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enables multiple service robots to perform cooperative 
tasks intelligently without any explicit programming.

Keywords Uncertainty-based pheromone deposition · 
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1 Introduction

Mobile robots are increasingly being employed for tasks 
like floor cleaning, and surveillance in shopping malls, hos-
pitals, and universities. To serve such large areas, multiple 
robots are often used for efficiency. However, introducing 
multiple robots also introduces the problem of program-
ming the robots to efficiently serve the region. For exam-
ple, if multiple robots are employed for floor cleaning in 
shopping malls or industries, each robot must explicitly be 
programmed to serve a specific area. On the other hand, 
multiple robots serving the same small area will reduce the 
efficiency. The areas to serve in a map may vary with time. 
Moreover, the number of the robots available to serve may 
also be dynamic, in real-world situations, as some of the 
robots may be charging, while some may be out of order. 
In case of robots used for surveillance, a robot may want 
other robot or robots to follow itself while chasing a suspi-
cious person, for backup. This situation is also dynamic in 
terms of availability of robots, selecting the nearest robot 
for quick response, and selecting the same path towards a 
particular area as taken by the previous robot. In both the 
cases, explicitly programming the robots is cumbersome, 
and demands for a simpler scheme to accomplish the task.

The proposed work is inspired by biology where insects 
deposit particular chemicals called as ‘pheromones’ [10] to 
signal other insects of the same species to either attract or 
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go away from a particular resource. In this paper, we term 
chemicals which attract other insects as ‘pheromones’, and 
this signalling mechanism can be found in honeybees, ants, 
wasps, and termites [11]. Ants use pheromones to attract the 
population to food source, and bees to attract the population 
to an empty hive [25]. There are other type of pheromones 
called anti-aphrodisiac pheromones with opposite behaviour, 
i.e. they turn away other insects from a resource. They are 
used to raise alarm and claiming territory. We denote anti-
aphrodisiac pheromones as ‘anti-pheromones’ in this paper.

Previous works on pheromone signalling in robotics 
has been mainly concentrated to mimic the swarm behav-
iour using attractive pheromones [14] with application in 
process control [3], communication [6, 7], and to mimic 
swarm behaviour [17]. Tasks like exploration and surveil-
lance require that multiple robots disperse themselves in 
the region to cover maximum possible area. A multi-agent 
exploration algorithm has been proposed in [4] in which a 
coverage algorithm has been proposed with a pheromone 
barriers. The larger the pheromone value, stronger is the 
barrier for other robots. Similar dispersive behaviours 
which employ repellent virtual pheromones have been 
proposed in [15, 16] to survey a disaster site. Other works 
which uses repelling behaviour of pheromones includes 
[21] which proposes solutions for multi-agent rescue mis-
sion, and [1, 2, 18] for robot surveillance. An extensive 
review of research related to pheromone signalling and 
swarm robotics can be found in [12, 23, 27].

The proposed work incorporates the advantages of both 
the ‘repelling anti-pheromone’ signalling mechanism and 
the ‘attracting pheromone’ mechanism which is presented 
in a hybrid framework. The novel contributions of the pro-
posed work are:

 – Integration of pheromone signalling with EKF Locali-
zation: an integrated algorithm is presented in Sect. 5 
which allows efficient ‘area capture’ and ‘sub-region 
capture’ by robots so that they can work efficiently 
without interruption from other robots (Sect. 4.2). Ser-
vice robots like cleaning robots or patrolling robots 
are expected to work in terms of areas of the map like 
rooms, corridors, and halls, instead of direct spatial 
coordinates like in [4, 5]. Hence, the proposed ‘area 
capture’ and ‘sub-region capture’ translates to efficient 
task distribution in which robots can work without inter-
ruption. Once an area has been captured by a robot, it is 
also efficient in terms of reducing the localization cost 
as explained in Sect. 5.

 – Modelling Robot’s uncertainty in pheromone deposi-
tion: localization is very important for mobile robots 
to ascertain their position in the region. Many previous 
works like [5, 15] assume a perfect robot localization 
which is generally not true as the exteroceptive sen-

sors attached on the robots are prone to errors, and this 
uncertainty needs to be modelled to estimate the state 
of the robot [19, 20]. The proposed work takes into 
account the uncertainty in robot’s position for phero-
mone deposition (Sect. 2). No or less pheromones are 
deposited if the uncertainty in localization is high. On 
the other hand, pheromones are deposited with confi-
dence if the localization is good.

 – Node representation for reduced search space and effi-
ciency: in previous works like [4] or [5], pheromones 
are deposited anywhere in the map. Therefore, the 
search area to find the total pheromones is nearly quad-
ratic (W × H, where W and H are the width and breadth 
of the map, respectively). However, node representa-
tion (described in Sect. 3) drastically reduces the search 
space as pheromones are deposited only across the 
(n) nodes of the map, reducing the search space from 
quadratic (W × H) to linear 2n×−−→mdir, where −−→mdir is the 
maximum number of diverging directions across a node. 
This is also efficient energy-wise as less data needs to 
be transmitted with node representation. Work by [9] 
reports that among sensing, computing, and commu-
nication, a considerable amount of the energy is con-
sumed during communication than computation. More-
over, conflicts (Sect. 5.1) are resolved and obstacles are 
avoided using only local communication. 

We tested the proposed framework in real environment 
with real robots. The results are presented and discussed 
in Sect. 6. To test the robustness of the method in complex 
environment and large robots, we developed a simulation 
software. Both anti-pheromone signalling (Sect. 6.1) and 
pheromone signalling (Sect. 6.2) experiments in real and 
simulated environment are described in detail. Finally, 
Sect. 7 concludes the paper.

2  Pheromone and anti‑pheromone representation

The system architecture (Fig. 1) comprises of multiple 
robots (R1,R2, . . . ,Rn) which are connected to the central 
server, to each other robot, via. a local network. The pro-
posed system uses numerical values to represent chemicals 
as virtual pheromones. The entire map of the environment 
is represented in a (We × He) grid, where We and He repre-
sents the width and height of the environment, respectively. 
A 2D signalling matrix (Ms) of equal dimensions (We × He ) 
which overlaps with the grid map is used as a signalling 
matrix where virtual pheromones can be deposited by the 
robot on any place [(x, y), 0 ≥ x > We, 0 ≥ y > He] of the 
map. Practically, this is achieved by setting the value of the 
appropriate row and column of the matrix (Ms[x][y]) with 
the signalling value. The 2D signalling matrix is stored in 



223Artif Life Robotics (2016) 21:221–231 

1 3

the central server. We represent pheromones and anti-pher-
omones using the notations shown in Table 1. Pheromones 
have positive values in the signalling matrix (Ms[x][y]) rep-
resents a pheromone (Ph) deposited at that location. The 
strength of the attractive force (Fa) is directly proportional 
to the pheromone signal value at a location (x, y).

Anti-Pheromones (Ap) have negative values in the signal-
ling matrix (Ms[x][y]) at a location. The strength of the 
repulsive force (Fr) is directly proportional to the value of 
the anti-pheromone signal value (Ap).

A zero value in signalling matrix represents that the corre-
sponding area has not yet been visited by any of the robots.

We denote the sensor range of the laser range finder used 
in the experiments by zrng. Pheromones can be deposited 
on the top of already existing pheromones at any position q 
(ξq(t)). We utilized a modified pheromone model described 
in [13]. Unlike [13] which uses a fixed number of pheromone 
deposition by a robot, we incorporate a probabilistic model 
in which the amount of pheromone deposition depends upon 
the uncertainty of robot’s state while localizing itself. The 
amount of pheromones or anti-pheromones deposited by the 
ith robot Ri at location q and time t is given by:

(1)Fa ∝ fp(Ph,Ms, x, y)

(2)Fr ∝ fa(Ap,Ms, x, y)

(3)�i
q(t) = (1− ξ(t − 1))� i

q(t)

where (qix, qiy) is the coordinate of the ith robot.  ̺ is a 
non-constant probabilistic factor which controls the 
amount of pheromone deposition at a location based on 
how good has the localization of the robot been achieved, 
and 0 ≤ ̺t ≤ 1 . An integrated pheromone signalling in 
Extended Kalman Filter (EKF) landmark-based locali-
zation is explained in Sect. 5. The algorithm is given in 
Algorithm 1 which estimates the state µt (i.e. position x, y 
and orientation θ ) and the uncertainty associated with 
this state estimation �t, at time t for a robot. The factor ̺t 
depends on this uncertainty as,

In other words, if the localization is good, more phero-
mones are deposited. However, if the robot fails to localize 
itself, less or no pheromones are deposited. � specifies the 
dispersion of the pheromones or anti-pheromones. In the 
presented work, the value of dispersion factor � is chosen 
to affect only a very limited area around the robot’s current 
position. Concretely, if the entire area is divided into micro 
grids of size �x ×�y, factor � is chosen so that maximum 
number of pheromones are deposited in the current grid, 
and only a tiny fraction in the nearby micro-grids which 
are directly touching the current grid. The total phero-
mones are given by,

Pheromones are not fixed and evaporate with time. The rate 
of evaporation of pheromones is given by ρ, and the total 
amount of pheromones evaporated at position q and time t 
is given by the function,

Considering the evaporation of pheromones, the total pher-
omones on position q at time t is,

The pheromones are only deposited on the side of 
‘nodes’ which are described in the next section. This is 
unlike the traditional methods of pheromone deposition 
in which the pheromones can be deposited anywhere in 
the map.

� i
q(t) =







̺te

(qix − qx)
2 + (qiy − qy)

2

�2 if qx ∈ zrng
0 otherwise

,

(4)̺t ∝
1

�t

.

(5)�q = �(qx, qy) =

1
∑

i=−1

1
∑

j=−1

�(qx+j, qy+i)(t).

(6)�(t) = ρξq(t)

(7)

ξq(t) = (ξq(t − 1)−�q(t − 1))

+
1
∑

i=−1

1
∑

j=−1

�(qx+j, qy+i)(t)

Fig. 1  System architecture

Table 1  Signal notation and behaviour

Signal Value Force

Pheromone +ve number Attractive

Anti-Pheromone −ve number Repulsive

None Zero Empty
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3  Node representation of path

The spatial environment is shown in Fig. 2a, and is 
divided into several sub-regions represented by letters 
(A1,A2,A3 . . .). The pathways to different sections of the 
map are represented in the form of a graph with nodes.

A node is shown in Fig. 2b. It comprises one or more 
vectors (links) diverging from the centre towards the pas-
sages of the map. Figure 2b shows four such vectors 
diverging from the node. A robot deposits anti-pheromones 
on the diverging vectors while it traverses them. There are 
two types of nodes: (a) Terminal Nodes: which represent 
the terminal pathways of the map shown in red colour in 
Fig. 2b. Robots deposit a negative infinity value on the ter-
minal nodes when it traverses it. (b) Intermediate Nodes: 
which are not terminal.

4  Anti‑pheromone mechanism for map 
exploration

4.1  Path selection

Initially, the signalling matrix is set to zero, representing 
no pheromones. The initial position of the robots could 
be anywhere in the map, and they are not assumed to start 

from the same location. Figure 3a shows the initial state 
of the nodes of the map with two robots R1 and R2. When 
robot R1 encounters node N1 which has 3 diverging vectors, 
it calculates from the signalling matrix (Ms) that none of 
the three diverging paths have been traversed by any of the 
other robots. Path selection of R1 is according to the follow-
ing objective function:

The function g(Ni) takes a node value Ni and returns a dic-
tionary containing pairs of the vector path and pheromone 
values deposited on the diverging vectors of that node, as 
key-value pairs ({key : value}). Then, a path representing 
the maximum pheromone value is chosen. In case of N1, 
since there are no pheromones deposited by any of the pre-
vious robots, all the three diverging paths have pheromone 
count of zero. In case of same pheromone count, a random 
path is selected out of the paths returned by the function g. 
Hence, robot R1 takes a random path 

−→
N1c, and deposits an 

anti-pheromone by decreasing the current value over 
−→
N1c 

by 1.
For robot R2 which initially followed robot R1, the con-

dition is different at node N1. Since, path 
−→
N1c is already 

taken, a random path 
−→
N1b is selected between 

−→
N1b and 

−→
N1a, as both of them have the same maximum pheromone 

(8)
path = maxPh(g(Ni))

= maxPh({
−→
Nia : 0}, {

−→
Nib : 0}, {

−→
Nic : 0})
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Fig. 2  Sub-mapping, node representation, and actual environment. a 
Map divided into sub-regions to serve with nodes along passages, b 
Node (green) with four diverging vectors and anti-pheromone values, 

and a terminal node (red), c Actual environment, d Robots exploring 
the map (colour figure online)
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Fig. 3  Anti-pheromone deposition. a Initial condition with no anti-
pheromones on nodes, b Robots R1 and R2 depositing anti-phero-
mones on nodes, c A particular node state in future with −∞ values 

on terminal nodes. d,e Division into sub-regions. d Entire sub-region 
blocking, e Division of a sub-region further into sub-blocks
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count. R2 deposits anti-pheromone and proceeds as shown 
in Fig. 3b. If a robot Ri takes a path and it encounters a 
dead-end, it deposits an extremely large value of anti-pher-
omones (−∞) on that side of the node. The path selection 
objective function makes sure that paths with larger anti-
pheromone values are not prioritized. This mechanism 
checks that paths leading to terminal points of the map 
(
−→
N2e , 

−→
N2f ) which have already been selected by other 

robots as shown in Fig. 3c are not selected by other robots.
Similarly, other robots keep on exploring the map by 

taking the maximum of the anti-pheromone values depos-
ited across the nodes. Since the anti-pheromones have 
negative values, the overall result is that the robots take the 
paths which have not been visited, or which have been least 
visited. Notice that this is opposite to that of pheromone 
trailing mechanism in ants and other biological species, in 
which, ants keeps depositing pheromones and other ants 
follow them, ultimately optimizing their path towards the 
food source. However, anti-pheromone mechanism makes 
sure that robots take as much of diversified paths as pos-
sible, and do not just follow each other whenever possible. 
This is desired for tasks like cleaning and patrolling where 
robots must explore diverse areas of the map.

4.2  Area capturing and area selection

This section discusses area capturing and area selection by 
robots.

4.2.1  Sub‑region selection and capture

At the start of the job (Ms ≡ 0), each robot Ri moves to 
its nearest possible region in the map. The path from the 
current location of the robot to the nearest region is calcu-
lated by A∗ algorithm [8] or D∗ algorithm [22]. Multiple 
robots starting from the same location of the map approach 
the same nearest area. However, this is controlled via. the 
node mechanism explained in Sect. 4.1. The first robot to 
approach the nearest area would deposit an anti-pheromone 
over the node, which would force other robots to explore 
different areas of the map. Once a robot enters the nearest 
sub-block, it deposits an anti-pheromone on the sub-block, 
which is achieved by altering the values of the signalling 
matrix to (−1) which represents the sub-region. This fur-
ther prevents obstruction by other robots to enter the same 
sub-block. The sub-area is, in other words, ‘captured’ by 
the robot, and robot can perform its task (say cleaning) 
inside the sub-block. After finishing the job in the sub-
block, the robot moves to the next nearest sub-block with 

the maximum anti-pheromone value, which is given by the 
following objective function,

The objective function ensures that the next target of the 
robot is the nearest sub-area of the map which has not yet 
been captured by other robots. Such a scheme is depicted 
in Fig. 3d.

4.2.2  Region blocking and capture

If the sub-area of the maps are large enough, they are fur-
ther divided into sub-blocks. In this case, the robot does not 
‘capture’ the entire sub-region but only a particular block 
of it. This is achieved in the same way by decreasing the 
values of the signalling matrix representing that particular 
block. However, sub-blocking would be inefficient if the 
area is too small. Sub-blocking is performed by taking the 
dimensions and capabilities of the robots, and dimensions 
of the sub-region. A blocked approach is shown in Fig. 3e. 
The areas in red are the sub-block of the sub-regions 
which have been captured and anti-pheromones deposited, 
whereas the blue areas represent the ‘un-captured’ sub-
regions and sub-blocks which are yet to be explored.

4.3  Pheromone mechanism

There are scenarios where a robot would like to ‘attract’ 
other robots in a region for collaborative task completion. 
In such situations, the robot must relinquish the ‘captured’ 
sub-region. This is achieved by depositing a pheromone 
with a large positive value for the respective region of the 
2D signalling matrix. Regions with positive values are 
more attractive to the robots according to Eq. 9. For exam-
ple, a surveillance robot chasing a target person would like 
other robots to follow it for backup. In that case, the sur-
veillance robot would keep on depositing positive phero-
mones across all the traversed nodes. A positive pheromone 
value would attract other robots to follow the same path, 
according to Eq. 8.

Thus, a robot traverses nodes and visits regions of map, 
both of which have pheromones or anti-pheromones (or 
none) deposited. The net force for a robot to travel from 
one point to other via nodes to explore the map is given 
by,

(9)target = max
Ph

(

h(map, current position)
)

(10)max
Ph

(

g(Ni) · h(map, current position)
)

.
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5  Integration of pheromone signalling 
with landmark‑based EKF localization

Service robots must accurately localize themselves in the 
map which is an integral part of Simultaneous Localiza-
tion and Mapping (SLAM) [24]. Extended Kalman Filter 
(EKF) [24] has been a de-facto standard for robot localiza-
tion technique. EKF is fundamentally based on Bayes fil-
ter, in which, the state of the robot (xt) and the environment 
are expressed through conditional probability distributions. 
Bayes filter applies two successive rules of prediction and 
update to determine the system state. With control ut at 
time t, the predicted belief bel(xt) is calculated just before, 

and corrected belief bel(xt) is calculated just after the sen-
sor observation (zt), respectively, as,

EKF handles the linearity assumption using Jacobians and 
Taylor expansion, and assumes a Gaussian noise distribu-
tion. As shown in Algorithm 1, Gt and Vt are Jacobians of 
motion function with respect to state and control, respec-
tively, where ωt is the angular velocity of the robot. Control 
noise and measurement noise are expressed as covariance 
matrices Mt and Qt, respectively. Similarly, the predicted 
and corrected robot state, and the covariances associated 

(11)
(Predict) bel(xt) = P(xt|z1:t−1, u1:t)

(Update) bel(xt) = P(xt|z1:t , u1:t).

Algorithm 1 Landmark based EKF localization with integration of pheromone signalling
1: procedure EKF pheromone localization(µt−1, Σt−1, ut, zt,m)
2: θ ← µt−1,θ

3: Gt ←

[1 0 − vt

ωt
cosθ + vt

ωt
cos(θ + ωt∆t)

0 1 − vt

ωt
sinθ + vt

ωt
sin(θ + ωt∆t)

0 0 1

]

� Jacobian of motion-function w.r.t state

4: Vt ←





−sinθ+sin(θ+ωt∆t)
ωt

vt(sinθ−sin(θ+ωt∆t))
ω2

t

+ vt(cos(θ+ωt∆t)∆t)
ωt

cosθ−cos(θ+ωt∆t)
ωt

−vt(cosθ−cos(θ+ωt∆t))
ω2

t

+ vt(sin(θ+ωt∆t)∆t)
ωt

0 ∆t



 � Jacobian of motion w.r.t control

5: Mt ←
[

α1v2t + α2ω2
t 0

0 α3v2t + α4ω2
t

]

� Covariance matrix of noise in control space

6: µ̄t ← µt−1 +





−vt

ωt
sinθ + vt

ωt
sin(θ + ωt∆t)

vt

ωt
cosθ − vt

ωt
cos(θ + ωt∆t)

ωt∆t



 � Predicted belief

7: Σ̄t ← GtΣt−1Gt + VtMtV T
t � Predicted covariance

8: Qt ←

[

σ2
r 0 0
0 σ2

φ 0
0 0 σ2

s

]

� Covariance matrix of measurement noise

9: for observation zit ← (ritφ
i
ts

i
t)

T do � For every observation
10: if Area captured by robot then � If this robot has captured an area
11: Lset ← l (Ac, m) � Lset contains only landmarks of robot’s captured area Ac of map m
12: else
13: Lset ← l (Ai, m)− l (Ac, m) � Lset contains only landmarks of free areas of map m
14: end if
15: for all landmarks k in set Lset do
16: q ← (mk,x − µ̄t,x)2 + (mk,y − µ̄t,y)2

17: ẑtk ←

[ √
q

atan2(mk,y − µ̄t,y,mk,x − µ̄t,x)− µ̄t,θ

mk,s

]

� Predicted Measurement























































maximum likelihood
check for only
appropriate landmarks
and not all

18: Hk
t ←





−mk,x−µ̄t,x√
q

−mk,y−µ̄t,y√
q

0
mk,y−µ̄t,y

q
−mk,x−µ̄t,x

q
−1

0 0 0



 � Jacobian of measurement-function w.r.t state

19: Sk
t ← Hk

t Σ̄t[Hk
t ]

T +Qt � Uncertainty corresponding to ẑt
20: end for
21: j(i) ← argmax 1√

det(2πSk
t
)
e−

1
2
(zi

t
−ẑk

t
)T [Sk

t
]−1(zi

t
−ẑk

t
)

22: Ki
t ← Σ̄t[H

j(i)
t ]T [Sj(i)

t ]−1 � Kalman gain
23: µ̄t ← µ̄t +Ki

t(z
i
t − ẑ

j(i)
t ) � Correct belief

24: Σ̄t ← (I −Ki
tH

j(i)
t )Σ̄t � Correct covariance

25: end for
26: µt ← µ̄t � Updated belief
27: Σt ← Σ̄t � Updated covariance

return µt, Σt

28: end procedure
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with them are expressed as µ̄t, µt, �̄t, and �t, respectively. 
In traditional EKF, whenever a robot encounters a land-
mark, it compares it with all the registered landmarks for 
localization [24]. However, the proposed algorithm inte-
grates the pheromone mechanism and the maximum likeli-
hood check for an encountered landmark is done only with 
appropriate landmarks and not all. This is shown between 
lines 9 and 20 of Algorithm 1. An area Ai of a map has a 
set of landmarks represented by LMi given by a function 
l (Ai) . The total area (A) and the total number of landmarks 
in the map (LM) are, therefore,

A robot Ri which captured the area Ai with a set of landmarks 
LMi, checks only the landmarks give by l (Ai), and not the 
entire set of landmarks. The robot can omit comparing the 
measured landmarks against registered landmarks that belong 
to other areas which have been captured or not, improving 
EKF landmark matching by a factor of η1 given by Eq. (13).

Similarly, robots which have not yet captured any region 
may omit comparing the measured landmark against the 
set of all landmarks which belong to regions which have 
been captured by other robots. If Ac represents the set of all 
areas which have already been captured, improving EKF 
landmark matching by a factor of η2,

5.1  Collision avoidance and resolving conflict 
amongst robots

Region blocking and capture explained in Sect. 4.2, allows a 
large area to be divided into sub-regions. Different robots can 
serve each sub-region without interfering with the work of 
other robots which have other sub-regions to work on. How-
ever, if the region is too small, and only a single robot is suffi-
cient enough to serve it, there might arise a situation in which 
two robots try to capture the same region, and conflict needs 
to be resolved in such situations. In the proposed work, the 
conflict is resolved by local communication explained below.

(12)A =

∫

i

Ai, LM =

∫

i

l(Ai)

(13)η1 =

∫

i
l (Ai)

l (Ai)
, η2 =

∫

i
l (Ai)

∫

i
l (Ai) −

∫

c
l (Ac)

.

As explained in the system architecture, the robots can 
communicate with the server and also amongst themselves. 
At the start of the task, each robot (Ri) is given a task-id 
(Ti), and priority (Pi). The robots also keeps a track of 
the available battery power (Bi), total areas captured (Ci), 
and sensor specifications. When two or more robots try to 
capture an area, they exchange messages in JSON format 
which comprises of these parameters. A sample JSON mes-
sage is shown in Listing 1.

The robot with the highest priority gets access to the 
area. If the priorities are equal, the battery power is consid-
ered, and the robot with sufficient power to serve the area 
gets prioritized. This is followed by checking Ci which is 
an indication of the total number of areas already served by 
the robot. The robot with lower Ci value gets prioritized as 
it has served lesser areas. After that, robot specifications are 
checked, and the robot with better specifications get prior-
itized. In the worst case, if all the values are same, robot 
with smaller id is prioritized. Notice that, which parameter 
is prioritized is not a study of this paper and other conflict 
resolving schemes can also be applied in the proposed 
framework as robots can communicate with each other.

Robots rely on attached sensors for local obstacle 
avoidance. Notice that in many previous works related 
to virtual pheromones, once a robot has avoided static 
obstacles like chairs, or boxes, other robots can follow 
the pheromone trail left out by the previous robot. Thus, 
robots can save computation related to obstacle avoidance 
at the cost of frequent communication with the server to 
keep a track of pheromones. However, in the proposed 
scheme, since the pheromones are deposited only on the 
nodes, each robot needs to perform obstacle avoidance 
using local sensors. However, it is efficient in terms of 
communication.

6  Results and discussion

This section discusses the results of the experiments per-
formed using the proposed mechanism. We performed 
experiments in real environment with robots, and simula-
tion with large number of robots to test the robustness of 
the proposed scheme. Figure 4a shows the map of the envi-
ronment (Fig. 2d) of the passage around our laboratory 
used in the experiment. Figure 4b shows the actual 2D grid 
map of the environment constructed using Lidar sensor. 
The approximate length of the environment is about 25 m 
and width is about 5 m. The environment has been over-
laid with green and yellow blocks to mark out the target 
regions for the robot to serve. The green regions have been 
labelled A, B, C, D, and E. They are the regions where ser-
vice robots must perform cleaning or patrolling. The yel-
low region marks the docking point and starting location of 
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all the mobile robots. Figure 4b also shows the nodes along 
the passage which have been marked as n1, n2, . . . , n14. The 
terminal nodes are shown in red, whereas the non-terminal 
ones are shown in green, and the links in white.

Two experiments were performed to test the proposed 
signalling mechanisms of anti-pheromones, and phero-
mones, in the environment shown in Fig. 4a. The robots 
(shown in Fig. 2e) used in the experiment were: (1) Pioneer 
P3-DX equipped with URG 04LX laser range sensor, and 
(2) Kobuki’s Turtlebot which is equipped with Microsoft 
Kinect sensor. The robots were programmed and controlled 
using the Robot Operating System (ROS), and could per-
form inter-node communication between the robots and 
the server. The central server comprised of 64 bit Ubuntu 
14.04 operating system. The map of the environment 
(Fig. 4b) was pre-built and was made available to all the 
robots. Apart from tests in real environment with two real 
robots, we also performed simulated tests with three, and 
four robots, to test the robustness of the proposed method. 
The service regions in ascending order of distance separa-
tion from the docking station are: B, C, A, D, E. In other 
words, service region B is nearest to the docking station, 
and region E is farthest from the docking station, in that 
order. All the service regions have approximately the same 
area, except area A which is twice the size of B. Since, 
Pioneer 3DX and Turtlebot used in the experiment are not 
actual cleaning robots, they were programmed to manoeu-
vre the captured region for a specific work time (Tw).

6.1  Anti‑pheromone experiment

In case of two robots (R1 and R2), they start from the dock-
ing station and R1 proceeds towards the nearest region B, 
through nodes n6 and n5 depositing anti-pheromones on 
them. R2 proceeds and encounters node n6, where it finds 
an anti-pheromone deposited on the left vector, and takes 
a right turn towards region C, depositing anti-pheromones. 
Both the robots capture the regions by depositing anti-
pheromones. After Tw time, R1 finishes the task and moves 
towards the nearest region A which has no pheromones. 
Similarly, R2 moves towards D. R1 takes twice the time 
to serve area A. In addition, region E is nearest to R2 and 
hence R2 moves to serve region E. The movements of the 
robots in specific times is given in Table 2. Table 2 also 
shows the area captured by robots in case of three, and four 
robots. Figure 5a shows the final status of the deposition of 
anti-pheromones on the nodes.

Figure 4c shows the time taken by robots to serve the 
areas shown in Fig. 4b with varying number of robots using 
anti-pheromone signalling and shortest path with con-
flict resolve method. In simulation, the robots were pro-
grammed to serve the nearest area through a path which 
was calculated by A∗ algorithm [8]. It can be seen that 
anti-pheromone signalling mechanism takes much less 
time to complete the task and outperforms the conven-
tional shortest path method. In the conventional shortest 
paths method, the robots are governed only by the shortest 

Table 2  Table showing sub-
regions captured by robots at 
particular times

#Robots Two Robots Three Robots Four Robots

Area A B C D E A B C D E A B C D E

Tw1 – R1 R2 – – R3 R1 R2 – – R3 R1 R2 R4 –

Tw2 R1 – – R2 – R3 – – R1 R2 – – – – R4

Tw3 R1 – – – R2 – – – – – – – – – –
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Fig. 4  Test environment. a Environment’s grid map, b Service 
regions (green) from A to E, and docking station (orange), along 
with passage showing nodes. c Comparison of time taken by robots 

by anti-pheromone signalling and shortest path method with conflict 
resolve (colour figure online)
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distance mechanism, and multiple robots end up in the 
same region. Thereafter, conflict needs to be resolved as to 
which robot will serve (clean) the area and a lot of time 
is spent in resolving this conflict. Whereas, the anti-phero-
mone signalling mechanism prevents multiple robots in the 
same regions (by region capture) and directs the robots to 
the least traversed paths. It can be seen from Fig. 4c that in 
case of four robots, time taken to complete the task in con-
ventional shortest path method is almost similar to the time 
required by two robots with anti-pheromone signalling 
mechanism. This is because, without region capture, mul-
tiple robots end up in the same regions and more time is 
spent in resolving the conflicts between the robots. Figure 6 
shows the improvement in landmark matching using the 
signalling mechanism with varying number of landmarks 
for area captured and un-captured case. Figure 6 reflects 
data with 40 % of total landmarks captured (hence, 60 % 
un-captured), and 1.65 ms required for matching single 
landmark.

We build a simulation framework which can load com-
plex maps, and test the proposed method with large number 
of robots. A snapshot of the simulation is shown in Fig. 7a, 
which shows the map of the simulation environment, sig-
nalling matrix, area capture matrix, skeleton path in red, 
and eight cleaning robots (marked R1 to R8). None of the 
robots is explicitly programmed to explore a particular 
area. Instead, they explore the environment using the pro-
posed anti-pheromone signalling on nodes. There are eight 
regions in the loaded map which are same as the number 
of robots. The skeleton map was generated using the tech-
nique of skeletonization proposed in [26]. One robot is suf-
ficient to clean each of the regions except region C which 
requires two robots. Sub-region division is enabled by set-
ting the value of maximum robots in the region (Max-R) 
to 2, as shown in Fig. 7a. Initially, none of the regions are 
captured as shown in Fig. 7a. Figure 7b shows the situation 
at 19 s of simulation, at which regions A and D have been 

captured by robots R1 and R2 as shown in the area capture 
matrix. The captured marks have been indicated by a trian-
gle (�) . The corresponding pheromone values in the signal-
ling matrix are indicated by the letter ‘c’ which is a large 
value of anti-pheromone, to capture the region. Similarly, 
‘-inf’ indicates an infinite value in the signalling matrix, 
which is an indication of dead-ends in the map. In the 
loaded map, only four directions across a node (up, down, 
left, and right) have been considered but can easily be 
extended. The colours of the anti-pheromones have no sig-
nificance and are only shown to clearly indicate the respec-
tive robot which deposited it. It is assumed that robots can 
localize well in the environment. Consider Fig. 7c which 
shows the state of the robots at time 30 s. It can be seen 
that the robot R6 takes a right turn at node n1 by travel-
ling towards a value of lower anti-pheromones (node 
n1 has −∞ on left, and −c in the up direction as region 
is captured). Similarly, robot R5 moves towards node n6. 
Figure 7d shows the final configuration of the simulation 
in which all the robots have captured the areas correctly, 
and started cleaning. Tables 3 and 4, respectively, show the 
final configuration of pheromone matrix, and area capture 
matrix in simulation.

6.2  Pheromone experiment

To test the (+ve) pheromone mechanism, R1 was instructed 
to go to region E depositing pheromones across nodes. 
Robot R2 was not given any instructions, but just started after 
R1 . According to the pheromone mechanism explained in 
Sect. 4.3, R2 successfully followed R1 sensing pheromones on 

(a)

(b)

Fig. 5  Final node configuration. a Final node configuration in anti-
pheromone experiment with anti-pheromones shown in red, b Final 
node configuration in pheromone experiment with pheromones 
shown in blue (colour figure online)
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nodes, without any explicit instructions. This confirmed pher-
omone signalling for tasks like robot surveillance where a 
robot may need other robots to follow it for backup. Figure 5b 
shows the final configuration of nodes with pheromones.

7  Conclusion

This paper proposed a hybrid pheromone and anti-pher-
omone signalling mechanism for map exploration by 
multiple service robots. The hybrid mechanism involves 

Fig. 7  Simulation of map exploration using the proposed method 
with 8 robots. Map is shown with skeleton path, signalling matrix, 
area capture matrix and robots marked from numbers 1 to 8. a At 
time = 7 s, b At time = 19 s. Regions A and D are captured by robots 

R1 and R2. c At time = 30 s. Regions A, D, and B are captured by 
robots R1, R2, and R3, respectively. d At time = 49 s. The entire area 
has been explored and captured

Table 3  Table showing final configuration of pheromone matrix in 
simulation of Fig. 7

Node Up Down Left Right

n1 −1,c −1 −∞ −7

n2 NA −1,c −7 −6

n3 −1,c NA −6 −5

n4 −∞ −1 −5 −4

n5 −1 −∞ −1,c NA

n6 NA −1,c −4 −3

n7 NA −1,c −3 −2

n8 −1,c NA −2 −∞

Table 4  Table showing final area capture matrix in simulation of 
Fig. 7

Area Captured (Y/N) Max Robots

A Y (R1) 1

B Y (R3) 1

C Y (R7,R8) 2

D Y (R2) 1

E Y (R4) 1

F Y (R5) 1

G Y (R6) 1
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anti-pheromones which repel robots across diverse por-
tions of map, whereas pheromones attract robots to particu-
lar regions. A novel pheromone deposition scheme which 
takes the uncertainty of the robot’s localization is proposed. 
Unlike many previously proposed techniques which use a 
constant model for pheromone deposition, in this work, the 
amount of pheromone deposition depends on how well is 
the robot able to estimate its position from the sensors in 
the map. This ensures that pheromones are not deposited on 
unwanted locations if localization fails. The paper proposed 
a node representation of the map where robots deposit 
pheromones. This reduces the search space for signalling 
matrix and is communication efficient. The proposed sig-
nalling mechanism is integrated with EKF localization and 
an algorithm is presented. This integration allows robots 
to capture areas of sub-areas of the map which enables the 
robot to work without interference from other robots. The 
paper also discussed how localization itself improves with 
the integrated pheromone signalling. Robots rely on local 
communication to resolve conflicts. The proposed method is 
presented in both simulated and real environment with vari-
able number of robots. Results with both anti-pheromone 
and pheromone signalling show that the proposed mecha-
nism can be effectively used to explore the map using multi-
ple robots, for tasks which require diverse map exploration, 
or collaborative performance, without any explicit program-
ming. In future, we plan to extend the work by incorporat-
ing fuzziness of work done by robots, into the system.
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