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Task and Motion Coordination for Heterogeneous
Multiagent Systems With Loosely
Coupled Local Tasks

Meng Guo and Dimos V. Dimarogonas

Abstract— We consider a multiagent system that consists of
heterogeneous groups of homogeneous agents. Instead of defining
a global task for the whole team, each agent is assigned a
local task as syntactically cosafe linear temporal logic formulas
that specify both motion and action requirements. Interagent
dependence is introduced by collaborative actions, of which the
execution requires multiple agents’ collaboration. To ensure the
satisfaction of all local tasks without central coordination, we
propose a bottom-up motion and task coordination strategy
that contains an off-line initial plan synthesis and an online
coordination scheme based on real-time exchange of request
and reply messages. It facilitates not only the collaboration
among heterogeneous agents but also the task swapping between
homogeneous agents to reduce the total execution cost. It is
distributed as any decision is made locally by each agent based on
local computation and communication within neighboring agents.
It is scalable and resilient to agent failures as the dependence
is formed and removed dynamically based on agent capabilities
and their plan execution status, instead of preassigned agent
identities. The overall scheme is demonstrated by a simulated
scenario of 20 agents with loosely coupled local tasks.

Note to Practitioners—This paper was motivated by the prob-
lem of coordinating a large number of autonomous robots
in collaborative manufacturing and delivery processes, where
each robot has an individual task but collaborations among
the robots are essential for the accomplishment of all tasks.
Existing approaches to address such problems rely on the direct
composition of all robots’ models and tasks, yielding a high
complexity of computation and difficulty of coordination, where
all robot behaviors are synchronized at all time and coordinated
centrally. In this paper, through a local request and reply commu-
nication protocol, we remove these constraints and impose only
local coordination rules among the robots. Moreover, compared
with the common solutions, where interrobot collaborations are
bound to preassigned robot identities, we allow the robots to
negotiate and choose their collaborators in a flexible way. It is
guaranteed that the individual task of each robot is satisfied
under the collaboration with other robots, but without the need of

Manuscript received December 18, 2015; revised July 5, 2016; accepted
November 8, 2016. Date of publication December 9, 2016; date of cur-
rent version April 5, 2017. This paper was recommended for publication
by Editor J. Wen upon evaluation of the reviewers’ comments. This work
was supported in part by the Swedish Research Council (VR), in part by the
H2020 ERC Starting Grant BUCOPHSYS, and in part by the EU STREP
RECONFIGFP7-ICT-2011-9-600825. This paper was presented at the IEEE
International Conference on Automation Science and Engineering (CASE),
Gothenburg, Sweden, Aug. 2015.

The authors are with the KTH Centre for Autonomous Systems
and ACCESS Linnaeus Center, EES, KTH Royal Institute of Technology,
SE-100 44 Stockholm, Sweden (e-mail: mengg @kth.se; dimos@kth.se).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TASE.2016.2628389

a central coordinator. We have shown that it is particularly useful
for loosely coupled multirobot applications, where the interrobot
collaborations are feasible and local. Simulation results suggest
that this approach is applicable to large-scale multirobot systems
and can be easily integrated with suitable low-level motion
control strategies, but it has not yet been tested in experimental
environments. In the future research, we will address more
complex robot tasks and practical implementations.

Index Terms— Formal methods, linear temporal logics (LTLs),
motion and task coordination, multiagent system.

I. INTRODUCTION

EMPORAL logics, such as linear temporal logic (LTL)

and computation tree logic, have gained significant atten-
tion in recent years, due to their usage as formal high-level
languages to describe more complex planning objectives for
autonomous robots, compared with the well-studied point-to-
point navigation problem [18]. Particularly, the high-level task
specification is given as a temporal logic formula with respect
to a discretized abstraction of the robot motion within the
workspace [1], [4]. A high-level discrete plan is found by
off-the-shelf model-checking algorithms given the abstrac-
tion and task specification [2]. This discrete plan is then
implemented through the corresponding low-level continuous
controller [7], [8]. Thus, this provides an automated motion
and task planning framework for autonomous robots under
formal high-level tasks. Similar methodology has also been
applied to multiagent systems [6], [15], [26]. Most of the
existing work focuses on decomposing a global specification
to bisimilar local ones in a top—down approach, which can
be then assigned and implemented by individual agents in a
synchronized [6] or partially synchronized [16] manner. This
way of problem formulation naturally favors a tightly coupled
structure, meaning that the role of each agent is fixed and
their behaviors should be globally coordinated. Normally, a
central monitoring unit is essential for both the plan synthesis
and plan execution under this formulation. Supervisory control
under dynamic control specifications is discussed in [23].

In contrast, we assume that there is no prespecified
global task, and individual tasks are assigned locally to each
agent as LTL formulas, which favor a bottom—up formula-
tion [11], [12], [24]. It is particularly useful for multiagent
systems, where the number of agents is large and the agents
have clear task assignments given their heterogeneous capabil-
ities. The case, where these local tasks are fully independent,
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is considered in [12] for a partially known workspace.
Additional relative-motion constraints among neighboring
agents, such as relative-distance and connectivity maintenance
constraints, are addressed in [3] and [20].

On the other hand, these local tasks can be dependent, when
one agent needs other agents’ collaboration to perform certain
actions, rendering interagent coordination thus crucial for the
accomplishment of all local tasks. The greatest challenge
of task coordination for multiagent systems under depen-
dent local tasks is the computational complexity. A centralized
solution requires the direct composition of all agents’ models
to represent all possible behaviors, which is subject to combi-
natorial blowup. This issue is addressed in [11] by grouping
the agents into dependence clusters such that the composition
is only needed for each cluster, while [24] proposes a receding
horizon approach that decomposes the synthesis problem into
shorter horizon planning problems that are solved iteratively.
In general, the local plans derived through composition need to
be executed in a synchronized fashion by the agents to ensure
the temporal constraints from all local tasks, which greatly
limits the flexibility and robustness of the overall system.
Nevertheless, the completeness of any solution can only be
verified surely through direct composition of all agent models
under the intersection of all local tasks. However, for loosely
coupled systems, where the required collaborations among the
agents are local and sparse, given the large total number
of agents and their assigned tasks, we aim here at avoiding
the composition of different agents’ models or tasks, which
is replaced by an online request, and reply scheme and a
real-time plan adaptation algorithm. In addition, we aim for
a distributed coordination scheme, where motion and actions
are coordinated only when needed, and collaborative relations
among the agents are formed and removed dynamically.
We show that the proposed scheme guarantees the satisfaction
of all local tasks and potential agent failures can be recovered.
Some potential applications can be found in [5].

This paper builds on preliminary results from [13].
In contrast to [13], we introduce here a novel formulation
of heterogeneous groups of homogeneous agents, which leads
to more efficient coordination schemes. A two-layer com-
munication network that allows for both static and dynamic
communications is proposed in contrast to the purely static
network considered in [13]. Moreover, a global coordination
scheme is designed to be activated in case local coordination
provides no solution. We also enrich the analysis by proposing
a task swapping scheme between homogeneous agents to
reduce the total execution cost. At last, a new case study
with a larger number of agents and more complex task
assignments is considered, depicting the scalability of our
approach.

The rest of this paper is organized as follows. Section II
introduces some preliminaries. The problem is stated formally
in Section III. Section IV presents the initial plan synthesis
strategy. The online coordination scheme is described in
Section V, followed by the task swapping algorithm introduced
in Section VI. The overall structure is discussed in Section VII.
A case study is presented in Section VIII and we conclude
in Section IX.

II. PRELIMINARIES
A. Syntactically Cosafe LTL and Biichi Automaton

Atomic propositions are Boolean variables that can be either
true or false. The ingredients of an LTL formula are a set of
atomic propositions (AP) and several Boolean and temporal
operators, which are specified according to the following syn-
tax 21 == T | ploiApa| =9 | O¢ | p1Ups, where T £
True, p € AP and O (next), and U (until). L = —T. For
brevity, we omit the derivations of other useful operators like
O (always), ¢ (eventually), = (implication), and the semantics
of LTL. We refer the readers to [2, Ch. 5]. One particular class
of LTL we consider in this paper is the syntactically cosafe
LTL (sc-LTL) [17]. It only contains the (), U, and ¢ operators
and is written in positive normal form. The satisfaction of an
sc-LTL formula can be achieved in finite time, i.e., each word
satisfying an sc-LTL formula ¢ consists of a satisfying prefix
that can be followed by an arbitrary suffix. A language of
words that satisfy an LTL formula ¢ over AP can be captured
through a nondeterministic Biichi automaton (NBA) A, [2],
defined as A, = (Q, 24P 5. Qo, F), where Q is a set of
states, 247 is the set of all alphabets, 6 € Q x 24P « 0 is
a transition relation, and Qo and F C Q are the initial and
accepting states. There are fast translation tools [9].

B. Notations

Given a set of states S, a finite sequence of elements in S
is denoted by v = s152...5y, where s; € §,i =1,..., N.
Denote by v[j], the jth state along v, i.e., v[j] = s;; v[i: j]
the segment from the ith to the jth element for j > i (includ-
ing both); v[i:] the segment from the ith to the last element.

III. PROBLEM FORMULATION

We consider N > 1 autonomous agents with heterogeneous
capabilities within a fully known workspace. Each agent has
the capabilities of navigating within the workspace and per-
forming various actions. Denote by N' = {a;, i = 1,2, ..., N}
the agent index. Then, we assume K groups within the team,
denoted by K = {gr, k = 1,2,..., K}. Agents within the
same group are homogeneous with the same motion and action
capabilities, while agents belonging to different groups are
heterogeneous with different motion or action capabilities.
Note that gx S N, Ugexgr = N, and gr N g = 0,
Vgr, g1 € K. Below, we define the model of agent motion
and actions in detail.

A. Motion Abstraction

The workspace consists of M partitions as the regions
of interest, denoted by I = {x1, 72, ..., 7y} We assume
that these symbols are assigned a priori and known by
all agents. There are different cell decomposition techniques
available, depending on the agent dynamics and the asso-
ciated control approaches [4], [6], [19]. Besides, there is a
set of atomic propositions describing the properties of the
workspace, denoted by ‘I—‘j\’/l Similar to [10], agent a;’s
motion within the workspace is modeled as a finite transition
system (FTS)

i A ai aj a; a; a;
M= (H, — ", HM,O’ ‘PM,LM, TM) (1)
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where —>j{4§ IT x II is the transition relation, Hj(/l,o ag I1
is the initial region agent a; starts from, L‘/l\"/l S — 2¥M s
the labeling function, indicating the properties held by each
region, and Ty} :—>‘— R* gives the time each transition
takes. A path of M% is a sequence of regions w7y ...7p,
where (7p, Tpy1) €—> ,Vp = 0,1,..., P — 1. Note
that M% are different among heterogeneous agents, while
for homogeneous agents the only difference lies in the initial

region.

B. Communication Model

Moreover, each agent a; has a set of neighboring agents at
time ¢t > 0, denoted by A} € N. Agent a; can exchange
messages directly with any agent a; € N;". Inspired by
the idea of backbone network [5], we define the following
two-layer communication network.

Definition 1: The communication network C(f) =
(N, E(t)) at time t > 0, where N is the set of nodes
and £(t) € N x N is the set of edges, which has two layers:
E@) =&1(1) U &(2).

1) The first layer is static. For all # > 0, there exists a., €
8k V81K € K that & (t) = {(ackl > ackz),ngl, 8ky € ’C}U
{(ac, ajk),Yaj i € gk, Ver € K}.

2) The second layer is dynamic. At time ¢t > 0, for
any pair of agents a;, a; € N, (a;, aj) € &(1) if
agents a; and a; satisfy their underlying communication
model. A

Regarding the first layer above, we call the agent a., within
each group gx € K the “coordinator” of that group. The
second layer depends on the underlying communication model
of the actual system, e.g., one commonly seen example is the
proximity model that two agents can communicate if their
relative distance is less than the communication radius. Based
on C(t), each agent’s neighboring set is given by N} = {a; €
N | (ai, aj) € E(1)}. The network C(r) is always connected
due to the existence of the first layer. In other words, any
message can be communicated either directly or indirectly
between any two agents within the system.

C. Action Model

Besides the motion ability, agent a; is capable of performing
a set of actions denoted by X% £ Elai Uzdu EZ’, where
Zf" is a set of local actions, which can be done by agent a;
itself; & is a set of collaborative actions, which can be done
by agent a; but requires collaborations from other agents; and
Ezi is a set of assisting actions, in which agent a; offers to
other agents to accomplish their collaborative actions.

In other words, £ and ¢’ contain actions that can be
initiated by agent g;, denoted by X5’ = X" U T, while
ZZi contains assisting actions only to assist other agents.
By default, 6y = None € Ela" means that none of the actions
is performed. Moreover, denote by E;ai the set of external
assisting actions agent a; depends on, which can be provided
by other agents in N, ie., £, C UajeNZZj' The action
model of agent a; is modeled by a six-tuple

At & (E”i, vy, LY, cond, Dura®, Depd”i) 2)

where X% is the set of actions defined earlier, ‘I’azi is a set
of atomic proposmons related to the agent’s active actions,
and LY : 9% — 2% is the labehng function. L§ (o3) = ¥,
Vah € Zh and LY s (04) C LI’E, Yo, € T4 Cond“' D X4ox
2N T /L indicates the set of region properties that have to
be fulfilled in order to perform an action; Dura% : £% — RT
is the estimated time duration of each action. Dura® (ao) =
Tp > 0 is a design parameter and Depd® : X% — 25" is the
dependence function. Depd“ (o) = @, Yoy € Ef’ U Eh and
Depd“(o.) C %, “, Vo € X¢'. Namely, each collaborative
action depends on a set of assisting actions from other agents.
Moreover, different collaborative actions can depend on the
same assisting actions. This is useful for defining complex
collaborations involving multiple agents.

Definition 2: A local or assisting action o5 € 2“’ U Zh is
said to be done at region 7, € II if two condltlons hold the
following.

1) Cond%(os, L‘/l\"/l(irh)) =T
2) oy is activated for period Dura% (a;). For a collaborative
action o, € X%, another condition is needed.
3) All assisting actions in Depd® (o.) are done by other
agents at the same region 7. A
By the definition above, the execution of assisting actions
can overlap and a collaborative action is accomplished only
after the last assisting action is done at the same region.
Compared with defining dependence directly on agent iden-
tities, our action model allows more system flexibility, since
the agent identities need not be known a priori, and new or
existing agents can be added or removed during run time.
Remark 1: Different from [10], the action model by (2) can
model both local and collaborative actions. A

D. Complete Agent Model

A complete agent model, denoted by G%, refers to the FTS
that models both its motion and actions.

Definition 3: Given M% and A%, agent a;’s complete
model can be constructed as follows: G% = (Hg, —>‘§,

ngo, kyg", L“’ T“"), where Hg = II x 2“{. TGi =
(mj,on) € Hg, an e II, Vo, € X%, —>2§ H‘é’ X
Hg~ (mn, om), <7Tj»0'n>) E—>g if: 1) op = om =
00, wh —%, 7w 2) om = 00, 0n # oo and
np = mj, Cond¥(oy,, L (nh)) = T; or 3) oy € X%,
o, = o9, and 7w, = 7[,, Hgo = (H/\'/lo’g()) is the
e . ap a; a; a; a; wk
initial state; kI’g = TM U Yy, Lg Hg 27,

g((nh,am ) = La (rp) U LY s (om); Tg —>g’—> RT. For
case 1) above, Ta’((nh,am> (n,,an)) = Ty (zp, mj); for
case 2) T ((nh,am) (mj,0n)) = Dura® (an), and for case
3), T, ((ﬂh, Om)s (nj»an» = Top. A

Note that when defining —>g above, the condition of
performing an action is verified over the properties of each
region. Thus, G% is a standard FTS [2]. Its finite path is
denoted I::ly % = mgomg,...ng, Py where 7g; € Hg,
G0 = Hé,o’ and (g g, ﬂg,s+1) e—>g, Vs =0,...,P—1.

Its trace is trace(r%) = Lg (ng,o)Lg (g.1) .- Lg (ng,p).
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E. Task Specification

The local task of agent a;, denoted by ¢%, is given as an
sc-safe LTL formula over the set of atomic propositions ‘I’g"
from Definition 3. Thus, ¢% can contain requirements on
agent’s motion, local and collaborative actions. As mentioned
earlier, an sc-safe LTL formula can be fulfilled by a finite
prefix. In particular, given a finite path 7% of G%, then 7%
fulfills p% if trace(r%) = p% where the satisfaction relation
is defined in Section II-A. One special case is that when
p% & T, agent a; does not have a local task and serves
as an assisting agent. In summary, we consider the following
problem.

Problem 1: Given G% and the locally assigned task ¢%,
design a distributed control and coordination scheme such that
@9 is fulfilled for all a; € N. A

IV. OFF-LINE INITIAL PLAN SYNTHESIS

In this section, we describe how to synthesize an initial
motion and action plan for each agent, which happens off-line
and serves as a starting point for the real-time coordination
and adaptation scheme in Section V.

A. Plan as Motion and Action Sequence

We intend to find a finite path of G%, whose trace satisfies
the cosafe formula ¢%, as described in Section III-E. We rely
on the automaton-based model-checking approach (see [2,
Algorithm 11]) by checking the emptiness of the product
automaton. Let Ay« be the NBA associated with ¢%, i.e.,

A, = (0%, Z\PQ 54, Qg F4), of which the notations are
defined as in Section II-A. The product automaton Ap is
defined as follows:

-Aai =0"® Apai = (

where Q) a’xQ g, = (g, q,,)er,Virgel'lg,
Vg € 0% ((ﬂg,s, qm), (g1, an)) € 0’ if mgs —>G 7g,
and (g, Lg(ng’s), qn) € 0% ; Qa’0 = {H } X Q() is the
set of initial states; Fy = H‘_g x F% is the set of accepting
states; W' : 5, x Q) — R W, ((mg 5, qm), (mG.1s qn) =
TG (ng.s, mg.1), where (g1, gn) € 0y (TG s, Gm)).

There exists a finite path of G% satisfying ¢% if and
only if A} has a finite path from an initial state to an
accepting state. Then, this path could be projected back to
G% as a finite path, the trace of which should satisfy @<
automatically [2]. Let R}, = qzioqg’; - .qZ’; p be a finite path

d,’ 561[, Qp 0° ]_‘(l, Wa[) (3)

of A%, where ‘Ipo € Qp 0 qp p € Fp', and ¢’ € QF and
(qp,s, quer]) € (5p, Vs =0,...,P — l The cost of RZ’
is defined by Cost(R}, Ay) = Z Wal (qps, q;’;Hl),
which is the summed weights along R’ - The sth element is
given by RZ" [s]= qf,’ s» and the segment from the sth to the /th
element is R}, [s:/]1 = q}'sq, ;|- q, Where s < j < P.

Problem 2: Find a finite path Rj of A} with the above
structure that minimizes its total cost.

Denote by Rp init the solution. [10, Algorithm 1] solves
the above problem, which is omitted here due to limited
space. It utilizes Dijkstra’s algorithm [18] for computing the

shortest path from any initial state in Q;i,O to every reachable
accepting state in fgi and checks if there is cycle back to g p.
The worst case Complexity is O(5,| - log| Q% | - |Q;i’0|).
By prOJectmg R% . init it gives the initial motion and
action plan Tg,m]t = R;’ inielppe that fulfills o

Remark 2: The initial plans are synthesized locally instead
of by a central unit [6] or within a cluster [11]. A

The plan rg ini¢ €an be executed by act1vat1ng the motion or

a;
onto IT G

actions in sequence. However, since Tg init MY contain several
collaborative actlons from X¢ to satisfy ¢%, the successful
execution of rg it depends on other agents collaboration,
which, however, is not guaranteed, since rg init 1S synthesized

off-line and locally. We resolve this problem by a real-time
coordination and adaptation scheme in Section V.

V. DISTRIBUTED COLLABORATIVE TASK COORDINATION

As mentioned earlier, there is no guarantee that the initial
plan 15’ it can be executed successfully, if it contains
collaborative actions. In this section, we propose a distributed
and online coordination scheme, which involves four major
parts: 1) a request and reply exchange protocol driven by
collaborative actions in a finite horizon; 2) an optimization and
confirmation mechanism, by solving a mixed integer program
based on the replies; 3) a real-time plan adaptation algorithm
given the confirmation; and 4) an agent failure detection and
recovery scheme along with the plan execution.

A. Planned Motion and Actions in Horizon

Denote by ng’ , € Hg the state of agent g; at time ¢.
After the system starts, assume ng’ ; 1s the /th element in
Tg[,init’ namely, ﬂgit = rg’;mit[l]. Each agent a; € N is given
a bounded planning horizon 0 < H% < oo, which is the
time ahead agent a; checks its plan. Similar approach can be
found in [21] for a single dynamic system. Then, the sequence
of states agent a; is expected to reach within the time H%
denoted by rg is the segment rg H= rg lmt[l f1, where
the index f > l is the solut10n to thls optlnnzatwn problem:
min f, subject to Z _ (rg el rg Cls 1) = HYL
It can be solved by 1terat1ng through the sequence of rg init
and computing the accumulated cost, which is then compared
with H%. If it does not have a solution, it means H% is
larger than the total cost of the rest of the plan rg Ficll 21, then
f= |Tg,init| (see Lines 1-5, 9, and 10 of Algorithm 1). The
time horizon avoids the agents coordinating on collaborative
actions that need to be done within a long time from now.

B. Request to Neighbors

Given 7/, 'y as the motion and actions in horizon, agent
a; needs to check whether it needs others’ collaboration
within rg - This is done by verifying whether a collaborative
action needs to be performed to reach the states in rg" H
More speciﬁcally, for the first state (zp, 0,) € 15’ p satisfying
om € ¢, agent a; needs to broadcast a request to all agents
within its communication network A" regarding this action.
This request message has the following format:

Request’ = {(o4, wh, Tn), Vo4 € Depd®(om)} 4
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Algorithm 1 Plan in Horizon and Request, Request()

Algorithm 2 Reply to Request by Agent a;, Reply()

Input: rg iniv ﬂg ,» HY
Output: rg H, Request®
1 rg lnlt[l] = ng ;5 =0, T,, =0, Request’ = ¢
2while T < H% and | + 5 < |rg ini] 4O
3| s=s5s4+1
s | To= T+ TG (28l s = 11 2 ll +51)
<7Th» 0m> = Tg,init[l _l_S]
if Request’ = () and 0,, € ¢ then
forall the o, € Depd“ (o,,) do
| add (64, mn, T) to Request®

® N & w»

9 f—l+s rgH—rglmtl:f]
10 return rg e Request®

where Depd® (o)) is the set of external assisting actions that
om depends on by (2), w, € II is the region, where g, will
be performed, and 7, > 0 is the estimated time when o,
will be performed from now. Assume that (nh, am) is the fth
element of TS';H. Then, T, = Zsf ; Tal (r [s], Tg "yls+1D)
(see Lines 4-9 of Algorithm 1). Each element (o4, T, Ty) €
Request® contains the message that “agent g; is requesting
the assisting action o4 at region 7z, in the estimated time Ty,
from now.” The request message from agent a; to each agent
aj € N/, denoted by Requestzii, is the same as Request¥,
i.e., Request,. = Request®, Vg e N,

Remark 3: Note that the request message is sent only for
the first collaborative action in rg y Within the time horizon
H“ (see Line 6 of Algorithm 1), as the outcome of this request
affects the second collaborative action in rg, o A

C. Request Evaluation and Reply

Upon receiving the request, agent a; € N; needs to
evaluate this request in terms of feasibility and cost, in order to
reply to agent a;. Specifically, the reply message from agent a;
to agent a; has the following format:

Reply,’ = {(0a. bZ-’ , tj-l ), Y(oa, Th, Tw) € RequestZ;}

5)

where o4 is the requested assisting action by agent a;, ij isa
Boolean variable indicating the feasibility of agent a; offering
action g4 at region zp, and th > ( is the time when that can
happen. Note that due to the communication network, agent a;
can always communicate with g; either directly or indirectly.
We describe how to determine bZ‘i and t;j below.

Denote by T% > 0 the estimated finishing time of the cur-
rent collaboration agent a; is engaged in. It is initialized as 0
and updated in Section V-F. Algorithm 2 shows the following.

1) IfT% > 0, it means agent a; is engaged in a collabora-

tion. Then, ReplyZ'f = {(og4, L, 00), Y(o4, Tn, Ty) €
Requestgj}, meaning that agent a; would reject any
request before its current collaboration is finished.

2) If TY = 0, it means agent a; is available to offer

assisting actions.

— —

Rpf LA T
Output: ReplyZ’ , P

1 forall the (o4, 7y, T,) € Request]g, do

Input: Request’g,,

2 | i TY is 0 then

3 ( Pt bd , td ') = ;
EvalReCJ(R ', (04, Ty Tw), AY)

4 if b is T then

5 P(Ud) =

6 add (o4, by, 1y) to Reply}’

7 | add (o4, L, 00) to Replyzj

s Return Reply,’, P

Then, for each request (og4,7n, Ty) € Requestk, agent
a; needs to evaluate it in terms of feasibility and cost to
determine bZ,j and th .

Clearly, agent a; needs to potentially revise its current plan
to incorporate the request, i.e., to offer the assisting action
o4 at region w;, by estimated time T,,. Denote by rg’ -~ the

plan of agent g before the potential revision, of which the
. . . aj A
correspondrngancceptlng run is Rp, — Aassume that agent a;’s
current state g/, is the /th element of R ' _ and the accepting
state q p f is the last and the fth element Then, the segment

from qp, to qp s is given by R RY = R ~[1:f]. We intend

to find another segment Rp" 4 within Ap from qZ‘f , to qg’ r
such that by following RZ’ 4: 1) agent a; should reach state
(mh, 04); 2) the estimated time to reach (nh, o4) should be
close to T,,; and 3) the additional cost of R 4 compared with
R ’_ should be small. We enforce those cond1t1ons below.
F1rst, the set of product states in .Azj corresponding
o (mi, 0q) s given by Sa = {gp € Q) laplyy =

(nh, ad)} Consider R/ Pt w1th the following structure: Rp L=

qp,, .. .qur e qg’f, where qur € Sy, meaning that it passes
through at least one state within S;. Thus, the corresponding
plan would contain (z;, 64), which fulfills the condition 1)
above. Regarding conditions 2) and 3), we define the balanced

e
cost of Rp'f+
BalCost(Rp 4> Ty AY )

ZWQ’

_|_a“/ (Cost( p+’ _Ap ) — COSt(R /,, Ap )) (6)

AZ+[5+1]) -

where the first part stands for the estimated time gap between
the requested time 7;,, by agent @; and the actual time based on
R 4 + [for condition 2)], the second term is the additional cost
of Rp’ 4» compared with R%_ [for condition 3)], and a% > 0
is a design parameter as a relative weighting.

Problem 3: Given R,/_, Sg and A}/, find the path

segement RY ot that minimizes (6). A
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Algorithm 3 solves the above problem by the bidirectional
Dijkstra algorithm [22]. It utilizes the function DijksTA(:)
that computes shortest paths in a weighted graph from the
single source state to every state in the set of target states,
while at the same time avoiding a set of states. It is a simple
extension of the classic Dijkstra shortest path algorithm [18].

In Line 4, DijksTA(AY, qpt, Sd, S.) determines the
shortest path (saved in P;) from qpt to every state in Sy
while avoiding any state belonging to S. and the associated
costs (saved in Cp), where S, is the set of all product states
associated with a collaborative or an assisting action: S, =
ap € Op'laplyy = (xgs on)on € T UAZ \(oal))
In Line 5, DijksTA(Reverse(.A;j), quf, Sq, V) is called
to determine the shortest path (saved in P;) from qZ{ g to

every state in S; within the reversed .Azj and the associated
distances (saved in C»); Reverse(A‘;,j ) is the directed graph
obtained by inverting the direction of all edges in G(Af,j )
while keeping the weights unchanged, where G(Af,j ) is the
directed graph assomated with Ap [2]. In Lines 7 and 8,
for each state qur € S84, the balanced cost of R i 4 by (6)
is computed. The _one that yields the minimal cost 1s denoted
by qZ{, At last RY p,+ is formed by concatenating the shortest
path from qp'jt to qp,r* and the reversed shortest path from
aj aj,x aj,x

qy,. 1 10 qp,r - If g,/; returns empty, then, agent a; could not
offer the requested collaboration thus % = 1 and th = 00,
as in Line 13. The complexity of function DijksTA(-) is
(’)(I(SZ’ |‘;410g |Qf,j |). Reversing A‘;,; 4h*as the complexity linear
to O(|d,’|). Note that when Ci(gp!;") < T, then, agent a;
arrives at the service region before agent a; and it waits there
by performing action ¢g. Moreover, there might be other paths
in .Af,j that have the same cost by (6) as the one derived by
Algorithm 3, i.e., the nonshortest path from qZ‘f , to Sy without
the waiting action in the end.

Remark 4: Note that RZ’ from Algorithm 3 is the
potentially revised tun, i.e., agent aj does not change
its current plan but saves R’ in P (see Line 5

of Algorithm 2). A
It is worth mentioning that in case agent a; receives requests
from multiple agents, it needs to reply to one agent first and
wait for the conﬁrmation before it replies to the next agent.
Lemma I: 1f b, V=T from Algorithm 3, action oy can be
done at the estlmated time td by agent a; following R

Proof: Since the first segment of Rp’ from g, ; to qp ’
is derived by DijksTA(:) in Line 5 of Algorithm 3, it does not
contain any collaborative or assisting actions except 4. Thus,
it can be accomplished by agent a; itself with only motions
and local actions, of which the estimated time is th . O
D. Confirmation

Based on the replies from a; € N ‘i agent a; needs to
acknowledge them by sending back confirmation messages
. aj .

Confirm§ = {(04, ¢;/, fn), Voa € Depd”(om)} (7)
where o4 is the requested assisting action, ch is a Boolean
variable, indicating whether agent a; is confirmed to provide
o4, and f, is the estimated time to finish action oy,.

Algorithm 3 Evaluate the Request EvalRedq()
Input: R ', (04, Th, Tw), qp,, A5
Output Rp 4 bd’, td
1qp,—R _[11, q f—R
2 Compute Sy, S,
3¢= Cost(R;{,, A?,j)
4 (P1, C1) = DijksTA(4Y, ¢, Sa. Sc)
5 (P, Cr) = DijksTA(Reverse(Ap ), q;'ff, Sd, @)
¢ forall the ¢,’, € S; do

a;
_[-1], =s = ¢ Jt| aj
P, HM

7 | if Py (q;‘f,) and Py(qp,,) exist then
aj
8 C3(Qp,r) =
aj . aj aj -
|C1 (Qp{r) — Tl +a“ (Cl (Qp{r) + CZ(Qp{r) - C)

9 Find the qp € S; that minimizes C3 (q;'f ¥)

10 if ¢ a” ;éﬂthen
1 P Pi(qy; )+Reverse(P2(qp )

12 ReturnR‘Jr:P b =T, td = Ci(qpr

jox

aj,x

13Returan+—Q) bd =1, td =00

The choices of {ch ,aj € N/} should satisfy two
constraints: 1) exactly one agent in A} can be the confirmed
collaborator for each action o; € Depd®(oc,) and 2) each
agent in N} can be confirmed for at most one action in
Depd® (o). Meanwhile, the estimated finishing time f,
should be as small as possible.

Let |N/| = N; and |Depd®(s,)| = N,. Without
the loss of generality, denote by A" = {1,...,N;} and
Depd®(6,) = {o1,...,0n,}. The problem of finding {cg‘j}
and f;, can be readily formulated as an integer programming
problem [27]

min f;,

aj aj
st. fn =maxg{c, -1,/ Ty}

Ny

zbgj 4 < Vaj € {1,...,Ni}

Ny

Zbg/,cglzl Vd € {1,..., N2} ®)
g=1

where (a4, bZ,j, t:;j ) € ReplyZ{ from (5). Any stand-alone
integer programming solver can be used to obtain {cZ,‘j } and
fm once (8) is formulated, e.g., “Gurobi” [14].

Then, Va; € N and Vo, € Depd® (,), consider the two
cases that are as follows.

1) If (8) has a solution, both {c'} and f, exist. If ¢’
is T, add (o4, T, fm) to ConﬁrmZ;; otherwise, add
(04, L, 00) to Conﬁrmg;.

2) If (8) has no solutions, add (g4, L, 00) to ConﬁrmZ;

It means that o, cannot be fulfilled according to the current
replies. Then, how agent a@; needs to delay o, and revise its
plan will be given in Section V-F.
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Remark 5: Note that the optimization problem (8) is solved
locally by agent a; regarding its collaborative action o,,, with
IN{'| - |Depd® (g,,)| Boolean variables. A

E. Request to Coordinators

As mentioned in Section III-B, the neighboring set N;"
includes only the local neighbors through local communication
based on the agent’s communication model. Consequently,
the requests are limited to the local neighbors and thus the
optimization problem (8) might not have a solution at time 7.
According to the two-layer communication network proposed
in Definition 1, the first layer allows agent a; to communicate
with its own and other group coordinators.

In particular, if (8) returns no solution, meaning that
agent a;’s collaboration request cannot be fulfilled by its local
neighbors. Then, it sends the following coordination request
to its coordinator a., € g:

CoReq; = {(04, Th, Tn),Y0oa € Depd“(om)}  (9)

which has the same content as (4), but different headers. Then,
the coordinator a., would broadcast the same message to the
coordinator of every other group gp € K and gy # gk

CoReq,;', = {(@a, Th, Tw), Voa € Depd” (o,)} (10)

where a,, is the coordinator of group gx. Upon receiving
this coordination request, each coordinator ac,, then relays this
request to each group members a; € gy and can wait for the
coordination reply as follows:

A o e
CoRepZik/ = {(oa, b:;l/, t;’f), Y(oq, mn, Ty) € CoReqaC;}

(1)

where (04, by, J, t;j ) is determined by Algorithm 3 as
described in Sectlon V-C. Based on these replies that for
all (o4, mp, T;y) € CoRquiﬁ/, the coordinator Acy finds the
group member aj, € gy satisfying that

a;
. T —t J
ajegk/,b:'/:T} | m d

aj, = argmin{ , (12)

where agent a;, minimizes the time difference to the expected
finish time 7}, of the assisting action o4 € Depd® (o,,). Then,
the coordination reply from a.,, to ac, is given by

CoRepabk = {(oa, by, 1), V(oa, mh, Tu) € CoRqu‘;’k‘/}

where note that if for an assisting action oy, it holds that ij =
L holds, Va; € gy, we set by = L and ty = 00

As a result, the coordinator a, passes the coordina-
tion replies to agent a;, which sends the original request.
Based on these replies, another integer programming problem
is formulated instead

min f;,

s.t. fm = maxd{czj"

Zba"" e <
Zb“’d. =

Jda Tm}

1 V(ljd € gr ek

1 Vo4 € Depd® (o,,) (13)
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where N, = |Depd%(c,)| and CoRepapk’ =

{(04, bd"’, td"") Y(og, wp, Tn) € CoReqak} Given the
solution, the confirmation process is similar to Section V- D,
which is omitted here due to limited space.

Remark 6: Compared with (8), (13) is also solved locally
by agent a; regarding its collaborative action a,,, with || -
|Depd¥ (o,,)| Boolean variables. A

Finally, it is worth mentioning the tradeoff between the
communication cost and the feasibility of the optimization
problem by (13). Namely, the more replies are received by
agent a;, the more likely problem (13) would have a solution.
An optimal strategy on when the request to coordinators
should be sent is part of our future work.

F. Plan Adaptation

After sending out the confirmation messages, agent a;
checks the following.

1) If (8) has a solution, it means that o, can be fulfilled by
the local neighbors. Else, if (8) has no solution but (13)
has a solution, it means that ¢, can be fulfilled by
agents outside its neighbor network. Then, R;’ ; remains
unchanged. T is set to fm to indicate that agent a; is
engaged in the collaboration until the estimated time f,,.

2) Otherwise, it means that according to the current replies
om cannot be done as planned in Rp’ Thus, agent a;
needs to revise its plan by delaying this collaborative
action ay,.

Algorithm 4 revises R;’ _ and delays oy, by time D%, where
D% > (0 is a design parameter. Function DijksTA(:) from
Algorithm 3 is used to find a path from qZ’; , to one state in
Sa whose cost is larger than 7,, + D% and the accepting state

4 is reachable from this state. Such a path can always be
found as the action oo that takes time Ty can be repeated as
many times as needed.

On the other hand, upon receiving ConﬁrmZ;, each agent
aj € N checks the following.

1) If ch = T for some o4 € Depd“ (0,,), then, agent a;
is confirmed to offer the assisting action g4. As a result,
it modifies its plan based on the potential set of plans P
from Algorithm 3. In particular, the plan segment ﬁf,‘j
is set to ﬁa'iJr and T is set to fm-

2) If ca = 1,Vo, € Depd® (on), 1t means g is not con-
ﬁrmed as a collaborator. Then, R/ » Temains unchanged
and T is set to 0.

Afterward, agent @; and all confirmed collaborators in j\/,ai
would execute its plan by following the motion and action in
sequence. They would reject any further request as described
in Section V-C until the collaboration for action o, is done.

Theorem 2: If (8) or (13) has a solution, the estimated time
of accomplishing action oy, is f.

Proof: Since each assisting action 64 € Depd® (o,,;) has
been assigned exactly to one agent a; € N}, then, o4 can be
accomplished by agent a; at time th by Lemma 1. Thus, g,
can be accomplished by agent a; at the estimated time f,,
which is the latest time for all actions by (8) or (13). O
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Algorithm 4 Delay Collaboration, DelayCol()

Input: I/Q\Z"ﬁ, qp e (Ths 0a)s Ay, bR
Output: ﬁ“"
1 compute Sd glven (mp,, ad> Se
ZthZR _[1], Clpszal [1]
3(P, Cy) = DlijTA(.Ap qp 0 Sd, Sc)
4 (P, Cy) = DljksTA(Reverse(Aa’) qp > Sd, %)
5 forall the q 4 € Sa do
if C1 (q d) > Ty, + D% and Pz(q d) exists then
L Rp L= Pl(qp DTt Reverse(Pz(q ))

N

Return R ’

Since each agent has a plan as a finite sequence of motion
and actions, when one agent finishes executing its plan,
it would become an assisting agent by setting 9% = T. Then,
it would stay at one region and collaborate with others.

G. Loosely Coupled System

As mentioned in Section I, we aim at applying this
distributed coordination scheme to loosely coupled multiagent
systems, where collaborations among the agents are: sparse
in the sense that they are needed infrequently compared with
the total number of activities of all agents required by their
local tasks; local in the sense that the collaborations are done
among neighboring agents. In other words, whenever an agent
formulates and solves the coordination problem by (8) or (13),
it will always have a solution within a bounded time, when
some of its neighboring agents are available and can provide
the requested collaborations.

Assumption 3: There exists a finite time T > 0 such that for
each agent a; € M and any collaborative action o, requested
by agent a; initially at time #,, > 0, problem (8) or (13) for
o, will have a solution within time 7, + T. A

Note that the above assumption does not require that
(8) or (13) always has a solution, rather we allow the
collaboration action to be delayed as discussed in Section V-F
if no solutions of both can be found. Since the coordination
procedure will be repeated afterward, as long as there exits
a finite time bound, when either one of the problems has a
solution then the collaboration will be accomplished. This
is not restrictive for loosely coupled local tasks as sc-LTL
formulas because: 1) the large number of agents can provide
the requested collaboration and 2) whenever one agent
finishes executing its plan, it becomes fully available to
collaborate with the others. How to verify this assumption
online and dynamically is closely related to the verification
of partially feasible LTL task specifications, which is part of
our on-going research.

Remark 7: Assumption 3 is necessary to exclude some
tightly couple multiagent systems even under sc-LTL task
formulas. For instance, assume that agent a; has the task to
perform collaborative action o1 at region r (with the assisting
action 4,1 from agent a») and it cannot cross region o before
that. On the other hand, assume that agent a has the task to
perform action o7 at region ry (with the assisting action oy,2
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from agent a;) and it cannot cross region r; before that.
Clearly, both problems (8) or (13) would have no solutions. A

VI. TASK SWAPPING AMONG HOMOGENEOUS AGENTS

As mentioned in Section III, homogeneous agents within
the same group have the same motion and action capabilities.
In other words, if a local task is feasible to one agent, it is
also feasible to another agent in the same group. Thus, it is
possible for two homogeneous agents to swap part of their
local plans and still satisfy both of their local tasks. In this
part, we focus on how this can be done in an efficient way,
such that the total cost of satisfying both tasks is reduced.
In particular, consider two homogeneous agents a;, a; aj € gk,
where gk € K and their initial plans are given by rg ini¢ and

Tg,m]t from Section IV.

A. Formulation

Assume that at time ¢ > 0, the state of agent a; is ngi o
Wthh is the mth element of rg init and the state of agent a; is

ng ;» Which is the nth element of rg . Then, the future plan

of agent a; is given by rg = rg lmt[m.] and rg = rg init[n.]

for agent a ;. Furthermore, denote by rgi '~ and rgi T the future

plan of agent a; before and after the swapping; ng’_

for agent a;. Note that 75"~ =14

Following the same notation as before, the segment of Tgi T
2l
from the g;th to the

g2th element is given by rgl " [g1:82], where g» > g1. The
cost of a plan segment is simply the accumulated weights of
each transition along the segment, e.g., cos t(r;'”i[gl :g2]) =

fzzgl T% (rg s],rg “[s + 1]). Now, we can formally
define the plan segments swapping procedure below.

Definition 4: After agents a; and a; swap their segments
Tgi [/1:I2] and r;'l [g1:g2] at time ¢, the updated future plan of

agent a; is given by

ré"+ = 15”_[111:(11 —1)]

__a aj,—
=15 and g

from the /ith to the />th element is given by rgi’
where [, > [1. And, the segment of rgl T

@y [grgd @ T+ 1)1 (14)
and the new future plan of agent a; is given by
rg"’+ = 15" [n:(g1 — D]
@ty bl &g [(ga+11 (15

where @ is the concatenation operation of two sequences.
This swapping is allowed only if two conditions hold:

(zg" 1 = 11 28" [g1)), (rg (821, 25" 1l + ) e—y¢
and (Tg g1 — 1l z5" [hD), (Tg (2], Tg g2 +
1) e—>g. A

Namely, only the chosen segments of TS[ and rgj are
swapped, while the rest remains unchanged. These two con-
ditions in the end ensure that it is allowed for both agents to
start and exit executing the swapped plan segments. Then, we
can compute the difference in the total cost of both agents’

plans before and after the swapping

Aa,-,aj = Aai + Aaj (16)
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Jr) is the cost differ-
ence for agent a;, Ay; = cost(rgj’_) — cost(rgj’+) is the
cost difference for agent aj, and Ay 4; € R is the summed
difference. However, consider the original temporal property
and rg" " . the segment rg"’f[ll'lz] to be executed
after rg [m:(l; — 1)] and before r [(l2 + 1):]. Thus, the
execution of the swapped segments needs to be synchronized
such that the following conditions hold.

where A, = cost(ré"_) - cost(rgf’
ai,—
of g

1) Agent a; can start executing 15"_[11:12] only after

agent @; has finished execution rg “[m:(l; = 1))
2) Agent a; can start executing rg [(g2 + 1):] only after
. . aj,—
agent a@; has finished execution g [g1:22].

3) Another two analogous conditions for agent a;.
If any of the above conditions does not hold, either agent a;
or a; has to wait for the conditions to hold. In order to measure
this waiting time, we first calculate the time difference between
when agent a; starts executing rg" " [g1:82] and when agent a;
starts executing rgi *[l1:1] (denoted by @S ) is given as
03, 0, = lcost(zg" [mi(h— 1))~ cost (" ni(g1— D).
The time difference between when agent a; starts executlng

" [g1:g2] and when agent a; j starts executing rg “[1:12]
(denoted by ®a, a;) 18 given as G)‘{[,aj = |cost(rg [m:(l1 —
Dl® rg [g1:82]) — COSt(Tg (g1 = D1@ g Lkl

Thus, the total waiting time for agents a; and a; (denoted

by Og.q) is given as: Oga; = Op 4 + @){fi,aj, which is

nonnegative for any choice of the swapping segments.
Problem 4: Find the segment rg"’f[llzlz] of rg"’f and the

segment rgi " [g1:82] of rgi ", such that after the swapping,
Ag;,aj — Og;,q; becomes maximal among all possible choices,
while Ag q; > A and @4 ,q; < O hold, where A and © > 0
are design parameters. A

Note that A in the above formulation serves as the minimal
reduction of the total cost to facilitate a swapping, while © is
the maximal total waiting time that is allowed. Since agents a;
and a; are homogeneous, the cost of agent a; executing the
segment T;j’_[glzgz] is the same as agent aj. The same
arguments hold for agent a; executing 15"_[1 1:2]. It means
that the potential advantage of swapping these two segments
lies in the fact that the cost of starting and exiting executing
the segments are different. Based on this insight, we calculate
the difference in the execution cost for agent a; before and

after the swapping as: Aa, = Aéi + cost(rg’"i[glzgz]) —
cost(rg [[1:L]) + A .» Where A}li = Té”(ré“ﬁll
1, 75" " la1l) — TG (eg "1 — 11, rgf" [l1]) and AZ
TG (ig" g2l 76" [l + 1]) — Tg'(eg" [, 7g"" [l + 10).

Analogously for agent a;, the dlfference in the execution cost
before and after the swapping also consists of three parts

Ay = A}lj +cost(rg [ lz])—cost(rg lg1: gz])—i-A
where Aéj = Tgaj (T;‘ — 1], Tg (1D — T (rg [g1 —
11, 7" [g1]) and Aﬁ, = 15 g [, 15" (g2 + 11) —

Tga‘j (Tg'i’i[gz], rg‘j’i[gg + 1]). By combining A,; and A

above, we have the total difference: Agq; = A éi + Atzz,- +

— gl e Gl 4/:]‘
/

AV

Fig. 1. Discrete plans rg’ and rgj before (left) and after (right) applying the

plan swappmg schemg The swapped segments are marked by purple stars.
i and rg and the total cost are given by (26.1,22.5, and 48.6)

The cost of g
and (9.7, 12.5, and 22.2) before and after swapping, where A and © are set
to 10 and 5, respectively.

Al + A2 -, which implies that A, 4, consists of the cost
dlfferences of agents a; and a; for entering and exiting the
swapped segments 727 [14:15] and rgi " [g1:82], respectively.

As a result, the algorithm that solves Problem 4 is as
follows: enumerate all allowed combinations of /1, >, g1, &
that [, > Iy > m and g» > g1 > n and the two conditions
hold; compute the total cost reduction Ay, 4; and the total
waiting time ©g,, ¢;; check if they satisfy that Ag,q; > A
and @a,.,aj < O; find the pairs [/1:l>] and [g;:g2] that yield
the maximal (Ag, 4; — ©;a;). As a result, 15”_[11:12]

and ng " [g1:g2] are the solution to Problem 4. Note that this

algorithm is run locally either by agent a; or a;.

B. Plan Swapping and Synchronization

After the segments 15"_[1 1:»] and rgi " [g1:82] are derived
as the solution to Problem 4, agents a; and a; should exchange
the segments and generate the updated plan, as show in (14)
and (15). While executing the updated plan, it is crucial that
agents a; and a; synchronize with each other when they
start and finish executing the swapped segments. As discussed
earlier, when agent qa; starts executing rgi’_[(lz + 1):] only
after it synchronizes with agent a; that agent a; has finished
executing TS[ > [l1:12]. Analogous arguments hold for agent a;.
An example is shown in Fig. 1 that the reduction of total cost
and the waiting time all fulfill the given constraints.

Note that ® and A in Problem 4 are two design parameters
closely related to how often the above task swapping is
activated between any two homogeneous agents. It is part of
our ongoing work to investigate an online strategy to tune them
based on the agent’s plan execution status.

VII. OVERALL STRUCTURE

During the real-time execution, each agent executes its plan
and checks first if any request is received. If so, it replies
to them by Algorithm 2, waits for the confirmation, and
adjusts its plan accordingly. Otherwise, it sends out requests by
Algorithm 1, waits for reply, sends confirmation back by (8),
and at last adapts its plan by Algorithm 4. The correctness of
the proposed scheme is guaranteed by Theorem 3.

Theorem 3: Under Assumption 3, the proposed coordina-
tion scheme solves Problem 1. Namely, all local tasks ¢ can
be accomplished in finite time, Va; € N.
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Proof:  Starting from the initial plan rg init for agent
a; € N, motion and local actions in rg init €an be accom-
plished locally by an agent itself. If rg ini¢ T€Mains unchanged
for agent al, we only need to show that the collaboratlve
actions in Tg,init can be accomplished. The fact that Tg,init
remains unchanged indicates that agent a;’s requests for each
collaborative action o, are fulfilled, i.e., (8) or (13) for oy,
has a solution. By Theorem 2, action o, can be accomplished
in finite time f;,. Since rg’ it 18 @ finite sequence, ¢ can
be satisfied in finite time as every motion and action inside
can be done in finite time. On the other hand, if rg’ init has
to be adapted in real time, the reasons are: 1) agent a; is
confirmed to assist its neighbor g on one collaboration and 2)
agent a; has made a request for a collaborative action ¢, and
it is delayed by Algorithm 4 as (8) and (13) have no solution.
For case 1), Algorithm 3 guarantees that after the assistance
its updated run R% .+ still satisfies ¢ in finite time. For case
2), by Assurnptlon 3, (8) or (13) will have a feasible solution
within at most time T, meaning that o, will be done within
finite time. This completes the proof. ([

VIII. CASE STUDY

We simulate a system of 20 heterogeneous agents with four
groups, i.e., each group has five agents. One group is the team
of unmanned aerial vehicles (UAVs) (denoted by g1) and three
other groups are different types of unmanned ground vehicles
(UGVs) (denoted by g2, g3, and g4). For simplicity, denoted
by g = {aki,i = 1,2,...,5}, Vk = 1,2,3,4 the agents
and its group. The proposed algorithms are implemented in
Python 2.7. All simulations are carried out on a desktop com-
puter (3.06-GHz Duo CPU and 8-GB of RAM). The mixed
integer program solver Gurobi for Python [14] is used here.

A. System Description

The workspace we consider is of size 60 m x 60 m repre-
senting a clustered environment, as shown in Fig. 2, within
which there are four base stations, where the four groups
of agents start initially. The workspace is discritized into
1.5-m-width grids to simplify the motion control of each agent.
We assume that each agent can travel freely from any grid to
its adjacent grid, and the trajectory from an initial grid to a
goal grid is given by the shortest path between them. All agents
have a constant velocity chosen between 5 and 12 m/s. There
are six regions representing the residential areas, which are
of major interest to the agents, denoted by Ri, R, ..., Re.
Obstacles are scattered within the workspace. The associated
motion FTS consists of 1600 states and 6400 edges. For
each UAV a;,; € gy, it has two actions: record to record
video and circle to circle a certain area. record can be
done by each UAV itself but circle needs two assisting
actions hcirclea and hcircleb from two other UAVs.
On the other hand, for each UGV ay; € g, there are three
storage areas Sp, >, and S§3 with three different objects of
interest o}, ¥/ = 1,2,3 and Vk = 2,3,4. Each of them
is capable of providing the actions picki and dropf{ for
each object [ = 1,2,3, e.g., agent a1 € g can pickup
object o% with action pick% and drop it with action drop%.
The dependence between the actions is clarified as follows.

Fig. 2. Snapshots of the simulation at 55.8 and 48.6 s. Agents within the
groups g1, g2, 83, and g4 are squares marked by green, cyan, purple, and
magenta, respectively, initially starting from four corners. Regions of interest
are labeled by symbols. Communication links between the agents are indicated
by straight lines. Action names performed by the agents are highlighted by
text boxes. Left: example of local communication by the second layer.
Right: communication through coordinators within the first layer.

1) To pickup and drop 0,1 can be done by agent ax,; € gk
itself, Yay ; € gx and Vk =2, 3,4.

2) To pickup and drop 0,% by action picki and drop,%,
agent ai ; needs assisting actions hpicki and hdrop,%,
respectively, from any other UAV a; € g1 or UGV q; €
gk within the same group, Yk = 2, 3, 4.

3) To pickup 02 by action plckk, agent ay,; needs

assisting action hplckak, from any agent a i€ 8k

and action hplckbk,, from another agent ajpn € gyr.

Similarly, to drop ok by action dropk, agent ay ; needs

assisting action hdropak, from any agent a € 8k and

action hdropbk,, from another agent a j" € 8Kk where

k, k', k" €{1,2,3,4} and k # k' # k", i.e., two agents

from two different groups.

We assume that local action can be done in 5 s while the
assisting and collaborative actions take 10 s. The communi-
cation network satisfies Definition 1 and the communication
model is based on the prolixity model with radius set to 15 m.
The UAV a1 and the UGVs ay 1, a3,1, as,1 are chosen as the
coordinators of each group.

B. Task Specification

For simplicity, we use the same notation for the atomic
propositions that are associated with the regions and actions.
Each UAV has the task to surveil three of the residential areas
by recording videos at two areas and circling another one. For
instance, ¢1,1 = (O(R1 Arecord))) A (O(R2 Arecord)) A
(O(R3 A circley))). Each UGV has the task to pickup an
object from the storage and deliver it to one base station, which
has to be done for each object of interest to different base
stations. For instance, g2 1 = (<>(p1ck2 AQ(Ry A dropz))) A
(<>(plck2/\<>(R4/\drop2)))A(O(plckgAO(RsAdropz))))
and g4 = (Q(pick} A O(R3 A dropl))) A (O(pick] A
O(Rs A dropﬁ))) A (((}pick?t A QO(Rg A dropﬁ)))). Note
that we need not specify where the UGVs should pickup the
objects or where the assisting actions should be performed.
The above tasks are all sc-LTL formulas and can be finished
in finite time. Due to limited space, we have omitted here the
detailed task specification and formulas of other agents. The
NBA associated with @3 1 consists of 8 states and 27 edges,
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Fig. 3. Image presents the complete sequence of local, assisting, and

collaborative actions performed by each agent along with time. Agent
identities are converted into integers within [1, 20]. They are labeled

by the action names shorten by replacing “pick” with “p,” “drop”

[Tt} w2

with “d,” “circle” with “c,” and “record” with “r.

while the NBA associated with ¢ 1 and ¢4 above consists
of 46 states and 342 transitions, via [9].

C. Results

The system is simulated for 115 s before all agents
accomplish their local tasks, of which some snapshots are
shown in Fig. 2. The initial local plan is synthesized,
as described in Section IV, e.g., for the UAV aj
mentioned before, its initial motion and action plan is
given by “rgl" = Ryrecord; Ry record; R3circler”;
while for UGV ay 1, its initial plan is given by “152" =8
pické R dropé S3 pickg Re dropg \Y) pick%R4 dropj5.”
It is worth mentioning that the initial plan of any agent
cannot be accomplished by itself as they all consist of at least
one collaborative action, which requires the collaboration
of other agents. Fig. 3 illustrates the local, assisting, and
collaborative actions performed during the simulation. It can
be seen that any collaboration for the same collaborative
action is not bound to a set of agents with fixed identities,
rather on the capabilities and running status of other agents.
In addition, the request and reply messages are exchanged
among the agents based on the proposed communication
protocol. The number of messages exchanged within the team
along with time is illustrated in Fig. 4, which implies that
the interagent communication is sparse and only triggered by
the collaborative actions. The first-layer communication is
activated only when the local coordination by (8) fails. The
complete simulation video can be found in [25].

Furthermore, to show the effect of the plan swapping
scheme mentioned in Section VI, we simulate the system
under the same setup while enabling the planning swapping
scheme among homogeneous agents within the same
group. Specifically, we apply the task swapping scheme
after the system starts to the following pairs of agents:

= N
w S

—

Messages

0 20 40 60 80 100
Time(s)

Fig. 4. Number of messages exchanged among the agents along with time.
The first-layer communication is activated whenever the number reaches 20.

Messages

I
40 60 80
Time(s)

Fig. 5. Number of messages exchanged among the agents along with time
after the task swapping scheme at time O.

agent aj| swaps its segment “Rprecord” with the
segment “Rsrecord” of ajp; agent aj3 swaps its
segment “Rerecord” with the segment “Rsrecord” of aj 4;
agent ap | swaps its segment “pick%R3drop2” with the
segment “pick§R4drop%” of ay 3; agent a3 5 swaps its seg-
ment “pick]Rsdrop;” with the segment “pickjRrdrops”
of a3 ; and agent a4 3 swaps its segment “pickﬁRédrop4”
with the segment “pickﬁderop4” of a45. Note that
the cost reduction A and the synchronization delay ® in
Problem 4 are set to be 15 and 10 s. It took 105 s for
all agents to accomplish their local tasks. The exchanged
messages among the agents is shown in Fig. 5. It can be seen
that the collaborations have been shifted to the beginning of
the simulation. The simulation video can be found in [25].

D. Computational Complexity

There are 20 agents in the team, each of which has an FTS
with 1600 states and 6400 edges. The NBA associated with
each UAV, e.g., 91,1, consists of 8 states and 27 transitions.
The NBA associated with each UGV, e.g., @21, consists
of 46 states and 342 transitions. As a result, the centralized
approach requires computing the product automaton between
the FTS and NBA for the whole team, which would
have 1600%° . 83 . 4615 states (approximately 3.5 x 10%3).
Thus, the centralized approach would be intractable for
most practical applications. On the other hand, our
proposed approach relies on only local plan synthesis,
local communication, and local coordination. The local
product automaton has around 10° states and the algorithm to
synthesize the local policy in Section IV takes 2 s in average
for all agents. The communication protocols by Algorithms 1
and 2 rely on exchanging simple string messages. The
coordination Algorithms 3 and 4 are run locally by each agent.

IX. SUMMARY AND FUTURE WORK

We present a bottom—up scheme for distributed motion and
task coordination of multiagent systems, where the agents are
given dependent local tasks. It relies on the off-line initial
plan synthesis, the online request and reply messages exchange
protocol, and the real-time plan adaptation algorithm. A task
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swapping scheme is proposed to reduce the total execution
cost of the system. Future work is focused on general LTL
task formulas, which are not considered here, since ensuring
fairness is challenging when each agent has a local plan as an
infinite sequence of motion and actions.

REFERENCES

[1] A. Bhatia, L. E. Kavraki, and M. Y. Vardi, “Sampling-based motion
planning with temporal goals,” in Proc. IEEE Int. Conf. Robot.
Autom. (ICRA), May 2010, pp. 2689-2696.

C. Baier and J.-P. Katoen, Principles of Model Checking. Cambridge,

MA, USA: MIT Press, 2008.

[3] K. E. Bekris, K. 1. Tsianos, L. E. Kavraki, “Safe and distributed

kinodynamic replanning for vehicular networks,” Mobile Netw. Appl.,

vol. 14, no. 3, pp. 292-308, Jun. 2009.

C. Belta, A. Bicchi, M. Egerstedt, E. Frazzoli, E. Klavins, and

G. J. Pappas, “Symbolic planning and control of robot

motion,” [EEE Robot. Autom. Mag., vol. 14, no. 1, pp. 61-70,

Mar. 2007.

[5] C.-H. Chang, S.-C. Wang, and C. C. Wang, “Exploiting moving objects:
Multi-robot simultaneous localization and tracking,” IEEE Trans. Autom.
Sci. Eng., vol. 13, no. 2, pp. 810-827, Apr. 2016.

[6] X.C. Ding, M. Kloetzer, Y. Chen, and C. Belta, “Automatic deployment
of robotic teams,” IEEE Robot. Autom. Mag., vol. 18, no. 3, pp. 75-86,
Sep. 2011.

[7]1 G. E. Fainekos, A. Girard, H. Kress-Gazit, and G. J. Pappas, “Temporal
logic motion planning for dynamic robots,” Automatica, vol. 45, no. 2,
pp. 343-352, Feb. 2009.

[8] G. E. Fainekos, “Revising temporal logic specifications for motion
planning,” in Proc. IEEE Conf. Robot. Autom., May 2011, pp. 40-45.

[9] P. Gastin and D. Oddoux, “Fast LTL to Biichi automaton trans-

lation,” in Proc. Int. Conf. Comput. Aided Verification, Jul. 2001,

pp. 53-65.

M. Guo, K. H. Johansson, D. V. Dimarogonas, ‘“Motion and action

planning under LTL specifications using navigation functions and action

description language,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots

Syst. (IROS), Nov. 2013, pp. 240-245.

M. Guo, D. V. Dimarogonas, “Reconfiguration in motion planning of

single- and multi-agent systems under infeasible local LTL specifi-

cations,” in Proc. IEEE Conf. Decision Control (CDC), Dec. 2013,

pp. 2758-2763.

M. Guo and D. V. Dimarogonas, “Multi-agent plan reconfiguration under

local LTL specifications,” Int. J. Robot. Res., vol. 34, no. 2, pp. 218-235,

Feb. 2015.

M. Guo, D. V. Dimarogonas, “Bottom-up motion and task coordination

for loosely-coupled multi-agent systems with dependent local tasks,” in

Proc. IEEE Int. Conf. Autom. Sci. Eng. (CASE), Aug. 2015, pp. 348-355.

Gurobi  Optimization Tool. Accessed 2015. [Online]. Available:

http://www.gurobi.com/

S. Karaman and E. Frazzoli, “Vehicle routing with linear temporal logic

specifications: Applications to multi-UAV mission planning,” in Proc.

Control Conf. AIAA Guid. Navigat., 2008.

M. Kloetzer, X. C. Ding, and C. Belta, “Multi-robot deployment from

LTL specifications with reduced communication,” in Proc. IEEE Conf.

Decision Control (CDC), Dec. 2011, pp. 4867-4872.

O. Kupferman and M. Y. Vardi, “Model checking of safety properties,”

Formal Methods Syst. Design, vol. 19, no. 3, pp. 291-314, Nov. 2001.

[18] S. M. LaValle, Planning Algorithms. Cambridge, U.K.:

Cambridge Univ. Press, 2006.

S. G. Loizou and K. J. Kyriakopoulos, “Automatic synthesis of multi-

agent motion tasks based on LTL specifications,” in Proc. IEEE Conf.

Decision Control (CDC), Dec. 2005, pp. 78-83.

[2

—

[4

=

(10]

(1]

[12]

(13]

(14]

[15]

[16]

[17]

[19]

[20] G. Notarstefano, M. Egerstedt, and M. Haque, “Containment in
leader—follower networks with switching communication topologies,”
Automatica, vol. 47, no. 5, pp. 1035-1040, May 2011.

T. Wongpiromsarn, U. Topcu, and R. M. Murray, ‘“Receding horizon
control for temporal logic specifications,” in Proc. 13th ACM Int. Conf.
Hybrid Syst., Comput. Control, Apr. 2010, pp. 101-110.

1. Pohl, “Bidirectional search,” Mach. Intell., vol. 6, pp. 127-140, 1971.
R. Sampath, H. Darabi, U. Buy, and J. Liu, “Control reconfig-
uration of discrete event systems with dynamic control specifica-
tions,” IEEE Trans. Autom. Sci. Eng., vol. 5, no. 1, pp. 84-100,
Jan. 2008.

J. Tumova and D. V. Dimarogonas, “A receding horizon approach to
multi-agent planning from local LTL specifications,” in Proc. Amer.
Control Conf. (ACC), Jun. 2014, 1775-1780.

Videos, Accessed on 2015. [Online]. Available:
https://vimeo.com/148774433 and https://vimeo.com/148774898

A. Ulusoy, S. L. Smith, X. C. Ding, C. Belta, D. Rus, “Opti-
mality and robustness in multi-robot path planning with temporal
logic constraints,” Int. J. Robot. Res., vol. 32, no. 8, pp. 889-911,
Jul. 2013.

L. A. Wolsey, Integer Programming. New York, NY, USA: Wiley, 1998.

[21]

[22]
[23]

[24]

[25]

[26]

[27]

Meng Guo received the M.Sc. degree in system,
control and robotics and the Ph.D. degree in elec-
trical engineering from the KTH Royal Institute of
Technology, Stockholm, Sweden, in 2011 and 2016,
respectively.

He is currently a Post-Doctoral Associate with the
Department of Mechanical Engineering and Materi-
als Science, Duke University, Durham, NC, USA.
His current research interests include distributed
motion and task planning of multi-agent systems and
formal control synthesis.

Dimos V. Dimarogonas was born in Athens, Greece,
in 1978. He received the Diploma degree in electrical
and computer engineering and the Ph.D. degree in
mechanical engineering from the National Technical
University of Athens, Zografou, Greece, in 2001 and
2007, respectively.

Between 2007 and 2009, he was a Post-Doctoral
Researcher with the Automatic Control Laboratory,
School of Electrical Engineering, ACCESS Linnaeus
Center, KTH Royal Institute of Technology, Stock-
holm, Sweden. Between 2009 and 2010, he was
a Post-Doctoral Associate at the Laboratory for Information and Decision
Systems, Massachusetts Institute of Technology, Boston, MA, USA. He is
currently an Associate Professor with the Automatic Control Laboratory,
ACCESS Linnaeus Center, KTH Royal Institute of Technology. His current
research interests include multiagent systems, hybrid systems and control,
robot navigation and networked control. He was awarded a Docent in
Automatic Control from KTH in 2012. He received an ERC Starting Grant
from the European Commission for the proposal BUCOPHSYS in 2014 and
was awarded a Wallenberg Academy Fellow Grant in 2015.

Prof. Dimarogonas serves on the Editorial Board of Automatica, the IEEE
TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING, and the
IET Control Theory and Applications. He is a Technical Chamber of Greece.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


