
Toward the Self-Organisation of Emergency Response Teams Based on
Morphogenetic Network Growth

Nicolas Toussaint1∗, Emma Norling2 and René Doursat1
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Abstract

Focusing on the challenge of fostering the self-assembly of
socio-technical networks, we present the application of Mor-
phogenetic Engineering principles in this domain to a 2D
spatial case study involving a team of first responders. Our
model and simulation illustrate how members of a rescue
team could be guided via hand-held devices toward better co-
ordination and positioning at appropriate locations, based on
peer-to-peer communication and local landmarks in the en-
vironment (such as incidents or exits), without the need for
a centralised control centre. Using Raspberry Pi devices, we
illustrate this scenario in various situations that require quick
decision-making to control and manage. Our work suggests
the possibility of novel forms of bottom-up self-organisation
among groups of users and machines, in contrast to top-down
imposed hierarchies and policies.

Introduction
Crises are inevitable. They range from large-scale wildfires
to injured individuals in a crowd. The ability to respond and
manage a crisis properly is crucial to limit casualties, pre-
vent further damage, and help minimise subsequent risks.
The specificities of each emergency scenario, which often
includes misleading or incomplete information, make the
coordination of rescue services particularly difficult. Com-
pounding the problem, crisis situations can change rapidly
as new events also occur unexpectedly (secondary hazards).
Emergency responders must react and adapt to a dynami-
cally shifting situation in real time by modifying their plans
accordingly. For example, if someone breathes undetected
toxic gas during an operation and is incapacitated, other
agents must react by protecting themselves, evacuating ev-
eryone else from the new risk area, and take care of the in-
jured. Detrimental interference among agents’ actions may
also arise from simultaneous task assignments leaving each
other unfinished, or when a new urgency makes agents de-
viate from a global objective. Despite all these pitfalls, it is
crucial to be able to constantly reevaluate the dynamic situa-
tion and make appropriate decisions toward reducing impact
on human life and infrastructure.

So far, many research works focused on the amount of
data and information that can be collected and processed in

real time to improve the assessment of emergency situations
and decision-making accuracy. The recent development of
new technologies has contributed to making this endeavour
increasingly affordable. New methods range from pervasive
sensors found in everyday devices to fast communication
and sophisticated AI algorithms able to aggregate multiple
streams of data and recognise patterns. In an emergency
context, the Internet of Things (IoT) is thought to have a
positive impact (Yang et al., 2013), whether during prelim-
inary evaluation of an incident, critical to a plan-based ap-
proach (Chen et al., 2008), or during the course of an event
to track and monitor people’s actions, locations, and con-
siderable other information (Scheurer et al., 2017; O’Flynn
et al., 2018; Ciabattoni et al., 2017).

For instance, 3D mapping of a disaster inferred from data
gathered by bystanders (Sadhu et al., 2016) can help design
an appropriate strategy. Indoor activity can be reconstructed
from correlated sounds and inertial data captured with wear-
able devices, or outdoor drones. Such technologies could
detect a first responder lying on the ground, coupled with
perturbations in their vital signs, which would prompt their
peers to treat this as a new incident and/or casualty. Active
landmarks (mobile sensors) can also be placed by the agents
(Palmieri et al., 2016) at the start of an operation to obtain
a more precise picture of the unfolding incident. Informa-
tion can also be extracted from social media feeds (Conrado
et al., 2016). Smart systems have been designed to gather
data from a variety of sources (Yuan and Detlor, 2005) and
analyse the information they contain (Bartoli et al., 2015),
paving the way toward an emergency response information
system (ERIS) that can handle big data.

Information-gathering hardware and software systems
also have shortcomings. Problems include difficulty to use,
the need for special training and maintenance of key techno-
logical components, a high price tag, and lack of reliability
in critical circumstances. Moreover, the flood of informa-
tion sent to a main hub, the “Emergency Operations Centre”
(EOC), from an ERIS can become rapidly overwhelming.
This information is used centrally to design an appropriate
strategy and decide which actions or movements need to be
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undertaken to achieve an effective response. Task assign-
ments are then decided and communicated back to the corre-
sponding field agents. However, both decision-support sys-
tems and decision makers can be overburdened by the huge
number of input and output features. The complexity of in-
novative information technologies often occupies too much
of the EOC agents’ cognitive space (Weidinger et al., 2018).

In this paper, we argue that self-organisation properties
can be exploited and put to work to alleviate these diffi-
culties. Endowing field agents with more autonomy and
local power can greatly support an EOC toward achiev-
ing efficient coordination. In fact, reversing the terms, the
EOC would only assist the bottom-up emergence on the
ground, or be required when treating radically disruptive
global events. Self-organisation properties allow the system
to negotiate new environmental and organisational perturba-
tions without falling into an “error state” (Serugendo, 2009),
in which carefully crafted rules assigned to each agent have
been rendered obsolete. Disturbances can involve discon-
nection of agents from the ERIS network, misunderstand-
ings between agents, and so on. Typically, the responsibil-
ity to detect and identify such events would fall to the EOC
(Chen et al., 2008), which would have to modify agents’
instructions to adapt to the dynamically evolving situation.
The measures taken should then steer the system back into a
“rational state” in which coordination is considered efficient
again. By contrast, self-organised systems are composed
of many independent entities (here, field agents) interacting
with each other and their local environment, and creating a
collective behaviour that may also fulfil a goal such as the
emergence of a functional structure. All entities follow the
same set of instructions with possible variants. The outcome
essentially relies on the multitude of local choices made by
the agents via their interactions, instead of centrally assigned
instructions unable to take into account sudden problems or
failures.

There are only few examples of self-organised emergency
response systems. One of them features adaptive collabo-
ration without global awareness in a scenario of search and
rescue, where dynamically changing factors determine the
likelihood for help requests to be sent or accepted (Frasheri
et al., 2018). In this work, however, the situation does not
require the formation of a coherent modular network struc-
ture. Collective structure formation can be helped by mod-
els based on gradient propagation (Doursat, 2008; De Wolf
and Holvoet, 2006), i.e. the peer-to-peer exchange and mu-
tual update of positional information values. This concept
inspired by developmental biology has been invoked to pro-
pose self-organising robotic swarms (Doursat and Sánchez,
2014) and socio-technical networks (Ulieru and Doursat,
2011), in which complex and persistent structures emerge
from connectivity choices and “hop counters” propagated
among nodes. A developmental approach based on self-
assembly mechanisms controlled by the same ruleset or

“genome” in every agent combines the advantages of robust-
ness and adaptability of the growing structure.

While this article does not intend to offer an alternative
to existing centralised systems, it aims to show how they
could be complemented by a layer of decentralisation. It
also illustrates the feasibility of applying an abstract model
of network self-assembly to a more concrete spatial and dis-
tributed context via idealised emergency scenarios. Finally,
it makes a step toward more practical use cases that employ
Raspberry Pis (RPis) to represent devices carried by field
agents. The rest of the text is organised as follows. First,
we introduce the abstract model and its customisation to a
2D environment; then, we describe the experimental soft-
ware/hardware setup of our application; finally, we discuss
the results obtained so far and sketch out future work.

Model
In this section, we briefly introduce the abstract model of
programmable network self-organisation (Ulieru and Dour-
sat, 2011) on which the present work is based. Then, we
present a customisation of this model to 2D space and its
adaptation to a distributed external environment.

Abstract Model Overview
The core of the model is a feedback loop going through three
steps corresponding to the three main components of net-
work self-assembly: links, ports and gradients. All nodes of
the network possess a predefined set of input/output pairs of
ports, denoted by (X,X ′), (Y, Y ′), and so on. Each port is
in one of the following states: ‘closed’ (not accepting con-
nections), ‘open’ (accepting) or ‘busy’ (open but not accept-
ing). A link can connect two nodes i and j via open and
matching output/input ports only, e.g. X ′i ↔ Xj . Optional
“port tagging” can further restrict connections during run-
time by creating specialised port subtypes and mutual com-
patibility rules, e.g. X ′ai cannot connect to Xb

j . Nodes ex-
change integer gradient values over the links, denoted by
(x, x′) and so on, to convey positional information. These
values are hop counters that increase by 1 every time they
cross over to another node. Each node calculates the min-
imum of all received values within a given port type (and
other correction rules apply). A small program, or ruleset,
is embedded in each node, taking in input local gradient and
environmental values and opening/closing ports in output.
The ratio of both values tunes the propensity of the structure
to react to the environment. This common ruleset consti-
tutes the “genome” of the network, as it controls the patterns
of connectivity in each node based on information received
from the neighbours—hence the “shape” of the network.

In sum: (a) gradient values are exchanged and updated
(G step), possibly several times; then, (b) ports may be
opened/closed depending on these values (P step); and
(c) new nodes may be added/removed and linked/detached
where ports are available/busy (L step); then these steps are
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Figure 1: A request-sending scenario involving three nodes. Each
answer is tagged with the corresponding line number from Algo-
rithm 1. Here all nodes possess the same open ports X and X ′, and
exchange requests to find matching ports to connect to. A request
is sent to the opposite port of a recipient node, which may wait
for an answer to its own request before replying in turn. In this
case, node 1 declines a request as t3 > t1, triggering a cascade of
other accept/decline answers. Eventually, a link is created between
nodes 2 and 3, which then start exchanging gradient values.

Algorithm 1 Request Receiving
1: procedure IS VALID(timestamp, value)
2: if (timestamp > local timestamp or

not has compatible port(value) or
has waiting request) then

3: return false
4: else
5: has waiting request← true
6: state← wait main thread()
7: if has changed(state) then
8: has waiting request← false
9: return false

10: else
11: return true

repeated. Complex deterministic structures can emerge from
the change in time of all node states, guided by their com-
mon ruleset. The graph builds itself from the bottom up fol-
lowing the sequence of all alternatives that nodes face and
the actions they take based on local information only.

Distribution and Concurrency
To prevent interference and race conditions among nodes
during these steps, which would put the network into an
inconsistent state, we also distinguish between different
timescales. In this framework, gradient propagation G must
perform faster than program execution P inside each node,
itself faster than link creation L. The implication is that
several rounds of G routines can be processed before one

round of P is done; and similarly several P’s before one L.
Clearly, if it were not the case then concurrent changes in
two different parts of the network could become incompat-
ible, i.e. happen too fast for each one to take into account
the other. While this could be remedied by running the algo-
rithm on a central host based on a sequential node scheduler,
it will not be robust in a truly asynchronous scenario where
each node runs on its own device.

Once this temporal hierarchy is established, no concur-
rency issues remain within the first two steps, and further
synchronisation is not required. Gradient updates and prop-
agation G are atomic operations independent from the previ-
ous state, so that the specific order in which values are sent
and received is not critical. Port operations P only change
the nodes’ internal states locally and do not immediately af-
fect peer nodes (that is, before L is triggered). Link creation
L, however, can still harbour race conditions since several
nodes can be simultaneously sending and receiving requests
for new connections and each outcome can influence sub-
sequent behaviour. This may cause problems such as when
a node accepts an incoming request at the same time that
its outgoing request to create a link is accepted on the same
port, yet the port can only hold one link; or when two com-
peting ports receive links at the same time, whereas one
should have caused the other to be closed and vice-versa.

To create new links, nodes regularly broadcast requests
containing a list of their open ports to their peers. Recipi-
ents compare this list to their own available ports to identify
matching pairs. If at least one match is found, the node sends
back a positive response with the port identified and both
nodes acknowledge the new link. To prevent concurrent link
requests, we designed a priority mechanism (Algorithm 1)
which assigns an order to these requests. It enables nodes
to process them sequentially and individually, delaying re-
sponses for other link requests until completion of the cur-
rent one. The sequential order is determined by two criteria
(ordered by importance): 1) the origin of the requests (‘sent’
requests are ranked higher than ‘received’ requests); and 2)
the time stamp (the older the request, the higher the ranking).
Prioritising sent requests ensures that the ports advertised in
the requests are kept open until the reception of the response.
In the case where a node can accept a received request after
sending its requests to other nodes, leading to port closures,
recipients would then have to check that matching ports are
still available before creating a link, generating additional
communication. This criteria however only gives a local or-
der, which can be contradictory across different points of
view. For example, if node i sends a request to node j and
vice-versa, and both are prioritising a different request, this
will create a deadlock. The second criterion based on time
stamps prevents this problem by creating a global priority
order. Furthermore, to reduce unnecessary waiting, agents
only set aside the first compatible request received while im-
mediately declining the remaining requests.
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Embedded in Space
While the previous model was designed at an abstract level
for all kinds of graph topologies, we propose here to ap-
ply it to 2D Euclidean space. In this context, new com-
mon features are added such as the positions of nodes and
objects, and an equation to move nodes in space, derived
from distance-based interactions and forces among agents
and environmental landmarks. Nodes represent agents in
space and self-organise into complex shapes guided by their
common genetic ruleset, with possible variations depend-
ing on the environmental cues they encounter. In the ex-
amples presented here, these external influences have been
placed in such a way that the simple rules followed by the
agents (e.g. connecting to peers, accepting requests, moving
in certain directions) create “interesting” structures. In the
remainder of the text, we use the term ‘agent’ indifferently
to refer to a ‘node’ or its associated ‘field agent’.

Interactions: Interactions between agents in 2D are the
same as in the abstract method. Distances are not taken into
account during communication as nodes are actually rely-
ing on a pervasive broadcasting system with ID-tagged mes-
sages to emulate point-to-point connections. However, this
assumption could be weakened to constraint the channels of
communication to a certain region of space based on a max-
imum radius of signal reception, which would impose limits
on the possible combinations of nodes.

Agents are now also able to perceive high-level features
(such as casualties, fire exits, etc.) in their local environ-
ment via sensors. Sensors are activated whenever specifi-
cally associated features are present in the detection range,
in which case appropriate forces are applied on the agent.
Depending on the “mode” of the sensors, these forces are
either attractive, aiming to keep the agent within the prox-
imity of a feature of interest, otherwise they are repulsive.
Agents can also adjust external influences, following their
ruleset, by changing a sensor mode as needed. For exam-
ple, at first an incident can attract agents to encircle it; but
when the area becomes overcrowded, rules change the sen-
sor mode of unneeded agents and, as a result, scatter them
over a large area. This strategy increases the region covered
by perceptual agents, which improves the system’s overall
response to possible secondary hazards. An agent may also
dispose of its sensors, i.e. desensitise itself to certain types
of landmark and specialise its behaviour.

Movements: Agents move to create spatial chains and
graphs that follow the corresponding abstract topological
chains and graphs created by the G-P-L connectivity rou-
tines, and based on an optimal length for each link. For ex-
ample, if there is a chain of three agents connected through
their (X,X ′) ports, they should move in 2D space in such a
way that the middle node positions itself between the other

Figure 2: Example of local connectivity configuration. Node 1
only has one connection (on the X ′ port), while it requests the
coordinates of node 2 and the centre of mass of nodes 3 and 4 in
order to calculate its new position (see text). In this case, it ends up
being on the other side of node 2 with respect to the other nodes.

two (details below). In addition, nodes can also be attracted
toward, or pushed away from, particular landmarks that they
sense in the environment. Free agents disconnected from
their peers can move in arbitrary ways. Combined together,
neighbourhood and landmark interactions give rise to forces
that reshape the network’s spatial structure in accordance
with both internal connectivity and external environment.
However, converging to a global spatial layout that satis-
fies all these constraints can be impossible when they are
contradictory, resulting in a frustrated state. In this case, a
suboptimal equilibrium characterised by a nonzero but small
global force can still be achieved. In sum, application of
spatial rules is intertwined with the connectivity routines to
ultimately drive the graph growth.

The core of the motion algorithm is as follows: at each
internal step, an agent i asks each one of its connected peers
k to send (a) its position (denoted by

−→
U k in Eq. 1) and

(b) the average of the positions of k’s “output” peers (from
the viewpoint of i as an “input”) via the same type of link
(denoted by

−→
U
′(i)
k ). In the example of Figure 2, node 1 sends

a positional request to node 2 via the X port; then node 2
asks its linked neighbours (here 3 and 4) their positions via
the X ′ port. The total displacement vector of i is calculated
from this information, possibly combined with the coordi-
nates of certain landmarks

−→
U l detected by the sensors:

∆
−→
U i =

1

n

(
n∑

k=1

−→
V k + α

−→
W k

)
+

1

m

m∑

l=1

β
−→
W l (1)

where node
−→
U i has n neighbours andm landmarks in its de-

tection range;
−→
V k and

−→
W k, described below, represent two

types of displacements generated by “forces” among agents;−→
W l reflects the same second type of force applied to agents
by landmarks; and the α and β factors (resp. 4 and 1 here),
adjust the balance of these three constraints.

−→
V k =

{
(
−→
U k −

−→
U
′(i)
k ) + (

−→
U k −

−→
U i) if

−→
U
′(i)
k 6= −→0

−→
0 otherwise

(2)
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−→
V k drives node i toward a position symmetrically disposed
from

−→
U
′(i)
k with respect to Uk (if Ui indeed has second-

degree neighbours beyond k, otherwise
−→
V k has no effect).

−→
W k =

(
||−→U k −

−→
U i|| − d0

) −→U k −
−→
U i

||−→U k −
−→
U i||

(3)

−→
W k (resp.

−→
W l) is a vector pushing node i at an optimal dis-

tance d0 from node k (resp. landmark l). This distance de-
pends on the type of the element, whether it is a node or a
landmark, and whether the latter is attractive or repulsive.
In the case of repulsive landmarks, the distance is set to a
high value such that the node is driven out of the landmark’s
detection range and influence.

Finally, the resulting displacement vector ∆
−→
U i is con-

strained by the motion capacity of the node represented by
a maximum distance dmax, and must be renormalised if it
exceeds this distance:

∆
−→
U i ←




dmax

∆
−→
U i

||∆−→U i||
if ||∆−→U i|| > dmax

∆
−→
U i otherwise

(4)

Gradient loops: One potential problem with this model
that must be avoided is the development of loops exclu-
sively composed of one port type, as this would lead to an
infinitely increasing gradient propagation. In the abstract
model, where a single graph grows from the incremental ad-
dition of nodes, one at a time, blocking strategies can pre-
vent this problem by closing specific ports at appropriate in-
stants. For example, chains can be constrained to expand
in only one direction (e.g. either X or X ′), thus prevent-
ing both ends from connecting together and forming a loop.
In the asynchronous 2D case, however, nodes are already
all present as physical entities at the start, and several nodes
may potentially trigger concurrent graph growths simultane-
ously. Therefore, embryonic structures at equivalent stages
of development should be able to cooperate and merge into
a larger graph to avoid unnecessary duplicates (e.g. sev-
eral arcs of circular node chains forming around the same
landmark). However, since port closing does not discrimi-
nate between loop development and graph merging, another
mechanism must be implemented into the model to specif-
ically prevent single-port loops. To this goal, we augment
the gradient’s information with the identifier of its source
node. As a result, each extremity of a chain also possesses
the node ID of the other end. The link creation routine L is
also amended as follows: when a node broadcasts to its peers
connection requests containing a list of its open ports, it also
verifies for each peer that it is, precisely, not the source of
the opposite gradient, otherwise that peer must be ignored.

Experimental Setup
In this section, we present a software and hardware imple-
mentation of the model described above with a case study to

illustrate its behaviour. First, a reduced scenario including a
small number of physical agents, here eight RPis, shows the
applicability of the model to a distributed environment and
how it can lead to a real-world application. Then, a more
comprehensive setup using simulated agents demonstrates
complex self-organisation. In both scenarios, we focus here
on the main features of the interactions between agents and
for now ignore realistic details such as obstacles.

Model Implementation
Throughout the remainder of the paper, a software agent
(SA) refers to an autonomous program that can run indi-
vidually on a field agent’s device or among other SAs on
a central computer. In both cases, SAs embody the nodes of
our model, whereas environmental agents (EAs) represent
external landmarks that can affect the settings or evolution
of a simulation and its real-world deployment.

Environmental agents and EOC: In a full-fledged dis-
tributed system, each EA would only contain a partial de-
scription of the local physical environment surrounding a
landmark. For the needs of our implementation, however,
where generic RPis stand in for field devices but lack actual
sensing/actuating capabilities, we revert some of the decen-
tralisation principles and concentrate the EAs into a single
EOC running on a laptop. This EOC also contains the com-
mon ruleset specified at the start and broadcast to all SAs. As
both the list of landmarks and the agent’s rules can change
during the simulation, the latter is broadcast again while the
former is kept centrally.

After each move, an SA sends to the EOC a list of its ac-
tive sensors. The EOC responds with the new state of each
sensor, associated with the landmarks’ positions if any has
been detected. Another role of the EOC is to display a global
view of the current simulation to be observed and monitored
by the modeller. To this purpose, software agents send a no-
tification after every action (such as gradient value updates,
link creations, movements, etc.), which are then aggregated
by the EOC into a global picture.

In summary, while landmarks should not normally be pro-
vided by the EOC but detected directly by the field agents,
the ability to continually broadcast ruleset updates and pro-
vide a visualisation panel remain useful features in a con-
crete scenario. The states and positions of field agents
can be used alongside other sources of information by the
EOC to improve the situational awareness of possible central
decision-makers in real time. The broadcasting functional-
ity enables the EOC to react to critical changes by overriding
outdated rulesets.

Software agents: SAs are given a code that determines
how they interact, process the information received and
make decisions. While the architecture and program of the
model’s core G-P-L routines is immutable, the modeller can
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Algorithm 2 Agent Ruleset
1: open X , close X ′, Y, Y ′

2: open C, close C ′

3: turn on Sc, Sx . casualty and exit sensors
4: circle size← 8
5: if sc = 0 then . if no casualty detected
6: open X
7: set attractor Sc

8: if sc > 0 and x < circle size then
9: open X,X ′

10: close C,C ′ . prioritise encircling
11: if x > 0 then
12: close Y
13: if x = (circle size −1) then
14: open Y ′, C ′, X ′-tagged-by-sc
15: if x′ = (circle size −1) then
16: open Y,X-tagged-by-sc
17: if x ≥ circle size and x′ = 0 then
18: close X,X ′, Y, Y ′

19: set repellent Sc

20: if c = 0 then
21: turn off Sx

22: if c > 0 then
23: open C ′, turn on Sx

24: if (sx > 0 and c > 0) or (c = 0 and x = 0 and c′ > 0)
then

25: close C ′ . adaptive chain length

focus on the “genomic” ruleset embedded inside P, which is
specific to each use case. Unlike many agent-based mod-
elling solutions, composed of a set of agents in a shared
container and randomly activated by a scheduler, each in-
dividual SA is run in a process of its own. It also possesses
its own graphical interface to display practical information
to the field agent (more details in Results). For this experi-
ment, we used versatile RPis to host the SAs. For real-world
use by field agents, these devices could be later augmented
with sensing capabilities or replaced by other digital assis-
tants such as mobile phones. Here, sensor information re-
lated to the field agents themselves (such as GPS coordinates
or orientation in space) is simulated locally.

Use Case Scenario
In our test scenario, a crowd has gathered in some venue
to watch a community event. The venue is a static grid of
dimensions 700×500 with an exit at position (350, 10). Ini-
tially, field agents are stationed arbitrarily in space. They
have a detection range of dr = 200 and at each internal
step they can cover a maximum distance of dmax = 20.
Their goal is to detect any incident and contain it by form-
ing a circle to make space for the arrival of first aid. After
completing the isolation process, the remaining field agents

form a chain between the incident and the exit to facilitate
the evacuation of the casualties. Here an incident happens
at location (400, 450), requiring eight agents to encircle it.
Once the structure has stabilised, another incident is added
at (250, 150) that agents must address.

In this context, the ruleset (Algorithm 2) was designed so
that the agents’ connectivity behaviour ultimately solves the
above challenge (Fig. 3). To this goal, they are endowed
with three pairs of ports: (X,X ′), (Y, Y ′) and (C,C ′),
alongside two high-level sensors: Sc, activated when a casu-
alty is inside the agent’s detection range, and Sx, triggered
by an exit. Both X and C ports are opened first so that idle
agents can contribute to a circle (connected viaX) or a chain
(via C). When an agent is part of a growing circle, both X
and X ′ are open, enabling concurrent circles to merge to-
gether and new idle agents to be added in no particular or-
der. When the X-chain reaches a sufficient size, appropriate
nodes connect via Y to complete the circle (lines 13-16).
Furthermore, the (X,X ′) ports are tagged with the value of
Sc, i.e. the casualty’s ID, restricting possible connections to
peers near the same casualty. If too many agents are around
the casualty, excess agents disconnect themselves from the
structure and move away (lines 17-19). After the circle con-
tainment process is complete, and if there are other agents
remaining, the C ′ port is opened to trigger the growth of a
chain in the direction of an exit (Fig. 4).

Results
First, we implemented this scenario in eight RPis (Fig. 3a,b)
and a central laptop (Fig. 3a,c) to observe the model’s be-
haviour in a more concrete context. Since the small num-
ber of agents was just enough to encircle the first casualty,
the scenario was stopped at this point (no exit chain was
formed). Each RPi independently executed one SA, while
the computer held the EOC and list of EAs (here, one casu-
alty and one exit). Figure 3b shows screenshots of the sub-
jective views from three of the eight devices. This visualisa-
tion interface is composed of the local environment and sub-
graph perceived by the corresponding field agent (e.g. land-
marks and connected peers) along with personal informa-
tion, such as its connectivity state. The top bar also displays
the direction and distance to the next calculated position.

Through this first trial, we wanted to evaluate the collec-
tive ability of agents to consistently develop a robust shape
over multiple runs, solely based on their local actions. SAs
were not assigned predetermined locations neither in 2D nor
in the graph; instead, they were given the same program (in-
cluding Algorithm 2 at the core of the P routine) and were
driven via these rules and their interactions toward forming
a specific and stable (albeit temporary) network topology.
Moreover, although the order of link requests, sensor activa-
tions and, ultimately, graph nodes was not deterministic and
produced significant variations at each new simulation, the
final overall circle structure was reliably the same.
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(a)

(b)

. . .

(c)

Figure 3: First experiment with eight RPis. Agents (in dark blue)
discover an incident (in red) and encircle it. Links represent de-
tection via sensors (in cyan) or interactions with other agents (in
green). (a) Physical setup: eight RPi’s communicate with each
other and a laptop. (b) Three of the agents’ subjective views, show-
ing the local connectivity and landmark, as displayed on each de-
vice. Directions to reach the next calculated position are featured
in the top bar. (c) Global view on the central computer. Both types
of views also indicate the state of ports and gradient values.

In a second experiment, 15 SAs were simulated on a sin-
gle machine (Fig. 4). While this setup is clearly not equiva-
lent to the constraints of running on multiple asynchronous
devices, it nevertheless resulted in the same type of circle
and chain structures. As for the precedent evaluation, the
resulting global structures were consistent throughout the
runs. Figures 4c,e are representative of these graphs, while
intermediate steps differ according to the specific agents’ in-
teractions and locations. Based on this, we could make a few
interesting observations. First, the ability to collectively re-
act and grow appropriate graphs is triggered by the detection
of landmarks. Rules are designed to prevent matching pairs
of ports from connecting when agents are roaming freely in
the initial state (lines 1, 2). This situation is unlocked when-
ever a casualty sensor is activated (lines 8-16). Here, when

(a)

(b) (c)

(d) (e)

Figure 4: Timeline of a simulation with 15 agents on one machine.
(a) Agents are randomly scattered in 2D space (not all visible here),
then an incident happens (in red): the nearest agents detect it (green
links) and start sending requests to peers to contain it (red links).
(b) The incident is encircled, then a meandering chain (blue links)
has formed past the exit (green triangle) and breaks up (dashed
link). (c) Part of the chain straightens while other nodes detach
from it. (d) A second event requisitions the idle agents. (e) End of
the simulation: the two incidents are contained.

an incident occurs (red disc), five field agents detect it (green
links) and open their X ′ port (Fig. 4a). This port acts as a
recruiter attracting more field agents toward the point of in-
terest. Once sufficiently near, agents behave similarly and,
if enough are present, the circle is closed (Fig. 4b). Here,
two extra agents are still within detection range of the event
(longer green links) but are moving away.

Then, the relative influence of internal gradient values
with respect to external events (sensor values) is reflected in
the ruleset. Here the circle formation results purely from the
former, whereas its particular location is guided by the latter.
The additional chain structure also stems from the port logic,
whereas its exact length varies with the distance between
landmarks. After encirclement, the other agents form a long
7-node chain (Fig. 4b) until node k comes within detection
range of the exit (green arrow). This causes k to discon-
nect from its successor (dashed link) and break up the chain.
The loose end of the chain disassembles, while forces among
the remaining consecutive nodes make the chain straighten
(Fig. 4c). This causes j to draw near to the exit and con-
nect directly to it, which in turn releases k and allows it to
participate in other events (Fig. 4d,e).
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Finally, priorities among specific parts of the structure can
be hard-coded in the rules. For example, a node belonging
to a circle could close its C port (line 10) to avoid being
enrolled in a chain. On the contrary, a node belonging to
a chain keeps its X port open so that it stays available for
a circle. This type of rule asymmetry results in promoting
circles before chains to represent the fact that containment is
considered more important than evacuation in this scenario.
In fact, after forming the first chain, node i was poached and
recruited into a new circle around the second casualty, while
j remained chained to the exit and i (Fig. 4e).

Conclusion and Future Work
In this paper we showed how agents could self-organise and
form consistent structures according to their environment
without top-down directions from a central control. The
agents adapted their behaviour as a result of local or dis-
tant events, without the need to assess their own usefulness.
For instance, if a global sight of the whole circle is blocked
by smoke or because it is too big, appropriate assignments
and positions are automatically computed by the model.

We presented an example where a first responder team
deployed in a simplified representation of some venue pro-
vides protection to possible casualties and facilitates emer-
gency evacuation. A reduced scenario with a small number
of RPis was performed to verify the model’s behaviour in
a context closer to reality. We also simulated an extended
version to highlight interesting properties and the ability of
the model to accommodate a second casualty without the
need to overwrite the rules. Furthermore, as coordination is
handled by the port and gradient logic, the field agents are
better able to focus on concrete value-added actions and less
preoccupied about coordination.

For future work, several directions can be envisioned. The
model could be integrated into a crowd simulator to anal-
yse its behaviour in a more complex environment. The use
of real floor plans instead of a square lattice to represent
the environment would also help reduce the gap between
reality and simulation. Field agent roles could be diver-
sified (e.g. police, paramedic) to further regulate interac-
tions based on expertise, while different types of sensors
(e.g. toxic gas detector) could be carried only by certain
agents. Link requests could also be limited to the nearest
neighbours, instead of broadcast to all, to reduce the need
for field agents to move in order to accommodate the forces
resulting from the structure.

Acknowledgements
NT’s thesis work, supervised by RD, is supported by the
School of Computing, Mathematics and Digital Technology
at Manchester Metropolitan University. NT wishes to thank
PhD fellow Zoe Bartlett for her help reviewing and correct-
ing the English, and co-supervisors EN and Bruce Edmonds
for continued advice throughout his work.

References
Bartoli, G. et al. (2015). A novel emergency management

platform for smart public safety. Int. J. Commun. Syst.,
28(5):928–943.

Chen, R. et al. (2008). Coordination in emergency response
management. Commun. ACM, 51(5):66.

Ciabattoni, L. et al. (2017). Real time indoor localization
integrating a model based pedestrian dead reckoning
on smartphone and BLE beacons. J. Amb. Intel. Hum.
Comp., pp1–12.

Conrado, S. P. et al. (2016). Managing social media uncer-
tainty to support the decision making process during
emergencies. J. Decis. Sys., 25(sup1):171–181.

De Wolf, T. and Holvoet, T. (2006). Design patterns for
decentralised coordination in self-organising emergent
systems. In Int. Workshop Engineering Self-Org. Ap-
plications, pp. 28–49. Springer.

Doursat, R. (2008). Programmable architectures that are
complex and self-organized-from morphogenesis to en-
gineering. In ALife 2008, pp181–188.

Doursat, R. and Sánchez, C. (2014). Growing fine-grained
multicellular robots. Soft Robotics, 1(2):110–121.

Frasheri, M. et al. (2018). Adaptive autonomy in a search
and rescue scenario. In SASO 2018, pp150–155. IEEE.

O’Flynn, B. et al. (2018). First responders occupancy, activ-
ity and vital signs monitoring. Int. J. Adv. Net. Services.

Palmieri, F. et al. (2016). A cloud-based architecture for
emergency management and first responders localiza-
tion in smart city environments. Comput. Electr. Eng.,
56:810–830.

Sadhu, V. et al. (2016). Argus: Smartphone-enabled human
cooperation via multi-agent reinforcement learning for
disaster situational awareness. In 2016 IEEE Int. Conf.
Auton. Comp., pp251–256. IEEE.

Scheurer, S. et al. (2017). Sensor and feature selection for an
emergency first responders activity recognition system.
In 2017 IEEE SENSORS, pp1–3. IEEE.

Serugendo, G. D. M. (2009). Robustness and dependabil-
ity of self-organizing systems-a safety engineering per-
spective. In Symp. Self-Stab. Sys., pp254–268.

Ulieru, M. and Doursat, R. (2011). Emergent engineering: a
radical paradigm shift. Int. J. Autono. Adap. Commun.
Sys., 4(1):39.

Weidinger, J. et al. (2018). Is the frontier shifting into the
right direction? a qualitative analysis of acceptance
factors for novel firefighter information technologies.
Inform. Syst. Front., 20(4):669–692.

Yang, L. et al. (2013). How the internet of things technol-
ogy enhances emergency response operations. Technol.
Forecast. Soc., 80(9):1854–1867.

Yuan, Y. and Detlor, B. (2005). Intelligent mobile cri-
sis response systems. Communications of the ACM,
48(2):95–98.

291


