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Abstract— Robotics technology is quickly evolving and de- tive (PID) controller scheduled tasks adaptively for a +eal
manding robots to perform more actions and with greater time task scheduler.

complexity. Some tasks must be executed through teams of This paper seeks to assess the viability of this implemen-

homogeneous or heterogeneous teams of robots. Complext fi d lti-robot. collaborati blv taskh
robotic systems are making used of distributed multi-agent ation under a multi-robot, collaborative assembly taskh w

architectures to facilitate the development, integration and flexible and adaptive controllers. To this end, the authors
deployment of such systems. Similarly, modular control is deployed an agent-based distributed robotic system to per-
playing an important role in rendering more flexible and  form a collaborative assembly task through the use of an also
adaptive controllers for complex systems. This paper pres#s 4, |ar robust and adaptive control approach known as the

a team of heterogeneous robots performing an autonomous and .
control basis approaéhiThemodularityandthesexibility o

collaborative assembly task that is grounded on a distribugd

multi-agent architecture and modular control basis approach.

We conducted experimental results to assess the efficacy diet
system and concluded that multi-agent multi-robotic colldo-

rative systems with modular control approaches is a viable
approach to generate complex robotic behavior.

(féactiverand autonomous system. The authors chose to task

two heterogenous robots: an anthropomorphic dual-armed,
six DoF, and pneumatically actuated robot ISAC [9] and a
| INTRODUCTION rigid, point-to-point, six DoF i_ndustrial manipulator HF3
robot to perform a collaborative assembly task. To test the

Robotics technology is quickly evolving and demandinglexibility of the system, the task was executed by having
robots to perform more actions and with greater complexityobots switch roles. For the first experiment, the HP3JCtrobo
Such robot systems need to perform those tasks with invould serve as a pusher while ISAC would serve as a holder,
creased flexibility and autonomy [1]. Robotics is too movingand for the second experiment those roles would be reversed.
towards multi-robotic systems in which robots of different
morphologies collaborate or coordinate with one anothpr [2 |- THEINTELLIGENT MACHINE ARCHITECTURE

In order to achieve the implementation of complex robotic The intelligent machine architecture was developed at the
systems, researchers have experienced that distributiid muCenter for Intelligent Systems at Vanderbilt Universitythwi
agent architectures or “mobile agents” has facilitated théne governing principles of being a decentralized agent ar-
development, integration, and execution of such systenehitecture that would facilitate the development, int¢igra
[3]. Multiple frameworks have been built over the lastand execution of complex robotic systems [4], [10]. To this
decade in an effort to facilitate the development of robotiend, the architecture was designed to be decentralizedi; mul
systems. Mobile agents usually seek to abstract complérgual, scalable, and reusable. The architecture offersla
behavior through a hierarchical taxonomy of low-level tadefined agent model, runtime environment, data connection,
high-level primitives [4], supported by strong encapsalat and user development tools.
of code to allow fore modularity, scalability, and reusail The agent model can implement atomic components that
Distributed architectures allow to implement hardware andncapsulate hardware or sensor resources, skills or lmebavi
software mechanisms across different computers, which @ environment, and finite state machines (FSMs). These
an increasingly important attribute as more robotic systematomic components can be combined in a hierarchical tree
contain more than one computer on-board [5]. to form compound agents. An example could be a visual

Similarly, complex robotic systems are making use olgent composed on multiple atomic components that encap-
adaptive and flexible controllers to attenuate the linotadi sulated frame grabbing, image buffers, color segmentation
posed by monolithic controllers and unstructured envirorand tracking behaviors amongst others. The agent model
ments [6]. In [7], an adaptive control strategy used obgsrvefollows a taxonomy by which components are divided into
and parameter update laws to estimate the stiffness and dedr categories: (a) Mechanisms - they represent sensor or
ometry of objects in the environment for a 2 DoF manipulatohardware resources, skills or behaviors; (b) Representati
in simulation. In [8], a self-tuning proportionalintegdakriva- they represents visual, auditive, or numeric data; (c) Eeg)i
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- they represent event-driven state machines; and (d) Agentlaws is realized as controller objectives implementedugto

a hierarchical component able to be comprised of multi-typehe use of selected sensor and actuator resources to produce

components. flexible structural solutions. In effect, the approach a#io
The IMA Architecture uses Microsoft's DCOM as its com-control elements to be re-used and generalized to different

munication protocol. The agent model interfaces to theiarchsolutions depending on the context [13]. A solution that

tecture’s runtime environment though simple IDE interface works in concert with mobile agent paradigms.

The runtime environment is composed of distributed Iayer,g Math ical Derivat

control layer, and an application layer. The distributegeta ™~ athematical Derivation

is responsible for handling the messaging that takes placeWWe begin by describing a primitive closed-loop controller

across components within or across computers. The cont@ld subsequently detailing a methodology to combine and

layer maintains an organized record of all components igPtimize the results of two controllers (primitive or com-

the system, and the application layer provides the End-UsBpund). For our system, two robot manipulators with 6 DoF

interfaces and development tools. IMA counts with an intu@re used, wherg € R° is a vector of joint angles for both

itive Agent Construction tool - Distributed Agent Designermanipulators, and: € R° is the vector of position and

(DAD), a visual debugging tool - Manager Book, and a low-2rientation for a robot's end-effector.

level command-line debugging tool - Command Console. Primitive controllersp;, wherei = 1 ~ n, are elements in

DAD is an GUI where one can create new components Gr basis of controllers@, such thatp; € . A primitive

reuse existing ones. Component interface parameters canagtroller optimizes a partitioned portion of a designated

modified on- or off-line for testing and system verificationcontrol space and can be understood as the minimization

procedures. Lastly, FSMs can be manually or autonomous‘N a discrete basin of attraction. The basins of attraction
triggered in DAD. are formulated through artificial potential functions defin
IMA was used to create hundreds of components, tens B¥€r & typed domain (such as cartesian positions), which are
agents, across six computers and 2 robots. The architect@@fined as the square of the error:
encapsulated low-level behavior by controlling sensors as U — T
' dilp)=p"p 6y
varied as frame grabbers, force-torque sensors, encoders,
pan-tilt actuation, servo motor actuation, pneumatic -actyvhere the errorp, is the difference between the reference
ation, and open-and-closing grasps. Middle-level abstratput and the plantinpufy = grcs — qaes, at every time step.
tions included control basis controllers, visual trackipgth Each controller reaches its objective by performing greedy
planning, homing routines, and object recognition. All ofdescent,Vé;, on the artificial potential function, while
these middle-level abstractions were initialized, trigge €ngaging sensor and motor resources. The minimization of
and stopped through the use of event-driven finite statBe surface potential function in a specified domain space,
machines. At the highest level there were 'brain’ like agentX:, is defined as:
that oversaw the smooth execution of the assembly strategy O
according to the roles enacted by each robot (these had Vx,¢i = X, @)
to be chosena priori as learning was not part of this

. Each primitive is bound to a selected subset of input
demonstration).

control resourcesy; € I'; and output control resources

I1l. THE CONTROL BASIS APPROACH v € I'y relevant to the task. In order to bind input and

. output control resources to the controller, corresponding
A control basis decomposes a complex control system
: sgnsor transformss;, and an effector transforms,,, are
into a set of modular control elements that when connecte : .
aporooriately svnthesize a variety of behaviors. A contr L]lsed.Thesensortransforrmaps|ncom|ng Sensory resources
bpropriately sy y ' 0 a specified domain space such tkat: I'; — X;. To
basis consists of any number of closed loop controller

S
(that represent primitive actions) derived from a set 0?

nsure that a task is guaranteed to operate within the region
of a corresponding basis we require that the output range of

control laws. (ASISSEHEd By HUBEr 6] heNcontrolilavs y : ,
{are designed to yield asymptotically stable and pre dietab? sensor transform mz_ﬂc_hes the artificial potential fumctio
behavior for different robots. That ENeaEHICATETUINISES domain’s data type. Similarly, theffector transformmaps
—e the control law error’s result to an appropriate output spac
conditions and largely independent of robot kinematicsEa %. The mapping is typically effected using a Jacobian matrix
control law discretizes the continuous space into discref’jleS in Equation 3.
basins of attraction. The control law can compensate for a T (3%71 0., Our s, >T "
eplLl) = )

limited range of perturbations and uncertainties whildl sti
converging to the attractor. Similar approaches are found
in the literature [11], [12], but the control basis framewor where, ¢, represents the controller update for a sensor
is different in that it factors controllers intobjectivesand control resourcey, . y is a corresponding point in the output
can combine any number of controllers through the use space and’; = 1,72, ...,7|g,) iS a subset of selected control
nullspace compositions in any order to achieve a wide rangesources for a given task. The effector too is a function of
of behaviors. A careful selection of a small set of control';. In order to match an effector transform with an artificial
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potential function, the rowspace @f.(I';) must match the robot. The transition policy amongst these controllers is
potential function’s data type. explained here first and their derivation presented in gecti
In conclusion, a closed-loop controller is implementedV. For the pushing robot, the first state starts the control
when the error between the incoming sensor informatiocomposition that advance the male truss towards the female
and the reference position are minimized within the digcretiruss. The second state, deploys the insertion of the susse
artificial potential basinV,, ¢;(X,.r — s;(I';)), and having For the holding robot, a counter-balancing controller that
the gradient result mapped onto the output configuratiompposes any motion if presented.
space through an effector transforey(T;). Given that the In conclusion, a sequence of concurrently combined con-
input data is of the same domain type as the artificigrollers encodes an instruction set for complex tasks. The
potential function, and the effector transform is of the eammodularization of a control problem in this way prevents
dimensions as the potential function, the controllerspotit monolithic control and reduces the need for complete and

V. ¢4, is defined as: accurate system models; thus easing complexity [6]. The
T enaction of a control policy of this kind using the control
Vi = ()" Vi, 0i(Xres — 55(L5))- (4)  pasis framework allowed two robots of very different mor-
For convenience, the above expression is expressed in sifflologies to perform cooperative assembly tasks flexibty an
plified notation as: robustly.
b; |Zi((11:1l§ (Xref). (5) IV. DEVISING A CONTROL BASIS FOR

COOPERATIVE ASSEMBLY TASKS

To concurrently optimiz_e_multip_le control laws in a sys- The assembly task performed by our robots work consists
tem, we use a method originally implemented by Platt [14!)1‘ an insertion where a male truss is inserted into a female

based on the Moore-Penrose pseudo inverse to. projec#i)'aure. Such an insertion begins by having the male truss
secondary control update to the nulispace of the primary OI%’ositioned at a point in space in front of the female truss

je_ctiye’s equipotential manifold. In this context it is dahat through a mobile platform. The male truss may offset from
within the compound controller the secondary controller the female truss in all three planes as long as it remains

¢2 Is subject-tothe primary controllers;, and expressed as: ;, o workspace of the robot team. The insertion proceeds

V(62 961) = Vo1 + N (Vo7 )V, 00, (6) by having the male truss move in a linear fashion to an
optimal insertion point in front of the female truss. To this
where, end, the male truss has an inverted chamfer at the end to
N(Vyo1) =1~ (Vyo1 )t (Vyo1), (7)  simplify the entry, while the female fixture has a cylindlica

end of a diameter slightly larger than the truss’. A nhumber

and, I, is the identity matrix,y is an n-dimensional space, ¢ woll desianed t d to th h-rol
and V,¢! is a (0-1) dimensional space orthogonal to the?! controllers were designed to respond fo the€ push-role

direction of steepest descent [15]. For convenience, kmuat conS|s_t|ng_of tW_O stages: (a) a _guard_ed approach, and (b) a
(7) iis written as: compliant insertion [17]. For an insertion task to be exedut

Tt by <o ®) successfglly a robot.must b_e abl_e to displage the rr_lz?\le truss
to an optimum location for insertion. If the final position of
The nullspace operatok/ (V, ¢7 ), encompassesraullspace a male truss during an approach motion ends at a location
compositiontechnique that optimizes the concurrent execusutside the interior hole of a female fixture, the assembly
tion of two controller. Unlike traditional methods [16],gfe  cannot succeed.
is no need to specify how control resources will be shared Similarly, if during the approach, the male truss jams
across sub-controllers as long as the same control resourtiee fixture, a successful insertion is difficult. A series of
are used. primitive controllers are used, concurrently combined s&d
guenced to produce two hierarchical controllers:@uarded
Move Controller and the Compliant Insertion Controller
Once a number of defined primitiveB, sensor transforms, The former generates a guarded approach that positions the
s, and effector transforms;, have been determined for atool at an optimum location for insertion. Upon reaching
control problem, a policy must be enacted to complete then appropriate insertion position the finite state machine
task out of the combinatoric basi®:x 2° x 2¢. By selecting moves to the next state initiating the latter controllerjakh
a well defined set of basis controllers, the sequencing of subirives an insertion. To do so successfully, misalignmergs a
goals eases the need for complex control layers or switchirgrrected to decrease friction and resolve jamming and wedg
criteria. Sequencing of primitive or compound controllersng phenomena. Both of these controllers were used by an
limits the set of tasks that can be addressed and improwelustrial robot; while, a modified version of these was also
predictions across controller sequences [6]. The segugnciused by a dual-arm humanoid robot (the modified version
in effect, becomes an instruction set that strings subgoals accounted for the combined effect of two serial-link chgins
achieve an overall task [13]. Additionally, a third compound controller was designed for
In this demonstration, the finite state automata consists tife hold-role. This controller seeks to emulate the rigitttho
two states for the pushing robot and one state for the holdirghuman would enforce when a second person pushes a part

B. Control Policy Implementation



Push-Hold Coordination Scheme is composed of a dominant moment residual primitiyg,.,
i i and a subordinate force residual controllgf,. The subor-

¥ dinate controller uses a force refereri¢e. ;) to generate the

&

Pusher

Legend driving force to execute the insertion. The dominant moment

. D o residual controller aligns the truss as it is inserted ifite t
Holder Controller:

1
1
1
1
1
1
1
1
1
1
1
1 Virtual Counter Balance
Control
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1
1
1
1
1
1
1
1
1

g fixture. The alignment is a function of the experienced ferce
produced as the truss collides with the fixture’s interiodwa
Projecions The compliant insertion controller is defined as:

Ter = g |SfrEVforce) (fref) A bmr |SmrEWorce) (10)

Efr 'Ytorque) E€mr 'Ytorque) :

Guarded Move Compliant Insertion
Controller Controller

troller

Screen-shots of the assembly demon are shown in Fig. 2.

C. Counterbalance Controller

Fig. 1. The HP3JC inserts a male truss into a female courrtenpéd by As part of the push-hold schemes, a composite controller
ISAC. Pushing requires two compound controllers effectedugh the null 535 devised to implement a force guided system that would
space approach. Holding requires one compound controller. . . L , L . . .
maintain the static fixture’s position in place while updgti
its orientation. Following the design evidence of the campl

to produce an insertion. The controller seeks to countlt:r-a%nt msertlon_ _controlle_r, the_counterbalance .ContrOHQfB’
the experienced forces while simultaneously displacirey tI”Fe':"k_S fo facilitate the Insertion process and is composad of
orientation of the part to facilitate the entry of the matingdomlnant moment residual controller and a subordinatesforc

truss. An illustration of the push-hold coordination Scmmcontroller:
can be seen in Fig. 1. TeB = |Sfr(7f°”e)) (—fref) < Gmr |S’”(7f‘”“)) (11)

Gfr(’)’torque Gmr(’Ytorque
A. Guarded Move Controller Though similar to the compliant insertion controllet; s,
opposes the force applied by an incoming truss reference and
position controller,y,, and a subordinate moment residuafleplaces the enc_il-effectors SO as to create an optimal entry
angle for the mating truss. In this way, it minimizes moment

pontroller,q&mT. The orde_r IS d_eC|deq emp|r|c_ally by pr|0r|t.|z_— and force residuals throughout the task. A similar versibn o

ing the need for an optimal insertion location. The positior) : i
. - . _the three prior controllers was adapted to be used with ISAC

controller displaces the rigidly held truss to such loaatio 19]

(zref), and a subordinate moment controller minimizeé ’

perturbations if contact is made during the trajectory. The V. EXPERIMENTS
position controller receives a 3D reference cartesiantiposi  The demonstration seeks to achieve collaborative and co-
from a stereo visual system that detects color fiducial marksperative assembly under a multi-agent distributed agchit

placed at the fixture’s tips [18]. ture. The latter also encapsulates the controllers intedu
For the position primitive, the sensor transform converts

image coordinates to cartesian position$(Vvisual_sys)
while the effector transform maps the updated cartesian
position to the robot's current joint configuration;(v;oint)-

On the other hand, the moment residual controller has a
sensor transforms,,..(Ymoment), that returns the moments
experienced by the F/T sensor, and has an effector transform
emr(Vtorque), that converts torque updates into joint angle
updates. The composite guarded move controfteny,, is
synthesized by having the moment controller be subject-to
the position controller and defined as:

The guarded move controlletrg,,, uses a dominant

mr(Ymomen (Yvisualsys)
TGM = Pmr |Zmrgmque)t) (Myey )y |Z’;(1jom)1 U (Tref)-
9)

B. Compliant Insertion Controller

The compliant insertion controller minimizes residual mo-
ments and forces experienced during the assembly’s ingerti
stage. As stated earlier, experimental practice suggleats t

the aligning of the truss takes precedence over its positify. 2. Experiment 6: Two heterogeneous robots cooperafetiorm a
during the insertion stage. Hence, the hierarchical ctlatro joint assembly using force sensing under a push-push cuatidin scheme.




JR3 Sensor Force Torque Data

in Sec. IV to implement parts insertion as outlined in Sec. _ ‘ Fx

IV-B. Before presenting the experimental set-up detafis, t g7 > - A o

hardware is described below. BN 7 —
The testbed consists of an: HP3JC with a JR3, six-axisF/~ = | ~ . -/~ L-*

sensor, and a Barret Hand mounted on the wrist; and an ir o A

house built humanoid robot, ISAC. The anthropomorph has s emmeutenen el ™

two manipulators, each actuated by 12 pneumatic McKibbel o \

artificial muscles. Each of ISACs end-effectors consistrof a
ATI six-axis F/T sensor and a machined aluminum bracke
specially designed to hold the truss. Truss’, both male ani o oy SoTOle e
female were made from commercial PVC piping. The male ‘ ‘ ‘ ‘ ‘
truss was composed of two 0.5 in. pipes connected by a
elbow connector. At the truss’ tool-tip an inverted chamfer
was used to facilitate its entry into the female counterpart

. . 10 20 30 40 50 60 70 80 90
The female truss was a 1.0 in. pipe connected through _. sample Index
t-connector to two 1.0 in. pipes that were held rigidly by (a) Force data for the HP3JC-pushing robot
ISAC’s aluminum brackets. Additionally, color segmertati
was used with empirically set parameters for a low-pass filte _
and morphological operations. ISAC used image processin§
to compute the cartesian coordinates of both trusses wit s - - - - - =
very good results and little noise. AT e o T

Moment Error

Force Error

ATI Left FT Sensor
T

Torque (in-Ibs)

A. Experiment 1: HP3JC-Push, ISAC-Hold

In the first demonstration, the industrial robot drove a male e oo >
truss into a female fixture held by ISAC. The HP3JC robot __©B: Errorfor Dominant Moment Contrler
used therg s and there controllers to actively perform the . PN —
insertion, while ISAC used thec g controller to counteract,
but optimize entry forces exerted by the industrial robot. o oy SOl 0
Note the reference parameter for the compliant insertior
controller—a force reference—is what enacts the forwarc

Force (Ibs)
Torque (in-Ibs)
AN

Moment Error

0.6
0.4r
0. —\— —— _—_— Fz

~

NonR o

Force Error

motion of the truss. In other words, this parameter affect:* >~ 0 5 2 2 % 3

the speed and force of the insertion. Force sensing, in this sempe e _

sense, drives the insertion, while adjusting the positibn o (b) Force data for the ISAC-holding robot.

the truss in the vertical and horizontal planes. Fig. 3. Exp 1: Force signatures for the HP3JC robot and ISAC.

Additionally, three metrics were used to measure the
assembly tasks’ performance: (a) time-to-completiontlfb)
sum of the absolute vald@lefimement residuals in the x-, ymoments in the z-direction maintained a small presence in
and z-directions (referred to hereafter as “moment erjors’both robots. The presence of moments in the z-direction
and (c) the reference force parameter. The latter was usedlicate the approach by the truss also contained a hogizont
to distinguish between faster and slower insertions driven displacement. Small residual moments in the y- and z-
the industrial robot. Faster insertions used a force rafexe directions were expected given that there is a difference in
value of Fx=40 Ibs and slower insertions used a value afiameters between the male and female, which allows the
Fx=20 Ibs. Insertions were assumed complete after the mahass’ to exert mutual load from the spacing between them.
fiducial mark was covered. Additionally, for ISAC, the virtual counter balance corlteo

Sensory data for one trial is presented for both robots iseeks to eliminate force errors by adjusting the femalerixtu
Fig. 3(a) and Fig. 3(b) in three sub-plots representing @e: position. Forces in the x- and z-directions converged to.zer
force and torque signatures, (ii) the moment residuals, arithe y-direction residual force error is a response to the
(iii) the force residuals. presence of moment in the z-direction from the male truss,

The data for this demo shows the assembly was completadhich had not fully converged by the time the assembly was
in 54 seconds. The duration of this and other experimentmalized.
may seem significant. The primary reason for such durations A summary of metric results across trials is shown in Fig.
was the inability to access the industrial robot's low-leve4. The first three trials were run under the slower force
control loop. Such impediment forced us to operate througteference value Fx=20, which in general, yielded slower
the industrial robot’s API which prevents pre-emptive ronti assemblies as opposed to the trials run with Fx=40. With
and significantly delayed the overall response of the systemespect to moment residuals, the HP3JC robot experienced
With respect to moments, note that residual in the y-diogcti moment errors greater than those experienced by ISAC. The
was reduced efficiently by both the HP3JC and ISAC, ankhst five experiment trials used the faster force reference
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Time-to-Completion vs. Sum of Abs. Value of Moment Residuals
T T T T T

I Time

in the data: a) there is a roughly constant increment in the
B samen moment residual error in the y-direction, and b) the force
reference force is gradually canceled over this periodhBot
patterns indicate the existence of stiction in the tasksT#i
further corroborated by the quick fall seen in the left tarqu
reading in the y-direction and the quick increase in thedorc
reference value Fx in the negative direction. The contrelle
are unable to decrease residuals caused by stiction uatil th
corrective force generated by the controllers overcome the
sticking forces present through the artificial muscles.eAft
the sticking forces were overcome, the insertion took place
quickly. The sudden completion of the task did not allow the
compound controllers enough time to converge back to their
Fig. 4. Exp.1l: Results summary across 8 trials. reference goals-
For ISAC the averaged moment errors generated in this
experiment were greater than the ones in experiment 1. ISAC
value Fx=40. The higher force reference leddgenerally experiences greater stress as it drives the insertion tiuah i
shorter completion times and hinted at larger moment errovghen it used the counter balance controller. On the other
for both robots than the ones registered in the first thrakstri hand, the averaged moment residual errors experienced by
Two of the first three trials contained larger than normalSAC are lower than the ones experienced by the HP3JC
moment errors due to one wedging in one trial and jammingpbot. This suggests that the use of artificial muscles eases
in another. impact or stress induced as compared to rigid industrial
robots.
B. Experiment 2: ISAC-Push and HP3JC-Hold A summary of the results across six trials is found in Fig.
The second demonstration reversed roles and assign®® All trials in this experiment were run with the same
ISAC as the active robot in the insertion task. This experiforce reference value. Three trials experienced longezsim
ment, as opposed to the previous one, began by having tteecompletion due to more prominent stiction phenomena.
male truss held by the HP3JC at a ready-position in front
of the female fixture held by ISAC. The humanoid’s virtual-
contact compliant insertion controllery,~; was responsible VI. DISCUSSION

for driving the insertion. In this experiment, a force refece ) .
parameter of Fx=-0.5 Ibs was used by the subordinate AS €xperimental results showed, the collaborative as-

controller of the virtual compliant insertion controlleorf sembly task across a heterog_eneous mu|t|_-r0bot ‘ea”? was
ISAC. The results are shown in Fig. 5. successfully tasked. The multi-agent architecture fetill

Note that the moment residual errors are a result of tHIa"5 dde;]s_lghnlparladlgm anq wasTar\]bIe t(.) dglncapsulate Iow-l_e vel
average moment’s contribution from both the right and leffnd Nigh-level a stractions. The middleware communica-
F/T sensors. A slower speed was selected for the motion n _Iayer functioned well throughout the experlments and
the pneumatic actuators to achieve greater accuracy. Fr tributed a vast amount of visual and numeric data to

clock time 1-200 seconds, two important patterns are ptes _er_ent componer_1ts Ina decentrallzed_ manner. A ”“m‘?er
of finite state machines were run under different agent engin

representations to automate-alk-aspeets of the robotiersyst

Magnitude

n @ » a m ~

S 8 5 3 3 3
: :

"
5

1Fx=20 2Fx=20 3Fx=20 4Fx=40 5Fx=40 6Fx=40 7Fx=40 8 Fx=40
Trials

ATI Left FT Sensor
T

T T
S e
7 N
L L L L T T T T
100 150 200 250 > [ Time
Time (seconds) Tz [__11SAC Moment Error
ATIRight FT Sensor
T

Fx
—Fy
Fz
Ty Time~to-Completion vs. Sum of Abs. Value of Moment Residuals

HAnon
T

Force (Ibs)
Torque (in-lbs)

orrTT
@
3

Fx
- ——Fy
r ! Fz
Ty
.
50 100 150 200 250 T 2001
Time (seconds) Tz
CB: Error for Dominant Moment Controller
T T

250

Force (Ibs)
Torque (in-lbs)
Ldhoa
\
N
/
‘ }/
|
|
3
1)

Ty
Tx
Tz

Magnitude
.
o]
g

PRV ammoean sy fw

Moment Error

I 1 I
20 40 60 80 100 120
Sample Index

CB: Error for Subordinate Force Controller wor

; ; T — - Fx

| N RS T S i\; -

4AF Fz
50

6 L

L
100 120

Force Error
)

60 80
Sample Index

1Fx=-05 2Fx=-0.5 3Fx=-05 4Fx=-05 5Fx=-05 6Fx=—05
Trials
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ISAC’s compliant nature. ) .
Fig. 6. Exp.2: Summary for results across 6 trials.
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Additionally, the control basis framework allowed for the
modular implementation of the basis controllers within they;
overall paradigm of our agent architecture. Basis cordrsl|
were successfully compounded and sequenced. The contr[%l
policy te-enact-the-controllers-was successfully impleraént
at the highest level of abstraction allowing for a smooth
transition of compoune-eentrol basis controllers.

The overall system was flexible in that by selecting well
defined control laws, a variety of controllers for manip- [4]
ulation, insertion, and counterbalancing were deployed in
two very different robots with two very different physical (5
characteristics. The results presented above show that the
controllers reduce moment and force errors over time oveyy
the duration of the insertion task. Even in situations wése d
turbances like stiction were present (Exp. 2), the cordrsll [7]
were able to overcome such phenomena and successfully
complete the assembly task. 18]

While there positive aspects of this model have been
presented, the author would also like to comment on the
challenges posed by such a system as well. Thatis, thad)
as the number of robots increase, and along with it, the
number of sensory and hardware modules, so does the s!'
of multi-agent architecture. While these architectures ar
designed to scale easily and facilitate integration, there

. 11]
a very significant overhead needed to set them up. Mot&
development tools that can aid in the automatic initialorat
and resetting, and the switching on—or—off of debugging?l
information would be very desirable.

(3]

[13]
VII. CONCLUSION AND FUTURE WORK

This paper presented a team of heterogeneous rob&té
performing an autonomous and collaborative assembly task
that is grounded on a distributed multi-agent architecture
and modular control basis approach. The modularity and tH)
flexibility of the agent-based architecture and the control
approach worked in concert to bootstrap robust, flexiblg}6]
and decidedly reactive controllers. Experimental restdis-
cluded that multi-agent multi-robotic collaborative syss 17
with modular control approaches is a viable approach to
generate complex robotic behavior. (18]

For future work, the authors would like to extend the role-
playing that robots play in assembly tasks, mimicking humak®l
behavior. On occasion, when two entities (humans, or two
arms of a human) are trying to assemble an object, and the
insertion is not easily accomplished, humans tend to try to
push from both ends simultaneously. This kind of assembly
is prone to higher forces, quicker motions, and error but
humans practically choose such an approach in an attempt
to assemble parts. Such a task would be an interesting test
to examine the robustness and flexibility of our system.
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