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Abstract

Objectives: In this work, we have introduced a method for formally verifying the concurrent activities of
multiple robots. The objective is to formalize a framework for concurrent systems by using temporal logics.
Methods/Statistical Analysis: The movement of the robots in given environment is modelled as a weighted transition
system and the target is specified in Linear Temporal Logic (LTL) formulae over a set of propositions. Findings: The LTL
formulas are characterized to handle the uncertainty or any abnormal activity during the process. The system is designed
using SPIN model checker in which different LTL properties are verified. A theoretical description is supported by some
experimental results, generated using the existing logics and techniques. Application/ Improvement: This work can be
implemented for the surveillance task in pickup and delivery network.
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1. Introduction

Formal methods have been actively used to prove the
correctness of safety critical systems. Different techniques
of formal verification rely on the formalization of the
system into a mathematical language. Several formal
languages are available targeting different aspects of the
critical systems that can formalize their design using one
of these languagesﬂ. Recently the interest in using temporal
logics has been increased for mission specification of
robotic systemsﬂ. Temporal logics provide temporal
operators that can be used to specify and verify various
properties of interest for complex mission of these robotic
systems.

In classical research of robots path planning problem,
the aim is to control the movement of robots from the
start location to the desired destination location, while
eluding any obstacle during this processﬂ. In current
research, the finite systems and motion planning by
using LTL specification is more concernedﬂ. Temporal
logics provide different dialects for specifying complex
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mission for robotsﬂ. The power of these dialects lies in
the tools of model checkin that can generate the paths
while satisfying the common mission specifications.
Industrial applications are concentrating on the use of
formal methods at the earlier stages of design to prove
their correctnessﬁ. The proposed method is used to
reduce the complexity of the system by satisfying the
optimization propositions. Different processes depend on
the trace-closeness concept that was applied in multiple
robot motion planningﬂ and solve these problems by
formal techniquesﬁ. These requirements of satistying the
optimization propositions for the mobile robot which is a
partofteamofrobotsareevenmore challengingﬁ. Different
formal verification techniques like model checkers are
powerful mathematical toolsﬂ for the modelling and
analysis of manufacturing systems, hardware structures,
real time systems, health and medical systems, defence
systems, railway networks, protocols and networks,
operations research and performance evaluation. The use
of model checking to ensure the correctness of real-time
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systems is highly desirable}*'{. When a robot moves in
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a changing environment it needs to be flexible for such
motion changing primitivesﬂ, hence multi robot coverage
and task allocation are fundamental problems in robotic
systems. Work in the outdoor robotics has been concerned
with maintaining the safety of robot while moving in the
dynamic environmentﬁ. Multi robot tasks have been
limited to path tracking while avoiding the obstacles
along the wayﬁ. Formal modelling is recommended for
such critical systems and verification of their activities
with temporal logic constraints is desirable. Temporal
logics are very effective for the systems in which reactive
mission and motion planning is more considerable.
Robots can follow a given trajectory and if any abnormal
activity occurs, then such cases are handled by generating
the transition systems according to the situation.

In this research, first we provide an algorithm to
construct a transition system that helps to capture the
concurrent moves of a group of robots. Then an algorithm
is given that generate accurate run guaranteeing their
correctness. Finally a model is presented that generate
the moves for a group of robots satisfying general LTL
formulas. A formalized framework is discussed to
overcome the problems in which robots lack accuracy in
the presence of uncertain activities.

The rest of the paper is organized as follows. In section
2 we primarily discuss the modelling of concurrent
activities of the robots. In section 3 we construct the
transition system and generate optimal run by running
the system automaton. We present the LTL properties
and implementation results in Section 4. Finally section
5 concludes the paper.

2. Problem Formulation

We consider the case where robotic teams have to
accomplish a mission and achieve the given target.
IT represents finite set of atomic propositions. We
assumed an optimizing proposition sell corresponding
to particular task that is repeated infinitely often and
situation is represented with LTL formula:

@:=yAGFo (1)

Here ¢ represents mission specification, the LTL
formula over IT is ¥ and GFo represents that the
proposition o is satisfied repeatedly. We specify the
behavior of robots in the form of infinite sequence as T
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={T (1), T (2),}. Here T(x) is the instance of time when o
is satisfied for the time by the robots. The cost function
is defined as;

lim
C(T)=x®+¥(T(x+1)-T(x)) (2)

Figure 1 shows the complete working of the proposed
algorithm.
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Figure 1.  An overview of the working of the proposed

algorithm.

3. Obtaining Transition System
for Concurrent Moves

We capture the behavior of team members while moving
in an environment. We define a way to obtain the position
whether the robots are at the region or traveling between
the regions. There are different approaches for the
verification of concurrent systems by model checking20.
To formally model the moves in the environment, we use
a transition system T=(Q,, qf ,d, P, L, w,), where Q_ is
set of states, ,represents starting state, dT represents the
set of transitions, PT is set of propositions, LT is mapping
on Q,and w, is transition weight. Now we construct the T
by running DFS on the transition system of each member
of the group.
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3.1 Optimized Solution

In this section the system for the team of robots in a specific
environment is elaborated. Given the individual systems
of robots as {,}, Algorithm 1 is used to construct the group
transition system T that captures all the serialized moves
of the robots. The joint behavior of robots is presented in
this section in the form of an automaton and then optimal
run table is generated that shows the results after running
the automaton.

Algorithm 1: Group-TS

Input: Transition system of each member {T1, T2, T3}.
Output: Combined Transition System of members that
is T.

e lLetm=1,2,3

00
° =9y 4u 0
o Recursive search on T starting from initial state ( g; ).
* gq,€9

+ 'The transition of T is defined as —_, where — =
(@q)

+  7:setof possible transitions and — €7 then do.

+ w = minimum weight of — when the robot finds
some region.

o Find new state of transition system that is ¢’ and if ¢’
not exists then.

o Insert the state q to T.

+ Insert new transition to puv &, with assigning the
weight w. where _ is the set of transitions.

«  Prolong search from new state q’

o else if there is no transition for (q,q’) then

+ Include transition that is from (q,q) to &, with
assigning the weight w.

In the Algorithm 1 a recursive depth first search
is applied that begins at initial state of group transition
system T. We define the as the tuple of initial states of
m transition systems. When all states and transitions
have been discovered then this algorithm will stop its
searching for the transition system T.

Figure 2, Figure 3 and Figure 4 represents the
automaton, and respectively as the transition systems for
the three robots that are in a network with four vertices.
These states are represented as {,,,} and their motion
capabilities are shown by edges. The weights represent
traveling time between the two states. The transition
system T as depicted in Figure 5, shows the group
automaton that captures the behavior of three robots
combined in 6 states. The state (,,) means that the first
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robot is at location , second robot is at and third robot
is at region . By running the transition system T and the
formula ¢ := WAGFo given in the above automaton results
in an optimal run.

T

start °

o P10

Figure 2. Transition system for robotl.

Figure 3.
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Figure 4. Transition system for robot3.
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Figure 5. Combined transition system for the 3 robots.
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In Table 1 the first row shows the time when the
transition occurred, second row represents the run, third
row corresponds to the satisfied propositions, and last
three rows shows the separate run of these three robots.
We observed in the optimal run that (,,), (,,), (1,,) is
prefix cycle and (,,), (,,) is a suffix cycle. These cycles will
be repeated an infinite number of times. The given time
which satisfies the o is = {2,4,6,8,10,...} and the function
defined in (2) is C(T) = 2. The time sequence when o is
repeatedly satisfied is = {2,4,6,8,10,...} and cost function
is given as;

C(T) = (T(x+1) - T(x)) (3)
= T(x+1) - T(x) (4)

C(T) =2 is the obtained function, where o is repeatedly
satisfied. Similarly Table 2 shows another sequence
for different runs. In Algorithm 2 the exact solution is
summarized and it shows that a particular solution is
given to the specified problem for that case where robots
have the exact time information.

4. Implementation and Results

We considered the scenario of a robotic environment
where robots have to pick some data and drop it at the
required position. Transition systems, and model the
movements of robots and their combined moves are
established in T showing the concurrent behavior of the
robots.

For the experiment, the transition systems, and are
identical excluding their initial states. Now the atomic
propositions for data pick and data drop performed at
some regions by robots are defined as:

IT = {pick, drop, R pick, R pick, R pick, R drop, R drop,
R,drop, pick , pick,, drop,, drop., R pick,, R pick,, R pick,,
R pick,, R,pick, R pick, R drop,, Rdrop,, R, drop,
R2drop,, R3drop,, R3drop,} (5)

The propositions pick and drop means that data has
been picked and dropped, respectively. The propositions
of the form pickX and dropX, where Xe {1,2} are more
expressive and captures the data

pick and data drop locations as well. Pick 2 shows that
data has been picked at pick location 2. Propositions that
are in the form pick and drop, where Y e {1,2}, represents
that robot Y has picked and dropped the data, respectively.

We considered different scenarios and then specified
the problem as LTL formulas. The mission specification
example for a case as “Group of robots picks the data in
simultaneous way and delivers the data before picking it
again”. This mission problem can be specified in the form
of LTL formula as:

¢ = G(pick = X(@pick Udrop)) A G(pick = X(@pick
Udrop)) A G(pick = X(@pick Udrop)) A GFo (6)

Here o = pick is a satisfying proposition. The
syntactically modified formula for SPIN model checker
is given as:

Table 1. Results after running the transition system

T 0 2 3 4 6 8
r*gmup 99 90909 9,999 99909, 909095 99909,
L. PrPyPpl PyPs PyPel) PP Prpeld
o, q, % q, 9
rz* q, q, q, q, q, q,
rS* qO ql q3 q1 qo q1
Table 2. Results after running the transition system
T 0 2 3 4 5 6 7
r*group qo’qo’qo ql’ql’ql qlqol’qz’q3 qo’ql’qz qoqll’qpq3 ql’ql’ql qlqol’qz’qg
Lr() : pl’pz’p4’|j ps’ps pz’ps’D ps’ps Pl’pz’p4’|:| ps’ps
g q, : q, q,
rz* qO ql q2 q] qz q1 qz
1‘3" 9y q, q, q, q, q, q,
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[1(@lp)->X( (r1p) U (r1d))) && [ ] ( (r2p) -> X (!
(r2p) U (r2d) )) && [ ] ((r3p) -> X (! (r3p) U (r3d))) &&
[1<>(a) (7)

4.1 System Modeling Using SPIN Model
Checker

The work is implemented in Promela for the analyses of
models of different systems with SPIN model checker’.
Promela is a process meta—languageﬁ that is used to verify
the correctness of the models. Different processes are
created for each robot and then the grouped transition
system is modeled in SPIN. An information message is
generated for path confirmation. LTL formulas are also
implemented in SPIN and the resulted automatons for
each formula are shown. In Figure 6, the automata of path
confirmation of multi robots are shown. When a robot
starts its move, it first confirms the path availability then
it moves. If the move is valid then an acknowledgement
message is passed. In case a move is invalid then a failed
message is passed.

Figure 6. Automata for path confirmation of multi robots.

4.2 Verification of LTL Formulas

In this section we specify the properties of interest as LTL

formulas for their verification using SPIN model checker.

SPIN converts the LTL formulae to Buchi automata and

Buchi automaton accepts set of infinite traces.

o The first case is that each robot visit data picking
location to pick the data until they drop the data at
delivering location. This mission can be expressed in
the form of LTL formula as given below.
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¢ = G(pick = X(Qpick U drop) A GFo (8)
The above formula in spin can be written as:
[1(p->X(! (p)U))) &&[]<>a )

o In another case robots must pick their data and then
start their move.

¢ = G(pick = (pick Upick Upick)) A GFo (10)
The above formula in SPIN can be written as:
[1(p-> ((rlp) && (r2p) && (13p) ) && [] <> (11)

We verified the different properties of interest in SPIN.
Table 3 shows the results of syntax check, redundancy
check, process execution, verification of safety and
liveness properties.

Table 3. Results after compilation

Property Property Verification Result

Syntax Model contains 4 claims and these claims are
check used in verification run, there’s no syntax error.
Redundancy 2 redundancies are detected that are removed
check to reduce the complexity.

Execution of 8 processes are created successfully and a queue

processes is established for this process execution.

Safety Full state space search is done for processes and
property no errors found in it.

Liveness Same results as for safety property and for
property depth search no errors found.

5. Conclusion

In this work we formally modeled the concurrent
activities of a group of robots using temporal logics.
The specifications were expressed as LTL formulae
and an algorithm was provided to model the transition
system for a group of robots. Our method is optimal in a
computational way as compared to the previous methods.
The main drawback of previous work is that their
models are very computationally expensive and becomes
difficult to implement. For the extension of this work the
constraints can be categorized into environment-related
constraints, robot-related constraints and task-related
constraints and an effective way is to build a hierarchical
mechanism.
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