the links
already selected in previous rounds. The time complexity of
UKPS is O(nk(Ẽ + Ṽlog Ṽ)) since the algorithm ends within
n rounds and the modiﬁed Dijkstra’s algorithm runs k times
in each round. A simpliﬁed version of UKPS can be derived
by removing the updates of link weights (Lines 6-10), which
is referred to as UKPS-S.
The next two algorithms are greedy algorithms which either
delete edges from the original graph or add edges from an
empty graph. GrdDelEdge (Algorithm 2) greedily deletes an

Algorithm 1 Union of k-Disjoint Paths (UKPS)
Input: The original space-time graph G = (V, E).
Output: the new space-time graph H.
1: V = {vi0 | 1 ≤ i ≤ n};
2: for each v ∈ V do
3:
Apply KPS algorithm to ﬁnd KP S from v to root.
4:
for each edge e ∈ KP S do
5:
H ← H ∪ e.minset
6:
for each edge e ∈ minset(e) do
7:
w(e ) ← 0;
8:
for each edge e ∈ maxset(e) do
9:
w(e ) ← w(e ) − w(e);
10:
w(e) ← 0;
11: return H
Algorithm 2 Greedy Algorithm Delete Edge (GrdDelEdge)
Input: the original space-time graph G = (V, E).
Output: the new space-time graph H.
1: H ← G;
2: Sort all remaining edges in E in descending order of its
maxsetvalue;
3: for each edge e ∈ E do
4:
if (H − maxset(e)) is k-connected then
5:
H ← H − maxset(e) − {e};
6: return H
Algorithm 3 Greedy Algorithm Add Edge (GrdAddEdge)
Input: the original space-time graph G = (V, E).
Output: the new space-time graph H.
1: H ← N U LL;
2: Sort all remaining edges in E in ascending order of its
minsetvalue;
3: for each edge e ∈ E do
4:
H ← H ∪ minset(e) ∪ {e};
5:
if H is k-connected then
6:
break;
7: return H

edge and its edge.maxset with the largest maxsetvalue if such
operation does not break the k-connectivity of the graph over
time. On the other hand, GrdAddEdge starts with a graph with
only nodes in the ﬁrst layer and the root. Then it greedily
adds in more edges and nodes until the k-connectivity H
achieved. During the process, it selects the edge with the
smallest maxsetvalue ﬁrst. Detailed algorithm is given in
Algorithms 3. For these two algorithms, we can also add or
delete edges based on their weights, i.e., replacing minsetvalue
or maxsetvalue with the edge’s weight. Such solutions are
referred as GrdDelEdge-W and GrdAddEdge-W, respectively.
By using network ﬂow techniques [27], a query on whether
two vertices are k-connected in the graph G = {Ṽ, Ẽ} can
be solved in O(Ṽ + Ẽ) for any ﬁxed k. Therefore, the time
˜
complexity of GrdDelEdge/GrdAddEdge is O(Ẽ(Ṽ + E)).

V. S IMULATION R ESULTS
1

To evaluate our proposed algorithms for EHWSNs, we
conduct extensive simulations over randomly generated timeevolving networks. The algorithms used for comparison are
listed as follows:
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Total cost: the summation of total power consumption of
each node in H over time, denoted as c(H).
Total number of nodes: the total number of nodes in H,
i.e., the total number of nodes with the remaining edges
in H, denoted as |H|.

0

For both metrics, we report the ratios between those of the
constructed topology H and those of the original network
G. These ratios illustrate how much saving is achieved by
the proposed algorithm, compared with the original network
without topology design.
We test all algorithms on randomly generated networks. A
sequence of static random graphs with n + m nodes (i.e.,
n sensor nodes and m supernodes) over T = 10 time slots
deployed in 100m × 100m area. For each static snapshot, the
transmission range is randomly set within the range from 23m
to 36m (different at each time slot). A directed link from vi
to vj is added if vj is within vi ’s transmission range. The
path loss exponent α is set to 2, as [21]. The network is
discarded if it is not connected with its initial setting. For
each setting, we generate 100 random EHWSNs and report
average performances of our proposed algorithms.
A. Results with Different Values of k
In the ﬁrst set of simulations, our algorithms are performed
with different fault tolerant requirements (values of k ranging
from 1 to 3) for random networks with n = 20 nodes and
m = 3 supernodes. Fig. 5 shows the ratios of total cost and
node numbers between H and those of G. The ratio indicates
how much saving is achieved by the proposed algorithms
compared with the original network without topology design.
Obviously, for each algorithm, the lower k’s value is, the
fewer total cost and fewer number of nodes are needed for
k-connectivity. Overall, UKPS performs the best among all
algorithms, because it updates edge weights with minset and
maxset to encourage the reuse of edges already selected
by least cost disjoint paths. As the growth of the k, more
nodes and total cost are needed. In addition, GrdAddEdge
and GrdAddEdge-W perform poorly in terms of cost rate
and node number rate. This is mainly due to that these
algorithms both select edges purely by minsetvalues and
their weights naively, without considering their contribution in
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Fig. 6. Results on random networks with different numbers of supernodes m
(n = 20, k = 3).

constructing the k-connected graph. On the other hand, GrdDelEdge and GrdAddEdge perform better than GrdDelEdgeW and GrdAddEdge-W. This is mainly due to that GrdDelEdge/GrdAddEdge deletes/adds a edge set based on its
maxsetvalue/minsetvalue while GrdDelEdge-W/GrdAddEdgeW only considers a single edge weight.
B. Results with Different Numbers of Supernodes
In the second set of simulations, we ﬁxed the fault tolerant
requirement k = 3 and the number of sensors to 20, but
the number of supernodes, i.e., m, varies from 1 to 5. From
the results illustrated in Fig. 6, as the number of supernodes
increases, the cost rate and the node number rate decrease
slightly. More supernodes can indeed help with connectivity.
Note that how to place supernodes is outside the scope of this
paper, however it is an interesting problem to study. UKPS also
performs the best among all the algorithms, and the conclusion
are in consistent with the prior. In most cases, UKPS can
save more than 80% number of nodes involved in maintaining
connectivity over time and around 95% total costs.
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Fig. 7. Results on random networks with different numbers of nodes n (m =
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C. Results with Different Network Sizes
In the third set of simulations, we use random networks
with different numbers of sensor nodes (n ranging from 10
to 30) to test the scalability of the proposed algorithms, while
m = 3 and k = 3. Fig. 7 plots the cost rate and node number
rate generated by each algorithm with different network sizes.
It is clear that the larger the network is, the lower the cost rate
and node number rate are. Other conclusions remain the same
as those of previous sets.
VI. C ONCLUSION
In this paper, we study the fault-tolerant topology design
problem for EHWSNs. We ﬁrst model such an EHWSN as
a directed and weighted space-time graph, in which both
spacial and temporal information are preserved. We then deﬁne
the fault-tolerant topology problem which aims to build a
sparser structure (also a space-time graph) from the original
space-time graph, while maintaining k-connectivity over time.
We propose six different algorithms to solve such problem.
Simulation results demonstrate the efﬁciency of the proposed
methods. As the future work, our methods can be further
extended in a distributed manner to enhance their scalability
for large-scale EHWSNs.
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