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Abstract— This article focuses on the utilization of a mobile
robot as data mule for collecting and transferring data from a
ground wireless sensor system (WSN). For the case, where the
nodes’ communication is impeded either due to a non-connected
node, or due to excessive retransmissions caused by significant
packet losses, the effective transmission rate is reduced and
the energy consumption for the RF-communication increases.
In this case, the mobile element/robot approaches the nodes
and collects data with a reduced packet loss rate resulted from
the use of the proposed technique. The devised algorithm is
implemented in the operating system Contiki. Then, the mobile
element transfers the stored data to the desired destination.
In the adopted scenario, the mobile element assumes prior
knowledge of the nodes’ locations and its trajectory is extracted
by solving a combinatorial optimization problem that resembles
that of Traveling Salesman Subset-tour Problem (TSSP). Fur-
thermore, the system is capable of transferring large volumes
of data between source nodes and destination one, taking into
account: a) the reliable data transmission, b) the traveling
distances between the static nodes, c) the visiting/service time at
each node and, d) the energy consumption of the mobile robot.
Finally, experimental studies indicate the efficiency in terms of
reliable data transmission and transmission time among pairs
of static and a mobile node. Subsequently, the effectiveness of
the overall concept is validated by means of simulations.

Index Terms—Robotic Data Mule, Traveling Salesman
Subset-tour Problem (TSSP), Linear Programming, Wireless
Sensor Networks

I. INTRODUCTION

Typically, within a Wireless Sensor Network [1], the nodes

collect data from a network in order to relay them to a base

station, which demands the utilization of several relay nodes

and integration of multi-hopping routing protocols. In [2], an

alternative to static-relay nodes is suggested, relying on using

mobile elements as data mules (data Mobile Ubiquitous local

area network Extensions) to collect the data from sensors.

This work was extended in [3], where the planning of the

routes of robotic mules for data gathering is examined. The

mobile element motion control leads to the Mobile Element

Scheduling (MES) problem [4], which is defined as the

problem of scheduling the visits of a mobile element to

sensor nodes so that there is no data loss due to hardware

limitation of them.
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In the present work we use a mobile element, hereafter

also referred as data mule, as a system to interconnect

either isolated WSNs or nodes within a WSN deployment

that have lost connectivity between them. Furthermore, in

order to reduce packet loss, we propose a technique for

transmitting a large volume of data (in order of tens of

Kbytes) among wirelessly connected nodes. In our ensuing

implementation, the Rime communication stack [5] was used

over the Contiki operating system [6] running on off-the-

shelf small embedded computing devices (motes) utilizing

the IEEE 802.15.4 hardware. Experimental studies were

conducted to indicate the efficiency in terms of reliable

data transmission among pairs of nodes. In case of a data

gathering process, the data transmission time corresponds to

the visiting/service time that the mobile node has to stand

by a static node of the WSN in order to receive the data that

the static node has accumulated.

Another component of the data gathering process is the

trajectory planning for the mobile element; this is examined

as a NP-hard optimization problem where the main objective

is to visit as many as possible static nodes and receive their

data [7]. To this direction and in order to extract a path,

the Traveling Salesman Subset-tour optimization Problem

(TSSP) is formed, with respect to our individual constraints.

The TSSP is a relaxed variant of the Traveling Salesman

Problem (TSP) [8] in which a feasible tour need not visit

every vertex. Such a tour may vary from visiting no vertices

to visiting all the vertices.

Using the experimentally computed data transmission time

in the optimization problem, the mobile node’s path is

generated. Consecutive paths were extracted for the mobile

element, in order to visit all the deployed static nodes and

receive their stored data. The paths start and end at the depot,

which is regarded as the base station and charging location.

The paper is organized as follows. The proposed technique

for transmitting a data set among wirelessly connected nodes

is described in Section II, validated through the advocated

experimental studies in Section III. The formulation of the

adopted optimization problem is presented in Section IV, fol-

lowed by simulation studies to generate the mobile element’s

paths in Section V. Conclusions are drawn in Section VI.

II. WSN DATA-MULE PROCESS

A. WSN Data Transmission

In order to reduce packet losses, a technique for transmit-

ting a large volume of data (in order of tens of Kbytes)

among wirelessly connected nodes is proposed. The data

is stored at the static sensor node due to a monitoring
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application or trasmitted from a base station to the static

node. The limited memory-space of the node (mote) bounds

the volume of data that could be stored each time, thus the

following steps are taken to achieve a reliable transmission.

The stored data set is divided to data packets with respect

to the admissible data packet length, defined by the adopted

physical layer communication protocol. At the next step,

the transmission of these packets to another node, placed

within its transmission range, takes place. While transmitting

each packet, its index is augmented, indicating the sequential

number of the transmitted packet. This information allows

the receiver node to detect the packets that have not been

received, by examining only the bytes of the packet payload

that correspond to the indices of them.

At this stage, there is no handshake (acknowledgment) be-

tween the receiving and transmitting sides. Certain commu-

nication parameters (retransmissions and acknowledgments)

are implemented with appropriate selection of protocols in

the MAC and Radio Duty Cycle layers of the Contiki

netstack [6]. Inhere, the MAC layer component NullMAC

was used, which is a simple pass-through protocol that

simply calls the appropriate Radio Duty Cycle (RDC) func-

tions, avoiding any MAC-level processing. The NullRDC

mechanism, that keeps the radio on, was employed at the

RDC-layer. There is no need to strobe the transmitted packet

until the receiver turns on to detect it, implemented by

the ContikiMAC mechanism [9] for this layer. Overall, the

NullRDC was selected, to avoid delays or radio traffic and

because of the pending retransmissions of lost data packets

at the next step.

The receiver’s side checks the received index-stamped data

packets and determines the missing ones. The missing data

packet list is transmitted back to the transmitting node with

a request for retransmission. Subsequently, retransmission of

the pending data from the first node is carried out. The data

packets have the same format as in the initial transmission.

This exchange of messages among the nodes’ pair occurs un-

til all the data packets are successfully received by the second

node or until the defined number of desired retransmissions

is reached. As a last step, the data set is reconstructed from

its overall received segments (data packets).

The aforementioned steps outline the proposed concept

in Figure 1, and presented in more detail in the sequel.

The advocated process is designed for event-driven kernels,

where the nodes have to respond to requests from other nodes

within the network. A unicast communication between a pair

of nodes was adapted so that it can be extended over a large

network scale.

In the event flow-chart, node-A is the transmitter at the

beginning of the process (also noted as main transmitter) and

node-B is the receiver. This predetermined role of each node

changes while the communication process evolves. Node-A

is serially connected to a base station where the total data

to be transmitted is saved in a file. The volume of the data

set is defined as 1 Kbyte, something that was defined after

experimental tests taking into account the available RAM of

the wireless sensor node hardware and the memory allocation

imposed by the process. Generally, the small embedded

computing devices (motes) that compose a WSN, consist of

a microcontroller, data storage devices, sensors, analog-to-

digital converters (ADCs), a data transceiver and an energy

source. Existing motes use an 8 or 16-bit microcontroller

with tens of Kbytes of RAM, tens of Kbytes of ROM

for program storage and external storage in the form of

flash memory [10]. These devices operate at 1 mW while

running at 10 MHz. Mote-radios transmit at rates between

10-250 Kbps, consume about 20 mW while transmitting,

and/or receiving, and have a typical range in the order of

tens of meters.

Node-A is set in a standby mode awaiting for the serial

data to be transmitted from the base station (connected

device). Thus, an event timer is set for node-A, in order

to implement this situation (noted as et in the flow chart).

The event timer et is set to 1 sec, implying that node-A

checks every 1 sec (when event timer expires), if data has

been written from the base station to its serial port. If not,

the event timer et is reset for node-A. Otherwise, node-A

has started to receive the data from the base station and can

proceed to the next step. While receiving the data from the

serial port, node-A forms data packets of 100 bytes and saves

them in an array structure; in our implementation an array

of ten elements is needed. Nevertheless, the number of bytes

for a packet can be adjusted depending on the requirements

each time and a pad function has been implemented, in order

to have a uniform data packet length, equal to the reference

packet size (100 bytes).

When the transmission procedure starts, the following

three steps are taken. At first, a data packet of 100 bytes

is augmented with its index number at the beginning of the

packet and is sent to node-B, after adding the appropriate

headers imposed by the adopted protocol, using unicast

communication. The same tactic is followed for all the

data packets that are sent sequentially with an inter-packet

transmission delay of 200 msec. The duration of this delay

was experimentally verified and considered satisfactory with

respect to the percentage of the successfully transmitted

packets (high throughput). Furthermore, the inter-packet

transmission delay was found to be packet length dependent.

As last step, a termination character/message has to be

sent, in order to inform the receiver (node-B) that the data

transmission is completed. Occasionally, this termination

message has to be sent more than once to ensure that will

be received from node-B. At that moment, node-A is set in

a standby mode again, by means of an event timer (noted

as et7 in the flow chart) set to 5 sec. Essentially, this event

timer setting delimits the node’s-A behaviour, that changes

from acting as transmitter to receiver. In more detail, this

role changing for node-A is achieved by using this timer

combined with appropriate cases (related to communicating

nodes’ id) defined inside the receiver callback function

provided by Contiki OS for a unicast communication process

using Rime communication stack.

Meanwhile, node-B has been set in a standby mode using

an event timer (noted as et6 in the flow chart, with expiration
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Fig. 1: WSN Data Transmission Process

time equal to 7 sec, waiting to receive data packets from

node-A. When this event timer expires, node-B checks for

incoming data packets. If these are absent, the event timer

is reset, otherwise, node-B has received the data packets

including the termination character and is ready to start

editing them. For each packet, node-B separates the bytes

that correspond to the index of the packet, and saves the

rest of the packet in a similar packet-array format using the

aforementioned index. Node-B stays in receiving mode, until

it receives the termination character/message. Saving the

received data packets, gives the chance to node-B to detect

any missed packets by checking the aforementioned matrix

and looking for empty elements. If there is no empty element,

the data transmission was successful and no retransmission

is required. In this case, node-B saves the data to its file

system or sends them to a serially connected base station,

after reconstructing the data set.

On the other side, if at least one empty element is detected,

node-B asks for selected data retransmission from node-A.

Node-B trnamists the list which the indices of the missed

packets for retransmission to node-A with an inner-packet

transmission delay of 150 msec. followed by a termination

character/message. Afterwards, node-B remains in a standby

mode by setting another event timer et8 to 5 sec, waiting

for the retransmitted data packets from node-A. As referred

above for node-B, this event timer combined with appropriate

flags and cases, results in role changing (transmitter to

receiver) for node-B.

When node-A receives the list with the indices of data

packets pending for retransmission, it saves them and starts

to form the data packets, meaning the augmented with the

corresponding index number one, and sends them, one-by-

one, to node-B. The inner-packet transmission delay is set

to 200 msec and, a termination character/message is sent, as

well.

The aforementioned procedure, outlined in the last two

paragraphs, is repeated among the two nodes until all the data

have been successfully transmitted from node-A to node-B or

until a defined number of retransmissions has been achieved.

Finally, if one of these two cases holds, the received data

is saved to node’s-B file system or sent and saved to a

serially connected base station. The only modification that

was implemented is the duration of event timers et7 for node-

A and et8 for node-B. Both of them were set to 3 seconds,

replacing their previous value of 5 seconds. The new value

resulted after experimenting and gives satisfactory results,

in terms of time, regarding the duration of a completed

retransmission (pending for it and performed) between the

pair of nodes.

B. WSN - Large Volume Data Transmission

As referred in the beginning of the implemented concept

description, the total volume of the transmitted data set is

1 Kbyte. In order to experimentally validate the proposed

technique for large volume of data, the limitations imposed

from the sensor nodes’ hardware should be taken into

account. Thus, system reboot by software at the end of a

successful transmission (meaning the total process described

above) of 1Kbyte of data was incorporated, after exchanging

notification messages among the pair of nodes. Sequentially,

the nodes initialize the described technique and this is

repeated until the successful transmission of the total volume

of data.

In case of stored data in node-A, a procedure that splits the

initial data file to sequential parts of 1 Kbyte is implemented,

in order to be in accordance with the nodes application
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principles.

C. WSN - Data Mule Interaction

The process described in subsection II-A implies that both

nodes are single-hop (direct) radio-connected. Hence, this

imposes some restrictions regarding the maximum internode

distance that ensures a relatively reliable communication

between nodes.

In order to extend the usefullness of the proposed tech-

nique in case of a spatially deployed WSN, mobile robots

are used as data mules. The main advantages of using data

mules within a WSN are related to reliable communication

and energy consumption issues. The fact that a mobile robot

can move adjacent to the mote/sensor node, ensures that the

quality of the wireless link will be high and that the mote

can reduce its radio transmission power.

The proposed process is extended towards this direction

in order to incorporate a mobile data-mule. The data-mule

carries on-board a wireless sensor node (node-B), attached

to the robot’s controller, operating as the interface between

the static node-A and the data-mule. The concept is applied

between the pair of node-A and the ‘robot node-B’ until the

data is successfully transmitted from node-A to node-B and

stored in the file system of robot’s controller. Then, the base

station, where node-A is serially connected, sends a charac-

ter/message to this node to inform about the completion of

data set transmission. This message delimits the point that

node-A has completed its task as the main transmitter of

data stored in the base station, and henceforth does not hold

any role within the network. Thus, this node informs node-B

by transmitting a defined message and then changes its id,

in order to avoid potential interference, due to the unicast

communication realized within the network.

On the other side, when node-B (connected to the

data mule) receives the last notification from node-A, also

changes its id, because it has to act as the main transmitter

when the data-mule approaches the node to offload the

collected data.Unicast communication is implemented among

the new pair of nodes, as well, where node-A is the node

connected to the data mule and node-B is the node where

the offload of the collected data will take place. Thus,

the proposed technique is entirely revised with objective

the successful transmission of the data set stored in the

controller’s file system to a static node and/or to its serially

connected base station. The nodes’ id changing was adopted

to avoid further complexity in nodes’ software.

III. WSN EXPERIMENTAL DATA TRANSMISSION

A series of tests were realized, in order to evaluate

the proposed process. TelosB motes [10], [11] were used

as stationary nodes in our experiments. These motes are

equipped with a low-power CPU, an IEEE 802.15.4 radio, a

USB interface and several (optional) on-board sensors (tem-

perature, light and humidity). The motes were programmed

using C-language over the Contiki OS. Specifically, Rime

communication stack was implemented with the NullMAC

as MAC layer component and the NullRDC mechanism for

the RDC layer. Moreover, channel 26 within the 2.4 GHz

band (used by the employed CC2420 radio) of the 802.15.4

protocol, was allocated for the internode communication.

A. Data transmission cases
Using these motes, a data set is to be transmitted from

a base station to a serially connected mote (node-A) and

then wirelessly forwarded to the second mote (node-B) and

stored either to its file system or to a serially connected base

station. The overall process follows along the steps outlined

in subsection II-A. Two cases were examined for different

transmission power set to the motes. The data set size and

the data packet payload size (before the sequential packet

number is augmented) are constant and are set to 1 Kbyte

and 100 bytes correspondingly. The time for a successful

transmission and storing of the data set in total is presented

for different internode distances and for the cases examined,

in the sequel.
1) Case 1: In this case the transmission power of nodes

is set to -15 dBm, while the nodes were placed at fixed

locations, 5 cm from the ground, with line-of-sight between

them.
In the results presented in Figure 2, the time values

were computed as the average of the measurements taken

after conducting each test ten times. These values refer to

tests where the data set was successfully transmitted and

stored from node-A to node-B without the need for any

retransmission. For internode distance greater than or equal

to 7 m, a maximum rate 50% of packet loss was observed,

while the maximum number of retransmissions in this worst

test-case was two and the rate of packet loss after the first

retransmission was 10%. Each retransmission sub-process,

implemented as explained in subsection II-A, increases the

time for the completion of the process by 4 seconds.
2) Case 2: In this case the same settings as in Case 1

are used, except from the transmission power that is set to -

25 dBm which corresponds to the lowest transmission power

value for TelosB. The results are presented in Figure 2 until

internode distance of 5 meters, because after this distance, no

data received from node-B. The proposed technique requires

the successful transmission of at least one packet and the

termination message, in order to operate, thus for distance

greater than 5 m, the nodes are out of range and can not

communicate at all. This behaviour was expected due to the

lowest transmission value selection.
Regarding the tests conducted, the first time a pending for

retransmission for node-B was detected at the distance of

2 meters, where the packet loss rate was 18.18%. In this

case, only one retransmission of the missing packets, was

enough to complete the process. The retransmission sub-

process duration was about 4 seconds, as in the previous case,

described above. The maximum packet loss rate was about

27%, where three sequential retransmissions were realized

to complete the process successfully.

B. Data Volume vs. Transmission Time
In this subsection the transmission time for different

data set volumes are presented. Regarding the settings of
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Fig. 2: Internode Distance vs. Transmission Time

this setup, the data packet payload size is 100 bytes, the

transmission power of nodes is set to −25 dBm, the nodes

have been placed at fixed locations, 5 cm from the ground,

with a distance of 50 cm among them and with line-of-sight.

At this distance, there is rarely a need for retransmission,

thus, the results in Figure 3 are referred to the successful

transmission of data set since the first stage of the proposed

technique.
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The transmission time for each data volume, greater than

1 Kbyte, includes: a) the 1Kbyte of data download duration

(3-4 seconds approximately), and b) the duration of the

nodes’ exchanging messages and rebooting afterwards.

IV. DATA-MULE PATH COMPUTATION PROBLEM

A. Combinatorial Optimization Problem Formulation

Let G = (V,E) be an edge-weighted graph with profits

(rewards or scores) on its nodes. The typical optimization

problem assumes: a) a node to be defined as starting node

(source) and a terminal (sink) (also noted as depot), b)

positive time limit (budget) B, and the maximization of a

goal function associated with a route starting and ending at

the depot node with maximum duration B.

The problem can be formulated as an integer programming

problem: Let N be the number of nodes labeled by 1, . . . ,N,

where node 1 is selected as the source and sink node. Let,

also, p j be the profit of visiting node j, ci j be the cost

(traveling time related to Euclidean distance) of traveling

from i to j node and vt j be the visiting/service time at visiting

node j. For every route, if node i is followed by node j, the

variable xi j is set to 1 (otherwise is equal to 0).

With this notation, the data-mule path computation prob-

lem can be formulated as follows :

max
N

∑
i=1

N

∑
j=1

(p j− ci j− vt j)xi j

subject to:

Equalities

N

∑
j=2

x1 j = 1 (1)

N

∑
i=2

xi1 = 1 (2)

N

∑
i=1
i�= j

xi j−
N

∑
k=1
k �= j

x jk = 0, ∀ j = 1, . . . ,N (3)

Inequalities

xi j + x ji ≤ 1, ∀i, j = 1, . . . ,N, i �= j (4)

∑
i∈J

∑
j∈J
j �=i

xi j ≤ |J |−1, ∀subsetsJ ⊆ N, |J | ≥ 2 (5)

N

∑
i=1

xir ≤ 1, ∀r = 2, ...,N (6)

N

∑
j=1

xr j ≤ 1, ∀r = 2, ...,N (7)

N

∑
i=1

N

∑
j=1

i�= j

(ci j + vt j)xi j ≤ B (8)

xi j ∈ {0,1} ∀i, j = 1, ...,N, i �= j, (9)

where the symbol |J | refers to the cardinality of set J .

The objective function is to maximize the collected profit

minus the overall travel cost and the overall visiting time.

Constraints (1) and (2) ensure that the path starts and

ends at node 1 (depot), while constraints (3) are present to

ensure that a visit to node j has a corresponding departure.

Inequality (4) indicates the use of a directed complete graph.

Constraints (5) eliminate possible subset-tours which exclude

the depot. Constraints (6) and (7) ensure that the route

starting and ending at node 1 (depot) is connected, and each

node is visited at most once. Constraint (8) ensures that

the route meets the time budget, and, finally, constraint (9)

describes the binary nature of the decision variables.

The objective function was selected in this form, in order

to compute path that optimizes not only the collected profit

(visiting as more nodes as possible) but also the time/distance

cost of routes and nodes’ visiting time. Moreover, the time

limit (budget) B is related to the mobile element’s energy

issues and indicates its periodical recharging at the base

station (depot). Thus, the total problem could be noted as

a shortest path problem with time and resource constraints.

V. DATA-MULE PATH PLANNING SIMULATION STUDIES

The main component of the data gathering process is the

trajectory planning for the mobile robot that was examined as
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a combinatorial optimization problem in Section IV, where

the main objective is to visit as many static nodes as possible

and receive their data. The fundamental constraints of this

optimization problem are related to the minimum delivery

latency between nodes, the minimum traveling distance for

the mobile node and the energy efficiency of it. Moreover,

the experimental results about the required data transmission

time, presented in Subsection III-B, were introduced to

account for the corresponding visiting time at each static

node of the WSN. The problem is a Mixed-integer linear pro-

gramming problem with its associated constraints (equalities

and inequalities) and was solved using intlinprog function

in Matlab R2016a®. Furthermore, an exact method was

followed in the construction of the algorithm, thus, leading

to optimal solutions.

A trajectory planning for the mobile element was com-

puted by solving the aforementioned problem. Consecutive

trajectories were extracted for the mobile node, in order to

visit all the static nodes deployed in an area and receive their

stored data. These trajectories resulted from a recursive solu-

tion process by solving the optimization problem recursively,

until all the static nodes have been visited.

A series of scenarios were conducted, in order to evaluate

its efficiency. In the scenario presented in Figure 4, seven

static nodes were placed in a 2D-area, with node 1 being

the depot. The communication range of each node is equal

to its sensing range (the node’s sensing area is shown as

a circle centered around the node). Since the network is

disconnected, a mobile data-mule is incorporated in the

WSN, in order to extend its functionality.

Regarding the algorithm’s variables, the same profit p j
was considered for all edges xi j of the graph, except from

these that start or end at the depot, which were set to 0.

The profit is related to the edge xi j that led to this vertex

j. The traveling distances for the mobile node are related

to the Euclidean distances of the edges xi j and, due to

the nature of the problem, are converted to traveling times

by concerning a mobile element traveling with a constant

velocity of 0.2 m/sec; these variables appear as the ci j-

parameters in the problem. The visiting time vt j at each node

j corresponds to the volume of data that each node has to

transmit to the mobile element. The selected data volume

vector is [0,3,8,1,2,4,5] Kbytes, with the corresponding

transmission times derived from the experimental study in

Subsection III-B. Finally, the time limit (budget) B is set to

300 sec and is related to the time for replenishment of the

energy stored in the battery of the mobile robot.

The data-mule’s trajectories after the recursive execution

of the algorithm are presented in Figure 4. The solution

concludes to four routes with respect to the time limit B
and all the static nodes are visited once.

VI. CONCLUSIONS

The utilization of a mobile element as a data mule was

considered in this article. In a WSN, when there is a need

to transmit large volumes of data, the RF-communication

process exhibits significant packet losses and demands signif-

icant energy. Furthermore, data transmission techniques need
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to be devised and implemented that take into account the

need for packet retransmissions. These techniques should re-

sult in efficient schemes with small-in-size executable code,

since they must be embedded in the memory of wireless

nodes. The reliability of the proposed technique for data

transmission was shown by experimental studies. Finally, the

use of a mobile data-mule following trajectories extracted

from an optimization problem, within a WSN, reduces the

transferring time of large amounts of data.
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