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A Recursive Shortest Path Routing Algorithm
With Application for Wireless Sensor

Network Localization
Juan Cota-Ruiz, Pablo Rivas-Perea, Member, IEEE, Ernesto Sifuentes, and Rafael Gonzalez-Landaeta

Abstract— In this paper, we present a routing algorithm useful
in the realm of centralized range-based localization schemes.
The proposed method is capable of estimating the distance
between two non-neighboring sensors in multi-hop wireless
sensor networks. Our method employs a global table search
of sensor edges and recursive functions to find all possible
paths between a source sensor and a destination sensor with
the minimum number of hops. Using a distance matrix, the
algorithm evaluates and averages all paths to estimate a measure
of distance between both sensors. Our algorithm is then analyzed
and compared with classical and novel approaches, and the
results indicate that the proposed approach outperforms the
other methods in distance estimate accuracy when used in
random and uniform placement of nodes for large-scale wireless
networks. Furthermore, the proposed methodology is suitable for
the implementation in centralized localization schemes, such as
multi-dimensional scaling, least squares, and maximum likelihood
to mention a few.

Index Terms— Shortest path, WSN localization, multi-hop
Network.

I. INTRODUCTION

W IRELESS sensor networks (WSNs) consist of many
sensors or nodes randomly/spatially deployed or dis-

tributed over a certain area with the purpose of extracting,
processing, transporting, and transmitting information about
specific events or variables that could be present in the
monitoring area. Being aware about such specific events
requires nodes to be equipped with several modules such
as sensors (i.e., for gathering environmental information),
a processor and a power unit; however, to transport all gathered
information through the network, sensors also require to be
equipped with radio transceivers. Radio signals, unfortunately,
cannot travel long distances, and sensors commonly are not
able to reach or communicate with other sensors that are
located far away of their own radio ranges. Furthermore, shar-
ing information between two sensors in multi-hop networks,
retransmissions among sensors are very common tasks. There-
fore, efficient routing is an important issue in the network’s
performance [1], [2].
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Finding the shortest path from a source to a destination place
is an essential task in many disciplines such as transportation,
computer science, geography, artificial intelligence and WSNs,
to mention a few. Commonly, in multi-hop networks, routing
algorithms are closely related to finding the shortest distance
between a sender node (or source sensor) and a receiver node;
therefore, finding the shortest path implies lesser retransmis-
sions which directly affects the energy conservation of the
entire network. The research to develop efficient shortest path
algorithms has produced a variety of them, whose efficiency
primarily depends on the computational performance. Never-
theless, until now, there is not clear which algorithm has the
best performance to find the shortest path [3], [4]. For instance,
Ji-Xian and Fang-Ling [5] claim that improves Dijkstra’s
algorithm (DA) by reducing the number of repeated operations
and finding the minimum path length intuitively. In [6], an
improvement of DA is also presented which reduces computa-
tions by about 8% when compared with the original DA. Here,
the key point is to introduce an upper bound on the distance
between two selected nodes. On the other hand, the authors
of [7] propose a heuristic algorithm that chooses the minimum
number of nodes between a source and destination nodes by
selecting those nodes that are closer to an imaginary Euclidean
distance generated by the two selected nodes; however, this
approach assumes that positions of the source and destination
nodes are known, which in most cases are unknown.

The shortest path can also be used to estimate true dis-
tances among non-neighboring sensor nodes in multi-hop
networks, which is a fundamental part in centralized range-
based localization algorithms. Among the most important
advances in this area, we can find a novel distance cal-
culation method among sensors is presented in [8] which
improves the basic DA under irregular network topologies.
This approach uses as key element the radio range of each
sensor and a cosine formula to estimate distances between
non-neighboring nodes. Also, Chen et al. [9] proposes a
signal similarity-based localization (SSL) method. It uses the
similarity of received signal strength between two neighboring
sensors to obtain a new value (using either the Manhattan
SSLM metric or the Euclidean distance SSLE metric) which
relates these neighboring sensors. The process is repeated for
all neighboring sensors to finally obtain estimated distances
among non-neighboring sensors using a shortest path
algorithm.

In a multi-hop range-based WSN localization, the goal is
to estimate the location of all unknown sensors by using
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Fig. 1. Connectivity of a WSN with 22 unknown sensors, marked with ‘�’,
and three anchors, marked with ‘�’, all having a radio range of 15 m.

sensors with apriori known locations and partial information
of the distances between some pair of sensors [10], [11]. For
instance, let us assume the homogeneous WSN scenario of
Fig. 1 which contains 22 non-located sensors (i.e., unknown
sensors) ‘�’ and three anchors (i.e., known sensors)
‘�’ uniformly and randomly distributed over a 50 by 50 m
area where all sensors are of the same type and have a
short range of 15 meters. Clearly, partial connectivity among
sensors is present and distance estimates between unknown
sensors and anchors might be multiple hops. If we consider
that each sensor has the capacity to use the Received Signal
Strength (RSS) (or any other) method for distance estima-
tion [12], [13], then each unknown sensor would estimate its
own location using distance estimates and absolute-positions
to at least three anchors.

The sum-dist scheme [14] can be used to estimate distances
between anchors and unknown sensors in distributed multi-hop
networks. However, in centralized schemes [15]–[17] different
shortest path algorithms must be used to estimate distances
among non-neighboring sensors [8].

In Fig. 1, we have a static connected WSN with 22 unknown
sensors unaware of their own location. To evaluate the location
of any sensor, e.g. the unknown sensor s13, it is necessary
to estimate the true distances between s13 and anchors A16,
A18 and A22. As described above, an intuitive approach
would consists of applying a shortest path distance algorithm.
However, such an approach does constraint the number of hops
between an unknown sensor and an anchor sensor. Thus, when
using noisy range measurements to estimate distances between
neighboring sensors, the more hops used from the two-ended
sensors, the higher the probability of increasing the distance
error due to the propagation of errors in range measurements,
assuming an independent identical distribution [18], [19].

The idea of this research is to provide a heuristic method
that reduces the propagation error by minimizing the number
of hops between two ended sensors and an averaging process.
Thus, given two non-neighboring sensors, an unknown sensor
and an anchor node, and using only the network connec-
tivity, all shortest paths with the minimum number of hops

must be solved where each found path is evaluated using
a known weight cost to each hop in the path. Finally, all
evaluated paths are averaged to obtain a final distance esti-
mate. For instance, sensor s13, depicted in Fig. 1, has two
paths with four hops to anchor A16: |s13, s19, s11, s8, A16| and
|s13, s19, s11, s20, A16|; three paths with two hops to anchor
A18: |s13, s4, A18|, |s13, s17, A18| and |s13, s19, A18|; and only
one path with four hops to anchor A22: |s13, s19, s9, s25, A22|.
Therefore, to estimate the true distance between sensor s13
and anchor A16, the evaluation distance of two paths must
be computed using the known weight for each hop in a path
(i.e., neighboring range measurements). Then, the estimated
distance from s13 to A16 is calculated as the mean of the
two evaluated path distances. This process is repeated for
remaining anchors of s13. As a result, the position estimate
of s13 can be computed using both the distance estimates and
the absolute positions of anchors [20], [21]. As can be seen,
positioning accuracy is largely dependent on the accuracy of
distance estimation between unknown sensors and anchors.

In this paper, our approach is compared with traditional
and novel approaches such as the DA [22], the Manhattan
method [9] and the heuristic approach IMDS scheme [8]. Our
experimental results show that the proposed method can also
be used to successfully estimate true distances between non-
neighboring sensors in multi-hop networks.

The outline of this paper is as follows. In Section II, we
explore the SPP from an integer linear programming point
of view. In Section III, we analyze in detail our proposed
algorithm. In Section IV, we evaluate and compare the perfor-
mance of the proposed methodology with novel approaches.
Finally, we discuss our conclusions in Section V.

II. PROBLEM DESCRIPTION

Assume a set of N sensors S = {s1, s2, . . . , sN }, randomly
deployed in a given geographical area. For range-based local-
ization schemes in a 2-D scenario, it is common to consider
that each sensor can calculate the distance to other sensors
using the RSS technique [12], [13]. Thus, the range estimate
between sensors si and s j can be described as

ri j = di j + �i j (1)

where di j represents the true distance, and �i j represents the
distance error introduced by environmental factors. Also, due
to a limited range of coverage, R, in each sensor (i.e., assumed
circular and constant) a multi-hop network is formed where
all sensors have a restricted number of neighboring sensors
limited by R. Thus,

Si = { j | di j < R} (2)

defines the known neighboring sensors s j of si . A major prob-
lem in a range-based multi-hop network localization is how
to estimate distances between non-neighboring sensors (e.g.,
unknown sensors and anchors). A regular method to estimate
such estimated distances is done by shortest path algorithms.
Thus, we can formulate the SPP using a graph theory point
of view, as described next.

A 2-dimensional WSN can be denoted as a weighted
geometric graph (V, E, L) where (V, E) is the graph G, and
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L is a map from V to R
2. V is the set of vertices or sensor

nodes S, E is the set of edges or links among neighboring
nodes, and L represents the set of locations of sensor nodes.
Let {ei j , ei( j+1), · · · , ei( j+n)} ∈ E be the set of edges where
ei j is the edge that connects si with s j (or s j ∈ Si ), and this
edge is associated with a length (or weight) ri j . In this way,
if there is one link between si and s j , ri j = ‖L(i) − L( j)‖
∀(i j) ∈ E where ‖·‖ denotes the Euclidean norm in R

2, and if
there is no edge between si and s j , ri j = ∞ while for i = j ,
we will have ri j = 0. Thus, R is the abutment matrix of the
weighted graph. Also, it is common to assume A, i.e., ai j as
the initialized adjacency matrix of G [6], [20], [23].

As it is well known, a path is composed by a set of
distinct weighted edges that connect two specific sensors in
the network. Thus, the route that provides the shortest path
(i.e., less cost weight) between a source sensor ss and a target
sensor st in the network defines the shortest path. In a directed
graph, when ri j = ai j ∀(i, j) ∈ E, the SPP with the fewest
hops |Pst | is posed as the following integer programming
problem:

|Pst | = min
∑

i j∈E

ri j yi j

St : 0 ≤ y ≤ 1∑

i

ysi −
∑

j

y j s = 1

∑

j

y j t −
∑

j

yt j = 1

∀x ∈ V\{s, t} →
∑

i

yxi −
∑

j

y j x = 0 (3)

where y is an integer variable, ysi represents an edge i
leaving s, y js is the edge j entering into s, and so on.

Let us to consider |Pk
st | as the k-th path with the minimum

number of hops between ss and st . Thus, the goal is to find M
no-repeated paths with the minimum number of hops between
ss and st and evaluate the sum of the edge lengths in each
path to finally obtain an estimated distance dst as the average
of the M found paths between ss and st as follows:

dst = 1

M

M∑

k=1

|Pk
st |. (4)

III. THE RECURSIVE SHORTEST

PATH ALGORITHM (RSPA)

To estimate distances between two non-neighboring sensors
ss and st where st /∈ Ss , our algorithm follows two main steps.
First, given the two sensors (or vertices) of a static and directed
network (or graph), all possible paths with the minimum
number of hops between ss and st need to be obtained. Second,
the algorithm evaluates each path assuming that every edge
ei j ∈ E belongs to the shortest path between ss and st , so
the length of the path is obtained based on the known one-
hop distance, ri j where s j ∈ Si . Finally, the non-neighboring
distance estimate between the two end sensors is calculated
as the mean of all evaluated path distances as defined in (4).
The proposed algorithm is divided into two sections. The first
part uses a recursive approach, shown in Algorithm 1.

Algorithm 1 Obtains the Minimum Number of Hops Between
the Source Sensor ss and All Its Communicating Sensors
Require: ss , Hop
Ensure: Hop
1: Initialize: static c = 1, Seq( j) = 0 ∀ j = 1, 2, 3, . . . , n
2: sort(Ss) //Sort Ss from the minimum to the maximum

according to hops
3: for j = 1 to length(Ss) do
4: if (Hop

(
Ss( j)

)
==0) then

5: Hop
(
Ss( j)

) = Hop(ss) + 1
6: else if

∣∣Hop
(
Ss( j)

) − Hop
(
ss

)∣∣ ≤ 1 then
7: continue
8: else if Hop

(
Ss( j)

)
< Hop(ss) − 1 then

9: Hop(ss) = Hop
(
Ss( j)

) + 1
10: else
11: Hop

(
Ss( j)

) = Hop(ss) + 1
12: if

∣∣max
(
Hop(SSs(j))

) − Hop
(
Ss( j)

)∣∣ >1 then
13: Hop = Algorithm1(Ss( j), Hop)
14: end if
15: end if
16: end for
17: if ss ∈ Seq then
18: return // return if the sensor Ss is already contained in

the Seq array
19: else
20: Seq(c) = ss //Save the the current sensor
21: c = c + 1
22: end if
23: for � = 1 to length(Ss) do
24: Hop = Algorithm1(Ss(�), Hop)
25: end for

This algorithm receives as arguments a sensor number ss

(i.e., initially the source sensor) and an array named Hop
(i.e., initially a vector with n-zero elements) and returns the
same vector that contains how many hops away (i.e., the
minimum) from the source sensor ss is every sensor in
the network. If a sensor sm has not wireless connections
through multiple hops with the source sensor ss , the vector
Hop will contain zero at the m-index position.

To prevent an infinite recursion in Algorithm 1, the recursive
process avoids to analyze the same sensor twice. It is done
from line 17 to 22 using a vector Seq which saves a not
analyzed sensor or return the process otherwise. On the
other hand, the second section is also a recursive process
shown in Algorithm 2. This code receives as arguments the
vector Hop, obtained from Algorithm 1, a set of adjacent
sensors (initially of the target node st ), a value hop_number
(initially the number of hops between the source and target
sensor, ss and st respectively), a vector P (initially a zero
vector with hop_number elements) which stores a valid path
between ss and st .

As can be seen from Algorithm 2, the proposed approach
uses a recursive process to find all possible paths with the
minimum number of hops between two communicating end
nodes. This algorithm finds all leaving edges starting at the
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Algorithm 2 Obtains All Possible Paths With the Minimum
Number of Hops Between a Source Sensor ss and a Target
Sensor st

Require: Hops, St , hop_number, P, st

Ensure: Pk
st f or k = 1, . . . , M

1: Initialize: static k = 1
2: for i = 1 to hop_number-1 do
3: for j = 1 to length(St ) do
4: if Hops

(
St ( j)

) == (hop_number − i ) then
5: P

(
(hop_number) − i

) = St ( j)
6: P = Algorithm2 (Hops, SSt(j), hop_number-i,

P, St ( j))
7: end if
8: if (hop_number-i ) ==1 then
9: Pk

st = P //save the new path
10: k = k + 1
11: end if
12: end for
13: end for

target sensor st and steps backward by expanding each one
of the child nodes in the searching process until the source
sensor ss is found. If a found child sensor has no children,
the algorithm returns to the parent sensor to continue with the
searching process. A child sensor will be accepted in a path
only if it has a lesser number of hops from the source sensor
than its parent sensor. When the algorithm finds a valid path,
it stores the path in the vector P. Finally, all found paths are
saved into the matrix Pk

st , as shown in line 9. All paths of
Pk

st for k = 1, . . . , M are evaluated using (4) to obtain an
estimated distance between ss and st .

IV. EXPERIMENTAL RESULTS

As described earlier, positioning accuracy in WSNs depends
on factors such as the quality of range measurements and
the geometry of the network. In this section, we focus the
analysis in how our approximation algorithm estimates dis-
tances between two non-neighboring sensors in large-scale
uniformly and randomly distributed wireless sensor networks.
These results are compared with other novel approaches such
as the IMDS [8], the SSLM [9], and the traditional DA [15].
We test the performance of each algorithm by using a multi-
hop network with noisy range-based measurements, so we
simulate RSS noisy pair-wise distances among neighboring
sensors as described in [12] with ηp = 2.6, σS H = 6 dB, and
P0(d0) = −40 dBm for all sensors and anchors.

The IMDS method requires a shortest path route to recal-
culate a new one, so it can be applied to DA. Thus, to modify
the shortest route provided by DA, the IMDS scheme follows
the next steps:

1.- Given the shortest path route between a sender and a
target sensor, each sensor that composes the route estimates
distances with non-neighboring sensors using [8], so the
connectivity network is modified.

2.- The algorithm DA is applied again to solve the SPP and
find the new shortest route.

TABLE I

TRUE DISTANCE ESTIMATION BETWEEN RSPA AND NOVEL SCHEMES

On the other hand, the SSLM scheme uses RSSI values to
estimate relative distances among all neighboring sensors to
finally estimate relative distances for non-neighboring sensors
with a shortest path algorithm. As it is well known, averaging
several measurements will always improve the precision of
distance estimates, so for each pair of neighboring sensors,
we average a round-trip distance measurements. However,
the SSLM scheme compares the similarity of both distance
measurements through the Manhattan method to obtain a new
value that provides a weighted value for the two neighboring
sensors. The process is repeated for all one-hop neighbor-
ing sensors, and then, the shortest path between two non-
neighboring sensors is calculated with a routing algorithm
which is basically the smallest accumulated SSLM along the
path between the sender and the target sensor [9]. We use a
threshold of 30 if there is not connectivity between two sensors
during the SSLM process.

Fig. 1 shows an example of a small sensor network com-
posed of 25 randomly deployed sensors where three are anchor
nodes across a 2-D area of 50 m×50 m. We assume that each
unknown sensor can estimate distances with neighboring nodes
using the RSS scheme. Also, an omnidirectional radio range
R = 15 m is assumed in each sensor. Clearly, there is a path
between every unknown sensor and an anchor node; however,
we must consider that each path distance between both ended
sensors contains errors given by noisy range measurements
among neighboring sensors.

Table I shows a basic comparison between RSPA and the
other approaches.

There are two cases to estimate true distances between two
non-neighboring sensors for the network shown in Fig. 1. The
first case is to find the true distance of 59.39 m between
nodes 3 and 22. DA solves the SPP using seven hops with an
estimated distance of 37.11 m, Dijkstra+IMDS (DA+IMDS)
solves the SPP using six hops reducing the estimated distance
to 37.01 m, the SSLM algorithm finds a route with also
six hops but with a better estimated distance of 60.33 m,
and RSPA uses only five hops with an estimated distance
of 58.84 m, which is the average of the two routes found.

The second case has a true distance of 51.33 m between
nodes 7 and 16. The DA+IMDS method will always take



COTA-RUIZ et al.: RECURSIVE SHORTEST PATH ROUTING ALGORITHM WITH APPLICATION FOR WSN LOCALIZATION 4635

TABLE II

SENSOR NETWORK TOPOLOGIES TO EVALUATE TRUE DISTANCES
UNDER FOUR SCHEMES: DA, DA+IMDS, SSLM AND RSPA

the shortest route of 50.16 m for this scenario while DA
finds a shortest route (i.e., an estimated distance) of 54.05 m.
For the SSLM scheme, six hops are required to obtain the
smallest accumulated SSLM providing an estimated distance
of 61.23 m. Finally, RSPA obtains an estimated distance
of 56.64 m as the average of four shortest path routes. As can
be seen from Table I, finding the shortest path distance does
not guarantee to minimize the error between true distances
and estimated distances among non-neighboring sensors. How-
ever, it will be interesting to analyze which methodology
presents better results when the number of hops between non-
neighboring sensors has increased in larger multi-hop net-
works, analyzed in the next paragraphs. To validate the global
functionality of each algorithm, we created three WSNs with
different network properties. We varied parameters like num-
ber of sensors, deployment area, and radio range for each sen-
sor in the network. All nodes were randomly placed over a 2-D
area, and we assumed that each sensor was equipped with an
omnidirectional radio range; thus, to generate a multi-hop net-
work, any sensor was able to estimate noisy distance measure-
ments with other sensors within its radio range where the RSS
parameters were the same as before described. Table II sum-
marizes the three different sensor networks that are used to
test the accuracy performance of each analyzed algorithm.

Fig. 2 shows an analysis involving the aforementioned
algorithms to estimate true distances for 50 tests using the
network of Table II(a). For each test, we randomly choose
a source and a target sensor and evaluate distance estimates
against true distances for each algorithm. Also, we present
an analysis of the number of hops used by each approach to
get such estimated distances. Fig. 2(a) shows that, in most
cases, both algorithms DA and DA+IMDS tend to agree
in distance estimates which are mostly below of the true
distances. However, RSPA and SSLM have a better accuracy
performance in distance estimates.

The root mean square error (RMSE), is used to test the
accuracy performance of each algorithm.

RM SE =
√√√√ 1

T

T∑

i=1

(
di

st − t i
st

)2
, (5)

where di
st and t i

st represent the i -th estimated distance and true
distance between two non-neighboring sensors, respectively;
and T is the number of tests (T = 50).

Table III shows the RMSE of 50 tests for true distance
estimation applied to each algorithm. Clearly, as predicted,
DA has the worst accuracy performance to estimate distances
between non-neighboring sensors, because it just finds the

Fig. 2. (a) Estimated distances and (b) Used hops of DA, DA+IMDS, SSLM
and RSPA when 50 tests to estimate true distances are applied to a multi-hop
network of 100 sensors.

TABLE III

RMSE OF 50 TESTS TO EVALUATE THE ACCURACY PERFORMANCE

OF FOUR ROUTING ALGORITHMS: DA, DA+IMDS, SSLM
AND RSPA USING THE NETWORK OF TABLE II(a)

shortest path distance without considering noisy in range
measurements among sensors; however, this algorithm can be
used as a complement to other schemes like IMDS and SSLM.
On the other hand, RSPA and SSLM schemes show lower
RMSEs than DA and DA+IMDS, but RSPA has slightly better
accuracy estimation than SSLM.

Also, as can be observed in Fig. 2(b), RSPA and SSLM use
fewer hops estimates than DA and DA+IMDS. For example,
in average, DA requires 7.18 hops per test, DA+IMDS uses
7 hops per test, SSLM employs 5.16 while RSPA uses 5.08
per test. Moreover, since RSPA estimates distances using the
average of n shortest paths, this is feature useful in other
applications. Fig. 3 shows all alternative paths generated by
RSPA to estimate true distances of 50 tests shown in Fig. 2.
For instance, in the test number 12, RSPA averages 1069 dif-
ferent paths, all with 8 hops, to obtain an estimated distance
of 147.2 m, SSLM has an estimated distance of 130.4 m
with also 8 hops, DA and DA+IMDS obtains same values
of 86.06 m with 12 hops.

We repeated the last procedure to analyze those algorithms
with larger networks. Table IV summarizes final accuracy
estimates (RMSEs) and number of hops (average) when
algorithms solve 50 tests to estimate true distances for each
network.

Evidently, adding more sensors in a network makes that
combination paths between source and target sensors increase.
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Fig. 3. Alternative paths of RSPA for tests of Fig. 2.

TABLE IV

A COMPARISON OF TRUE DISTANCE ESTIMATES BETWEEN RSPA AND
NOVEL SCHEMES WHEN SENSORS ARE RANDOMLY AND UNIFORMLY

DISTRIBUTED OVER A WIDE DEPLOYMENT AREA

Thus, the number of alternative paths with the minimum
number of hops offered by RSPA also tends to increase. Hence,
the average of all alternative path distances tend to reduce
random errors of range measurements. Moreover, the error
propagation of noisy range measurements is reduced when
the number of hops in a path is also decreased. Hence, our
approach provides more accurate distance estimates.

V. CONCLUSIONS

In this research, we have proposed a recursive algorithm
to estimate distances between any two sensors. The algorithm
finds all possible combination routes with the minimum num-
ber of hops between a sender and a target node. To find
all possible routes between two sensors, the algorithm uses
a data structure in each sensor that contains all neighboring
sensors that are at one-hop of distance. In the searching
process, each child node is expanded going forward looking
for a target node. If an expanded node has no children, the
searching process returns back to the parent node to continue
exploring new sensors. After that, the algorithm evaluates the
path distance of each found route with a weighted distance
matrix. Finally, a distance estimate is computed as the mean
of all path distances.

The proposed algorithm is analyzed and compared with
classical and novel approaches over multi-hop networks when
noisy range measurements among neighboring sensors are
present. Experimental results indicate that our algorithm
provides distance estimates with low estimation error.
Moreover, due the nature of this approach to provide all
multiple-trajectories between two non-neighboring nodes with
the minimum number of hops, our method can be easily

applied in a variety of fields, i.e., transportation, vehicle
routing, web mapping, communications, geography, artificial-
intelligence, and/or GIS-Network analysis, to name only a few.
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