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Abstract—An  efficiency-oriented solution is theoretically a
preferred choice to support the efficient operation of a sysm.
Although some studies on the multi-manipulator system sha the
load of the control center by transforming the network topology,
the whole system often suffers an increased communication
burden. In this article, a multi-manipulator cooperative control
scheme with improved communication efficiency is proposedot
allocate limited communication resources reasonably. Thentire
control process is formulated from the perspective of gamehteory
and finally evolved into a problem of finding a Nash equilibrium
with time-varying parameters. Then, a neural network solve is
designed to update the strategies of manipulators. Theorieal
analysis supports the convergence and robustness of the el
In addition, Zeno behavior does not occur under the dominatn
of the control strategy. Finally, simulative results reve that
the proposed control strategy has advantages over traditital
periodic control in communication.

Index Terms—Distributed control, neural networks, communi-
cation overhead, redundancy resolution, game theory.

I. INTRODUCTION

ITH the development of engineering fields and th
promotion of intelligent production, current technolo
gies impose more demands in the improving of tradition

centralized control systems or frameworks. Constructing
intelligent system that integrates computation, commatroo
and control technologies has become a rigid demand

promoting industrial development. At present, more andemo,
agent systems are designed with cyber-physical systenmgas
vane, which aims to coordinate computing, communication
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and other resources to provide high-quality control for the
system [1].

As a unique branch of the robot product family, manipula-
tors have attracted special attention in various fields duest
strong practicality [2]. Over the past half century, vagdinds
of manipulators have been developed for applications such
as minimally invasive surgery [3], space target capture [4]
precision assembly [5]. Although a single manipulatorsfes
the needs of some industries well in many respects, it lacks
certain economic efficiency in some complex or large-scale
operations. For this reason, a variety of multi-manipulato
systems have been emerging to cope with this deficiency, with
an obvious advantage that the tasks are completed efficientl
and flexibly through the cooperation of manipulators [6].
In recent developments, the research on multi-manipulator
systems mostly focuses on their control strategy formarest;
including centralized strategies [7] and distributed tstyges
[8], [9], intelligent control strategies [10], [11], and aph-
based strategies [12], [13], etc. In [7], an execution irstton
is generated and sent to each manipulator uniformly by a

Gommand center, but a potential defect is that the command

anter may not be able to dispatch multiple manipulators

online in a timely manner, and the reliability of the system
Is poor. The distributed control strategy is an improvement
c)rade to alleviate the operating pressure of the command
center, e.g., the control strategy in [8], [9], which anmet

t[1e operating load of the command center by allowing each
manipulator to communicate locally. Besides, to handleesom
uncertain factors that may appear in the control process, a
kind of intelligent algorithms such as adaptive control][a0d
fuzzy control [11] are presented, which are currently deme
as important means to improve the dynamic performance of
manipulators. Apart from these, the topological connectio
of manipulators determines the performance of the system to
perform tasks to a certain extent, so graph-based strategie
are also investigated. Typically, differences in perfonca

of various control architectures are revealed in [12] frdra t
perspective of graph theory.

While multi-manipulator systems maintain the advantages
of scalability, stability, and efficiency in performing cpiex
tasks, they also bring high control costs [14]. Calculation
and communication are two processes that occupy the most
resources in system operation [15], [16]. Notice that imlitra
tional multi-manipulator systems, the system controllestty
adopts a time-triggered update method. That is, each solver
obtains the required information at the predefined interval
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through sensors, and then carries out computations andagpda |l. PRELIMINARIES AND PROBLEM FORMULATION
[17]. However, a significant defect is that the controlleiris
continuous operation regardless of whether the systensreed
update the strategy, thus ignoring the energy consumptipn [a

[18], [19]. To this end, it is necessary to design a new SysteI\r4]oreover, a distributed cooperative control of multiple-ma

. . . : nipulators is formulated in the framework of game theory.
controller, which requires calculation and communication
be started only when the manipulator needs to update the
strategy, not at a predetermined moment [20]. For examp), Robot Manipulator Kinematics
a dynamic event-triggered control strategy is designe@1q, [ : . . .
which can guide the single-link manipulator to obtain a com- In the kinematic control of the manipulator, the spatial

promise solution between control accuracy and communicatiPoS!tion of thg end-effectorlls umquely determined by the
overhead. In [22], an event-triggered condition is set tcidke state of the joints. To describe this correspondence betwee

whether information exchange is executed among ageH%fn sp?ceﬁl(lt) de me dand Cartesian space(t) € R", it is
which significantly reduces the redundant transmissiorné teonventionally defined as

In this section, the kinematic equations of the manipulator
nd some basic graph theories are given as preliminaries.

wireless network. Moreover, the design concept of trigugeri x(t) = M(ﬁ(t)), (1)
communication is applied to formation control of multiple

agents in [23], which effectively reduces the communicatiovhere M(-) : R™ — R", x(t) = [2'(t);2%(¢);...;2"(¢)],
between leaders as well as followers. Nevertheless, egistand 9(t) = [0*(t);6%(t);...;0™(t)]. Furthermore, for any

strategies with the ability to improve communication effimty manipulator with known structural information, (1) can be
mostly focus on exploring systems that can treat agents eslved into the following affine system:

particles, e.g., [24]-[26], and rarely study scenario®iving .

the posture of manipulators. Therefore, constructing atimul x(t) = T (0(t))0(t), (2)
manipulator control strategy with improved communication

efficiency and position consideration has potential apgilha Wgzj(t) = 0x(t)/0t € R", j(%t» . 8M(19(t))/@19 <
value in industrial production. R™™ andd(t) = 99(t)/0t € R™, which emphasizes the

instantaneous kinematic behavior of the manipulator. t, fa

Neural network solver is an efficient and practical todhow to deduce the rotation status of each joint through thie re
widely used in manipulator control at present, with powerfuime position of the end-effector has always been a concern
real-time processing capabilities [27]-[30]. For examme in manipulator control. In this article, the desired trajey
neural network is applied to the real-time tracking of a weee of the end-effector is set teq(t), which is emitted from the
manipulator in [28] and achieves the expected control effegommand center.
Beyond that, solvers designed based on neural networks have
attractive prospects in the development of multi-manifmula
systems. For instance, a problem with the goal of optimizirgy Graph Theory

the manipulability of the manipulator in the system is sdive |n a system withS manipulators, the communication links
online by a neural network solver in [31]. In [32], a neura{among the manipulators can be stored in grgp# (V, E),
network solver is designed to plan the optimal kinematighere v — {1,2,...,5} refers to the vertex set witt§
scheme that can make the manipulator operation stably. fanipulators, ané C V x V refers to the edge set that records
view of the unique performance advantages of neural netwarg connected relation of the manipulators. For manipulato
in computing, it can be rationally applied to the contro), the remaining manipulators covered in its communication
scheme design of the manipulator system. In this article.,r@nge constitute the sé&; = {j € V : (4, j) € E}. To further

multi-manipulator cooperative control scheme with im@oV represent the connection relationship between any maatiul
communication efficiency is constructed from a game pef-and j, its adjacency matrix is set as

spective. The strategy of each manipulator is designed to be
updated with properly defined trigger conditions. To thetbes
of our knowledge, there is no systematic solution on recrre
neural network design for multi-manipulator cooperatiathw

1, if (i,j) €E

A= Q5 ERSXSSOKn‘:O, Qi = .
lovis) J 0. otherwise

improved system communication efficiency. Further, the Laplace matrix @ can be defined as
The rest of this article is organized as follows. Section I L = diagldeg) — A € RS,
presents some preliminaries and uses the game theory foame t
formulate the cooperation problem of multiple manipulatorwherees = [1;1;...;1] € R®. In addition, a state vector

Then, Section IIl introduces the event-triggered mechanisp = [¢;] € R¥ is designed to record the connection between
into the multi-manipulator system, and proposes a neuthe manipulator and the command center, in whigh= 1 if
network solver for real-time updating of control strategiln  the communication is established, apd= 0 otherwise.

Section 1V, theoretical analysis is given to support the- per Assumption 1: G is assumed to be strongly connected in
formance of the proposed solver. Besides, simulation tesuhis article, and only a limited number of manipulators in
are illustrated in Section V. Finally, Section VI concludhe the system can directly receive commands from the command
article. center.
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C. Game-Theoretic Formulation of Problem Remark 1: To reasonably import the manipulator model into

Consider a scenario in which a manipulator system wifR€ designed information acquisition constraints, we make
limited communication resources is executing payloadstrarPreliminary integration of (3b), (3c) and (3d). First, coimé
port task. At this point, the centralized communication mod3¢) and (3d) to obtain
is no longer useful. An alternative solution is to give each C(yo _ yo yo _
manipulator the power of small-scale communication, éngbl 2 ay(Xq =X+ 3 6iX; —xa(t) =0. (&)
them to communicate and cooperate via a network to reduce
the overhead of the control center. However, note that tiélbsequently, an error function of (4) is defined as
instructions to drive the manipulators in this alternative no _ o o o
longer pre-generated by the command center, so the generalhi - Z @i (X7 = Xj) + Z X7 —xa(0) 0. (5)
optimization framework is not suitable for solving this pro Jen Jen:
lem. Given that each manipulator determines its own behavieurther, by means of#; = —#; with v > 0 and combining
by accessing the information from nearby manipulators, i{S8b), (4) can be equivalently converted to
utility function depends not only on its own decisions, bisba . . .
on those of other manipulators. With this in mind, a game theY > (g (FTidi(t) = T;0;(t)) + ¢i(Tidi(t) — *a(t)))
ory framework can be adopted to deal with the problem. Here, J€N: (6)
the manipulators are regarded as game players. Stimulgted b+ Z (aij(X§’ = X5) + (X7 — xd(t))) =0.
rewards or punishments in the game, the manipulators will jen;,
instinctively make decisions that benefit themselves.

For those strategies that can guide the manipulator to co
plete the assigned tasks, their performance on the maidpul
has sig.nifican't disparities. To' quantify the performanda g& YL+ ) ® Injé +(®®1,)(es @xq(t))
the action acting on the manipulator at each moment, a payoff . So
function in a quadratic form is defined as =7(2® In)(es ®%a(t)) + (L + @) ® L X",

P(t) = — (9T (ORI()/2 + pTI(1)). of which & — diagg) e R™; J = diagJu:...: Js) €
T . RS ) = [Vh;...50s] € R™; %q(t) = 9xa(t)/0t €
where (1) denotes the transpose of a matrix or a vectokn; X° = [X3;...;X%] € R™S; @ signifies the Kronecker

R € R™*™ is a semi-positive definite matrip € R™ is @ proquct. Given the above, the subconstraints (3b), (3, an
vector. Actually, the main problem of multi-manipulatomga (3d) is able to be uniformly replaced by (7).

is the disposal of the resource paradox and the allocation Ofygreto, the distributed cooperative task of manipulatats w
finite resources. It is conceivable that when each manipulafimiteq communication resources is formally establishecha
tries to maximize its own benefits from finite resources, @&me fors players. Taking into account the mutual restriction
conflict between local interests and overall interestsearis brought by manipulators when making decisions, the final
Therefore, it is necessary to formulate .corresponding. gasult of the game will develop towards equilibrium. In game
rules to control the behavior of each manipulator. For #i8, heory terminology, the combination of strategies thaatee
strategy of theith manipulator in the cooperative task can bg,ch ‘an equilibrium is known as Nash equilibrium. Note that
generated according to the following rules: once equilibrium is established, there will be no manimrat

max P;(t) = —(ﬁT(t)Rr@i(t)/Q + qu%(t)) (3a) Willing to unilaterally change its strategy, since this ieady
. . ; the best choice the player can make in the game.
st %i(t) = Ji(9:(0)di(t) (3b) i ?

1
X = —— § @i X§ (3¢) 1. ANEw MuULTI-RoBOT COOPERATIONSCHEME
E ieN, Yij
7€N; jENi

JEN; JEN;

Remarkably, (6) can be reconstructed into the following €com
ct form under the guidance of graph theory:

(@)

Although the system adopting distributed communication
with X° — R;(t), if ¢; =0 greatly weakens the demand for thg cpmmand center, there
J xg(t), if ¢; =1 are still some unnecessary communication overheads tiiat wi
) ) ) be generated in the local information exchange. To this end,
of which X;(t) = x;(t) — b7 with b5 is a constant vector of this section introduces an event-triggered control meishan

jth end-effector to a fixed point of the payload. Emphasizg,q finds the Nash equilibrium in the game on this basis.
that, the existence of (3a) is to maximize the expected payof

of the manipulator, which is one of the key considerations ) .

in this game; (3b) is the Jacobian equation constraint of the Event-Triggered Conditions

manipulatori; furthermore, (3c) and (3d) are the information To reduce unnecessary communication consumption and
acquisition constraints that every player is required tmeb calculation overhead, an event-triggered control mecmani

by in the game. Particularly, constraints (3c) and (3d)ustie can be adopted to determine whether the manipulator needs
that the manipulator not connected to the control centegr send or update data by observing the change trend of the
determines its motion behavior by using the weighted aweragrror. From the perspective of the game theory, if changing

of surrounding manipulator&X®, which are not allowed to be the strategy will incur some cost, the above process can be
broken without authorization. regarded as a trade-off between whether the player maintain
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the existing payoff or actively adjusts the strategy to reapthe rules for strategy generation of the system are forradlat
more considerable payoff. as below:
Notably, the position error of manipulaterwith ¢; = 0 Lot = Tz
can be defined as an accumulation of drift errors generated gyn v (s ® R)1~9(:f)/2 +(es@p) 9(1)
its end-effector and surrounding end-effectors in a caatper  sit. y(L+ @) ® I,J9 + (P @ I,,)(es @ xq(t))

;nsotion. Specifically, the above-mentioned error is exméss = Y@@ I,)(es @ %q(t)) + (L+ @) ® 1,%°,
o » revious strategy if D; (&, £) <0,

gi(t) = g (Ni(t) —R;(1)). (8) triggering conditiony " :
®) EZN J( ®) i )) ggering {updated strategy if Di(ﬁ, 2) > 0.

It can be seen that the manipulators use a minimization index
and a constraint to develop their own strategies, and each
L(ei) =€, (t)es(t)/2. (9) manipulator updates its own strategy onIyEat(E, 2) > 0,
while maintaining the previous strategy in other cases.an p

Evidently, £(¢;) is positive definite becausé(e;) = 0 only if  ticular, whenD; (2753) > 0, the above optimization problem

g; = 0, and in other caseS(e;) > 0. Subsequently(s;,) = is equivalent to solving the following equations by means of

9L(e;)/0t = ] (t)éi(t) can be obtained conveniently. Based.agrange-multiplier method [34]:

on the definitions ofg(e;) and £(g;), in order to formulate o T

an event-triggered function in a convenient manner, thatsip J (Is ® R)J(t) + es @ p+y((L + @) ® [,J) k(t) =0,

between the successive calculation ;) are assumed to YL+ ®) @ L,T0+w(t) =0,

be held constant, i.e., sample-and-hold [33]. Accordintlig (20)

specific equation is designed as where x(t) = [k1(t);...;ks(t)] € R™ is the Lagrange
) multiplier vector withx; € R™, andw(t) = (® ® I,)(es ®

D (£, £) = (Leryn(80) = La(€0)/(trtr — i) + AL (80), x4(t) — ves @ %a(t)) — (L + @) ® [, X°. Further, to facilitate

where A > 0 is a design parameter, and a greater valfBonitoring the status updates of the strategfy) of the
of \ leads to a more sensitiv@, (£7 g); sequence(ty }ren manipulators, (10) is reconstructed as follows:

Then, a Lyapunov function is constructed as

;jheen(():tcc)anstrgllestlrr;;ants_ at whidby (27_2) is recompgted and () {u ﬁ(t)} () =, (11)
ategy is updated. It is worth stressing that t u,(t)

state ofD; (£, £) determines whether manipulatbneeds to

update its own strategy and synchronize end-effector cdntav‘fhere

the surrounding manipulators. In brief, whén(g, £) > 0, Is&R Y((L+ @) ®Inj)T

the manipulator needs to adjust its own strategy and estab—mt) = 7((L +O) @ j) 0nsxns ’
lish communication with the surrounding manipulators; Whe " . o

D;(£,£) < 0, the manipulator only needs to stay in the W(t) = [—es®p} [Wé(ﬂ] _ 9@

previous state without performing the above steps. ) —w(t) |7 [us(t) k()|

Remark 2: D; (£, £) < 0 is an important criterion for judg-
ing whether the manipulator is able to maintain the previo
strategy in task execution. Notice that sinbg(£,£) < 0 {\pg(t), if D;(£,£) >0,

J’?us, the strategy update of thgn manipulator depends on

and \g(e;) > 0, £(¢;) < 0 can be readily obtained. At this 1L (t)uy(t) = (12)
time, £(¢;) is negative semi-definite. Moreover, we know that
£(e,) is positive definite and that(s;) — oo whene; — . whereuj},(t) =9;(t) e R™; Hfé(t) = {IL(t) }r 0 With {-}r0
Therefore, (8) is asymptotically stable under the conditid representing extracting anby-v submatrix from{-}, andr =
D;i(£,£) < 0. It can be expected that;(t) will eventually 4 e [m(i — 1) + 1, mil; Wi (t) = {¥(t)},. The definition of
converge tak; () over time, which means that the end-eﬁecto&i (t) € R™ is similar to that ofu’. ().
motiqn behavior of manipulatoi and j will be gradually Remark 3: Definet; andt,,; as thelth andl + 1th trigger
consistent. instant of the manipulatar, respectively, and stipulate that be-
fore the new trigger instant (e.d,,.1) arrives, the strategy of
manipulator is determined by the update at the previouarst
(e.g.,t;). Furthermore, suppose that the strategy followed by

In the current game, each manipulator updates its owleith manipulator at € [t;, ;1) is uj(t;) = %, so the joint
strategic behavior by exercising the right to maximizgt). velocity error accumulated by the manipulator in this tiriees
Subject to the designed constraints, the game problemisis:(t) = uj(?) — 9%, Sinced! is a time-independent vector,
further abstracted as (3), thus mathematically descritieg |dg;/dt| = |1'1§(t)| can be obtained fovt € [t;, t;+1). Besides,
conflict of interests among the manipulators. considering the realizability of the task, the acceleratig(t)

To facilitate the solution of (3), we try to transform it into 0f the end-effector is assumed to be bounded, so fortthe
quadratic programming problem. Furthermore, by adopfig (joint of the manipulatori, its accelerationuy, (t)| = J}(t)
and combining with the designed event-triggered conditiorhas a bound, i.e., |uj§l (t)] < ¢. Based on the above, the

previous strategy if D;(£,£) <0,

B. Reformulation of Manipulator Control Rules
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velocity error of thes:th joint at ¢ — ¢, is defined as not every communication contains useful information, aot n
lim; ;. |s;(t)] = £ > 0, and thent;,; —t; > £/£ > 0 every updated strategy is significantly different from the-p
could be deduced according to the definition |01%1 (t)]. vious one. Actually, at some time nodes, the manipulator can
Remarkably, there is a certain time interval betweenithe continue the previous strategy without having to send wgslat
and!/ + 1th triggering of the manipulator, so the Zeno behavido surrounding manipulators. Note that the introduction of
will not occur. In another respect, the existing data adtjois condition D; (£, i:) is like adding a switching mechanism to
modules generally take samples at a fixed sampling intervéile system. When the stability condition is satisfied (Dg.<

and the manipulator only needs to perform a trigger judgmedyt, the ith manipulator only needs to maintain the previous
after a single data sampling. In this regard, there must bestaategy without starting the solver to perform computatiad
minimum time interval between the two event triggers, so thestablishing communication with surrounding manipulsitor

Zeno behavior can also be excluded. This undoubtedly reduces the computing and communication
burden of the system. A schematic block diagram is shown
C. RNN for Real-Time Redundancy Resolution in Fig. 1 to illustrate the above process. It can be seen that

ach manipulator first goes throu@h to determine whether

In Section III-B, the strategy generation method for eaci% is necessary to start the solver, and then performs thé nex

manlpulat.or has been spgmﬁed. Moreover, in game theo@beration and transmits the updated control signal to thié-mu
the combination of strategies that enables the manipuslator

manipulator system. If the manipulator’s error accumlate
e point where it could destabilize the systdm,is activated

The Nash equilibrium is expected to be found in the game update the strategy

of the manipulator. However, subject to many nonlineardiet
in the multi-manipulator system, the direct calculation(t2) AT T ~
may be slow and belated (especially @y(£, £) > 0), which

\
. . . . ! =5 I
may impair the real-time performance of the manipulator l Solver 1 !
to perform the task. Fortunately, neural networks provide i event Dy {
an effective way to quickly solve complex problems. By [ o o § 99 |
. . . . I
decoupling a complex nonlinear problem into a linear proble : i
. . . . . . | event D; ! Robotic

from the error level, the calculation is simplified. Spegifig, =~ System input | | [ ——
the deviation of theth manipulator at the equilibrium point i o Solver !
|
\ /

can be defined as \ event Ds

() =L (w, () - i), T
. . . Fig. 1. Control block diagram of multi-manipulator systeasbd on control
of which u € {¥,x}. Then, to update the strategy in timestrategy.

a recurrent neural network (RNN) solver based on deviation
#(t) is constructed as
IV. THEORETICAL ANALYSIS

t
s (t) = —(m + 772)F(%ﬁ(t)) - 771772/0 F(%ﬂ(T))dﬂ (13) In this section, the convergence of RNN solver (14) is ana-
) o i lyzed. Besides, its performance under perturbation isiestud
Wherenl,ng > 0 andT'(-) is an activation function. Further, Assumption 2: In the ensuing part)(-) is set as a linear ac-
by expanding (13), one has tivation function. Notice thal'(-) only affects the convergence

I (H)al (1) = _ﬁf](t)uﬁ (t) — (m + nz)F(Hﬂ(t)uf,(t) _ \pf](t)) rate of the solver without affecting its convergence.

t
- 711772/0 [ (T (7)uy (1) — (7)) dr + Wi (t), A. Convergence Analysis
(14) For RNN solver (14), it can be regarded as an interconnected

system. Assuming that the strategy of the manipulator at the

which is the constructed solver for assisting the real-titnat- O S
Nash equilibrium isu* (t), the convergence of (14) can be

egy formulation of the manipulator. It is worth stressingtth | . o
(14) starts a new round of calculations onlyDif (£, £) > 0, Judged by observing the trend of the deviatiafi).

and in other cases, it maintains the output of the previousdo _ 'heorem 1. The strategy of the manipulator found by
without providing updates to surrounding manipulatorstriwi RNN solver (14) can converge globally to the equilibrium
the aid of (14), the Nash equilibrium of the multi-manipofat POINt of the game, at which point the deviatief(t) of the
game can be found readily. manipulator converges globally to zero. .

Remark 4: Each startup of the RNN solver (14) means Proof_: The essence of RNN solver (14) is actually the
that the manipulator will abandon the previous strategy afgPansion of design formula (13). LE{x) = x, then (14) can
generate a new strategy, which is the most computationdd§ abbreviated te, (¢) = —(n1 +n2) 4, (t) —mnz f, »4,(7)d7
expensive part of the system. Besides, in order for eadffh »,(t) = T, (H)uy(t) — Wi(f). Select a Lyapunov-
manipulator to acquire the behavior information of othefandidate-function as
manipulators in its communication area in real time, thegche P2 b 2
to interact frequently with surrounding manipulators. Hwer, L({t) = Ga(t))” + 771772(/0 >, (T)dr)".
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Subsequently, finding the time derivative Ioft) yields the deviations< () of the manipulator converges globally to
. zero.
L(t) = 256 (£) 3 (1) + 2771772(/ %3(7')d7’)%3(t). (15) Proof: First, the linearly activated RNN solver (14) running
0 in the additive constant noise environment can be abbexViat
ass(t) = — ()5 (t)—mn [, >i(7)dr+8. Next, select
the «th subsystem:(e {1,2,...,m}) of the manipulator to
grform Laplace transform, and one has

By substituting (13) into (15), we can deduce thait) =
—2(ny + n2)(5(¢))?. ConsideringL(t) > 0 andLL(¢) < 0, it
can be concluded that RNN solver (14) is stable accordingq
Lyapunov theory.

Let's prove it in another wayic (t) = —(n; + n2) 5 (t) —
mn2 fot »i(T)dr can be treated as a dynamic system in t
form of an ordinary differential equation. By solving it datly,
it is easy to infer that:(t) converges exponentially to zero
no matter what initial state<(0) it starts from. The above
two perspectives verify that the deviation of the manipiat
at the equillibriu_m point converges globally to zero. Givkatt lim 5, () = lim s> (s)
5 (t) = I (t)ul* (t) — Wi (t) = 0 at the equilibrium point, t—oo M s—0 _

u’ (t) eventually converges ta’* (¢). The proof is completed. . s%(5,(0) + B)

55240 () = 24, (0) = (1), (8) — T2 2}, (5) +B. (16)

rEy calculation, the transfer function of (16)&s) = s/(s%+
ms+n2s+n112). Evidently, the poles o6(s) are all located
on the left half-plane of the-plane, so the system is stable.
Further, utilizing the final value theorem leads to

| 5—0 82+ (1 + n2)s + M1

To sum up,s, (t) will converge to zero with time, which
B. Robustness Analysis meansu’, (t) will converge tou’* (¢) in the end. Considering
Noise is a factor that cannot be ignored and affects tieat €ach subsystem can be proved by the above-mentioned
stability of the solver. A brief and slight perturbation maypProcess, it can be concluded that the RNN solver (14) is able
affect the calculation accuracy of the solver, resultingitter {0 find the strategy to converge to Nash equilibrium even unde
during the task execution. In reality, the errors in hardwafh€ perturbation of unknown additive constant noflseThe
implementation or external disturbances from environmienfroof is completed. u
interference can be deemed as noise, where the truncatiohheorem4: Under the perturbation of unknown linear time-
error and rounding error of a digital equipment pertain tgarying noise(t) = ot, the deviations,(¢) of the manipulator
the former, and the latter can be the electromagnetic noi§@ally converges to|ol2/(mn2). Besides, the RNN solver
harmonic noise, shaking or others. If the fluctuation causél?) can achieve arbitrary output accuracy by adjusting the
by noise cannot be eliminated in time, it will greatly reduc¥alues ofn; andns.
the performance of the actuator. Therefore, the pertwbati Proof: First, the linearly activated RNN solver (14) running
inhibition ability is an objective requirement for the ajgpltion  in the unknown linear time-varying noise environment can be
of realistic scenarios. abbreviated as (t) = — (1 +172) 44 (t) — 2 fy #i(7)dr +
Theorem 2: The RNN solver (14) polluted by bounded noise(t) with «(t) = ot. Next, select theith subsystem( €
o(t) stabilizes the driven system and further makes the steady- 2, - - -,/ }) of the manipulatos to perform Laplace trans-

state error of its output bounded. form, and one has
Proof: The linearly activated RNN solver (14) running in _ , mne 0,
| | dbs = 57(5) = 3, (0) = — (i +12)36d, (5) — 15l (5) + S
the bounded noise environment can be expressed &3 = §72,(8) = 22 ( 17 712) %0, s w 52

—(m + m2)# (t) — mm2 fg st (1)dr + p(t). Further, theith o .
subsystem of theith manipulator can be abbreviated a§urther, utilizing the final value theorem leads to
N.(t) = GN,(t) + wgp,(t) with G= [—(n1 +n2), —mn92; 1,0],

Ni(t) = [, (1); Ji i, (r)dr], andw = [1;0], which is a Ao (D) = [ 522, (5)
typical linear system. It is evident to show that the eigéunes s (54,(0) 4+ 0,/5?) 0.
of Gare{—n, —n2 < 0}, soGis Hurwitz matrix. It follows = iﬂ% s2+ (1 + 1m2)5 + 72 = i

that RNN solver (14) is stable. Then, according to the basic
result of BIBO stability, bounded input leads to bounde@onsequently, it can be easily obtained thgtt) eventually
output. Therefore, for bounded noigét) attached to the RNN converges td|ol||2/m172. Besides, notice that as long ag-
solver (14), the fluctuation it brings is undoubtedly witt@n is large enough, one hag(t) — 0. Therefore, the output
bounded range. The proof is completed. B accuracy of the RNN solver (14) can be changed by adjusting
Based on the conclusion of Theorem 2, the followinthe values ofy; andn.. The proof is completed. |
theorems analyze the robustness of RNN solver (14) undeiThe above theorems prove that even under noise interfer-
unknown additive constant noigeand unknown linear time- ence, the RNN solver (14) is still able to find the strategy
varying noisec(t), respectively. that converges to the Nash equilibrium with a steady-state
Theorem 3: Under the perturbation of unknown additiveerror of zero or arbitrarily small, which is beneficial to the
constant nois&, the RNN solver (14) is able to find the stratapplication in noisy scenes. To sum up, the proof on stgbilit
egy of global convergence to Nash equilibrium, at which poimnd robustness of RNN solver (14) is completed.
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Fig. 2. Simulation results of a multi-manipulator systenoperatively tracking the circular trajectory using cohtstrategy (12) under the perturbation of
constant noisé.mp(83) = 10. (a) Behavioral trajectories of manipulators performiagkis cooperatively. (b) Profiles of joint-angle. (c) Prafité joint-velocity.
(d) Profiles of end-effector speed. (e) Profiles of positi@tking error inz-, y-, and z- directions. (f) Profiles of|e;||2.
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Fig. 3. Simulation results of controller update counts foe multi-manipulator system using control strategy (12gxecute the circular trajectory tracking
task under the perturbation of constant nafseip() = 10. (a) Control update counts. (b) Triggering time sequenges {0 3.5 s). (c) Total number of
updates.

V. SIMULATION RESULTS remaining manipulators get information through neighibgri

In this section, a path-tracking task is assigned to manigiianipulators (i.e.¢; = ¢5 = 1). Simulations are conducted
lators to test the effectiveness of the proposed contrategjy ON the MindSpore framework, and the specific parameters are

(12) and RNN solver (14). Furthermore, the control strategt Py considering the following requirements. Note that
is validated on the CoppeliaSim platform. and n, are the design parameters of the solver (14), which

can be used to adjust its convergence rate. Theoretically,

. ) i larger values ofy; andn, leads to a faster convergence rate

A. Circular Trajectory Tracking Task of (14), which is revealed in Theorem 1. Therefore, we set
In this subsection, eight PUMA 560 manipulators are COR- = n; = 1, = 2000 in the simulations. Additionally) is

figured to execute the circular trajectory tracking taskd anhe design parameter of the event-triggered function. gdar
their Denavit-Hartenberg (D-H) parameters are listed ibl§a value of A leads to a more precise task execution, while the
I. The system uses a distributed network topology and fulbolver correspondingly consumes more resources. Therefor
duplex communication among adjacent manipulators (ice., fafter weighing the update cost and accuracy requiremants,
li —j] = 1, ay; = 1). Then, assigning command centefs set t080 to complete the task with high accuracy while
sends instructions only to manipulatotsand 5, and the
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Fig. 4. Simulative experiment of the multi-manipulator tgys using control
strategy (12) to track the circular trajectory under thetyreation of random
noiseAmp(8) € [9.8,10.2]. (a) Profiles of position tracking error i, y-,
and z- directions. (b) Control update counts.

/

ensuring the reduction of communication overhead. Besides
R = I, andp = 0. In this setting, the payoff function is
concretized intoP;(t) = —9; (t)J;(t)/2, which can be used
to reduce the kinematic energy expenses for joint velagity
The execution period of this task is set 7cs. Furthermore,
suppose that the RNN solver (14) unfortunately suffers from
the disturbance of constant noiSewhose amplitude isl0
(abbreviated asAmp(8) = 10) but the operation is not
suspended.

In this scenario, the detailed simulation results are shiown
Fig. 2. Concretely, Fig. 2(a) records the behavioral ttajsc
of manipulators cooperating to perform the task. It can be
vividly seen that under the guidance of control strategy),(12
the circular trajectory task assigned to the eight mantputa oo
is smoothly completed. Next, Fig. 2(b) and Fig. 2(c) rectnel t
changes in joint angle and velocity of the manipulatorsmyri
operation, separately, and Fig. 2(d) draws the end-effect
velocity components in the-, y-, andz- directions. Evidently,
each end-effector achieves consensus in speed. To furt
illustrate the effect of the end-effector on the circulajeéctory
tracking task, the tracking erre;;, = x; — xq (Ccomponents in
the z-, y-, andz- directions) and its Euclidean norf;||» are (b) ()
given in Fig. 2(e) and (f), respectively. Especially in Fa{f),
the errorj|e;|; of each manipulator exhibits a fluctuating Sta'[%.2) to track the bee curve under the perturbation of cohstaiseAmp(8) =
The reason for this phenomenon is that the trigBerwill  10. (a) Snapshots in task execution. (b) Profiles of positiacking error in
activate the RNN solver (14) to update the strategy only when v-» andz- directions. (c) Control update counts.
it detects that the position error of the end-effector reach
state that may cause the system to diverge.

2000

1500 f ==

1000

e

A b o v s o w

Fig. 5. Simulative experiment of UR5 robot system using mnstrategy

TABLE | the trigger status of manipulators intuitively, Fig. 3(thoss

D-H PARAMETERS OFPUMA 560

the triggering time sequences of each manipulator in thieger
t € [3,3.5] s. As seen in the results, the manipulator does not

Lnk . o, (fad) a,_1 (M) d, (m) Joint-angled® start the strategy update at every trigger instant, which un
1 0 0 0 19; doubtedly reduces unnecessary communication and congputin
g i ’g 2 0. 42180 0. 18005 33 overhead. Subsequently, the total number of updates extjuir
4 ol 2 0.02030 0.43180 94 for manipulators to complete the tracking task is counted in
5 7l 2 0 0 192 Fig. 3(c), where M. represents the manipulator that adopts
6 -7l 2 0 0 ¥

the traditional periodic control techniques. By calcudatithe
manipulator with control strategy (12) updatgg times on

In this example, the sampling interval of the manipulator iaverage, which reduces the total system overhead8d§/%
set to5 x 1072 s. To test whether the manipulator with theeompared with the traditional periodic sampling technique
control strategy (12) has the ability to reduce communicati Additionally, in order to further verify the robustness diet
overhead, Fig. 3 statistics the update times of each maatippul proposed control strategy (12), Fig. 4 shows the simulation
during the task duration. Specifically, Fig. 3(a) shows thesults in the presence of bounded random ndisep(83) €
control update counts for each manipulator. Next, to displd9.8,10.2]. The results show that the manipulator system can
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TABLE Il
COMPARISONSAMONG DIFFERENTCONTROL STRATEGIES FORMANIPULATORS
Number of Network Limited Interference  Communication Mattatical Optimality
manipulators topology communication rejection overhead ormtilation
This article Multiple Distributed ya yb \& Game theory vd
Paper [2] Single N A N A N N Optimization vd
Paper [7] two Centralized N N N Optimization vd
Paper [8] Multiple Distributed Y2 N N Game theory vd
Paper [9] Multiple Distributed ya Yo N Game theory vd
Paper [11] two Decentralized N yb N Adaptive control vd
Paper [15] single N A N A N Y¢ Optimization vd
paper [31] Multiple Distributed Y2 \a N Optimization N
Paper [32] Multiple Decentralized N N N Optimization vd
@ The method stipulates that the manipulator can only estalsiommunication connection with adjacent manipulators.
b The method has the capability of suppressing noise.
¢ The method takes into account the communication overhedleo$ystem.
4 The method is able to find the optimal solution of the systeabaly.
still work as expected. ficiency. Compared with the traditional periodic contrdigt

Furthermore, some comparisons of the different contrptoposed control strategy determines whether the coetroll
methods of the manipulator are presented in Table Il. It ieds to trigger an update by monitoring the measurement
worth pointing out that the existing methods with commuerror of the manipulator. This measure has positive signifi-
nication overhead considered are generally developeddbasance for reducing the network congestion of the manipulato
on a single manipulator, e.g., [15], but are rarely promotexystem and improving communication efficiency. In addition
to multi-manipulator system. Moreover, the manipulators ithe cooperation and restriction relationship of maniprkat
[2], [7], [8], [32] are assumed to operate in a scene withoiri the system has been vividly reflected in the established
noise, but the actual working environment may not be idegame, and each manipulator is looking for its own optimal
The method proposed in this article makes up for the abowsrategy that tends to the Nash equilibrium. Finally, exsp
mentioned deficiencies, and can still ensure the completibave revealed that the proposed control strategy can effec-
of tasks with lower communication overhead in a perturbeaiyely reduce the communication overhead while ensurirg th

environment. cooperative performance of the manipulator. A possiblerut
research direction is to develop a necessary system theory t
B. Application to UR5 Robot Control guantitatively evaluate the control cost of the controhtgtgy

To visually demonstrate the control effect of the contrdn calculation and communication, so as to further promiste i
strategy (12) on the robot system, a group of UR5 robots agplication in practical scenarios.
provided with experiments to perform the bee curve tracking
Fask on CoppeliaSir_n. It is worth pointing out that (?oppei!ias REFERENCES
integrates the physical model of the real robot, which caisas
relevant practitioners to verify the designed control sebe [1l S-hKaftakifS' A. FtU’I_M-dMazoyd and tJ-I_A-ndcc’irt":,_;Com{nulniom
. H . : . schemes for centralized an ecentralized event-triggeoatrol sys-
The setting of releva}nt parameters in this expenmgnt is the tems,” |EEE Trans. Control Syst. Tech., vol. 26, no. 6, pp. 2035-2048,
same as that in Section V-A. Moreover, the task period of the Nov. 2018.
task is set tal0 s. Snapshots of multiple UR5 robots tracking(2] L. Jin, Z. Xie, M. Liu, C. Ke, C. Li, and C. Yang, “Novel jotrdrift-

: . . . . free scheme at acceleration level for robotic redundansgluéon with
the bee curve in cooperation are shown in Fig. 5(a), which tracking error theoretically eliminatedlEEE/ASME Trans. Mechatron.,

records the posture of several typical instants of the URBt.0 In Press with DOI 10.1109/TMECH.2020.3001624.
Visibly, the task is successfully completed. Then, Fig.)5(b[3] M. Hwang and D. Kwon, “Strong continuum manipulator foesible

i endoscopic surgeryfEEE/ASME Trans. Mechatron., vol. 24, no. 5, pp.
records the position error components generated by each UR5 2193.2203, Oct, 2019,

rObOt |n thEQS-, Y=, andZ' d'reCt'OnS dur'ng the taSk eXECUtIOH [4] Y. Zhu, J. Qiaoy and L. Guo, “Adaptive S||d|ng mode digtance
Figure 5(c) sums the triggering times of each manipulator. observer-based composite control with prescribed pedooa of space

; ; manipulators for target capturinglEEE Trans. Ind. Electron., vol. 66,
Through calculation, the UR5 robot in the system under the no. 3, pp. 1973-1983, Mar, 2019,

guidance of control strategy (12) updates the strate4 (5] s. Liy, D. Xing, Y. Li, J. Zhang, and D. Xu, “Robust inseni control
times on average, which 87.5% lower than that of traditional for precision assembly with passive compliance combiniisiom and

; ; ; force information,”|EEE/ASME Trans. Mechatron., vol. 24, no. 5, pp.
time trigger. The above experiment shows that the proposed 1974-1985. Oct. 2019,

strategy (12) can also be well applied to the UR5 robot Systen] v. wang, L. Cheng, Z. Hou, J. Yu, and M. Tan, “Optimal fortioa of
As a matter of fact, this study provides theoretical support multirobot systems based on a recurrent neural netwdBEE Trans.

; i ; ; Neural Netw. Learn. Syst.,, vol. 27, no. 2, pp. 322-333, Feb. 2016.
for controlling multi-robot systems, especially for medtibot [7] L. Jin and Y. Zhang, *G2-type SRMPC scheme for synchranmanip-

systems with communication overhead considered. ulation of two redundant robot armdEEE Trans. Cybern., vol. 45, no.
2, pp. 153-164, Feb. 2015.
VI. CONCLUSION [8] S. Li, J. He, Y. Li, and M. U. Rafique, “Distributed recunteneural

Thi icle h died . | h f networks for cooperative control of manipulators: A garneetretic
Is article has studied a cooperative control scheme for perspective,”|EEE Trans. Neural Netw. Learn. Syst., vol. 28, no. 2,

multi-manipulator system with improved communication ef-  pp. 415-426, Feb. 2017.
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