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Abstract

In this paper, we propose a nanoscopic model, which captures the intra-
robotic as well as inter-robotic interactions at a level lower than the
microscopic level that captures the individual robotic behavior as a whole,
which in turn is at a level lower than the macroscopic collective behavior of
the swarm of robots. Instead of considering an individual robot as an atomic
unit, we represent certain independent, parallel activities that go on inside a
robot as a set of multiple, sub-atomic and concurrent agents that
communicate with each other as well as with such agents of other robots of
the swarm.

Keywords— Swarm robotics, swarm intelligence, nanoscopic intra-robot
behavior, microscopic inter-robot behavior, macroscopic collective behavior,
synchronization, state-explosion.

1. INTRODUCTION

Swarm robotics is a branch of multi-robot systems that embrace the ideas of
biological swarms such as insect colonies, flocks of birds and schools of fish. The
term “swarm” is used to refer “a large group of locally interacting individuals with
common goals” [1,2]. Swarm robotics systems as well as their biological counterparts
consist of many individuals exhibiting simple behaviors. While executing these
simple behaviors, individuals are capable of producing complex collective behaviors
on the swarm level that no individual is able to achieve alone. Ant colony can be
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viewed as an example — a single ant has limited sensing capabilities and relies only on
local information, but by working together the colony is able to perform rather
complex foraging, construction and transportation tasks.

One important additional observation that we make in this research is that in
the biological counterparts of swarm robots, say school of fish or ant colony, an
individual behaviour is constituted by many local behaviours that happen in parallel.
A fish for example senses information from its environment, processes the sensed
information, sends it to its neighbours and also receives some information from its
neighbours all of them happening in parallel while it is swimming/in motion using its
various organs acting and reacting concurrently. Similarly, in an ant colony,
depending on the individual ant’s role, it does multiple activities along with motion in
parallel.

Swarm robots are similarly designed such that each individual robot has to
perform multiple activities such as sensing information, processing it, in addition to
sending and receiving certain information, all happening in parallel often
simultaneously with motion. As noted in [3], swarm robotics systems are
characterized by simplicity of individuals, local sensing and communication
capabilities, parallelism in task execution, scalability, heterogeneousness, flexibility
and decentralized control among each other. We can carry this parallelism one more
step forward within an individual robotic unit as well, with its sub-atomic units doing
certain activities simultaneously in parallel.

Swarm robotics has been defined as a novel approach to the coordination of
large numbers of robots and as the study of how large numbers of relatively simple,
physically embodied agents can be designed such that a desired collective behaviour
emerges from the local interactions among robots and between the robots and the
environment. [1]. The design and analysis of individual robotic behavior is
considered microscopic and those of the collective swarm behaviour is considered
macroscopic[4]. In this work, we go one step deeper in implementing parallelism in
task execution, which we claim exists not only among robots (inter-robot) in the
microscopic level but also within each individual robot (intra-robot) in what we
propose as nanoscopic/local level which, as we demonstrate, can be used to
mathematically model and derive the macroscopic global behavior.

Therefore in this paper, we split each atomic robot into multiple sub-atomic agents

with following characteristics as opposed to those given in [5]:

— A robot has multiple sub-atomic agents that are autonomous;

— A robot’s multiple activities are delegated to these sub-atomic agents that
proceed independently and concurrently in parallel.

— Robotic agents do not have access to centralized control or global-state
information of the parent or other robots.

- Robotic agents cooperate to tackle a given common goal/task.

1.1  State of the art and Related work:
Tthere are models in the literature which utilize global knowledge [15][16], by having
a centralized control. In our work, our model is fully distributed but still derive global
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knowledge at synchronization points as opposed to the studies in [17][19]. Our multi-
agent model enjoys both being fully distributed as well as deriving vital global
knowledge by exchanging with each other at synchronization points /rendezvous.

In the sequel of the paper, we describe a methodology based on CSP model[6]
to automatically derive the macroscopic collective behaviour of swarm robots, given
the nanoscopic specification of sub-atomic agents of individual robots expressed as a
set of CFSMs (Communicating Finite State Machines). Section 2 describes the
methodology proposed in [7], [14] and repeated here for clarity and continuity.
Section 3 lists the parallel version of the pseudo code of the algorithm, which takes
the nanoscopic input with local states and translates it to the macroscopic output with
global states of the swarm robotic system. Section 4 describes a case study of a
collective transport system of swarm robots dealt with in [8,9], to which our
methodology is applied. Section 5 discusses the formal verification of swarm robotic
systems Section 6 conclude the paper.

2. THE METHODOLOGY

The multiple sub-atomic robotic agents of an individual robot are specified as a set of
CFSMs as mentioned above. Each CFSM performs certain actions from its different
states. Some actions are asynchronous /local to the agent and some actions are
synchronous/global in the sense that each synchronous action has a sending agent and
one or more corresponding receiving agents of the same or different robots,
participating in the synchronous action. An event is an instance of an action.

We process the specification consisting of a set of n CFSMs representing the n
robotic agents into what are called as CMPMs (Communicating Minimal Prefix
Machines) that are nothing but the simulated version of the CFSMs in global
environment. Every robot has in its environment, other robots and also the common
general environment. CFSMs have local knowledge while the CMPMs have global
knowledge based on the state information.

In particular, we transform the given n CFSM graphs into a corresponding set
of n CMPM trees whose leaves correspond to what are defined as cyclic/cutoff states
or failed deadlocked states or successful goal states.

Each state of a CMPM represents not only its corresponding local CFSM state,
but also a vector of (n-1) non-local CFSMs in its environment.

Definition:

A CFSM F; =(sop, Spi, Ap, Ry, Rsyncy, Rsyncgs, ) Vie{l.n} where[14],

. Ssi is the finite set of states of CFSM F;, Sofi € Si being the initial state.

. Ay is the finite set of asynchronous and synchronous actions of F;.

. If ai € Aiis a synchronous action, the list of indices [ j, j2,...jk],k <n of the
partner CFSMs are also specified in the square brackets along with ay; .

. Ryi is a ternary transition relation such that: Rei < Stix Arix Sti .In a so-called i-

transition (sﬁ,aﬁ,s' fi) € R, sii is called the input state and s'fithe output state.
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An i-transition (si,as,s" ) Ru is called synchronous if an[ ju, j2,...j«|, isa
synchronous action such that : 3 a set of j-transitions (sn,as,s" )€ R
vj e{jl, jzjk} j #iwhere asi =asand (S' fi,S' fj) € Rsyncri .

. Rsnn < Stixsi, i# J, je{l.n},is a binary relation which relates the output
states of synchronous transitions.
o Rencos  Reynes~ relates  the  set  of  pairs of initial  states:

Rsync, ; =(soﬁ,sij ),Vj {1..n}. All the initial states are assumed to be in pair
wise synchrony with each other to begin with [14].

Definition:

A CMPM M; = (sp, Si, Ei,Ri,Rsynci,Rsyncy;) ,Vie{l..n}is a 6-tuple where,[14] the
countably infinite sets of states S;and events E;j are generated as instances of
corresponding finite sets Ssand Ay respectively of CFSM F;, i e{1..n}.

SicSsixNat, E;j cAfxNat such that:

fi: Si—>Si | Vi e{l..n} are a set of n many-to-one functions, mapping the
infinite domain into finite range. where Nat is the set of natural numbers with sy =
(sfi, 0), Vi e {l..n}. The entities, Rsynci, Rsynco; can be defined similarly as
corresponding instances of CFSM entities Rsyncs and Rsyncosi.[14].

2.1  Well-founded, Partially-Ordered Causality Generation
We unwind the CFSM graphs in their mutual global environment into CMPM trees
by simulating each of the former in their respective non-local environments.

Definition:
The global, temporal causality order is composed using the binary relations Rsync;
and R;, i € {1..n} as follows[7, 14]:

<:=>i-1a(RiURsynci)”

The binary successor relation R;is derived from the ternary relation Ry with its
event omitted. The binary relation < represents the partially ordered, well-founded
causality relation among the states of CMPMs based on their points of entry in time.

The Rsync; relations capture the equality in time of the synchronous output
states they relate.

Using R;, Rsync; relations, we further define a set of 3 global relations of
sequence(seq), conflict/choice(conf) and concurrency(co) among the states of all the
CMPMs. whose definitions can be found in [7]. Every pair of states of all the
CMPMs are related by one of the above 3 relations.
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Fig 1. Given set of CFSM graphs representing a set of 3 Nanoscopic agents of a
Robot

Fig 2. Deduced set of CMPM Trees representing the Macroscopic Swarm-
robotic behaviour

Fig 3. Disjoint CMPM Trees of Fig 2.
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2.2 An Example of CFSM-graphs and their Simulation into Finitely
terminating CMPM-trees

Fig.1 shows an example [14] of a set of three (n = 3) specified CFSMs. The states
are labeled with lower case letters and synchronous actions are labeled with upper
case letters. The asynchronous actions of local CFSM transitions are not labeled for
simplicity. Fig. 2 shows the corresponding set of CMPMs which are simulated
CFSMs in global environment. The CMPM states ay, by, ¢y of Fig.2 are instances of
the respective CFSM states a,b,c etc. in Fig. 1. Similarly, the CMPM events 4y, By, Cy
etc., of Fig. 2 & Fig 3 are instances of the corresponding CFSM actions A,B,C etc.,
of Fig. 1. The states that are glued together in Fig. 2 represent the ones related by the
Rsync; relation, the causal equality in time.

The leaves of the three CMPM trees represent the cut-off states. The state a;in
CMPM; is a cut-off state since along with its no-local environment vector (p1, X1),it
represents the synchronous vector (ai, p1, X1) which happens to be the descendent of
the initial vector (a0, po, Xo) both being the instances of the same FSM-state vector (a,
p, X). Thus a; and ap are isomorphic to each other in the sense that the descendent
states and transitions of a; will be identical to that of ajand hence need not be
generated again. Thus a;is called the cut-off state of ap. Similarly, state a, is
isomorphic with ap and is a cut-off state.The state s; in CMPM; is isomorphic with sg
since their respective global-state vectors (Co, S1, X3) and (Co, So, Xo) respectively are
instances of the same CFSM vector (c, s, X).The state x4in CMPM3 is isomorphic with
Xo by the same token and is a cut-off state.

2.3 The Minimal-Prefix Vector, the Central Notion behind CMPMs that reduces
State-explosion

We associate each state s; of CMPM; with a non-local synchronous vector (s, Ss, ...
sy) of size (n-1) belonging to CMPM,, CMPMj3, ... CMPM, respectively forming the
environment of sy, referred to as the environment vector of state s; of CMPM;. Each
component of (Sy, S3, ... sp) IS @ synchronous output state whose entry is necessary to
guarantee the entry of some or possibly all of the other components followed by the
entry of s; in order to satisfy the synchronization requirements. Recursively, each
component of the vector (S, S3, ... sp) In turn is associated with its own environment
vector. The (n-1) sized environment vector is referred to as the minimal prefix
vectorin the sequel of the paper, since each component, say s,of this vector is to be
necessarily/minimally reached (possiblyCMPM, may transit past the component s,to
one of its descendent states as well, asynchronously of CMPM; thus qualifying the
necessity/minimality condition of s;’s entry). Thus the simulated CFSM machine in
global environment is called communicating minimal-prefix machine (CMPM) since
each state is associated with a minimal-prefix vector as its environment.

2.4  CMPMs and the traditional Product Machine

We believe that the set of CMPM states with their respective minimal-prefix vectors
sufficiently comprise the interesting global state vectors of the traditional product
machine. The rest of the state vectors of the product machine if needed, can be
reached by traversal from one state-vector say (s; , env;) ofcCMPM,; to another vector



Towards A Nanoscopic Model To Derive Macroscopic Behavior 19101

si , env)) of CMPM;, i #jwhere s; is the | component of the environment vector env;
j j 7 j
of si.

2.5  The Elimination of State-Explosion due to Non-Deterministic Interleaving
in CMPMs

Consider a conventional product machine composed by two component CFSMs.
Consider a state vector (S1, s2) of the product machine with s; representing the state of
CFSM; and s; representing that of CFSM,.Consider two local/asynchronous state
transitions (S1, a1, s’1) and (sy, a2, s’z) of CFSM; and CFSM; respectively. In the
traditional construction of the product machine, these two transitions are modeled by
choosing either one of the two transitions to happen first followed by the other in
sequence. This would lead to the following product machine state transitions as
shown in Fig 4 consisting of 2° = 4 transitions representing the 2 independent
local/asynchronous transitions of CFSM; and CFSM.. If we extend this representation
of non-deterministic interleaving to n different local/asynchronous transitions of n
respective CFSMs, CFSM;, CFSM, ... CFSM,, we would need 2" transitions to
represent n independent asynchronous transitions of the n CFSMs in the case of
product machine. On the other hand, in the case of CMPMs, the n local/asynchronous
transitions of the n CFSMs would be modeled by exactly n transitions of the
respective CMPMs. This is the main advantage of CMPMs in that the exponential
explosion of states due to non-deterministic interleaving is avoided since the locality

of each CMPM is maintained.
I I
a A
Gim)  CGrem)

Fig 4a.Concurrency Fig 4b.True concurrency

mimicked by
non-deterministic
interleaving

2.6 Equivalence classes formed by the reachable CMPM State-vectors

Each state of every CMPM M;, ie {1..n}is associated with a 2-tuple: (s, env;) , with a
primary state component s; and a secondary environment vector component env;
consisting of (n-1) synchronous output states of the non-local CMPMs M;, j # i.
Together, (si, env;) forms an instance of a reachable global state vector of the CMPMs.
This particular vector can be perceived as a representative of all the other CMPM
vectors that can be reached asynchronously to s; forming the 2-tuple (s;, async_env;)
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where async_env; is the set of all the (n-1)-tuple vectors that are reachable
asynchronous to s; by advancing the non-local CMPMs, M;, je {1..n}, j # i and
anchoring the local CMPM M; at s;. The only difference between the couple of state
vectors (si, env;) and (s;, async_env;) is that the former is explicitly stored statically in
CMPM M;, whereas the latter is not explicitly stored but can be generated dynamically
by allowing the non-local CMPMs M;, j # i, to make their state transitions
asynchronous to M;, after anchoring the latter at s; (fig 5).

Definition:

We define a binary equivalence relation Rg; that relates every pair of a group/class of
reachable CMPM state vectors such that the i component of both the related vectors
IS S;.

That is, (s Rsis’) iff: s;is the i component of both s and s .

It is easy to check that Rg; is reflexive, transitive and symmetric and thus is an
equivalence relation. Thus, every CMPM state along with its environment vector is
one representative of the whole equivalence class of state vectors reachable
asynchronously of it. The saving gained by not storing the entire equivalence class of
reachable state vectors but only one representative of it is the significant advantage of
CMPM construction as opposed to the traditional product machine construction, the
latter statically generating all the reachable state vectors thus incurring the interleaved
state-explosion.

© Fig 5.Minimal prefix vector and its equivalence class of states----States

Theorem

The set of states of all n CMPMs along with their respective environment vectors (s;,
envi), i € {1..n} comprise only a subset of the reachable state vectors of the
conventional product machine such that the former set consists of only one
representative vector per each equivalence class of state vectors formed by the latter
set.

Proof

The proof follows from the construction of CMPMs from the CFSMs whose pseudo
code is given below. The construction method simulates every CFSM in its non-local
environment of other (n-1) CFSMs just like the traditional product machine except
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that all the n state transitions are generated from a single state vector in the case of
product machine while on the other hand the same set of n transitions are distributed
among the n different CMPMs in the latter case. Thus all the state transitions of the
product machine are generated in the CMPMs modulo the repeated state transitions of
the product machine due to non-deterministic interleaving. This saves an exponential
number of states in the CMPMs by avoiding such interleaving by restricting to local
transitions alone but at the same time not losing track of the globality, by storing the
synchronous environment vector of every CMPM state.

3. Pseubo cobeE FOR THE GENERATION OF CMPMs FROM THE GIVEN

CFSMs

Input: Set of n CFSMs specification in the form of n graphs with local state
information representing swarm robotic system in nanoscopic level.

Output: Set of n CMPMs in the form of n trees, with global state information

representing the swarm robotic system in microscopic level.

The algorithm given below is the parallel version of the one presented in [14].
The algorithm unfolds the given CFSMs into CMPMs by recursive simulation of
CFSM states and transitions in parallel. Due to their inter-dependencies, every path
generation of a given CMPM causally leads to the generation of certain paths of non-
local CMPMs as well. Thus the CMPMs are generated as a group concurrently
according to synchronization requirements instead of one at a time sequentially. A
consistent global-state-vector is composed/generated after every synchronization
point. Thus every state generation involves the generation of not only its local
predecessors but also certain non-local predecessors from other CMPMs, culminating
in a unique environment vector of the generated state.

[*The pseudocode below simulates CFSM F; and possibly other CFSMs F;j, j# i (in
case of synchronizations ) to generate CMPM M; in a depth-first, recursive manner. */

generate_transitions_ CMPM;(s;)

{

if (iscutoff(s;)) return;

for all FSM-transitions rg= (Ss, asi, s’si) from s; do
{

if (a5 is local/asynchronous action)
gen_state_vector(s;, rs);

else if(as is global/synchronous with afj of CFSM;)
{

partner; := find_partner(s;, rs, env_vector;(si));

if (partner; # Null)

s’j := gen_state_vectors(s,rs, partner;);

else return;

generate_transitions. CMPM;(s’));
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H*else*/
H*for */
}*generate_transitions_ CMPM; ()*/

/* This procedure recursively browses the partner CMPM
M; to check if there is a partner state s; for s; participating in the synchronous action
as. If so, it generates the next transitions of both partners if not generated already. */

find_partner;(si,rs, s;)

if (is_cut-off(s;)) return(Null);

for all CFSM,; transitions rg=(Ss, as,s’s) froms; do
{

if (asi(rs) matches ag) then

return (partneri= (sj, rg));

else for rj= (sj, agj, s’j)

find_partner;(si, rsi, s’j);

}

return (Null);

}/* find_partner;()*/

[*The routine below composes the states and environments of the partner states from
CMPMs M; and M;. */

generate_state_vectors(sirs, partner;)

{

s’i .= gen_state_vector(s;, rsi);

s’j 1= gen_state_vector(partner;);
synchronize _env_vectors(s’;, s’j);

¥

gen_state_vector(si, rf)

{

s’i == (s’fi(rsi) , instance#(si, rs));
env_vector(s’j) := env_vector(si);
Ri:=Ri U (sj, asi(rs), s’i);

}

synchronize_env_vectors(si, s;)

{

for k from 1 to nsuch that k #1i,j do

New_envy := greater_of Rkplus(env_vectory(s;),
env_vectory(s;j));

New_env; :=s;;
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New_env; :=s;;
Rsync := Rsync U (s, S);
}*sync_env_vectors() */

greater_Rkplus(sk, s’x)
{
if (sk Rk s’k) return(s’y); else return(sy);

ky

is_cutoff(s’;)

{

s’t:= CFSM-vector(s’;) /*state vector without
instance numbers */

if (siRi"s’}) such that CFSM_vector (si) = s’
return(true);

else return(false);

¥

Main()

{

for (i:=1ton)do

Par begin/*in parallel */

generate initial_statesqi := (Sf0i,0);/*0™ instance*/
generate_transitions_ CMPM;(soi) ;

Par end,;

hy

3.1  Size of CMPMs and the Complexity of their Generation

If N is the maximum number of states per CFSM and if there are n interacting CFSMs
the worst case size of the synchronous product machine is N", which is exponential in
the number of CFSMs. On the other hand, the size of CMPMs is only d*N where d is
a constant representing the degree of synchronization among CFSMs.

In other words,by the degree of synchronization, we mean and assume that
there are at most d instances of each of the CFSM states in a corresponding CMPM
and in order to generate the synchronous partner states and environment state vector
of each CMPM state, in the worst case, everystate of all the n CFSMs will be either
generated or visited at most d times. Thus the generation complexity is d*n* N.

In order to check the cut-off state status, each state will be visited in the worst
case N times. Thus the generation complexity is d*n* N2 .

4. CASE STUDY OF A COLLECTIVE TRANSPORT SYSTEM
In this section, we specify the swarm robotic system for collective transport discussed
in [8,9 ]. There are 3 identical robots that work in parallel in the microscopic/atomic
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level to collectively transport an object from a specified location in the arena to a
specific common goal area. As explained in the previous sections, we design a set of 7
different activities of each robot that go on in parallel at the nanoscopic/sub-atomic
level. Each activity is represented by a CFSM process/module which models a sub-
robotic agent. Thus in total we design 7 different sub-atomic agents represented by 7
different CFSMs that act and interact in parallel, constituting an atomic robot.

Following are the 7 multiple activities/processes/modules of a robot as per the
example given in our case study of [8] (fig 6): (1) Light sensor and goal direction
setter (Lgd), (2) Distance sensor and distance scanner (DS), (3) Direction arbiter
taking care of goal direction (DA,) (4) Direction mediator interacting locally with DA
module (DM;), (5) Direction mediator interacting globally with R&B module (DMy),
(6) Range and bearing module (R&B) and (7) Motion control module (MC). Thus
there are 7 agents at the nanoscopic/sub-atomic level, sending and receiving
information to each other synchronously in addition to processing information
locally/asynchronously, as shown in Fig (1) of our case study[8], describing through a
diagram, the various modules which more or less coincide with the above 7
autonomous activities, we have assumed.

In the CFSM module the robots senses the environment and calculates the
desired direction and obstacle. The robot could sense or not the position of the goal
and/or the position of obstacles. Depending upon the available information in
different step, a robot can be informed, that is, it has a desired direction to follow, or
non informed otherwise. If informed robots communicate to other robots their desired
direction. Therefore to actuate the wheels, any robot uses the globally mediated
direction obtained by averaging the received directions, so all the robot can follow the
same direction even if they have different assessment of the environment.

Light Sensor & Goal direction Setter calculates the goal direction and returns
the measured direction in form of vector Vgd. Distance Sensor distance scanner
detects the presence of obstacle and calculates the vector Voa.The Direction Arbiter
receives the input VVgd and Voa and calculates the 6da, that is the desired direction of
the robot before computing the mediated direction. Direction Mediator (local)
receives 6da or transmit time out if not received and Direction Mediator (Global)
calculates the mediated direction 6dn as the average of direction received from other
robots through the range and bearing communication system.The Range and Bearing
send a message m to near by robots containing 6da. If robot is informed, and 6dn
otherwise. The Motion control receives 6dn and converts it to wheel speed W' and W'

The modules represented in CFSM are cyclic, rooted is simulated in their
respective global environments into a corresponding set of CMPMs, each represented
by a rooted tree structure. The CMPM (M1, M2, M3, M4, M5, M6, and M7) in which
analysis is done independently and thus concurrently. The states in CFSM (1) Light
sensor and goal direction setter (Lgd), the states (a,b,c,s1) are denoted as (a0,b0,c0,s1)
in CMPM and global action as (A,S) and local action (K,L) .The further module are
shown in Table 1.
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Table 1: Representing Modules & states
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S.No | CFSM | CFSM-States CMPM- States CMPM -Actions
Module Global Local
1 (Lgd) (a,b,c,s) (a0,b0,c0,s1) (AS) (K,L)
2 (DS) (d,e,f,9) (d0,e0,f0,s2) (A,S) (M,N)
3 (DA) (9,h,1,3) (90,h0,i0,s3) (AB,S) (O)
4 (DM)) (,k,S) (j0,k0,s4) (B,C,D,S) -
5 (DMy) | (I,m,n,0,p,q,s) | (i0,m0,n0,00,p0,q0,s5) | (C,D,E,FJ,S) | (P)
6 (R&B) (r,t,u,s) (r0,t0,u0,s6) (E,F,1.,S) -
7 (MC) (V,w,X,s) (vO,w0,x0,s7) J,S) (Q,¢)

LIGHT SENSOR & GOAL DIRECTION SETTER-
Lgd1 Receive Receive

mp - §
Sensing

DISTANCE SENSOR DISTANCE SCANNER-DS

Transmit Obstacle
Voal to Voal
DA-A
Compute
Voal

DIRECTION ARBITER-DA1 DIRECTION MEDIATER-DMI1
Receive Transmit
time out
to DMg- Receive
stop - S
Transmit ,
Bdato i
DMI- ;ransmlt Receive
Compute yncto Bda to DA-
Bda DMg-

DIRECTION MEDIATOR GLOBAL-DMg1

Receive

Transmit
Bdn to
MC-J

Receive
time out from

DMI-
D)

Transmit
B8dn to
R&B-



19108 Sungeetha. D and Dr.Vasumathi Narayanan

RANGE & BEARING -RB1 MOTION CONTROL-MC1

Receive

Receive Bdn
from DMgl-1J

Transmit
Mto
DMg-E

Transmit
mto RES
1834

Transmit
stop-S
Fig 6: Multiple activities/processes/modules of a robot
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5. FORMAL VERIFICATION OF SWARM ROBOTIC SYSTEM
In this section, we introduce the technique of formal verification based on our
methodology of CMPMs.

5.1  Detection of Communication deadlocks(Safety Property)
[* Parallel checking of all n CMPM-trees M;, i= 1..n to check the reachability of leaf-
states that are non-cutoff and non-final states. */

deadlock_state_list; : List of deadlocked states from M;, i= 1..n;
find_dead_states;(si)

{

If si is a (leaf-state A not (cut_off_state) A not(final-state) )
{

add (s;, dead_state_list;);

return;

}

else if sj is a leaf-state

return;

for all next_states s’; of s;

return(find_dead_statesi(s’;));

¥

Main()
{

deadlock_state list;:= Null, for all i=1..n;
Par begin
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for i=1..ndo find_dead_statesi(Soi);
Par end;

}

5.2  Reachability analysis without state-space explosion (Liveness property)
Since the procedure of distributed model-checking is recursive, the proof of
correctness can be done by induction. The time complexities of both the algorithms
involve depth-first, recursive search of at most all n CMPM trees in parallel, checking
all the states of each CMPM tree at most once. Thus they are linear in the number of
total states, N of the biggest sized component CMPM.

Chk_treei(si, a;)

{

if (s satisfies the predicate aj A 1< K)
{

=i+l

if (si Rsync; (sj=env;(si)))
return(Chk_treej(s;, oj));

}

else if (s; satisfies the predicate aj A i =K)
return(TRUE);

for all next states s’j such that: (s; R;s’;) of M;do
{

result := Chk_treei(s’i, ai);

if (result == TRUE) return(TRUE);

else continue;

}

return(FALSE);

H*Chk_treei() */

Main()

{

int i,k;

i=1;
return(chk_tree;(Sio, i));

¥

6. Conclusions, Future Work

We have proposed in this paper, a nanoscopic model to represent swarm robotic
systems using sub-atomic agents specified as a set of CFSMs. Given a set of CFSMs,
instead of constructing the conventional total-ordered product machine, we have
proposed a partial-ordered CMPMs model that cuts down the number of global state
vectors stored. Called minimal prefix vectors, we store only the global synchronous
vectors using which and their respective equivalence classes, we generate the rest of
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the combinatorial states dynamically on need basis depending on the properties to be
verified.

We apply this methodology to do the reachability analysis of a swarm robotic

system involved in a collective transport system application.
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