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Abstract—Linear Temporal Logic (LTL) is a formal language
that can be used to specify robot behaviors and goal states. We
extend LTL to enable the specification of complex cooperative
behaviors in a multi-agent system (MAS). The extended language,
TeamingLL.TL, models features commonly present in MAS such
as partial observability and cooperation between agents. This
enables a user to specify behaviors or goals while deferring the
realization of those states to a separate, automated task planning
and allocation system. We show how to specify the behavior of
a MAS using TeamingLTL and use this formulation in program
verification and the creation of correct-by-design controllers.

I. INTRODUCTION

Effective control of multi-agent systems (MAS) is an open
problem [6]. The number of states in a MAS can be large, so
simplifications and abstractions are often used. Much focus
has been placed on swarms that are either homogeneous
in nature or exhibit few variations within the population.
This often results in control schemes wherein all agents are
given the same control logic, such as Boids [28]. Other
control schemes involve explicitly constructed or automatically
organized hierarchies, where a few individuals make decisions
driving the overall system (i.e. sparse control [26]). These, and
other proposed control schemes, effectively sacrifice generality
in favor of tractability. Additionally, these approaches are
imperative, and the implementer/operator must define how the
system will behave in any given (foreseeable) situation.

As an alternative to these imperative control schemes,
temporal logics provide a means to define a family of ac-
ceptable behaviors for a system. Notably, the formal language
Linear Temporal Logic [20, 27] (LTL) can specify correct
and incorrect states, represented as simple boolean variables,
over time. This information can be compared to actual system
behavior to verify that the system behaves correctly (program
verification) or used to directly construct a controller that will
cause the system to behave correctly (reactive synthesis). LTL
and its variants have been used successfully to specify tasks
for individual robots [9, 21} 23] and swarms [14. 25| (7], and
multi-robot systems without teaming [5].

Despite the flexibility that LTL provides for specifying cor-
rect behavior, it has not been used to control teaming in large
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heterogeneous multi-agent systems. This can be attributed to
LTL’s roots in formal program verification, wherein a system
is modeled as a monolithic, fully-observable entity. A MAS in
the real world is unlikely to possess these attributes. Instead,
it is often characterized by local sensing leading to local
information that must be explicitly shared. It may also exhibit
redundancy where multiple agents are capable of equivalently
satisfying a particular element of the overall formula. The
tasking assigned to a MAS may also exceed the capabilities
of any single agent, and multiple agents must cooperate to
achieve the goal. Fully defining the operation of a system with
all of these properties via standard LTL is possible, but may
require extensive work on the part of the operator to track all
of the relevant agents and states and ensure that the generated
formula is consistent with both the capabilities and intended
behavior of the system.

To address these limitations, we propose an extension of
LTL with system partitioning semantics reflecting the partial
observability, finite bandwidth, and combination of redun-
dancy and diversity that may be found in a heterogeneous
MAS. First, we will restrict ourselves to truth states that
are grounded in the individual local sensing capabilities of
the individual agents. Second, the designer of the behavior
specification does not need to explicitly allocate agents to
tasks. The problem of task allocation within the MAS must be
handled automatically. Finally, the language must express the
behavioral requirements in a way that can be scaled to a larger
MAS without requiring a modification to the specification
itself.

With these objectives in mind, we present TeamingLTL,
an extension to LTL for specifying behavior in Multi-Agent
Systems. We show how a TeamingLTL formula can be algo-
rithmically decomposed into a standard (but more verbose)
LTL formula while retaining the teaming requirements ex-
pressed in the original formula. We show how Teaming LTL
can be used to verify the collective behavior of a MAS. Finally,
we demonstrate the creation of correct-by-design controllers,
further exploiting the teaming structures embedded in the
TeamingL.TL formula. We do this in several domains including



shift coverage, emergency services dispatch, and distributed
recycling systems in both simulation and on physical robots.

II. BACKGROUND
A. Standard LTL semantics

LTL is a formalism for specifying correct behavior of
concurrent programs. It imposes constraints on system states
as the system progresses from time step to time step. Give a set
of atomic propositions (AP) describing the state of the system
as boolean values at each time step, LTL has the following
basic syntax:

p:=al-p|leiVer| OeleiUes.

Here, a € AP is a propositional variable which maps some
aspect of system state to a Boolean value. The logical operators
— and V indicate negation and disjunction, respectively. The
unary temporal operator () means that formula ¢ must be true
at the next time step. The binary temporal operator / means
that ¢; must be true until ¢, becomes true.

From these basic operators, it is possible to define constants
for true (T) and false (L) as well as logical operators for
conjunction (A), implication (—), and bicondition (<-+). Unary
temporal operators eventually (¢) and always ((J), along with
binary temporal operators for release (R), weak release (W),
and strong release (M), can also be defined for convenience.

The AP and logical operators specify which states must be
true, must be false, or are unspecified at a given time step.
The temporal operators control how these requirements change
over time. Consider the formula al/ () b. This expresses the
requirement that a must be true at least up to the point where
b will true two time steps in the future, as illustrated in Figure
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Fig. 1: Example state sequence satisfying al/ () b in 5 time
steps.

B. Abstract Syntax Tree

Formal languages like LTL can be converted from a linear
sequence of tokens into a tree structure, referred to as an
abstract syntax tree (AST). This representation is exactly
equivalent to the original formula and can be useful for recur-
sive analysis and modification of the formula. For example,
the formula al/ O b has an AST as illustrated in Figure
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Fig. 2: AST of alf O b.

C. Biichi Automata and w-regular Languages

Generalized Nondeterministic Biichi automata (typically
referred to simply as Biichi automata) are automata-theoretic
representations of systems and their behavior. Formally, a
Biichi automata is defined as

g:(Qa2767Q07~F)7

where () is a finite state space, > is an alphabet, Qg € @
is the set of initial states, § : Q@ x ¥ — 29 is the transition
relation of the system, and F C ¢ is the acceptance sets.
The symbols in alphabet 3 represent states in the automaton,
and an infinite word is a member of >“ which is an infinite
sequence of symbols drawn from X. A given infinite word is
accepted by the automaton if it is expressible by transitions §
and it enters the set of accepting states infinitely often. The
set of all accepted infinite words is the language L of the
automaton.

Any LTL formula can be converted into an equivalent Biichi
automaton [2} [T]]. The alphabet 3 € 247 is all reachable states,
and the transition relation ¢ encodes all transitions permissible
for the system. Since Biichi automata are representable as
graphs as shown in Figure [3] we can use graph-based tech-
niques to analyze the behavior of a system operating according
to an LTL formula.
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Fig. 3: Biichi Automaton of ald O b.

The language of a Biichi automaton is a set of infinite
words, and set operations such as union and intersection
can apply to the languages of two automata. New automata
accepting these derived sets can be constructed from the
definitions of the two input automata. This is useful when
expressing the joint behavior of multiple real agents as a
MAS, and computing the transition system of a MAS under
the constraints of a TeamingLTL formula. The use of Biichi
automata also highlights a subtlety of LTL, which is that the
negation operator — does not simply negate AP and logical
expressions; it represents the complement of the words that
would otherwise be accepted by the associated formula.

D. Program Verification and Controller Synthesis

We will make extensive use of LTL-derived automata to
represent different aspects of a system. First, we have the
agents themselves and their interactions with the environment,
which we refer to as the system. The system may be directly



modeled via LTL and converted to an automaton, or we
may use a labeling function to convert from real states S of
the system to symbols in the alphabet of the LTL formula:
S — 24P This gives us the System Automaton. We also use
LTL — expressed compactly via TeamingLTL — to represent
the correct behavior of a system. This can be converted into
a Behavior Specification Automaton. We can use these two
automata in a number of different ways.

The first is program verification [27]]. In this context, the ac-
tual behavior of the system is checked against the requirements
expressed by the behavior specification. A correctly behaving
system will never violate the constraints of the LTL formula. In
other words, given language L of a real system and language
Ly of an LTL formula, there should be no intersection between
the language of the first and the complement of the language
of the second: L;N—L; = &. If the intersection is not empty,
it is possible for the system to violate the constraints and the
system fails the verification. Additionally, correct operation
implies that the language of a correctly behaving system must
intersect with the language of the formula: Ly N Ly # @.

We can also use the two automata to create a controller
that is “correct by design” through a process called reactive
synthesis [24]. In this process, we compute the product of the
system automaton and the LTL-derived automaton to yield an
new automaton that accepts a language L, M Ly which is both
achievable by the system and correct with respect to the LTL
formula. This is the Controlled System Automaton or CSA.
This new automaton is then converted into a parity game where
the first player sets “uncontrollable” AP (representing external
environmental states) and the second player responds by
setting the remaining “controllable” AP (representing choices
or actions the controller can take). Every edge in the joint
system-LTL automaton can be converted into one or more pairs
of environment/controller state transitions. The resultant game
expresses the same transitions of the system-LTL automaton
while also encoding how the system should behave in response
to a given set of inputs from the environment.

There are numerous variations on these ideas of validation
and control in literature. Most focus on robust control [3, 4],
efficient controller creation [12} 113} 22} |19, 29], or solutions to
specific problem domains [11] for single-agent or monolithic
systems. A relatively small number of works deal with multi-
agent systems. Unlike some prior works, we do not restrict
ourselves to the General Reactivityl (GR1) [18| [17], which
is a fragment of LTL for which controllers can be derived in
polynomial time. An equivalent fragment can be derived from
the temporal logic presented in this paper, if controller creation
is important to the user. We also do not restrict ourselves to
solving a particular problem type, such as agents moving in a
discretized 2D space [[15, [16, [8]. Our work is complementary
to these (and other) works in that we provide a compact way
to represent teaming behaviors in multi-agent systems. The
problem spaces, labeling schemes, and controller synthesis
techniques described in these other works can all be used in
conjunction with TeamingL.TL, with the added benefit that task
assignment can be automated, redundancy can be exploited,

and teams with distinct behaviors can be defined.

III. TEAMINGLTL

While standard LTL has proven useful in numerous con-
texts, it does not make any allowances for the redundancy and
flexibility of multi-agent systems. Consequently, application
of LTL to a MAS requires extensive work to properly express
all of the different combinations of truth states that comprise
correct behavior of such a complex system. This work mod-
ifies and extends standard LTL with notation to define the
behavior of a MAS, making allowances for partial or complete
interchangeability of agents as well as the need to construct
subteams for controllability and tractability. The result is a
substantially more compact way of expressing complex MAS
behavior. In this section, we discuss the syntax and semantics
of our new TeamingLTL formalism. We also illustrate the
utility of the new operators with examples drawn from a
warehouse staffed by mobile robots.

A. New Syntax

The new formalism starts with standard LTL formulas ¢
as discussed in It modifies the definition of the atomic
proposition symbol a and adds operators to create exclusive
groups of agents [], require ¢ repeated instances (count), and
identify single agents A.

The extended syntax to TeamingL'TL is as follows:

Vo= el Ap| [l e [ [ Vo | O ¢ |1l o,

Every standard LTL formula is also a Teaming LTL formula.
There are three new operators A, [|, and ¢ for single agent,
group, and count respectively. From these, we also define
secondary convenience operators £y for every agent and
{¢} for an optional group of agents. Logical and temporal
operators from standard LTL apply to TeamingLTL as well.

This section describes each of these features and its rela-
tionship to standard LTL. The following supporting notation
will be used in describing the aforementioned syntax. N is
the set of all agents and G C N is a subset of agents working
together as a team. The expression 1 : n indicates the set of
integers {1,...,n}.

1) Modified Atomic Propositions: This work defines three
different types of atomic propositions for use in TeamingLTL
contexts. The first is ungrounded AP a € AP. These are the
AP that appear in a TeamingL.TL formula specifying correct
behavior of a system. They are not connected to any specific
agent, and only serve to indicate that some agent must satisfy
the associated criteria.

The next is grounded AP aY) € AP x N. These express
the same truth states as the ungrounded AP, but on an agent-
by-agent basis. This is consistent with the idea that AP are
grounded in the local sensing and decision capabilities of
individual agents. Implicit in the definition is the idea that
a is defined for every agent i € N, even if it is always true
or false for that agent. Also note that while it is convenient to
refer to the agent-specific instances of a(”) when explaining
the modified meaning of atomic proposition a and grounding



TeamingLTL in a real system, direct reference to a specific a(*)
is not permitted in a TeamingL.TL formula. Instead, we leave it
to the automated processes described below to decide which
agent will be used to satisfy each AP of the TeamingL.TL
formula.

The third type of AP is the synthetic AP, which is not
connected to truth states of the system but is instead used
to encode the logic of any teaming structure imposed on a
MAS. We will use the atomic proposition m; g to indicate
that agent ¢ is a member of some group G. The default group
is all agents NV, and the partition operator (discussed below)
can be used to create new subgroups.

In keeping with the premise that it is sufficient for any real
agent to satisfy an (ungrounded) AP specified in a formula:

a= \/ al) = \/ (mia A a(i)) )
ied ieN
This equivalence means that there is at least one agent that is

a member of group G and for which a(? is true. It follows
from De Morgan’s Law that

—a = /\ -V = /\ (msc — —aV).
i€G iEN
This translates to “if agent ¢ is a member of group G, then
the corresponding a'?) = False. ”

2) Partitioning Operator: It is often the case that there are
multiple tasks that must be executed by a MAS, and each task
is beyond the capability of any single agent. In these cases,
it makes sense to form teams of agents to address each task.
Forming groups can also make it easier interpret the system’s
behavior, as well as reduce inefficiencies of frequent task
switching. In our warehouse example, we may want to allocate
a team of agents to stock shelves with products, while another
team of agents is responsible for collecting products from the
shelves to fulfill orders. TeamingL TL provides a Partitioning
operator [¢] to identify expressions within a formula that must
be satisfied by a discrete set of agents (i.e. a team). This only
declares the existence of a team satisfying an expression; it
does not place any restrictions of which agents are ultimately
assigned to the team.

There is an implied Root scope enclosing the entire
TeamingL.TL formula, and all agents N are members of this
group. A Partition operator declares a new group and its
membership is drawn from the membership of the parent
group. This means teams can be nested within teams, and the
teams form a tree structure mirroring their positioning in the
AST of the TeamingL.TL formula. The set of agents assigned
to a group is non-intersecting with the set of agents assigned
to every other group that is not a parent to itself. Consider the
following example formula:

[[1] A [h2]] A [13] -

There are a total of five identifiable scopes as shown in Figure
This shows that G; C G4 C N. Consequently, G1UG3 = &
because G4 U G3 = @.
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Fig. 4: Teams and their scopes in [[¢1] A [1)2]] A [¥3].

The Partition operator can be rewritten as

Y] = Dg AN,

where Dg = \/,cy mi,c . In plain language, this maps to
“there is a non-empty group G and the agents in that group
satisfy 1. Note: while the AP listed in ¢ do also have their
own membership logic, it is still necessary to specify the
membership requirement here. Without it, an expression like
[-a] could be satisfied by G = @.

The membership constraints imposed by the group operator,
previously expressed via set notation, may also be encoded as
standard LTL. Given a partition G (explicitly declared or the
implicit Root partition) with a set of child partitions Pg, we
can encode the non-intersection requirement as

XG = /\ /\ D"(mi,pl AN mi_’pg) .

pl,p?G(PQG) 1€1l:n

Additionally, all members of a declared Partition G are im-
plicitly a members of the parent partition H, representable as

MG,H = /\ D(mLG — mivH).

i€lin

As noted previously, all agents are members of Root scope 0:

R= /\ Dmiﬁo .

iEN

If a TeamingL.TL formula does not explicitly show that two
expressions are exclusive teams, then agents may participate in
the satisfaction of both expressions. Given two AP a and b for
example, [a] A [b] requires two separate agents. Comparatively,
[a] A b could be satisfied by a single agent.

3) Optional Group: Sometimes we may want to define a
task that should be pursued independently of other tasks, but
only if the system has the bandwidth to allocate resources to
task. For this, we define the optional group operator {¢} as

{¥} ==l =Dg = .

An optional group satisfies i, but only if it has members
assigned to it. Because they are built on the partition operator,
optional groups are exclusive of each other and regular groups.



4) Count Operator: It is sometimes the case that we need to
execute multiple instances of the same task concurrently. For
example, we may want to designate several teams of robots
to cooperatively unload heavy freight if multiple deliveries
arrive at the same time. This work also adds a unary Count
operator to the basic LTL syntax to express that ¢ unique
but identical instances of the associated subformula must be
satisfied by ¢ non-intersecting sets of agents. Leveraging the
Partition operator, we can define

ENANGE

i€lic

This creates ¢ teams, each of which satisfies .

Consistent with the Partition operator, a given agent may
not participate in more than one instance of the associated .
If an agent were permitted to participate in multiple instances,
then there would effectively be fewer than c instances of v
being satisfied concurrently. Formally, the set of agents G;
satisfying 1); must be non-intersecting with every other set
also satisfying an instance of ¢: G; NG, = @Vi,j € (g)

5) Single Agent Operator: There are times when it is
important to express that a singular agent is responsible for
satisfying a particular set of AP in a formula. For example, we
may want to require that a single agent picks up three different
items in one run instead of dispatching three different robots.
When a particular subformula must be satisfied by a singular
agent, the relevant LTL may be identified as .A¢. This means
that some agent ¢ in the current group must individually satisfy
the standard LTL formula (. This can be expressed as

Ap = \/ o) = \/ (mig A @),

ieG i€EN

where () is a version of ¢ that has had all ungrounded AP
a replaced by the corresponding AP a(?) of agent i. Because
the subformula is applied to individual agents, it is restricted
to standard LTL.

Use of multiple Single Agent Operators does not strictly
mean that the associated expressions must be satisfied by
different agents. Using this section’s example, A(h A p) would
require a single agent to hold a can and push a box at the same
time. On the other hand, A(h) A A(p) could be satisfied by
one agent performing both tasks or two agents each performing
one of the tasks.

6) Every Agent Operator: At time, it is also useful to
require that every agent in a system follow the same rules.
For example, all robots in a warehouse should adhere to the
same “rules of the road” and avoid collisions. Building on the
Single Agent Operator, we can define the convenience operator
& for every agent as

Ep=-A-p= /\ (mic — o).
ieEN

This represents the idea that every agent in group G individ-
ually satisfies .

B. Synthesis of Equivalent Standard LTL

TeamingL.TL can be algorithmically converted to standard
LTL, making it usable with existing libraries and algorithms.
The easiest way to do this is through direct manipulation
of the AST representing the Teamingl.TL. This is done by
walking the TeamingL.TL AST in depth-first order, recursively
swapping Teaming.TL operators with equivalent standard LTL
as describe in the preceding subsection.

The membership logic encoded in the TeamingL'TL requires
special handling, as it is globally constant for the life of the
system. This information, encapsulated in the R, X, and
Mg, i terms, can be accumulated in a separate tree while
walking the TeamingLTL AST. When the recursion on the
AST is complete, the accumulated expressions can be joined
together as.

wconst =RA /\ XG A /\ MG’,H .
GEAST GeAST

The final result of converting to standard LTL is
RECURSIVEREPLACETEAMING(700t) A Yconst-

The recursive replacement of TeaminglLTL terms with
equivalent standard LTL terms of size O(||N||) does result
in a O(||N||?) increase in the number of total terms, where d
is the depth of nesting of TeamingL.TL operators. This mirrors
the complexity of the physical system and is in line with
other representations of MASs such as decentralized partially
observable Markov decision processes. Optimization of the
conversion process is possible, but left to a future work.

C. Differences from Standard LTL

While TeamingL.TL is grounded in standard LTL, there are
some important distinctions to keep in mind. The first is the
modification to the definition of AP as discussed in Section
AP in a TeamingLTL formula are always ungrounded,
and may be satisfied by any agent.

The second is the more subtle and has to do with the
handling of group membership. As noted in Section
the R, X, and Mg y terms are collected while traversing
the AST and aggregated at the root of the standard LTL
AST. Consequently TeamingLTL formulas ¢ and —¢ ex-
press complementary behavior of a MAS, but are not logical
complements in the traditional LTL sense. Specifically, the
negation operator only negates the AP and temporal logic of
1) but not the logic governing group membership.

One can think of Teaming TL as always expressing the cor-
rect behavior of a system, even if that behavior is defined as the
complement of some other behavior. The impact is that when
performing program verification and checking L,N—L; = &,
the overall complementation operation must be applied to the
entire standard LTL formula after it has been derived from
the Teamingl.TL formula. This also requires that the program
being verified output the membership of each agent at each
step. If a program is verified only with respect to the grounded
AP, it is possible for valid runs to appear invalid and vice versa.



IV. DEMONSTRATIONS

In this section, we show how Teaming.TL can be applied in
several contexts. We use the Spot library [[10] and its associated
toolkit for manipulating standard LTL, creating B”uchi au-
tomata, and creating parity games after we have converted the
TeamingL. TL formulas to standard LTL. We would highlight
that the following examples are meant to illustrate utility, and
are not necessarily optimal in their design. As TeamingLTL
converts to standard LTL prior to program verification or
controller synthesis, any useful pattern in existing literature
related to standard LTL and MASs can be brought to bear.
This includes but is not limited to techniques for addressing
distributed timing, robustness, consensus, and domain-specific
controller design for MASs.

A. Shift Coverage

In this section, we will illustrate the use of TeamingL TL to
specify correct behavior of a system and evaluate whether a
particular distributed MAS complies with that specification.
We will use a relatively simple example for tractability.
Suppose we have a grocery store with several checkout lanes
that may be open or closed. Cashiers are scheduled for 4 hours
shifts with a 30 minute break. Break times may generally
be freely scheduled according to the individual worker’s
preference, but there must always be a minimum number of
lanes open. Breaks must be taken continuously and and start
on the hour or half hour. Suppose that we have 6 employees
with preferred break times as shown in Table [[} and we must
keep at least 4 lanes open.

TABLE I: Preferred Break Times

Count  Work time prior to break (hours)
2 0.0
1 1.0
3 2.0

After building individual automata for each employee, we
can take the product of all automata to create an automata
representing the total behavior of the system. We can also
create a simple TeamingLTL formula to represent the de-
sired behavior of the system: [J4w. Taking the product of
the system automaton and the automaton created from the
flattened TeamingL.TL formula results in an automaton with
no accepting edges. This shows that the system does not meet
the specification. This is verifiable by inspection and noting
that we can have no more than two employees on break at any
given time, but three employees want to take their break after
2 hours. By setting a break schedule where no more than two
employees can take a break at the same time, such as the one
shown in Table [I[I, we can rerun the verification process and
see that this schedule satisfies the requirement.

B. Emergency Services Dispatch

In this example, we will use TeamingLTL to define teams of
agents that should be dispatched when an emergency occurs.
Each kind of emergency corresponds to a specific type or

TABLE II: Scheduled Break Times

Count  Work time prior to break (hours)
2 0.0
1 1.0
2 2.0
1 3.5

response. As each instance of an emergency requires a unique
response team, we must preallocate atomic propositions for as
many concurrent instances of an emergency that we need to
be able to handle. The following table of symbols will be used
to represent the atomic propositions in this example.

TABLE III: Emergency Services AP symbols

AP Definition

st minor traffic accident

It major traffic accident

sf  small fire

lf  large fire

m  medical emergency

h hazardous material spill

pd  field agent dispatched as police
fd  field agent dispatched as fire
ed  field agent dispatched as EMS

Using subscript 4 to indicate the i*” concurrent instance of a
particular emergency type, we have the following basic rules:

o St; — [2pd]Ug_‘St1

o It; — [?)pd Ned A fd] U(‘:ﬁltl
. Sfi — [2fd]U5ﬁsfz

o Uf; — [3fd A pd A edUELS;
o m; — [ed|UE—m;

These rules essentially translate to “a given emergency
requires that a team with a particular composition must be
dispatched until the emergency is universally declared to be
over.”

We assume some maximum number of concurrent emer-
gencies that will need to be handled, and some number of
available field agents (police, fire, EMS) available to handle
the emergencies. From this, we use this to create a Team-
intLTL description of the system and automatically generate a
controller. We can then examine its behavior when presented
with a particular sequence of emergencies. In Tables|[V|and
we show the number of field agents dispatched as a function of
emergencies being called in to the dispatcher. The first table is
restricted to simple emergencies that require one type of agent,
while the second table contains all types of emergencies.



TABLE IV: Simple Emergency Services Rollout

Num Active Emergencies ~ Num Dispatched Agents

step st sf h pd fd ed

1 1 2

2 1 2

3 1 1 2 2

4 1 2

5 1 1 2 1
6 1 1 1 2 2 1
7 1 1 2 1

TABLE V: Complex Emergency Services Rollout

Num Active Emergencies ~ Num Dispatched Agents

step Ut Lf m h pd fd ed
1 1 1 3 1
2 1 1 1 3 2
3 1 1 3 1 2
4 1 1 3 2 1

C. Recycling Robots

In this section, we will illustrate the applicability of
TeamingL.TL to the reactive synthesis problem We will use
TeamingL.TL to specify correct behavior of a distributed sys-
tem and construct a correct-by-design centralized controller
from the specification. To keep the problem tractable for
illustration purposes, we will use a gridworld environment
with randomly spawned cans, boxes, and agents. Agents can
recover both cans and boxes, but can only hold one or the other
at a time. Agents do not know where the recyclable items are
located, but do know their current location and the location of
the recycling point. Cans and boxes dropped in this cell are
“recycled” and removed from the system. Agents can choose
to move up, down, left, or right in the space. They can also
choose to grab a can or box colocated in the current cell. The
last action is to drop whatever item is currently being held in
an empty space (including the recycling point).

While this is not an especially complicated environment,
representing every cell of the gridworld with unique APs
would become computationally prohibitive. It would also lock
in the resultant controller to a particular grid size. For that
reason, we will also create a labeling function to map from
from these physical system states and actions to a reduced
set of AP. The following table of symbols will be used to
represent the atomic propositions in this example.

TABLE VI: Resource recovery AP symbols

AP Definition AP Definition

sc  agent senses a can p agent is at the recycling point
sb  agent senses a box gc  agent is grabbing a can

hc  agent is holding a can gb  agent is grabbing a box

hb  agent is holding a box dc  agent is dropping a can

s agent is in search mode db  agent is dropping a box

T agent is in recover mode

The labeling function sets environmental AP p true iff the
agent is at the recycling point. AP sc and sd are true iff there

is a can or box in the same cell as the agent respectively.
AP hc and hb are true iff the agent is holding a can or
box respectively. The search AP s causes the agent to take a
random movement action, while the recover AP r causes the
agent to take an action that reduces the distance to the recovery
point. To avoid deadlock, the movement actions are stochastic
and a different movement may occur with low probability.
The action AP gc, gb, dc, and db map directly to grab and
drop actions of cans and boxes, and these are deterministic.
The complete LTL description of the agents is given in the
Appendix.

Using TeaminglTL, we can compactly express desired
behavior for the agents (illustrated in the subsequent subsec-
tions). The formula is converted into a controller that accepts
uncontrollable AP {p;, s¢;, sb;, he;, hb; }Vi € N as inputs and
generates {s;, 7, gc;, gb;, dc;, db; }Vi € N as output to set the
state of each agent as appropriate.

1) Recycle Cans Only: In this example, the TeamingLTL
requires that the agents collect cans while ignoring boxes. The
desired behavior for all agents can be assembled from the
following expressions:

e Y1 E (mhe A =hb A —sc) <> s

o Yo = (mhe A =hb A sc) <> ge

. 1/)3 |: (—\p/\ (hc\/hb)) T

e Yy = (pAhe) <> de

The complete formula for specifying the desired behavior
can be expressed as ELJ A ;.4 ¥ . This TeamingLTL formula
can be converted to an automaton and used with the system
automaton to produce a CSA and finally a controller. The
end result of running this controller is illustrated in Figure
[5] for a randomly initialized environment and running for 250
steps. As expected, the boxes are left alone and the agents
only collect cans.

= 1 ~ & = = —

(a) Initial configuration. (b) Final configuration.

Fig. 5: Recycle Cans Only.

2) Specialized Tasking: In this example, we specify two
sets of instructions: one to collect cans and one to collect
boxes. We use TeamingLTL to require that two agents follow
the first instruction set set and a different two agents follow the
second instruction set. The first instruction set for collecting
cans can be constructed from the following expressions:

o Y1 = (mhe A =hbA—sc) < s

o o = (mhe A —hb A sc) < ge

o 3= (—pA(hcVhD) <7



o Yy = (pAhe) & de
The second set is defined by the following expressions:

o U5 = (mhe A —hb A —sb) < s
e g = (mhe A —hb A sb) < gb
o Y7 = (-pA(heVRD) <

The complete instruction set is given by

2A0 N\ ¢; A240 N 4.
i€1:4 1€5:8
This TeamingLTL formula can be converted to an automaton
and used with the system automaton to produce a CSA and
finally a controller. The end result of running this controller is
illustrated in Figure [6| for a randomly initialized environment
and running for 250 steps.

- - IR |
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(a) Initial configuration. (b) Final configuration.

Fig. 6: Distinct Assignments.

3) Hardware Demo: This section shows a practical demon-
stration of TeamingL'TL in the context of recycling materials
found in an regular human environment environment. We can
assemble the desired behavior for all agents from the following
expressions:

e Y1 E (mhe A —se) ¢ s

e Yo = (mhe A sc) < ge

e Y3 E(—pAhc) &1

o gy = (pAhe) & de

The complete formula specifying the desired behavior can
be expressed as E00 A\, ;.4 ¥s - This TeamingLTL formula can
be converted to an automaton and used with the system au-
tomaton (created from a labeled transition system) to produce
a CSA and finally a controller. The execution of each of these
behaviors is deferred to low-level controllers on each agent.

Figure [/| shows a single agent engaging in each of the be-
haviors defined in the Teamingl.TL formula. The sequence of
behaviors is governed by the TeamingTLT formula applied to
a MAS of size 1. Figure 8] shows multiple agents concurrently
performing each of the behaviors defined in the MAS as a
function of their own individual sensing and state tracking. It
is important to note that the only difference between this run
and the single agent run was the number of agents assigned to
the MAS. The scaling of behaviors to multiple agents occurred
automatically as a function of the teaming logic embedded
in the TeamingLTL formula. While this demo was limited

by hardware and available space, we were able to generate
controllers for up to 8 agents operating in parallel before
the compute time became prohibitive. Figure [9| shows the
exponential grown of the complexity of the controllers.

(e) holding can - recover

(f) drop at recycle point

Fig. 7: Single agent operation

V. CONCLUSION

This work expands LTL with syntax for describing team-
oriented behaviors in a heterogeneous MAS. This extended
syntax, along with the restriction that all atomic propositions
are locally observable by individual agents, creates an avenue
for mission specification which respects the partial observ-
ability and redundancy common in a MAS. The formulation
can be reduced to standard LTL, enabling it to be used with
existing tools and techniques.
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APPENDIX

The dynamics of an individual agent in the recycling grid
world can be represented with the following LTL expressions:

1)

2)

3)

4)

5)
6)

7)

v1 E O((sc A ge) = Ohe). If the agent detects a can
in its vicinity and grabs, then it will be holding the can
at the next time step.

w2 = O((sb A gb) — Ohb). If the agent detects a box
in its vicinity and grabs, then it will be holding the box
at the next time step.

w3 = O((he A dc) — O—he). If the agent is holding a
can and drops it, then it will not be holding a can at the
next time step.

w4 = O((hb A db) — (O—hb). If the agent is holding
a box and drops it, then it will not be holding a box at
the next time step.

w5 E O(db VvV de) — (—de A —db)). Cannot drop
anything in an occupied area.

v = O(—sc — —gc). If there is no can, the agent
cannot grab a can.

o7 | O(-sb — —gb). If there is no box, the agent
cannot grab a box.

9
10)
1)

12)

13)

14)

15)
16)
17)

18)
19)

20)

vs = O((he V hd) — (—ge A —gb)). If the agent is

holding anything, it cannot grab another item.

g = O(—hc — —dc). If the agent is not holding a can,

it cannot drop a can.

v10 = O(—hb — —db). If the agent is not holding a

box, it cannot drop a box.

11 = O(he — deMhe). If the agent is holding a can,

it will continue to hold the can until it drops the can.

12 E O(=he — geM—hc). If the agent is not holding

a can, it will continue not holding a can until it grabs

one.

13 = O(hb — dbMhb). If the agent is holding a box,

it will continue to hold the box until it drops the box.

p14 E O(=hb — gbM—hb). If the agent is not holding

a box, it will continue not holding a box until it grabs

one.

15 = O=(he A hd). Cannot hold a can and a box at

the same time.

v16 = O~(de A db). Cannot detect a can and a box at

the same time (guaranteed by the environment).

17 |E —he. The agent never starts out holding a can.

18 = —hb. The agent never starts out holding a box.

©19 E /\ O-(ay A az). Never take two
al,a26(s,r,gc,%b,dc,db)

actions at the same time.

woo EO(sVrVgeVgbVdeVdb). Always take an

action.

The complete formula for a single agent is the conjunction
of all the individual expressions: /\; ;.90 i. This formula
can be converted into an automaton. The product of multiple
instances of this automaton with itself represents the aggregate
behavior of multiple agents in a shared environment.
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