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Abstract— Robot survivability in long term autonomous
search and rescue, surveillance, monitoring operations to remote locations with minimal to no human supervision is of great
importance. In such applications, a convoy of heterogeneous
mobile robots in formation traveling from point A to point
B on a mission, suffers from its range being constrained by
the highest battery using agent. In this paper, an Emperor
penguin-huddling inspired gradient based energy sharing and
position shuffling scheme is proposed for heterogeneous multirobot systems on the move, with the purpose of extending
the working life of the entire convoy together. Each robot is
modeled based on an Emperor penguin with carefully placed
inductive coils for energy sharing with neighbors. The multirobot system is built following the tightly packed hexagonal
lattice formation for optimal charge sharing and a position
coordination algorithm is proposed to allow all agents an equal
opportunity to move to the center in turns which is shown to be
the most advantageous position in the convoy. The convergence
of the position shuffling algorithm is analyzed to show that the
convoy formation is maintained over time. Simulation results
validate that convoys, regardless of size, can survive and travel
much further together with the proposed Emperor penguin
huddling-inspired shuffling and energy sharing methods than
individuals relying only on themselves.

I. INTRODUCTION
Every winter, thousands of Emperor Penguins (Aptenodytes forsteri) in the Antarctic survive one of the harshest
environments on Earth together as a group [1]. To survive
the severe cold conditions during storms and low ambient
temperatures, they huddle together from several hours [2] to
even days [3] depending on weather conditions as depicted in
Fig. 1. This allows them to conserve and share body heat with
one another; survive winds over 100mph and temperatures
below −45oC [4]. The huddles are not motionless. Penguins
that are most exposed to strong winds, slowly advance along
the flanks downwind to receive shelter behind the huddle [5].
This eventually causes penguins that were previously at the
center to be exposed and they start to move along the flanks
to the leeward side in turn as well accumulating behind the
penguins that moved in before them. This flank movement
and constant shuffling of the penguins in the huddle ensure
that each penguin has an approximately equal opportunity
for warmth and none are left behind [5].
Multi-robot systems are often proposed for long term
applications of monitoring and surveillance [7], exploring
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Fig. 1: The huddling behavior of Emperor Penguins in winter
conditions obtained from [6].
[8], search and rescue [9] etc. in remote and dangerous locations. The safety, security and survivability of these robots
are important for the success of the mission. Traditionally
robots have been built to be self sufficient with limited to
zero access to humans [10] [11]. Regardless, each robot in
the group may have a different role in the team, different
hardware and movement actuation requirements; therefore
use different levels of battery. Different units may even use
different types/sizes of batteries altogether requiring different
recharging times and processes. Regardless of having some
on-board battery re-charging system (e.g. solar cells), the duration of continuous survival/work of the entire unit together
is only as strong as the robot with the lowest battery life. In
such instances, being able to look out for one another in a
group becomes a survival requirement.
In this paper, the survival of a group of heterogeneous
robots deployed on a long term mission to a remote location
and on the move from site A to site B is considered. Studying
the social behavior of Emperor penguins for group survival,
the following concepts are proposed to ensure the survival
of the entire convoy for a longer period of time in the field:
• A gradient based multi-robot charge sharing concept
using carefully placed inductive coils.
• A position shuffling algorithm (PHS) for a group of
robots to move to the center of the formation in turns.
II. RELATED WORK
The huddling behavior of Emperor penguins in the Antarctic has been studied extensively, but very few theoretical
models have been presented so far. One theoretical model of
position shuffling was presented based on observations that
Emperor penguins move from the windward to the leeward
side in a huddle [12]. This work was continued by taking
into account models of wind flow and the temperature profile
around the huddle in [13]. Their model was based on a
simple rule that individual penguins relocate themselves in

the huddle to a new position where its heat loss is minimized,
without displacing another. The huddle was modeled as a
hexagonal grid based on [4]. Huddling modeled as a second
order phase transition triggered by cold temperatures in [14].
The work was validated experimentally with a group of mice
and suggested huddling as a self-organizing event relevant
among large groups of endotherms such as penguins.
The term trophallaxis is used in entomology to describe
a mutual exchange of regurgitated fluids between social
insects [15]. It is also used in the multi-robot arena as
exchanging information [16] or energy [17] between agents.
As a solution of energy transfer between agents, a method
of physical battery swapping between robots was proposed
in [16]. However, the mechanism is complicated and lacks
robustness for application in a heterogeneous robot group. An
energy usage optimization approach for a multi-robot system
inspired by the foraging behavior and energy management
of honeybees was proposed in [17]. This method improves
individual robot performance but fails to utilize the advantage
of being in a group.
A number of wireless power transmission methods has
been summarized by [18] and an efficient non-contact
method using inductive coils was patented in [19]. An image
processing based proper alignment of the induction coils for
wireless charging between robotic agents was later proposed
in [20]. The coil alignment was later improved upon with a
Bayesian estimator in [21].
The work in [20] proves the feasibility of wireless charge
sharing between robots. The solution proposed in this paper
builds on that work by providing a bio-inspired framework
for multi-robot systems where all agents receive an equal
opportunity to share their charge despite heterogeneity constraints and extend the life of the convoy as a whole.
III. PROPOSED SOLUTION
Huddling of Emperor penguins involves dense packing for
maximal body heat sharing and retainment as shown in Fig.
2a. In two dimensional euclidean space, the highest density
lattice arrangement of circles is the hexagonal packing [22].
Therefore, we consider the hexagonal lattice formation for
our proposed group of robots and note an individual’s
neighbors as shown in Fig. 2b following Fig. 2a.
A. Formation building block - single agent setup with Gradient based charge sharing
A hexagon structured robot is proposed as a concept for
the charge sharing robot unit as shown in Fig. 2c. Each
agent is equipped with four induction coils; two coils upfront
marked in red to only transmit power to two front agents and
two coils at the back marked in green to only receive power
from two rear agents. Charge transfer occurs when there is a
battery level difference between adjacent agents. Each side
has a single coil only due to size restrictions of the robot
and efficiency requirements of the charge transfer process
dependent on the diameter of the coils [20]. In this study
we only consider four coils rather than six on each robot to
minimize energy usage in transferring energy.
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Fig. 2: (a) Close packing of huddling penguins from Nature
by PBS showing an individual Ai and its neighbors indexed
j ∈ (1, 2, .., 8). (b) Top view of neighboring agents modeled
from (a). (c) Top view of individual agent showing inductive
coil placement for energy sharing with neighbors.
Consider an agent Ai , i ∈ D for D = {1, 2, 3, .., N} with
battery level bi and its neighboring agents A j , j ∈ (1, 2, .., 8)
with battery levels b j respectively as shown in Fig. 2b. The
proposed gradient based charge sharing scheme of agent Ai
with surrounding agents A j is shown in (1)-(3):
∆i j = bi − b j ,

K∆i j
f (bi , b j )∀ j∈(1,2) = ∆t

0


−K∆i j
f (bi , b j )∀ j∈(5,6) = −∆t


0

(1)

∆i j > 0, K∆i j ≤ ∆t
∆i j > 0, K∆i j > ∆t
else,

(2)

∆i j < 0, −K∆i j ≥ −∆t
∆i j < 0, −K∆i j < −∆t
else

(3)

where ∆i j represents the battery level gradient between
agents Ai and A j , f (bi , b j ) represents the proposed gradient based charging function with a scalar constant K > 0
dependent on the charging efficiency of the inductive coils
subject to misalignments during charging and ∆t is the charge
sharing threshold allowed per unit time. Following Fig. 2c,
the current charge potential, cAi of agent Ai is therefore the
sum of f (bi , b j ) for j ∈ (1, 2, 5, 6):
cAi = c5 + c6 − c1 − c2 =

∑

f (bi , b j ).

(4)

j∈(1,2,5,6)

The proposed method allows agents to share energy in a
group. Note that the charge sharing is one-directional; the
net energy transfer is towards the front of the group supportive of keeping the convoy moving forward in formation.
For simplicity and to maintain generality of our proposed
method, each agent is assumed to be fully actuated and free
to move in any direction.
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Fig. 3: m-n=4-5 formation setup for N = 27 agents illustrating flank movement and charge sharing. Robot groups
by varying battery usage within the formation without flank
movement are also identified.
B. Formation setup
We define the hexagonal lattice formation by a m-n notation with N agents each denoted as Ai , i ∈ D, where m denotes
the number of agents on the front row and n = m + 1 denotes
the number of agents on the second row from the front.
This m-n structure is repeated p number of times until all N
hexagonal agents are placed in a hexagonal lattice structure
N
. For simplicity, we
as shown in Fig. 3. Therefore, p = m+n
assume that m is always even and N is a multiple of m + n;
i.e. p is Z>0 .
C. Penguin Huddling-inspired Shuffling (PHS) algorithm
Emperor penguins in a huddle lose more energy being
exposed to the environment along the boundary and save
energy by being at the center. Similarly, robotic agents along
the boundary of a convoy use more energy monitoring the
surroundings and being exposed to the environment, than
robots at the center that remain protected and are able to
turn off non-essential processes while following the leading
agents. The battery usage with no charge sharing and no
flank movement is illustrated in Fig. 3. We combine this
assumption with our charge sharing scheme to present the
need for the proposed position shuffling algorithm (PHS).
In Fig. 3, group 3 agents form the rear line of the
convoy formation. Based on the proposed charge sharing
scheme, the agents here are always providing charge to
one or more agents immediately in front. This is therefore
the least favorable position in the convoy. Group 2 agents
form the flanks of the convoy and share charge with two
adjacent agents; one providing charge and the other taking
charge. However, being at the boundary the agents keep
up monitoring the surroundings. This position is therefore
better than group 3 but still not the best place to be in
the convoy. The agents in group 1 form the front line of
the convoy and they are in charge of navigation (e.g. path
planning, obstacle avoidance) tasks. They have to keep their
on-board functionalities on at all times. Sensing mechanisms

such as laser scanners, cameras [23] use a lot of power
when used continuously. Such sensors along with movement
actuation results in group 1 agents having the highest battery
usage in the convoy. Agents in group 4 are in the most
advantageous position being at the center surrounded by
agents on all directions. They are able to share charge with
their neighbors most effectively, and are protected from
potentially harsh environmental conditions. They can also
turn off non-essential on-board tasks such as navigation,
exploration, environment monitoring, etc. We will refer to
this phenomenon as center advantage.
Even though huddles of Emperor penguins are inconsistent
and change shape over time, for a robotic system, it is
important to maintain a set formation for ease of control and
proper functionality. If left freely to individual agents to try
to move to the center directly their movements may become
chaotic and inefficient. To maintain a set formation and allow
agents to move to the center in turns in an organized way,
the proposed one-directional charge sharing scheme creates a
net power flow towards the front of the huddle. This creates
an incentive for agents to try to move to the front first where
they only receive charge from their neighbors. For simplicity,
we assume the net movement of the entire formation is
constrained to be along the x-axis only.
PHS described in Algorithm 1 systematically moves rear
and flank agents to the front. The agents are attracted towards
the center line cy and hence they fill up the front line over
time. The agents that were previously on the front line
therefore now become center agents. As the flank agents
move forward, space opens up for rear line agents to move
along the flanks in turn. The previously center agents at
the back therefore now become rear-line agents. This cyclic
motion continues allowing all agents an equal opportunity
for center advantage.
PHS is effective only if the energy saving while being at
the center is more than or equal to the energy spent by an
agent at the rear to move up the flank and get to the front and
eventually the center; without which there is no incentive for
an agent to follow Algorithm 1. This condition is formulated
mathematically by:
µbuse z ≤ µca ∆tc
n
jnk
+ N
N
use
 )
= µb (2
+
+ 2 m+nm+n
2
m+n
2
jnk m
N
+ )(
− 1)
≤ µca (
2
2 m+n

(5)

where z denotes the total number of movements required by
an agent in the worst case to get from the rear line to the
front, µbuse denotes the battery usage for unit movement by
an agent, µca denotes the unit center advantage gained by an
agent per unit time by being at the center and ∆tc represents
the time duration an agent is able to stay at the center from
the front to the back as the formation progresses forward.
min required
Therefore, the minimum center advantage, µca
for agents to have an incentive to follow the proposed PHS

Algorithm 1 Penguin Huddling-inspired Shuffling (PHS) algorithm
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:

procedure B OUNDARY M OVEMENT(X,Y, B)
. Position movements of agents given battery levels
Input: Array of coordinates of agent positions, xi and yi , and array of corresponding battery levels, bi .
Output: Updated coordinate position arrays X and Y , and battery level, B
∑N yi
Determine centerline, cy ← i=0
N , Ymax ,Ymin , Xmax , Xmin of formation from X,Y
for i = 1 → N do
. Find boundary agents
if Ai lies on Ymax ||Ymin ||Xmax ||Xmin then
. Check Eq. (4)
Determine current charge potential, cAi of Ai , setting c1 = c2 = c3 = c4 = 1
Determine charge potential at neighboring points, ncp j = cAi for i = j, ∀ j ∈ (1, 2, .., 8)
Determine net charge gain at neighboring points, ngi, j = cAi − ncp j , ∀ j ∈ (1, 2, .., 8)
if yi ≥ cy then
. if Ai is on left half
if cAi ≥ 0 then
. Ai not on rear line
Check positions j = 4, 2, 7 in order, for movement availability
. Refer to Fig. 2b
if ngi, j ≥ 0 then
Move Ai to new position
else
. Ai is on rear line
Check positions j = 7, 1, 3 in order, for movement availability
. Refer to Fig. 2b
if ngi, j ≥ 0 && new position ≤ Ymax then
Move Ai to new position
else
. Ai is on right half
if cAi ≥ 0 then
. Ai not on rear line
Check positions j = 3, 1, 7 in order, for movement availability
. Refer to Fig. 2b
if ngi, j ≥ 0 then
if new position == 3 then
Hold until front line is full and then move Ai to new position
else
Move Ai to new position
else
. Ai is on rear line
Check positions j = 7, 2, 4 in order, for movement availability
. Refer to Fig. 2b
if ngi, j ≥ 0 && new position ≥ Ymin then
Move Ai to new position
Update xi , yi , bi
return X,Y, B
. Return the new position coordinates and battery levels of the formation agents

algorithm and move to the center in turns can be written as:
2
min
µca
=

b n c+ N
N
+ m+n
+ 2 m+nm+n
b c use
n m N 2
µ .
( 2 + 2 )( m+n − 1) b

n
2

(6)

min decreases with increasing N for any
The required µca
arbitrary m-n formation.

D. Stability analysis of proposed PHS
The m-n formation with m always even, is symmetric
about the center line cy parallel to the x-axis. The left and
right flank movements happen independent of each other but
are symmetric and in sync following PHS. Therefore, the
stability proof of the proposed PHS algorithm is shown for
the left flank only as it holds true for the right flank as well.
We denote the indices of the agents Ai , i ∈ D in the left
half of the formation as G, i.e. G ⊂ D with elements ai . We
represent agents in G as a sequence S(k) dependent on the
order at which they move from the initial state defined as z0
at time step k. At z0 the front row agents ai , i ∈ (1, 2, .., m2 )

denoted as H, where (H ⊂ G), receive charge from two rear
agents but do not have any agents in front to provide charge
to. Following the proposed PHS algorithm, we consider one
complete cycle of movement when at least one agent in H
return to the front line receiving charge from two rear agents,
with no one to provide charge to in front and no open space is
left in the front row. Based on the sequence of movements
from z0 , the boundary agents on the left flank come first
in the sequence. They are followed by the rear line, and
eventually the inner lines from the left-most to the middle
in order. For the 4-5 formation with N = 27 in Fig. 3, the
sequence S(k) with p(m + 1) elements is written as:
S(k) = 5, 14, 23, 24, 25, 19, 20, 15, 16, 10, 11, 6, 7, 1, 2.

(9)

We denote this initial sequence at state z0 as S0 . The sequence S(k) can be built for a general case of m-n formation
N
with N agents and p = 2m+1
as (7). After each cycle the
sequence elements re-organize by (8) for w = m2 following
Algorithm 1. To investigate the stability of Algorithm 1,
assuming that the sequence starts from S0 , we show that



ae = a0 + (e − 1)d





ae = a p−u + v



S(k) = 



ae = a p−u − m + w







where a0 = m + 1, d = 2m + 1, e ∈ (1, 2, .., p)
m
2)

where v ∈ (1, 2, ..,
e ∈ (α p + 1, α p + 2, .., α p + m2 )
where w ∈ (0, 1, 2, .., m2 − 1)
e ∈ (α p + m2 + 1, α p + m2 + 2, .., α p + m)

∀u ∈ (0, 1, 2, .., p − 1), α ∈ (1, 2, .., p)

(7)




a1 = a(k)wq+1




ae = a(k)vw−u for u ∈ (0, 1, 2, .., w − 1),

∀v ∈ (1, 2, .., q), e ∈ (2, 3, .., p(m + 1))
S(k + 1) = (



ae = a(k)vw−u for u ∈ (0, 1, 2, .., w − 1),




∀v ∈ (1, 2, .., q), e ∈ (1, 2, .., p(m + 1))
S(k + s) = S(k) for some finite s > 0.
Referring to (8), the even N case shows a pattern where
sets of w consecutive elements reverse order every cycle
without overlap; i.e. at every even iteration, the cycle returns
to the original sequence S0 . The general pattern of consecutive cycles of S(k) for even N and the simplest case of q = 1
and arbitrary w can be written as:
ai (k + 1) = aw+1−i (k)

∀i ∈ (1, 2, .., w).

(10)

The odd N case is similar to the even case of reversing
sets of w consecutive elements without overlapping at each
cycle. The difference is that, at each cycle the last element
of S(k) cycles to the front as element 1 in S(k + 1). Some
key observations of this process include:
• At every order reversal of w consecutive elements
without overlapping, element indexed ( w2 + 1) in that
set remains in its position; i.e. for β ∈ (0, 1, 2, .., q − 1),
aβ w+ w2 +1 (k + 1) = aβ w+ w2 +1 (k).
•

At every cycle, a1 and every consecutive (w + 1)st element move forward by w; i.e. for β ∈ (0, 1, 2, .., q − 1),
aβ w+1 (k + β ) → a(β +1)w+1 (k + β + 1)
aqw+1 (k + β ) → a1 (k + β + 1).

•

(11)

(12)

We denote these segments of the sequence as F1 .
Taking (12) into account, with every order reversal of w
consecutive elements without overlapping, one can see
that only elements indexed i = 2 through i = w for every
set of w essentially reverse their order on every cycle;
i.e. for β ∈ (0, 1, 2, .., q − 1),
aβ w+2 , aβ w+3 , aβ w+4 , ..., aβ w+w
→ aβ w+w , aβ w+w−1 , ..., aβ w+3 , aβ w+2 .

(13)

Following the proof for the even N case, every even
iteration of (13) results in these fragments of the sequence
to return to the order in S0 . Following the pattern from
(12), if every (γw + 1)st , γ ∈ (0, 1, 2, .., q − 1) element moves
forward by w indices on every cycle and on reaching the
(qw + 1)st position cycles to index 1, these elements return
to their original position after q + 1 iterations. We denote
these segments of the sequence as F2 .

when mod(N, 2) = 1, q =

p(m+1)−1
w

(8)
when mod(N, 2) = 0, q =

p(m+1)
w

Since F1 returns to S0 at every even iteration and F2 returns
to S0 at every q + 1 iterations, the number of cycles where
both segments return to S0 at the same time satisfies:
mod( min η(q + 1), 2) = 0.

(14)

η∈{1,2}

Therefore, s = η(q + 1) is the number of iterations needed
for S(k + s) = S0 for an odd N.
For any even m > 0, w = m2 . For p = 1, the total number of
agents, N = 2m + 1 is always odd. Using (8), we get q = 2.
The formation converges back to the original state z0 after
s = 6 cycles for η = 2.
For p = g, where g is arbitrary, the total number of agents
N = g(2m + 1) is either odd
( (for odd g) or even (for even
2(g(m+1)−1)
odd N
m
g). Using (8), we get q = 2g(m+1)
. For either
even N
m
case, q can be odd or even. Therefore, regardless of N being
odd or even, the formation converges back to the original
state z0 after s cycles for the p = g case depending on η.
For p = g + 1, the total number of agents, N =
(g + 1)(2m + 1) = 2mg + g + 2m + 1 is either odd(for
even g) or even(for odd g). Using (8), we get q =
(
2((g+1)(m+1)−1)
odd N
m
. For either case, q can be odd
2(g+1)(m+1)
even N
m
or even. Therefore, regardless of N being odd or even, the
formation converges back to the original state z0 after s cycles
for the p = g + 1 case depending on η.
Therefore the PHS algorithm is stable for any N as it
cycles agents and holds the original formation for any case of
valid m, where m > 0, mod(m, 2) = 0 and p, where p = Z>0
as proved by induction.
IV. VALIDATION & RESULTS
A. PHS algorithm simulation
Fig. 4 shows the sequence of unit time step position
shuffling movements by agents in a 2-3 formation of N = 10
following Algorithm 1. After a finite number of steps, the
formation returns to the initial configuration. Each agent is
equipped with four induction coils; green denote receiving
of charge, red denote providing of charge and inactive coils
are shown in black. Agents in the most favorable positions
in the convoy are marked green.

3

8
9

0

10
0

6
7

2

0

10
0

3

0

0

6
7

2

9

2

3

0

4

8

6

1
2

9
4
10
4

5
8

2

2

4

0

0

2

3

8

6

6

0

0

3

Step = 7

10

Step = 10

8
3

10

0

9

0

8

10

8

10

2

10

6

8

7
0

2

4
4

8

6

1
2

9
3
10
6

0

2

9

0

0

2

3

Step = 8

6

4

3
1
6
4
9
7
2
5
10

3

10

Step = 11
9
1
8
6
4
3
7
2
5
10
0

0

10

Step = 14

0

4

6

8
4
10

0

2

0

2

4

Step = 6

10

5
8

10

Step = 9

8

6

4

4

5
10

3

6

4

6

8

8

2

8

10

Step = 12
9
1
6
8
4
3
7
2
5
10

3

0

1

6

9
8
1
6
4
3
7
2
5
10

3

0

Step = 3

8

7
8

6

4

10

Step = 5

8
1
6
4
3
7
2
5
10

3

0

8

6

4

3

Step = 2

3

8
3
1
6
4
7
2
5
10

2

3

0

4

2

5

9 Step = 13
1
6
8
4
3
7
2
5
10
0

1
6
9
4
7
2
5
10

9

6

1

10

Step = 4

3

6

4

7
2

8

8

2

8
1
6
4
3
7
2
5
10

6

0

5

4

3

0

4

3

Step = 1

1

4

3

9

3

7
0

2

4

8

6

1
2

9
3
10
6

10

Step = 15

8
5
8

10

Fig. 4: Simulation snapshots showing position shuffling progression of agents and convergence back to original configuration
for a 2-3 formation with N = 10. Agents capable of receiving charge from both rear coils are identified as green.
TABLE I: Validation scenarios

B. Validation setup
To validate the proposed concepts, we consider a group
of N robots in the m-n formation deployed on a 2-D terrain
with no obstacles; starts at an initial position A and travels
along the x-axis towards B. We assume that all agents are
in ideal communication with one another and are capable of
making precision movements.
The convoy moves forward from point A towards point
B at velocity v. The agents in the convoy are designed
to be structurally identical (hexagonal) but have different
roles or assigned tasks; as a result their battery usage
varies significantly per unit time. The general battery usage
(movement, specific tasks) is modeled per unit time as buse
2 ). The additional battery usage by group 1
∼ N (µbuse , σuse
robots per unit time using specialized navigation sensors such
2 ).
as LIDAR, camera etc. is modeled as bad ∼ N (µbad , σad
The power consumption due to the charge sharing mechanism itself is assumed to be negligible compared to buse
based on [24]. Referring to Fig. 3, the battery usage of agent
Ai , ∀i ∈ D without charge sharing is therefore modeled as:


bi − buse − bad Ai ∈ Group 1
(15)
bi = bi − buse
Ai ∈ Group 2 & 3


bi − buse + µca Ai ∈ Group 4.
C. Validation scenarios
The simulation is set up with five different scenarios,
where the effectiveness of each of the proposed methods
is presented individually and as combinations. At the initial
state z0 , all agents start with individual batteries at 100%.
In S1, the agents only move forward as a group to represent

Scenario

Forward
movement

Center
advantage

Gradient based
charge sharing

Position
shuffling

S1
S2
S3
S4
S5

TABLE II: Validation parameters
Forward velocity, v
Battery usage for movement, charge sharing
mechanism (groups 1, 2, 3, 4), buse
Additional battery usage
for navigational task (group 1), bad
Charge sharing threshold, |∆t |

2 x-units/time
2 )
(µbuse , σuse
(0.5 units/time, 0.5)
2 )
(µbad , σad
(0.3 units/time, 0.1)
0.2 units/time

the conventional scenario as control. In S2, the agents are
allowed the minimum center advantage. In S3, the agents are
allowed PHS so that all agents get an opportunity for center
advantage. In S4, PHS is allowed with gradient based charge
sharing but without center advantage to compare the effect
these two concepts have on the convoy performance. Finally,
S5 utilizes all proposed concepts in this paper adopted from
the huddling behavior of Emperor penguins. With this setup,
the proposed concepts can be validated if the convoy travels
the furthest distance in S5 compared to the other scenarios.
The scenarios are summarized in Table I.
The simulation parameters are exaggerated for brevity of
min
the simulations and are listed in Table II. We set µca = µca
for all cases. Since the aim of the study is to extend the
working life of the convoy as a whole, the simulation stops
when the battery life of any agent falls below 5%. The xdistance travelled by the convoy center and the battery level

400

400
final battery variance
avg x-dist travelled

final battery variance

400
350.4

300

281.1

271.3

328.9

300

278.9

276
204

216

202

200

208

200
100

82.7

87.4

3.7

7.6

0
S2

S3

S4

S5

200

100

S2

S3

S4

270

360

450

540

630

0

91

182

273

364

455

546

637

N

(b) 6-7 formation
400

400

277.0

avg x-dist travelled

300

266.2

320.9
271.4

204

192

200

267.0

198

127.7

100

69.0

71.0

Avg x-dist travelled

final battery variance
327.2

avg x-dist travelled

71.9

180

(a) 4-5 formation

(b) 6-7 formation, N=78

final battery variance

214.5

90

N

400

300

0
0

S5

Scenarios

400

100

0

6.8

3.8

S1

Scenarios

202

100

0

(a) 4-5 formation, N=54

200

200

300

60.9

41.9

S1

300

Avg x-dist travelled

100

400

345.1

avg x-dist travelled

Avg x-dist travelled

411.2

Avg x-dist travelled

500

300

200

100

300

200

100

41.6
6.7

7.9

0
S1

S2

S3

S4

S5

Scenarios

(c) 10-11 formation, N=126

6.0

11.3

0
S1

S2

S3

S4

0

0
0

105

210

S5

315

420

525

630

0

125

250

375

500

625

N

N

Scenarios

(d) 12-13 formation, N=200

Fig. 5: Simulation results showing the final battery level variance and x-distance traveled by convoys under five different
scenarios. The results presented are averages of 10 simulation
runs. S5 yielded the maximum x-distance with the lowest
final battery level variance in all setups.
variance amongst agents at the end are measured.
D. Validation results
A 4-5 formation of N = 54 robots was considered for
min = 0.3. The
the first set of simulations with calculated µca
average results from 10 independent runs for each of the
scenarios are tabulated in Fig. 5a. The x-distance traveled
by the convoy in S1 and S2 was approximately equal. This
is because even though S2 allowed center advantage, the
convoy was still as strong as the boundary agents who
remained in place without any such advantage. With agents
in the center saving energy, the final battery variance in S2
was significantly higher.
S1 and S4 did not allow any center advantage. The xdistance values obtained for S4 were close to S1 and S2 but
consistently higher by a margin for all individual simulation
runs. This observation closely relates to the final battery
level variance readings for S1, S2 and S4. S4 has the
lowest final battery level variance because the gradient based
charge sharing method evened differences in battery levels of
neighboring agents. This allowed agents using more battery
to survive longer by receiving energy from its neighbors.
S3 allowed position shuffling along with S2 methods and
so all robots got an equal opportunity to move to the center
of the convoy in turns for center advantage. The convoy was
no longer as strong as the boundary agents only and so the
x-distance traveled in S3 was consistently higher than S1,
S2 and S4. The final battery level variance between agents
is also significantly lower than S2 but much higher than S4
without the gradient based charge sharing method.
S5 allowed the convoy to travel the maximum x-distance
consistently with a low final battery level variance for all

(c) 10-11 formation
S1 x-dist

S2 x-dist

(d) 12-13 formation
S3 x-dist

S4 x-dist

S5 x-dist

Fig. 6: Scenario performance comparison for m-n formation
with varying N. S5 allows maximum x-distance traveled for
all simulated formation cases over a wide range of N values.
simulation runs. The combined effects of center advantage,
PHS and the gradient based charge sharing methods allowed
the convoy to survive longer in the field using the full
potential of the group as validated by the simulation results.
Simulations were repeated for cases of 6-7, 10-11 and 1213 formations with N = 78, 126 and 200 robots, calculated
min of 0.225, 0.171 and 0.126 respectively. The results are
µca
shown in Fig. 5b-5d. For bigger convoys, the final battery
level variance decreased for S2 as expected given the large
sample size for all cases. The effect of center advantage was
dominant over gradient based charge sharing with PHS (S3
vs S4) for smaller groups as shown by the much higher xdistance values obtained in the 4-5 formation with N = 54.
The effect quickly deteriorates with bigger groups as shown
for larger formation and N cases. However, the overall
conclusion remained the same. S5 with all the proposed
concepts combined, consistently yielded the best results in
terms of maximum x-distance traveled while keeping a low
variance in battery levels of agents by a wide margin.
To verify that these conclusions hold over a range of N, the
simulations were repeated with varying N and corresponding
min for all the formation cases. The 4-5, 6-7, 10-11 and 12µca
13 formation x-distance travelled for varying N are plotted
in Fig. 6a-6d. In each case the average x-distance travelled
over 10 independent sets of simulations for each value of N
are used. For all m-n setups, S1 and S2 consistently yielded
similar x-distances over the entire range of N as expected. S3
provided better results than S4 for smaller m-n formations
with low N. For larger values of N, the x-distance traveled
with S3 become increasingly worse. This is because the
min does not take σ 2 into account. Since for
calculated µca
use
larger N, the agents have to move much longer distances

2 add up
to get to the front, the effects of the high σuse
and the center advantage is unable to match this significant
quantity of extra energy spent by any agent to get to the
center. Similarly in S4, the gradient based charge sharing
alone is unable to counter this effect and its performance
deteriorates with increasing N as well. The performance
of S5 deteriorates with larger N for the same reason but
with center advantage and the gradient based charge sharing
scheme working together it is able to counter the effects
2 for much larger N values than S3 or S4.
of the high σuse
Therefore, S5 shows much higher x-distances traveled by
the convoy over a larger range of N compared to the other
scenarios. The performance deterioration is higher in smaller
formations such as the 4 − 5 case where S5’s performance
becomes the same as S1 and S2 for N > 500. Therefore,
we conclude that the width of the convoy (m-n) should be
increased with increasing N for better performance.

V. CONCLUSION
In this paper, an Emperor penguin huddling-inspired position shuffling algorithm (PHS) and a gradient based energy
sharing scheme for a multi-robot system are proposed. A
hexagonal structure with carefully placed inductive coils is
utilized as the unit design for charge sharing between agents.
PHS allows individual robots equal opportunity to be at the
center of the formation in turns. Simulation results validate
that formations of different sizes successfully survive longer
as a group with the proposed concepts compared to the
conventional case of individuals only relying on themselves.
The improved performance by intelligent social behaviors
in a multi-robot setting proposed here is the first of its type
and complements autonomous missions of multi-robot search
and rescue, surveillance, monitoring etc. to remote locations
where self sufficiency as a group in terms of long term
survivability is of great importance. Further work on adapting
the proposed concepts for 3D cases with a decentralized
approach for practicality and determining the optimum mn for a given N is underway.
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