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Abstract: The field of Robotics is ever growing at the same time as posing enormous challenges.
Numerous works has been done in biologically inspired robotics emulating models, systems and
elements of nature for the purpose of solving traditional robotics problems. Chromatic behaviours are
abundant in nature across a variety of living species to achieve camouflage, signaling, and temperature
regulation. The ability of these creatures to successfully blend in with their environment and
communicate by changing their colour is the fundamental inspiration for our research work. In this
paper, we present dwarf chameleon inspired chromatic behaviour in the context of an autonomous
surveillance robot, “PACHONDHI”". In our experiments, we successfully validated the ability of the
robot to autonomously change its colour in relation to the terrain that it is traversing for maximizing
detectability to friendly security agents and minimizing exposure to hostile agents, as well as to
communicate with fellow cooperating robots.
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1. Introduction

The key for all the complex human problems is hiding in nature and we have to unearth it. If we
traverse through the journey of natural evolution, we can come across plenty of evidence to the fact
that living creatures have developed strong adaptive mechanisms and processes over millions of years,
which offers a lot of potential for imitation into artificial models, systems and processes to solve our
human problems. The enormous growth of a bio-inspired robotic field in recent times, is due to the
technological inspiration it has acquired from the biological arena.

Robotic researchers were inspired by animal species such as huntsman spiders [1], dogs [2] and
snakes [3]. As a result, highly efficient mechanisms, locomotion control sensing and autonomous
behavioural strategies have arrived. The Cerebrunnus rechenburgi spider is mimicked [4] by
a reconfigurable quadruped robot mechanism and a new energy based control approach has been
presented which can crawl, roll and transform between the two states. For the purpose of evaluating
control principles extracted from the cockroach, the design and simulation of a cockroach inspired
hexapod robot is presented in [5]. The cockroach was chosen due to its remarkable running and
climbing capabilities, and the widely available information on its biomechanics and control. Another
study [6] presents a spinal cord model and its synthesis in an amphibious salamander inspired robot
demonstrating how a primitive neural circuit used for swimming locomotion can be extended by
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phylogenetically more recent limb oscillatory centres to explain the ability of salamanders to switch
between swimming and walking. A cricket, like a jumping mini robot, with a concept and design
of a novel artificial hair receptor for the bio inspired sensing system of micro intelligent robots,
is presented in [7]. The concept is derived from the natural hair receptor of animals, also known as
cilium or filiform hair by several researchers, which is generally used as a vibration receptor or a flow
detector by insects, mammals and fishes. A multi-robot architecture based on wolf packs is studied
under different formations during pray hunting and predator avoidance is presented in [8]. The model
has been developed and tested using the neural simulation language/abstract simulation language
(NSL/ASL), mobile internet robotics (MIRO) systems and Sony artificial intelligence robot (AIBO)
robots. In [9] the use of a biological behaviour found in many spices of birds to form lek is explored
to guide the creation of groups of robots. As it demonstrates a group of individual entities forming
around a scarce resource, it provides a sound basis for multi-robot formation.

Chromatism in living species, a process in which a species changes its body colour serves a wide
range of purposes (viz); camouflage [10], an animal changes its colour to that of the environment;
signaling [11], bodily colours are used for communicating information such as warning, sexual
status and social interactions; and physical protection [12], an animal changes its bodily colour to
safeguard itself from a harm due to an environmental or internal biological process. Cattle fish [13]
realize dynamic camouflage by quickly acquiring visual information from the environment and
neurally synthesizing appropriate skin colourations, Australian crab spiders [14] catch pollinating
insects, such as honey bees on flowers, and can change their body colour between yellow and
white. Many Chameleons, panther chameleons [15] in particular, have the ability to realize
complex and dynamic colour changes during social interactions such as male contests or courtship.
Male grasshoppers of the Kosciuscolatraistis species [16] in the Australian Alps immediately change
from being dark that is almost black at low temperature, to a bright sky blue colour when exposed to
warmth, which is a remarkable thermochromatic characteristic. The lizard, Anolis carolinensis [17],
responds instantly to the colour of the environment by changing its skin colour to a bright green
in the light and dark brown in the dark coloured environment. This change in colour involves
Melanophore stimulating hormone from the pituitary gland. The Brachyurid species [18] have various
colouration patterns that fluctuate among individuals due to behavioural interactions or a changing
environment. In the fiddler crab, Ucapugilator, the historical notion is that colour change is regulated
by circadian rhythms.

Synthesizing chromatic behaviour in robots remains as an untouched field for a longtime. A simple
micro fluidic network that can change the colour, contrast, pattern, apparent shape, luminescence and
surface temperature of soft machines for camouflage and display is studied in [19]. In [20], synthesis of
facial colour expression using red Electro Luminance (EL) sheets for a humanoid robot heed to mimic
social communication among humans is discussed. A novel system is proposed in [21] which expresses
emotions for a robot by effectively changing the colour luminosity of its body using an LED luminous
device. We elaborate in this paper, chromatic behaviours inspired from dwarf chameleons in the context
of an autonomous surveillance robot, “PACHONDHI". The fact that this species can demonstrate its
colour change response in relation to specific predators with varying visual capabilities, in addition to
the colour of the terrain, has driven us to mimic dwarf chameleons. The ability of our developed robot
to autonomously tailor the colour change in relation to the terrain in response to a pre-defined set of
stimuli (viz) conspecifics and predators is established successfully in our experiments.

The espionages in urban areas are risky and tricky, particularly when entering buildings where
no prior intelligence information is available. Current espionage missions involve sending out security
personnel to specific locations, the use of fixed sensors and more recently the use of autonomous
robotic vehicles to procure information. Equipped with imagery and maps of outdoor and indoor
areas, a robot could autonomously estimate threat level, number of hostile agents and victims; conduct
activity monitoring; track threats; and predict safer routes before human personnel could enter,
avoiding any direct risk to humans [22]. We are, in our present research, attempting to expand the
camoulflaging capabilities of these robots, building upon our earlier work [23]. The capability of
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a surveillance robot to camouflage itself while on a mission and highlight its presence when being
recovered—a characteristic that is critical for such security platforms—is established in the proposed
design. Synthesizing chromatic behaviours in robots faces several challenges, such as the development
of efficient approaches to colour generation, seamless integration of the same into a mobile robotic
platform and the non-trivial process of implementing terrain and object recognition that acts as a trigger
for the colour change.

A bag of visual words generated from speeded up robust features with a support vector machine
classifier is used to achieve recognition of an object of interest whereas the terrain classification is
achieved using a blob based detection algorithm. All these aspects are elaborated upon in this paper,
concluding with experimental results using our “PACHONDHI” prototype fabricated in house with
a minimum amount of off-the-shelf parts. The rest of this paper is structured as follows.

Section 2 presents a discussion about chromatic behaviours in dwarf chameleons and an extracted
model for application in our robotic platform. The robotic architecture, “PACHONDHI”, used for
synthesizing and experimenting with the autonomous chromatic behaviours, inspired by the dwarf
chameleon, is discussed in Section 3. Experiments and results validating the proposed research
approach are described in Section 4. Finally, Section 5 concludes this study and discusses future scope.

2. Methods

Chromatic Behaviours in the Dwarf Chameleon

The chromatic behaviour in dwarf chameleons is the center of bio-inspirations on which this
work is constructed. They are capable of changing their skin colouration and pattern through fusion
of pink, blue, red, orange, green, light blue, turquoise, purple, brown and black [24]. By varying the
wavelength of the light reflected off the guanine crystals that are present beneath a superficial layer
under their skin, this colouration is synthesized [25]. The common reasons for the skin colouration in
chameleons are the social signaling, camouflaging and temperature regulation. They often generate
brighter colours when expressing aggressive behaviours and darker colours when they retreat or
escape from a threat. This dwarf chameleon is native to the Cape Town region of the Western Cape
Province in South Africa. The adult dwarf chameleon will grow over 15 cm in length including their tail.
They are capable of rapid and significant skin colouration, saturation and pattern changes in response
to physiological conditions and intentions. Several species of chameleons, and panther chameleons
in particular, can rapidly change colour during social interactions. It was recently demonstrated that
these colour changes are caused by the active tuning of lattice of intracellular guanine nanocrystals in
specialized dermal cells called iridophores [26].

It is discussed in [27] whether dwarf chameleons show varying chromatic behaviours through
colour change in response to multiple predators that use different perception mechanisms (snake and
bird) to target prays. This study found that dwarf chameleons exhibited colour change behaviours
in response to both predators taking on a brighter achromatically contrast colour in the presence
of a snake compared to the bird, and also across a geographical context, background colouration
and habitat morphologies. Further, they are also associated [28] with the use of colour change for
social communication including male contests and courtships. They will maximize detectability
to conspecifics while minimizing exposure to predators and this behaviour forms the centerpiece
of our bio-inspiration model presented in this paper. The chromatic behaviour in the dwarf
chameleon mainly involves eleven states: Roam, Classify_Species, Colour_Change_Contrast,
Colour_Change_Camouflage, Approach, Colour_Change_Communicate, Classify_Intent, Pursue,
Retreat, Hiding and Observe, as listed below as well as shown in Figure 1.

(@) Roam: It roams around looking for other species; if detected, “Species_Detected” condition is
triggered to enable the “Classify_Species” state.

(b) Classify_Species: It classifies the detected species into either conspecifics or specific type of
predators (Type I_Predator or Type II_Predator). If conspecifics “Recognized” condition is



Robotics 2016, 5, 20 4 0f 15

(©)

(e

(®)

(8)

(h)

()

(k)

triggered, the chameleon enables the “Approach” state to move immediately towards the
conspecifics to attract attention. If “Type I_Predator recognized” is activated, then the chameleon
switches to “Change_Colour_Camouflage” state. If “Type II_Predator recognized” is activated,
then the chameleon switches to “Colour_Change_Contrast” state. At this juncture, another
possibility is the activation of the “Species_Lost” condition which leads back to the “Roam” state.
Approach: The chameleon starts approaching the conspecific to gain attention. If the
“Conspecifics_Attention_Gained” condition is activated, then the Colour_Change_Communicate
state is enabled whereas if the Conspecific_Uncertain is activated, then the chameleon switches
back to the Classify_Species state.

Colour_Change_Communicate: At this stage, the dwarf chameleon engages in social
communication with the conspecifics using skin colouration. If the Colour_Response_Received
from the interacting dwarf chameleon is activated, then the Classify_Intent state is enabled
whereas if the Conspecific_Attention_Not_Gained is activated then the chameleon switches back
to the Approach state.

Classify_Intent: In this state, the chameleon classifies the detected intention based on the
colour response received from the interacting chameleon. If the Intent_of Interest_Recognized
condition is triggered, the chameleon enables the Pursue state to immediately pursue towards the
conspecifics. However, if the Intent_of Uninterest_Recognized is activated then the chameleon
enables the Retreat state. Else, if Colour_Response_Not_Received is activated then the chameleon
switches back to the Colour_Change_Communicate state.

Pursue: In this state, the chameleon moves actively towards the conspecifics. If the Species_Lost
condition is activated, then the chameleon switches to the Roam state. Else if the Intent_Uncertain
state is activated then the Classify_Intent state is enabled.

Retreat: In this state, the chameleon falls back, moving away from the conspecifics. If the
Species_Lost condition is activated, then the chameleon switches to the Roam state. Else, if the
Intent_Uncertain state is activated then the Classify_Intent state is enabled.
Colour_Change_Camouflage: To hide itself from the Type I_Predator, the chameleon alters its
chromatophore functions to produce colours closer to that of the terrain it is traversing. If the
Colour_Synthesized_Camouflage condition is activated, then the chameleon enables the Hiding
state. Else, if the Type I_Predator_Uncertain condition is triggered, then the chameleon switches
back to the Classify_Species state.

Colour_Change_Contrast: To hide itself from the Type II_Predator, the chameleon varies the
activity of different chromatophores in its layers of skin to produce contrasting colours in relation
to its background. If the Colour_Synthesized_Contrast condition is activated, then the chameleon
enables the Hiding state. Else, if the Type II_Predator_Uncertain condition is triggered, then the
chameleon switches back to the Classify_Species state.

Hiding: In this state, the dwarf chameleon goes into a passive static mode to escape from
a predator with a synthesized skin colour in relation to the identified predator and background.
If the Predator_Active condition is activated, then the Observe state is enabled. However,
if the Colour_Not_Synthesized_Contrast is triggered then the chameleon goes back to the
Colour_Change_Contrast state. Else, if the Colour_Not_Synthesized_Camouflage is triggered
then the chameleon goes back to the Colour_Change_Camouflage state.

Observe: In this state, the chameleon passively monitors the activity of the predator. If the
Species_Lost condition is activated, then the chameleon goes to the Roam state. Else, if the
Predator_Inactive condition is triggered, then the Hiding state is enabled.
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Figure 1. The eleven specific states involving chromatic behaviour of the Dwarf chameleon.

3. Design and “PACHONDHI” Robot Implementation

This section describes the “PACHONDHI” robot and its development, which has gone through
many stages in the design of its mechanical structure, electronic control system and software architecture.

Robot Platform

The experimental robot platform is a rolling robot based on the principle of hemi-spherical wheels
weighing about 800 g and has a smaller footprint of about 21.5 cm x 15 cm x 15 cm. This rolling
mechanism is highly maneuverable, allowing robot to negotiate smaller obstacles, around objects and
rubbles. Another key advantage of “PACHONDHI” is that it cannot be overturned. Figure 2, shows
the physical design of “PACHONDHI".
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Figure 2. Second generation of the “PACHONDHI” robot prototype.

The mechanical design of “PACHONDHI” consists of two plastic half spheres and a central
cylinder. The platform has a single central axle and uses two tiny brushed direct current (DC)
gear motors from Pololu for driving the wheels, to realize acceleration, deceleration and steering.
Controlling the two DC motors at different speed results in steering and by counter driving the motors,
turning on the spot can be achieved. The central cylinder contains all of the electronics, batteries,
camera and DC motors. It has three controllers for perception, behaviour and motor control.

The perception module is an integrated AiBall camera and its OpenCV based server module that
is used in “PACHONDHI” to detect and classify events of interest and terrain of interest, concurrently.
The output of perception module is a set of significant events linked to the detection of a friendly
agent, hostile agent, fellow robot and terrain type being traversed. The behaviour control module is an
Arduino Uno that holds the core responsibility for making the chromatic behavioural decisions and
locomotion actions based on the significant events detected by the perception module. The behaviour
controller sends appropriate locomotion actions such as turning right, moving straight etc. to the
motor controller which, in turn, breaks it down into motors primitive to be sent to the motors. Also,
the behaviour controller sends specific messages to the LED interface device for synthesizing the rapid
colour change. Figure 3 shows the system level architecture specifications for “PACHONDHI".

Currently, the developed platform allows for two modes of control: autonomous and
tele-operation. In the tele-operation mode, “PACHONDHI” can be remotely controlled using
a notebook or smart phone using Bluetooth connectivity where a human operator controls both
the locomotion and chromatic status of the robot guided by the visual streaming from the camera
onboard the robot. In the autonomous mode, we implemented the dwarf chameleon model presented
in Section 2 wherein “PACHONDHI” roams around a given area looking for friendly agents, hostile
agents and/or fellow robots using only visual features.

Our approach to event recognition is based on object classification work presented in [29], and
starts with the extraction of robust local features using the speed up robust feature (SURF) algorithm
running on the OpenCV server while the images are captured by an AiBall camera running onboard
the robot.
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The SURF algorithm uses Hessian matrix to detect key points. Given a point u = (x, ¥) in a given
image M, the Hessian matrix H(u, ) at point u and scale o, is defined as follows,

H (u,0)= ( Lux (#,0) Ly (1,0) ) (1)

Lyy (u,0) Lyy (u,0)

where, Lyx (1,0), Lyy (4,0) and Lyy (u,0) are the second derivatives of the image.

Once the key points and descriptors are extracted from the training set, then the descriptors are
clustered into N centroids using a standard K-means, unsupervised, clustering algorithm. The extracted
descriptors are then treated as a “Bag of Words”. For a test image acquired during the robot run,
the SURF algorithm is again used to extract the robust local features. Each descriptor is then
synchronized to its equivalent visual word by finding the closest cluster centroid in the dictionary.
A summary of the number of words for each test image is then passed to a support vector machine
(SVM) based learning algorithm. SVM’s non-linear decision surface is given in Equation (2).

1=

b+ (aiyi K(x,x;)) =0 )

i=1

where, the input to the SVM algorithm is the training data {(x;, ¥;)} in which x;, is the feature data and
Vi, is the label either —1 or 1. We used Gaussian radial basis function (RBF) for our work presented in
this paper due to its proven computation efficiency as compared to other variants of kernel function as
given in Equation (3).

K(x,x))=e "llx—x;112, >0 ©)

where, v is the kernel parameter.

The feature vector coefficient weights o; and b in the above equation are the solutions of
a quadratic programming problem. For the recognition phase, a summary of the number of words for
each test image is then passed to a SVM classifier to categorize the image by the event types depending
on presence of a friendly agent, hostile agent and/or fellow robot. Once a friendly agent is detected,
the platform changes to a contrast colour in relation to terrain being traversed whereas in the case of
recognizing a fellow robot, the concerned robot starts approaching the conspecific equivalent until
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a visual response is sensed from the other side. Then, “PACHONDHI"” analyzes the intent of the fellow
robot and decides either to pursue or retreat. However, in the case of a hostile agent being detected
“PACHONDHI” switches colour to camouflage itself in its terrain, stay put and observe until the hostile
agent disappears. The developed vision approach allows for recognition and tracking of multiple
distinct visual characteristics at the same time, an essential capability needed for “PACHONDHI” to
classify a detected species as a friendly agent, hostile agent or fellow robot and simultaneously classify
the terrain being traversed into one of the pre-defined terrain types and initiate actions to synthesize
colour change. “PACHONDHI” is currently capable of recognizing and synthesizing eight colours
through the use of ten NeoPixel stick LED arrays embedded into the central cylindrical body part of
“PACHONDHI”. Each array contains eight tiny smart Red Green Blue (RGB) LEDs onto a printed
circuit board (PCB) with mounting holes and a chainable design.

4. Experiments and Results

In this paper, we present our chromatic behaviour experiments involving fellow robots, hostile
and friendly agents using “PACHONDHI”, a real robotic platform. We ran three sets of experiments
in which static images of fellow robots, hostile and friendly agents are placed at a distance of
100 cm between them, with a test arena of about 6 m?. This experiment contains three stages;
the first stage involves “PACHONDHI” and its interaction with a hostile agent; the second stage
involves “PACHONDHI” and its interaction with a friendly agent; and the final stage involves
“PACHONDHLI” and a fellow robot. We repeated the experiment thrice by changing the colour of the
terrain. We controlled the light intensity level in the test arena to be between 500 and 700 lux. We used
three different coloured carpeted floors for validating the dwarf chameleon inspired skin colouration
in response to the event recognized and traversed terrain. During the experiments, we placed our
robot “PACHONDHI” and three static images of a snake, hawk and fellow robot representing a hostile,
friendly and conspecific agent where the robot was trained with a set of learning database involving
100 images each for snake, hawk and fellow robot for classification. All other obstacles were removed
from the test arena. “PACHONDHI” assumes a sea shell white colour for its cylindrical body as
an initial state. In our experiments, the skin colouration in “PACHONDHI” was validated using
the colour similarity index DeltaE 2000 [30] that computes the colour difference between a sample
colour and a reference colour using a factor of 0 to 100. A colour similarity index of 0 represents
no change and a colour similarity index of 100 represents extreme difference in similarity between
two compared colours.

4.1. Chromatic Behaviour Involving Predator Agent

At the initial stage, when “PACHONDHI” started looking for an event of interest (i.e.,) another
species in its vicinity, its body colour is sea shell white. In Figure 4a—e, snapshots from the experiments
are indicated where the different behaviour stages were captured where a hostile agent was involved.
Initially the colour similarity index between the robot and its background had a mean value of 40,
59 and 68 with respect to three different terrain colours used in the experiment (Red, Green, Blue).

If an event of interest was detected (Figure 4b), from the images captured from the camera on
board the “PACHONDHI” it was classified further as hostile, friendly or a fellow robot. A static image
of a snake was the hostile agent used in this experiment and there was on obstacle in the test area.
On recognizing a hostile agent, PACHNODHI analyzed the visual characteristics of the terrain being
traversed and switched the colour of the body similar to that of the colour of its terrain to achieve
a camouflaging effect, Figure 4c. Once the “PACHONDHI” synthesized skin colouration, the colour
similarity index between the robot and its background was found to change to 11, 23 and 21 with
respect to the three different terrain colours. “PANCHODHI”, upon rapid colour change, remained
camouflaged without any motion while visually tracking the hostile agent as in Figure 4d. When the
hostile agent had left then “PACHONDHI” switched back to the roaming state where it wandered
around the test arena looking for another species.
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(d)

(e)

Figure 4. Chromatic behavioural changes of “PACHONDHI” where a hostile agent was involved
with three different terrain colours. (a) Roaming; (b) Classify Species; (¢) Colour Change Camouflage;
(d) Hiding and Observe; (e) Roaming.

4.2. Chromatic Behaviour Involving a Friendly Agent

In the next stage of the experiment, "PANCHONDHI"”, was initiated with a roaming state with
a colour similarity index of 40, 59 and 68 with respect to three different terrain colours experimented
(Red, Green, Blue) and searching for an event of interest that was another agent. Snap shots from the
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experiments are shown in Figure 5a—e, where the different behaviour stages were captured in which
a friendly agent was involved. On detecting a species from the images captured from the camera
onboard the “PACHONDHI” as in Figure 5b, it was then further classified as a friendly, hostile or
conspecific agent. The friendly agent was a static image of a hawk and there was no obstacle in the test
arena. Once the friendly agent was recognized as shown in Figure 5¢, then “PACHONDHI” analyzed
the visual characteristics of the terrain in which it was traversing and switched the colour of its body
to a contrasting colour to that of the carpeted terrain.

Once the “PACHONDHI” synthesized skin colouration, the colour similarity index between
robot and the background was found to change to 97, 65 and 70 with respect to three terrain colours
experimented, indicating extreme colour difference. Upon rapid colour change, “PACHONDHI”
entered into the hiding state where it was highly observable to a friendly agent to be retrieved
with ease as show in Figure 5d. If the friendly agent was lost or no action was taken to retrieve
“PACHONDHI”, then the robot returned back to the roaming mode searching for another friendly,
hostile or conspecific agent.

(b)

(d)

Figure 5. Cont.
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(e)

Figure 5. Chromatic behavioural changes of “PACHONDHI” where a friendly agent was involved
with three different terrain colours. (a) Roaming; (b) Classify Species; (c¢) Colour Change Contrast;
(d) Hiding and Observing; (e) Roaming.

4.3. Chromatic Behaviour Involving Conspecific Agent

“PACHONDHLI”, in the third stage, was again started with a roaming state with a colour similarity
index of 40, 59 and 68 with respect to three different terrain colours (Red, Green, Blue). It begins actively
searching for an event of interest (i.e.,) another agent. In Figure 6a—f, snapshots from the experiments
are shown where the different behaviour stages were captured in the case of the involvement of
a conspecific fellow robot. On detecting the species, as in Figure 6b from the images captured from the
Camera on board the “PACHONDHLI”, it was classified further as a friendly, hostile or conspecific agent.

(b)

()

Figure 6. Cont.
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()

Figure 6. Chromatic behavioural changes of “PACHONDHI” where a conspecific fellow robot was
involved with three different terrain colours. (a) Roaming; (b) Classify Species; (c¢) Colour Changes to
Communicate; (d) Approach and Pursue; (e) Approach and Retreat; (f) Roaming.

A static image of a similar looking hemi-spherical robot was used as the conspecific friendly robot
and there was no obstacle in the test area. On recognizing the conspecific fellow robot, as in Figure 6c,
the “PACHONDHI” analyzed the visual characteristics of the terrain being traversed and synthesized
motion dazzle with a colour that achieved a colour similarity index of 50, 65 and 80 with respect to the
three terrain colours. The motion dazzle effect was achieved through turning on and off the LED lights
in order to gain the attention of the fellow robot.

“PACHONDHI”, emanating with rapid colour change and synthesizing motion dazzle,
approaches the conspecific fellow robot while tracking the latter as in Figure 6d. Once the
conspecific robot noticed “PACHONDHI” and established communication, then “PACHONDHI”
stops approaching and starts interacting with the former using skin colouration. If the “PACHONDHI”
detects further interest in engaging the fellow robot, it maintains its skin colour as in Figure 6d.
If “"PACHONDHI” loses interest on the fellow robot, it will switch its skin colour to purple, indicating
disinterest, and stop motion dazzle effects irrespective of the background colour as in Figure 6e.

In our experiments, we defined the sea shell white colour body of the fellow robot to indicate
disinterest and during the experimental we ran the “PACHONDHI” synthesized purple colour,
terminated its motion dazzle effects and moved away from the conspecific agent. When the fellow
robot was lost, then the robot returns back to the roaming mode searching for another friendly, hostile
or conspecific agent.
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In Figure 7, the variation in colour similarity index between the robot and its traversing terrain
during this phase is captured. The navigation trail of “PACHONDHI" captured during our experiment
clearly shows the robot moving closer to the conspecific image pasted on the wall as in Figure 8.
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5. Conclusions

The aim of this research is centered on bio-inspiration for synthesizing rapid colour changing
behaviours for security robots. We developed a chromatic behaviour model deriving inspiration from
colour changing behaviours found among dwarf chameleons. We experimented with the developed
model with our surveillance robot, “'PACHONDHI”, capable of autonomously realizing rapid colour
change using micro LED arrays embedded underneath its thin skin layer. The experiments conducted
by us involved a fellow co-operating robot, hostile and friendly agents mimicking predators and
conspecifics in nature. Through our experiments, the ability of the robot to automatically change
its colour in relation to the terrain in which it is traversing for maximizing detectability to friendly
security agents and minimizing exposure to hostile agents, as well as to communicate with fellow
co-operating robots, is validated successfully.

Since the results presented in this work are done in a controlled laboratory set up, there are many
factors, such as presence of more than one hostile and/or friendly agent, obstacle density, mobile
agents, computational time and their navigating speed, visual perception limitations, among others,
that create an impact on the behaviour results, which were not involved. In our future works, we
also intend to include these factors in order to make the proposed behaviour model more realistic.
Another scope for future work is to develop a set of design principles for synthesizing colour changing
behaviours among security robots. Finally, we are developing an extension of the work presented in
this paper to involve a team of co-operating robots that use only rapid colour change as a modality for
communication to accomplish a defined task.

Acknowledgments: The Authors would like to thank Karthikeyan Elangovan from Temasak Lab@SUTD
and Veerajagadheswar from SUTD-JTC Industrial Infrastructure Innovation Centre for their support in the
development of this project.

Author Contributions: SK.K.G. and R.E.M. conceived and designed the experiments; S.K.K.G. performed the
experiments; S.K.K.G. and R.E.M. analyzed the data; E.A.M.-G. and R.C.A L. assisted in preparing the paper.
S.K.K.G. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Sinha, A.; Ning, T.; Rajesh, E.M. Terrain perception for a reconfigurable biomimetic robot using monocular
vision. Robot. Biomim. 2014, 1, 1-11. [CrossRef]

2. Sheba Jaichandar, K.; Rajesh, E.M.; Edgar, A.M.G. Easiness of acceptance metric for effective human robot
interactions in therapeutic pet robots. In Proceedings of the 7th IEEE Conference on Industrial Electronics
and Applications (ICIEA), Singapore, 18-20 July 2012; pp. 150-155.

3. Nansai, S.; Masami, I.; Shoshiro, H.; Mohan, R.E. Observer-based state estimation of snake-like robot with
rotational elastic actuators. In Proceedings of the 13th International Conference on Control Automation
Robotics & Vision (ICARCYV), Singapore, 10-12 December 2014; pp. 657—-662.

4. Nemoto, T.; Mohan, R.E.; Iwase, M. Realization of rolling locomotion by a wheel-spider-inspired hexapod
robot. Robot. Biomim. 2015, 2, 3. [CrossRef]

5. Nelson, G.M.; Quinn, R.D.; Bachmann, R.J.; Flannigan, W.C.; Ritzmann, R.E.; Watson, ].T. Design and
simulation of a cockroach-like hexapod robot. In Proceedings of the IEEE International Conference on
Robotics and Automation, Albuquerque, NM, USA, 25 April 1997; Volume 2, pp. 1106-1111.

6. Ijspeert, A].; Alessandro, C.; Dimitri, R,; Jean-Marie, C. From swimming to walking with a salamander robot
driven by a spinal cord model. Science 2007, 315, 1416-1420. [CrossRef] [PubMed]

7. Li, F; Liu, W,; Stefanini, C.; Fu, X.; Dario, P. A novel bioinspired PVDF micro/nano hair receptor for a robot
sensing system. Sensors 2010, 10, 994-1011. [CrossRef] [PubMed]

8. Weitzenfeld, A.; Alberto, V.; Horacio, F. A biologically-inspired wolf pack multiple robot hunting model.
In Proceedings of the 2006 IEEE 3rd Latin American Robotics Symposium, Santiago, Chile, 2627 October
2006; pp. 120-127.

9.  Duncan, B; Patrick, D.U.; Ronald, C.A. Lek behaviour as a model for multi-robot systems. In Proceedings of
the International Conference on Robotics and Biomimetics (ROBIO), Guilin, China, 19-23 December 2009;
pp- 25-32.


http://dx.doi.org/10.1186/s40638-014-0023-2
http://dx.doi.org/10.1186/s40638-015-0026-7
http://dx.doi.org/10.1126/science.1138353
http://www.ncbi.nlm.nih.gov/pubmed/17347441
http://dx.doi.org/10.3390/s100100994
http://www.ncbi.nlm.nih.gov/pubmed/22315581

Robotics 2016, 5, 20 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Kettlewell, H.B.D. Insect Survival and Selection for Pattern Most Camouflage and Survival Mechanisms,
though highly perfected, can Be Adapted to Changing Environments. Science 1965, 148, 1290-1296. [CrossRef]
[PubMed]

Stuart-Fox, D.; Moussalli, A. Camouflage, communication and thermoregulation: Lessons from colour
changing organisms. Philos. Trans. R. Soc. B Biol. Sci. 2009, 364, 463—470. [CrossRef] [PubMed]

Berthier, S. Iridescences: The Physical Colours of Insects; Springer Science & Business Media: Berlin,
Germany, 2007.

Barbosa, A.; Lydia, M.M.; Kendra, C.B.; Jennifer, K.; Charles, C.; Chuan-Chin, C.; Roger, T.H. Cuttlefish
camouflage: The effects of substrate contrast and size in evoking uniform, mottle or disruptive body patterns.
Vis. Res. 2008, 48, 1242-1253. [CrossRef] [PubMed]

Heiling, A.M.; Chittka, L.; Cheng, K.; Herberstein, M.E. Colouration in crab spiders: Substrate choice and
prey attraction. J. Exp. Biol. 2005, 10, 1785-1792. [CrossRef] [PubMed]

Kelso, E.C.; Verrell, P.A. Do male veiled chameleons, Chamaeleon calyptratus, adjust their courtship displays
in response to female reproductive status? Ethology 2002, 108, 495-512. [CrossRef]

Filshie, B.K.; Day, M.E; Mercer, E.H. Colour and colour change in the grasshopper, Kosciuscola tristis.
J. Insect Physiol. 1975, 21, 1763-1770. [CrossRef]

Taylor, ].D.; Mac, E.H. Chromatophores and colour change in the lizard, Anolis carolinensis. Z. Zellforsch.
Mikrosk. Anat. 1970, 104, 282-294. [CrossRef] [PubMed]

Nyssa, S.; Pablo, M. Carapace colour Change in Uca pugilator as a response to temperature. |. Exp. Mar.
Biol. Ecol. 2008, 355, 41-46.

Morin, S.A.; Shepherd, R.F.; Kwok, S.W.; Stokes, A.A.; Nemiroski, A.; Whitesides, G.M. Camouflage and
display for soft machines. Science 2012, 337, 828-832. [CrossRef] [PubMed]

Miwa, H.; Tomohiko, U.; Takanishi, A.; Takanohu, H. Human-like robot head that has olfactory sensation
and facial colour expression. In Proceedings of IEEE International Conference on Robotics and Automation
ICRA, Seoul, Korea, 21-26 May 2001; Volume 1, pp. 459—464.

Terada, K.; Yamauchi, A.; Ito, A. Artificial emotion expression for a robot by dynamic colour change.
In Proceedings of the IEEE RO-MAN, Paris, France, 9-13 September 2012; pp. 314-321.

Hoeller, F.; Achim, K.; Schulz, D. Autonomous reconnaissance and surveillance in urban structures-Eurathlon
2013. In Proceedings of the IEEE International Conference on Autonomous Robot Systems and Competitions
(ICARSC), Espinho, Portugal, 14-15 May 2014; pp. 223-228.

Sampath, K.; Mohan, R.E.; Edgar, A.M.; Roberto, C.A. Designing and experimenting Bio-inspired Chromatic
behaviour in Surveillance Robots. In Proceedings of the 10th International Conference on Infroamtion,
Communication and Signal Processing (ICICS), Singapore, 2—4 December 2015.

Cooper, S.K. Chameleons. Natl. Geogr. Explor. 2002, 10, 4-7.

Katz, EM,; Krystal, A.T.; Res, A. Survival and abundance of Cape dwarf chameleons, Bradypodion pumilum,
inhabiting a transformed, semi-urban wetland. Herpetol. ]. 2013, 23, 179-186.

Teyssier, J.; Saenko, S.V.; Van Der Marel, D.; Milinkovitch, M.C. Photonic crystals cause active colour change
in chameleons. Nat. Commun. 2015, 6, 6368.

Stuart-Fox, D.; Martin, ].W.; Adnan, M. Camouflage and colour change: Antipredator responses to bird and
snake predators across multiple populations in a dwarf chameleon. Biol. ]. Linn. Soc. 2006, 88, 437-446.
[CrossRef]

Ligon, R.A.; Kevin, ].M. Chameleons communicate with complex colour changes during contests:
Different body regions convey different information. Biol. Lett. 2013, 9, 20130892. [CrossRef] [PubMed]
Kim, D.; Rozenn, D. Face components detection using SURF descriptors and SVMs. In Proceedings
of the IEEE International Conference on Machine Vision and Image Processing IMVIP08, Coleraine,
Northern Ireland, 3-5 September 2008; pp. 51-56.

Sharma, G.; Wu, W.; Dalal, EN. The CIEDE2000 colour-difference formula: Implementation notes,
supplementary test data, and mathematical observations. Colour Res. Appl. 2005, 30, 21-30. [CrossRef]

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1126/science.148.3675.1290
http://www.ncbi.nlm.nih.gov/pubmed/17791257
http://dx.doi.org/10.1098/rstb.2008.0254
http://www.ncbi.nlm.nih.gov/pubmed/19000973
http://dx.doi.org/10.1016/j.visres.2008.02.011
http://www.ncbi.nlm.nih.gov/pubmed/18395241
http://dx.doi.org/10.1242/jeb.01585
http://www.ncbi.nlm.nih.gov/pubmed/15879060
http://dx.doi.org/10.1046/j.1439-0310.2002.00789.x
http://dx.doi.org/10.1016/0022-1910(75)90238-3
http://dx.doi.org/10.1007/BF00309737
http://www.ncbi.nlm.nih.gov/pubmed/4193617
http://dx.doi.org/10.1126/science.1222149
http://www.ncbi.nlm.nih.gov/pubmed/22904008
http://dx.doi.org/10.1111/j.1095-8312.2006.00631.x
http://dx.doi.org/10.1098/rsbl.2013.0892
http://www.ncbi.nlm.nih.gov/pubmed/24335271
http://dx.doi.org/10.1002/col.20070
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Design and “PACHONDHI” Robot Implementation 
	Experiments and Results 
	Chromatic Behaviour Involving Predator Agent 
	Chromatic Behaviour Involving a Friendly Agent 
	Chromatic Behaviour Involving Conspecific Agent 

	Conclusions 

