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Table 5-2. Summary of Pressure/Force Transducer Characteristics [5.2-1]
Uewr
Temperature | Sheck and Calibratien
Prassury Fraquency Range Vibration Shift Price
Senser Jaciatien § Quipet Lovel | Accuracy | Range Respense and Effecis | Seasitivity | Stabliity® with Use Range ()
S Capacifance ac-dc H tevel and 0.05% }Jo00ite 0 Hsto 0-1500°F Poor 10 Good | 005%/yr | = 10/ cycles | 15004500
= Special trequency 200pys . 100 He with < 05%
i . bridge cat. shilt
b_"
E Ofterential ac Special | Hitevel 05% 10 to J00H, | O16SF Poor 025/yt o 10 50. 500
! Translormer {5 voits) witle 10k p3t cycles
[] phass de- hle
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i‘ Potentiometer | ac dc Hi level % Spsito OMsto ~6510 Poor 0.5%/yt < 10 cycies | 200- 500
9 Regulated 10k o2 $0 Hz + 300 non hile
k. lincar
b 001%1°
b Strain Gage a dc Low level 0.25% OYpsito] OHzto 00I%/"F |Good 05%/yr < 05% cal 350- 700
= Unponded | Regulated |dmv/V 10k p31 PR1LN ~3207 o shit after
i0Yacde +600°F 10% cycles
10/005%. F
ueet LCR'Y)
—Bonded Forl] 10V ac dc | Low level 025% Sputy OH/ 10 ~65 Fto [Very good 05% /Iy -10%cyctes | 150 .600
Imviv j0% pst § kHz +25Q°F
0005%/ °F
over {CR"")
Liwn f ol WWYa de J3mviy 075%% Papealu | UMW ta 170 o Very good 025/ye - 10%cycles | 450 /L0
: 10k pst -9 hH/ + 600 F with
o 0 005% ' °F < 025%
". uver LCR**) cal shilt
b
. Dittaned my Meiumlevel 1 025 §lpate | LNt 6y Fro [Very goud 0 25/ys < 02%% 80- 250
) Semicunguctur] ¢8 Yoo ImviVie Sk pst PLLY] +250°F calibration
0mv;¥ 10005%/F shilt altes
wvet JCR'") 10% cycles
Hunded Aae 10Vacoc JMediumievel ] 025% [4puito WHs tn 65 F 1o |Very good 05% iy <05% 35. 240
Sy tor Imv V1o 10N ps S N2 * 75 F cahbration
20 mv Y 001%/"F shilt alter
over LCR™ "t 104 cycles
varable ac Specral 140 mv!¥ 05% 1*H,0t0] OH/ 0 10 |very good 05%!y 10%cycles | 250 600
Reluctance 16k ps1 I WMe v GUU f Iite
002%°F
over LCR*")
Vidtating Wire | ac Special {Miteveland | 002% Vpute OHe ELYRATY Poor 001%/yr | “.10%cycles |1500-6000
and Tube frequency 100 pse 160 He [+ 200°F hfe
requires
temperature
ontrol
u—c " 3talhily ang s it ation Attt shauls be cufsidered tupetfin
.o ** Lunded rompensated 1ange
Bl P PR PR i i~ TS SO S S U M N NP, R Ml e e, W e U RN W W POS W Wil St L Mol VNt R




N

&

o ~N T,

O

10.

12.

SN e

0

10.

12

NV s WA -

[« ]

9.
10.
1

12.

Table 5-3.

Small Size

. Piezoelectric
. D1ffused Semmconductor

Strain Gage

3. Unbonded Strain Gage

Bonded Bar Sem:conductor
Strain Gage -

. Thin Fiim Strain Gage

. Variable Reluctance

. Bonded Foul Strain Gage
. Potentiometer

. Capacitance

Oitierential Transformer

. Vibrating Wire or Tube

Furce Balance

frequency Rasponss

. Piezoslectric

Unbonded Strain Gage

Oiffused Semiconductor
Strein Gage

. Thin Film Strain Gage

Bonded Bar Semiconductor
Strain Gage
Bonded Foil Strain Gage

. Variable Retuctance
. Capecitance
. Yibrating Wire or Tube

Differential Transformer

. Potentiometer

Farce Balance

High Temperature

. Unbonded Strain Gage .... 600°F
. Vanabie Reiuctance ... 600°F
. Thin Film Strain Gage 600°F
Piezoelectric . .. 400°F
Potentiometer 300°F

Bonded Foil Strain Gage 250°F
. Dittused Semiconductor

Strain Gage

. Bonded Bar Semiconductor
Strain Gage 2
Vibrating Wire or Tube 200°F
Force Balance . 165'F
Citferentiat Transtormer
Capacitance 150°F

165°F

~ O (0 N VR S

—

Comparative Performance Ranking
Transducers

Long-Term
Catibration Stability

. Vibratiny Wire or Tube

Capacilance

. Thin Film Strain Gage

Diffused Semuconductor
Strain Gape

. Bonded f3ar Semiconductor

Strain Gage
Bonded Forl Strain Gage

. Unbonded Strain Gage
. Vanable Reluctance

. Diferentiat Transformer
. Piezoclectnc

. Paotentiometer

. Force Batunce

Small Static Error

. Vibrating Wire or Tube

. Force Batance

. Capacitance
. Thin Film Strain Gage
. Diffused Semiconductor

Strain Gage

. Unbonded Strain Gage
. Bonded Bar Semicanductor

Strain Gage

. Bonded Foil Strain Gage
. Vanabie Reluctance

. Ditterential Transformer
. Piezoelectric

. Potentiometer

Operation under
Acceleration and Vibration

. Piezoelectnic
. Bonged Foil Strain Gage

. Diffuser Semiconducinr
Strain Gage

. Thun Film Strain Gage

5. Unbonded Strain Goge

10
11

12.

. Bonded Bar Senuicanductnr
Strain Gaye

. Vibrating Wire or Tube

. Potentiometer

. Vanable Retuctance

. Capacitance
Oifterentiat Transformer
Force Balance

of Pressure/Force

Output Level

. Force Batance

. Potenticmeter

. Capacitance

. Vabrating Wire or Tube
Ditterential Transformer
. Variable Reiuctance

. Piezoetectric

. Difused Semiconducior
Strain Gage

. Bonded Bar Semiconductor
Strain Gage

S WA o~

0w wNOW

10. Unbonded Strain Gage
11 Thin Fidm Strain Gage
12. Bonued Fout Strain Gupe

Low Cost
in Smail Quantity

. Bonded Foil Strain Gage
. Unbonded Strain Gage

. Potentiometer

. Ditterential Transformer
. Variabie Reluctance

. Thin Fim Strain Gage

. Bonded Bar Semiconductor
Strain Gage

8. Pie2oetectric
9

. Diftused Semiconductor
Strain Gage

~N o e W -

10. Capacitance
11. Force Balance
12. Vibrating Wire/ Tube

Low Cost
in Large Quantity

—

. Difused Semiconductor
Sirain Gage

. Bonded Foil Strain Gage

. Unbonded Strain Gage

. Potentiometer

. Differential Tran<farmer

. Thin Film Straun Gage
Vanable Reluctanc

@ NV B WN

Preronicctng

9. Banded Bar Senncondnctes
Strain Gage

10. Capacitance
11 Foarce atat o

12 Vibeating Wiee a0 Todw
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Figure 5-3.

Use of Straifd Gages on Cross-Beam Force Summina

Elements for Six-Dimentionel Force-Torgue Sensing

[s.1-1].

"EXTENSIGMAL
STRAIN GAGE 24

(1OoF 3) —

TRAIN GAGE :
SHEAR B8RIRGE 37
(10F 3) =

Figure 5-4.

iyse of Strain Gages on Three Equelly Spaced Leas Sup-

ported by Cylindrical Disks or Rincs for Six-0imensional

force-Torque Sensing.

4,094,162.)

(From {5.2-2] anc U.S. Patent No.
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AN INTERACTIVE MANIPULATOR CONIROL SYSTEM
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Member of Technical Staff
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California Institute of Tachnology
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ABSTRACT

B A structurad approach to the design and implementation
of interactive sensor refarencad manipulator control sys-
tems is proposad. Tha approach separatas tha algorithma
that perform the manipulstor task controls from the local
manipulator servo control. According to this, manipulator
control is being considarad as tha problem of axacution of
an action natwork. Any manipulstor task is traatad as an
arrangemant of intarconnscted actiona grouped into three
categories: primitiva, composita and complex actions. Tha
software implamentation of all threa action catagorias ia
discussed. The concapt of cooperativa procassas and moni-
tors has baen adoptad as a powarful mathod of software
organization. The control system is designad and demon-
stratad for a class of tasks that include searching, fol-
lowing, grasping, and stopping of slowly moving heavy
objacts so that oparator and computar shara the control.
Tha damonstration hardwars is tha six-dagrae-of-freedom
CURV manipulator integratad with proximity and force-
torqua ssansors at tha JPL teleoparator laboratory.

Frequent Abbraviations

MCS: Manipulator Control Systenm

CACS: CURV Arm Control System

EE: End Effector

JCS: Joint Coordinats System
WCS: World Coordinata Syscam
TCS: Tracking (Plane) Coordinata System
HCS: Hand Coordinate System

TP: Target Plane
Action Pracedance Graph
1.  INTRODUCTION

A pilot control system has bean davelopad for a six-
degrea-of-frsadom manipulator aquipped with proximity and
force-torqua sansors in ths JPL talaoparstor laboratory.
The control systam, implamanted in s dadicatad minicom-
putar, allows an interactive manual and automatic control
of tha manipulator. 1la this papar, "intarsctive control"
signifias 8 hybrid control capsbility wheraby soma motions
of tha manipulator in tha work spacs ars undsr manual
control wvhils tha remaining motions sra undar sutomatic
computer control rafereacad to proximity and forca-torqua
sansor data. "Motion in work spaca” signifias ths thraa
translational and thrsa rotstional motions of tha end
affactor. Ths oparator dscidas which work spsca motion is
in manual or automatic control. In extrema cssss sll
control can ba fully manual or fully automatic. Ths
opsrator's dacisions sra communicatad to ths control com~
putsr through sppropriats function (logic) switchss. As a
consaquanca, tha oparstor has a dual (analog and logic)
communication with the intarsctiva control system,

Tha concaptual and implemantational intricscias of
such an intaracctiva Manipulstor Control Systea (MCS) can

M, I. Vuskovié
Senior Ressarch Associate
Institute for Technoeconomic Systems
Department of Industrial and Svstems Engineering
University of Southern California
Los Angeles, California 90007

best be appraciatsd by noting that each motion of the end
effector in the work spaca usually raquiras the coordi-
nated control of several manipulator joints. In general,
therafore, control refarenca inputs to a manipulator joint
will be computad from commands originating simultaneouely
from manual (analog) sourcas and from computar algorithms
refarencad to proximity or force-torque sanaor data. The
computation of control raferance inputs addressed to the
individual manipulator jointa will dapend on the satting
of tha function (logic) awitches.

A conventional system control concapt would considar
the interactivs manipulator control as a taak planning and
decompoaition problam. (See, e.g., Rafs. 1 - 6.) That
concapt usually culminates in the formulation of spacial
computar "languages" and procedural or transformation nets
for manipulator control, and defines operator interaction
with the control system as an essentially off-lina and
high leval programming action. The taak planning/
decomposition concapt is mostly suitad to cases when tha
oparator wants to trada control (Raf. 7) with tha computar.
In contrary to that, tha casas considered in this papar
sra thosa whan the oparator wants to shars control (Ref. 7)
with tha computer. In ahared control the oparator has an
easentially on-lina intaraction with tha control system,
and tha symbolic alements of tha on-line {ntaraction should
prafarably ba raducad to simple and discrata function or
logic commands.

A usual approach to the dasign and implamantation of
sensor-refarancad intaractive manipulator control would
traat the problam as a monolithic multivariabla faadback
control systam whare the dynemic and servo characteristics
of the manipulator play an eseential role in synthesizing
the control algorithms. (See, e.g., Refs. 8 -~ 12.) Such
an approach, howaver, would ovarehadow tha problem of
synthesizing tha control for a multituda of manipulator
tasks. It is notad that the implemantation of manipulator
task controls are mostly based on discrete evants and
logic dacisions which csnnot aasily be considerad within
the frame of the claaaical continuous or samplad data
faedback control systams. In this papar, tharefora,
anothar approach is proposad. First, the problam of
manipulator ssrvo control is separatad from the tssk con-
trol algorithms. I.e., ths manipulator togather with its
sarvo controllars are considared as a davice extermal to
tha control computar which interactivsly controls tha
axacution of s variaty of manipulator tasks. Furthermwore,
the manipulator control taeks ara ragarded hara as a sat of
intsrconnactad actions which can be mora or lsss compiex
and vhich ara axacuted saquantislly or simultanaously.

In ordar to synthssize tha control of {ntarconnectad
actions, thras sction catagories, primitive, composite snd
complax actions hava bean introducad. The primitiva
sctions includa alamantary motions such ae one-stap shifts
of tha machanical hsnd in a given coordinata system and
singla incrsmants of spacing or closing tha end affactor.
Composita actions ara composad of sevaral primitiva actions
wvhich sre axacuted saquantially. Examplas ara: alignmant
of the and affactor to a givan surfacs, controlling tha
distancs of tha and affactor from a givan surfaca or
objact, cantsring on an objact, ect. Complax actions
consist of composita actions that are exacutad sequen-
tially and/or in parallal. Examplas sre: searching for
an objact, following a moving object, capturing an object,




transfering an object from one place to another, etc. The
paper presents a separate control software implementation
methodology for each of the three action categories.

Due to the inherent paralleliam of manipulator con-
trol actions in real-time applications, the CS software
outlined in this paper has baen designed as a concurrent
programming system. Tha concept of monitors, introduced
by Brinch Hansen (Rafs. 13-14) and Hoere (Ref. 15), has
been employad ee the main structuring tool for real-time
control software development.

For demonstretion end avaluacion, the real-time soft-
wara has bean coded for and epplied to the CURV Arm Control
System (CACS) in the JPL telaoparator laboratory. The
first phasa of the CACS demonstrstion sand performance evel-
uation project is limited to relatively aimple taaks:
inctaractive saarching, following, graaping, and stopping of
slow.iy moving heevy objacts using date from proximity and
for<,=torque sansors integrated with the JPL CURV arm. The
initial design of the CACS software besed on a structured
approach employing tha momitor concept in its simplest form
is given in Ref. 16,

The CACS softwara is an exploretory development eimed
to identify problem areas and to experiment with alterna-
tive techniques and approaches rather than to define a
final dasign solution for intaractive and sensor refer-
anced manipulator control.

2.  MANTPULATOR CONTROL SYSTEM DESCRIPTION

2.1 Genaral Configuration of the MCS

In ganaral the MCS can ba regerded aa en interfaca
batwaan tha human oparator and tha manipulated object.
This interfaca supports intaractive execution of a givan
class of taaks relatad to a givan class of objecta and
thair anvironmant. As shown in Fig. 1., the components of
tha MCS ara: manipulator, information diaplay devicea,
command interface, and control computer.

Tha manipulator itsalf is a feadback coatrol system,
uaually implemanted in hardwere containing e multilinkage
mechaniam, end-effector (EE), actuators, local feedback
controllara, sensors, sansor support alectronics, A/D and
D/A convertars.

Information dieplays couvert tha video, senaory and

information is displaved by appropriate monitors. Informa-
tion from proximity, force-torque end other sensors can be
displayed by computer driven graphic displays, using
context-dependenc formats suited to a particular class of
tasks. Alarm informarion can be displaved by labeled light
mosaic, sound signals, etc.

The command interface is a device that convert opera-
tor commands to computer reedable form. The commands can
be in the form ot a command language with e given syntax
adjusted to a particular class of tasks. Commands can be
issued manuelly by TTY or orally by a voice command sys-
tem. The operator commands can also be generated in
discrete form by switches end pushbuttons, and in analog
form by joysticks or potentiometers.

The control computer is the central component of the
MCS thet generetes set-points for menipuletor joilnts on the
basis of operator commands and sensory feedback date pro-
cesaed by tha MCS software. The MCS software performs also
parameter management.

There ara two groups of MCS parametera: the svstem
and the task relate! parameters. The firat group contains
all parameters that describe the manipulator hardware end
the conatanta used in the control algorithms. The second
group of parameters is related to the manipulator eanviron-
ment and to the particular task to be performed. Both
parameters are entered via the computer console; the first
group during syatem installation, the second group just
before task execution.

2.2 Specific Configuration

The specific interactive control system hee been
implemented for the JPL/CURV linkage arm. The control
system is labeled CACS (Curv Arm Control System). The erm
has sevan dagrees of freedom: thrae for the arm, three for
wrist and one for EE. The mechenicel details of the manip-
ulator are given in Ref. 17. The EE ie a parallel jaw
device with proximity sansors integrated with it. The
hydraulic actuators, servo controllers and senaor support-
ing electronics are described in Ref. 18. The complete
spatial position of the manipulator is defined by the fol-
lowing seven joint variables:

61 - arm azimuth

9 ~ erm elavation

alarm data into forms convenient for the human oparator in ?
,order to fecilitate the intaractive control process. Video 93 - arm extension
VIoEO VIDEO | VIDEQ DATA
i—_thOMMATKDN DISPLAY
l SENSOR o sensor i SENSOR DATA
I /INFORMATION| DISPLAY
SENSOR
QPERATOR COMMAND L_COMMAND | CONTROL JOINT MANI= NPyt Shiy
COMMANDS INTERFACE DATA COMPUTER DATA PULATOR MECHANIC AL
outrur
&WM ALARM ALARM JOINT FEEDBACK
gresgRig——
INFORMATION|  DISPLAY DATA DATA
Fig. 1. Genaral Configuration of MCS
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3, = wrist yaw angle
95 -~ wrist pitch angle
66 ~ wrist roll angle
67 ~ jaw opening.

The manipulator is also equipped with force-torque sensors.
(See Ref. 17.) Other types of sensors have also been
developed, for example touch and slippage sensors (see

Ref. 19), but they are not used in the first phase of the
CACS project.

Proximity sensors, four of them, are integrated with
the two jews of the EE, one palr pointing in forward direc-
tion, the other peir pointing perpendicular to the first
one, downward the EE. The sensing range of the proximity
sengors is about three inches. The force-torque sensor is
mounted to the base of the EE. The sensor measures the
three perpendicular forces and the three perpendicular
torquea referenced to the base of the EE, The dynamic
range of the sensor is 0.5 to 300 N.

The information display system contains TV monitors
and a microprocessor-driven color graphic display. (Ref.
20.) The alarm display is temporarily implemented on the
control computer console.

The analog commands are generated by two 3-dimensional
joysticks, and by a potentiometer. The discrete operator
commands are generated by a set of switches, ell incorpo-
rated into a mulcipurpose device called Universal Control
Panel.

The control computer is an Interdate M70 (or 8/16E)
minicomputer (Ref. 18).

3.  MANIPULAIOR ACTIONS

Accompliahment of a given manipulation task can be
considered as the execution of a set of actions invoked
explicitly by operator commands, or implicitly by control
algorithms that are implemented in the MCS softwere.
According to their complexity, the actiona can be separated
into thrae groups: complex, composite end primitive
actions. These groups will now be discussed separeately.

3.1 Complex actions

Complex actions will be defined as elementa of a
manipulator tesk that are sufficiently general and have
unique physical and logical cheracteristics, In addition,
it will be assumed that these actions can only be initiated
by the operator. Examplea of complex actions are:

e searching for object

e following the moving object

. grasping end stopping the object
e transferring the object

O mapping the object.

Searching for an object means to bring the EE to the
vicinity of the object measured by proximity sensors. The
control of this action cen be performed by the operetor
menuslly, or it can be performed automatically using a
seearch elgorithm the perameters of which are specified by
the operetor. Also, the search can be unconstrained in
space, or constrained to a fixed surface,

Following a moving object meane to move the EE so thet
a constant distance is being kept between the EE and the
object, This action has also manual end automatic, uncon=-
strained end constrained options, In eddition, the object
following ection cen be referenced to the front or to the
lower proximity sensors.

S i ke Do it Gt G S e e e o
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Grasping and stopping an object must be performed so
that once the object is grasped the morion of the EE (s
referenced to the force-torque sensors sssuring i geatle,
"soft" scop.

Transferring an object means to change the location
and oriencation of the object in the work space. This
action can be a part of an assemblv/disasgembly task.

The goal of object mapping s to create a topographic
profile of a partially unknown object or of a terrain in
the work space. Mapping is based on proximity sensor
measurements.

Using the complex actions listed above a large number
of manipulator tasks can be accomplished, including simple
assembly and disasaembly operations, that are assisted by
the operator in an interactive manner. The list could elso
be extended by adding programmed actions to the control
"menu." These actions would be performed bv executing
fixed stored programs loaded from the MCS library. Pro-
grammed fixed actions are not considered in this paper.

3.2 Composite actioas

In order to perform a complex action the control sys-
tem will enforce the execution of a set of appropriate
composite actions thet are less complex. Execution of
composite actiona can be in series, in parallel, or com-
bined, depending on the specific complex action commanded
by the operator. Examples of composite actions are:

. manual control
. roll elignment

e pitch alignment

. yaw alignment

. elevation control

e diatance control

e speed identificacion
. centering

e gresping
O tracking
e stopping.

Using manual control the operstor controls the overall
motion of the manipulator, affecting directly or indirectly
all joint coordinetes via analog commands. The manual com-
mands are resolved into appropriate manipulator joint com-
mands through the MCS software. Manual control can be
unconstrained or coanstrained in space. The coordinate
system corrasponding to analog commands can be chosen by
the operator, Different coordineta systems that can be
used will be discussed in the next section., Manual control
cen have two modes: position and rate control mode., In
position mode the manipulator control system executes
motion increments defined by anelog commands in the sense
of changing positions of the EE, 1In rate mode, the manipu-
lator control system will interpret the analog cotmends as
reference inputs for the directional speed of the manfpu-
lator EE in a given cootrdinate system.

Alignment operations ire referred to the equalizetion
of the lengths of proximity sensor beame relative to the
elignment surface. The alignment surface can be en objeqt
or e trecking surface. In roll alignment, the lower prox- ]
imity sensors must indicate equel lengths. In pitch elign- 1
ment the lower proximity sensors must have equal length in
severel successive longitudinal positions of the EE, In
yaw alignment, the front proximity seneor beems must indi-
cate aqual lengtha relative to the elignment surface. The
condition for starting an alignment action is to bring the
EE in proximity of the alignment surfece. Alignment opere-



tions can be performed relative to static or dynamic align-
ment surfaces. A static surface has a fixed position and
shepe in the work space. A dynamic surface is slowly
moving or changing its profile in the work space. In all
alignment operations it is assumed that the alignment sur-
face i{s sufficiently smooth so that it can be approximated
by a tangent plene in the vicinity of the footprints of the
proximitv sensor beams on the surface.

Elevation and distance control are also referenced to
proximity sensors. In elevation control the beam lengths
of the lower proximity sensors must be maintained conatant
and equal to a given value. In distance contrcl the beam
lengths of the front proximity sensors are maintained con-
stant and equal to a given value. Elevation and distance
control can also be referenced to static or dynamic
surfaces.

In speed identification the speed of the EE must be
equelized to the speed of the moving object or moving
trecking surface. Speed identification must be accom-
plished before starting an alignment, elevation or distence
control operation.

Centering means to adjust the opening and the leteral
position of the EE relative to 4 given object before grasp.
Centering can be performed on both static and dynamic
objects. In the case of dynamic objects, centering also
contains a dynamic alignment operation of the EE relative
to the object. It meens that the EE must get in the tail
position to the object so that the motion of the EE is
parallel to the longitudinal axis of the EE. This is the
best grasping position.

Gresping an object consists of a short programmed
sequence of EE operations, with the final result of having
and contacting the object within the claws of the EE. Once
this occurred, the motion reference is changed from proxim-
ity to force-torque sensors.

Tracking an object means a joint motion of the EE and
the greaped object so thet the manipulator automatically
complies with the forces of the object exerted on the EE.
This ection ia force-torque sensor referenced in the senae
that the reaction forces exerted by the object on the EE
must be maintained at e specified minimum level.

Stopping an object means to stop the motion of the
manipulator gradually, keeping the reaction forces exerted
oy the object on the EE and measured by the force-torque
sensor below some value specified by the operator.

The given list of composite actions is not complete.
It cen be extended by other actions, for example, edge
tracking, scanning, etc. £

3.3 Primitive ections

Completion of a complex action is accomplished by the
sequential execution of a series of motion increments of
the manipulator. Execution of a motion increment will be
called a primitive action of the manipulator. In this work
two groups of primitive actions are considered:

e unconditional increments (shifts)
. conditionel increments (shifts)

Both groups have two options: position and rate con-
trol mode. Primitive actions can be referred to four dif-
ferent coordinete systems: joint coordinate system (JCS),
world coordinate system (WCS), tracking plene coordinate
system (TCS) and hand coordinate system (HCS). The four
reference systems ere shown in Fig. 2.

The point in JCS is defined by the vector & = (61.

02...., eq). vhere 91 are manipuletor joint veriables

alreedy described in subsection 2.2. It {s noted that the
oi positions of the manipuletor ere measured by potentionm-

eters et each joint,

X = (xT. yT) ia a point in the TP.

t

Fig. 2. Representation of Coordinate Svstems

WCS, TCS, and HCS

WCS is a Cartesian coordinate system fixed to the
manipulator environment, i.e. to the world in which the
manipulator is acting. In this work the origin of WCS is
fixed to the base of the manipulator. The point in WCS is
a vector a - (x, 2, w), where x = (x, y, 2) is position of

the wrist of the manipuletor, 2 = (a, 3, v) is the angular
position of the hand and w is the opening of the EE.

TCS represents a two dimensional spece detined bv the
fixed plane TP. The orientation of this plane in world

space 1s defined by the vector 2 = 2p- Because only

motion increments are considered here, the origin of thet
plane can be ignored. When the EE lies in a plane parallel
to the tangent plane TP of the tracking surface TS, i.e. if
its roll end pitch axes are aligned with the TP, then the
poaition of the EE is defined bv ET = (§T, )T' 'I)' where

HCS is also e Cartesian coordinate system defined by
three orthogonel axes fixed to the EE. The £-axis is the
longitudinal axis of the EE (it is the roll axis of the
EE) and defines the "forward-backward" direction; the
n-axis is the lateral axis of the EE and defines the
"left-right” direction; and the ;-axis is the orthogonal
complement of the 5 end n axes and defines the 'up-down"
direction. A point in the HCS is detined by a vector
Oy = (& 2y, wy), where § = (5, n, 0) and 3y = (3, 2, vy

The HCS plays an important role in almost ell composice
actions referenced to proximity sensor measurements.

).

The unconditional shifts can be defined es increments
in the four coordinate systems described above:

ASJ = 38 in JCS

8g,, = (bx, B89, bw) in WCS o

iqp = (AET' 40, bw) in TCS

Sgy = (26, 9, Lw) in HCS '

(§ = W,T,H) cen be

chenged independently. Aa indicated in expresaions (1),
the increments of hand angles end the EE opening ere -
invariant in ell Cartesian coordinate systems.

where ell components of the vectors 35

Conditional shifts imply conditions that introduce
some interdependence between the components of Lsd. Here
we only consider conditional shifts in the HCS, with
conditiona related to the proximity sensor beams. Four
examples are shown in Fig. 3. First a conditional roll
increment where the reflection point of the lower~-left
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proximity sensor is kept fixad. As shown, the EE changes
its roll angle Ay without moving the reflection point of
the lower left senaor, and keeping the length of that
sensor beam unchanged. Similarly, the conditional pitch
and yaw increments are performed with fixed raflection
points of the lower-right and front-right proximity sensor
beams, respectively. The last example shows a conditional
EE opening where the position of the right finger of the
EE 1is kept fixed.

Position and rate control modes are options that can
be selectad by the operator or by the control algorithms.
Position mode corrasponds to the regular execution of an

increment Asd' In the rate mode the given increment qu will

be executed in a repetitive manner in order to generate
the speed of the EE that is proportional to the increment
v = Aq/At, where At is the time interval between two
consecutive increments.

Primitive actions are invoked automeatically by the
control algorithms which implement the composite actions.

Implemantation of primitive, composits and complex
actiona are discussed in the subeaquent thrse sectiona.

4. MPLEMENTATION OF PRIMITIVE ACTIONS

’

4.1 Coordinate transformations

The execution of @ primitive action means to move the
maenipulator from its curreant poaition 2n in JCS to a new
poaition

8 =9
- o

+48 2)
that corresponds to a deaired increment Aﬂj defined in e
selected coordinate system j. Thet is, for a given Asd and
go the following coordinate trenaformation must be

performed:

20 = 3 (8g,. 8)) § = W,T,H, 3

For the WCS one hes to consider the equetions of menipule=~
tor geometry in the general form:

ay " E®), (%)

where ¥ is @ nonlinear snalytic vector function that wmaps a
point in JCS onto a point in WCS. 1If the menipulator ia

nonredundant, this mapping is unique with a unique inver-
1

sion E- (q,). Combining (2), (3) and (4) we have:
-1 o :
2y gy 3) = E0 (2q, ¢ E(8)) -3 . (5)

It should be noted that the calculation of 13 requires the
solution of two sets of manipulator equations, F and its

inverse E-‘. This is so because only the positions in che

JCS are measurable.

In the case of TCS, the JCS/WCS mappings are formally
as before

21 (AEI' 30) 2 3H (%SQ' Eo) J (6)

where Aﬂﬁ -'(Li', sa, 0, 0, dw) is an intermediate

increment defined by a simple coordinate transformation
A;T
ax' = R(ang) | .0 . )
> P 0

with R being a 3x3 rotation matrix that corresponds to the
angular position of the tracking plane TP in the WCS.

Similarly, for increments HCS we can write:
2,8y, 3)) = &, (dqy, &) 8)
where 4q%, = (&x", 20, Aw) and
ax" = 5(9_°)A£ . 9

Vector 3, in (9) corresponds to the temporary orientation of

the hand in the WCS. As seen, the transformation from the
HCS to the WCS is based on a temporary hand orientation
which is measured indirectly via the JCS. Therefore, the
current value of 9, must be calculated

&t 1(20) . 10)
where ¢ represents a subset of the manipulator geometry
aquationa (4).

Conditional shifts ere more complex. To give an idea
of this, consider only the first and lsst examples shown
in Fig. 3. it can be shown that for a given )y, two
additional shifts must be executed in the HCS in order to
keep the reflection point of tha lower-left proximity
sensor fixed:

W+ w
an -"'—2"'9'(1 - cos iy) + (5 + So) sin 3y

an)
w + <
Ay = 3 sin Ay - (S + So) (1 - cos ay)
where S = § O is the EE opening, S_ end W are fixed

L
perameters of the manipuletor. Similar equetions hold for
conditionel pitch and jaw increments. The conditional EE
operation is much simpler and require only laterel
corrections:

[+]

%! if right finger is fixed
an = 12)
Aw G &
o5 if left ringer is fixed.

4.2 Lineerization

As sean, all coordinate trensformations are baead on
the function jw. This cen creetes a heeavy computational

burden., Therefore, the lineerization of 3u is {ntroduced.
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It is easy to show that for sufficiently small Aqw,
equations (3) and (5) can be replaced by:

20 w2 (8) g, . (13)

Where 3 (go) is the inverse Jacobian of F (8,):

]!
28 7|sT]e, . 08

Linearization simplifies the computations considerably, but
introduces cummulative errors. Fortunately, as seen later,
the primictive actions are imbedded into iterative feedback
loops so that cummulative error cannot occur.

4.3 Decoupling the joint coordinates

The complexity of the mapping (4) depends on the geo-
metric construction of the manipulator. If the manipulator
geometry provides only a loose kinematic coupling between
arm, wrist and EE coordinates, the joint vector 8 cam be
considered as a composition of three vectors QA’ §H and
EE' The three vectors represent the arm, the wrist and
the EE, respectively, and their mutual dependence is
reduced to a simple addition of angles. Due to the double
parallelogram nature of the JPL CURV arm, the orien-
tarion dependence between EA and BH only requires a simple

correcrion of SL for every change in @ As a consequence,

1
the 7x7 macrix 3(30) can be reduced to two 3x3 matrices
EAQEO)' and SH(go)' and che equation (13) becomes:

a8, = 2,(8)8x

=A

APH > 3H(go)A2 = Agcorr * (15)

88, = kgl

where 8, = (8,,8,,8.), 8, = (8,,8,,9), 8, = o,

Agcorr = (-AS‘.0,0), and kE is a scaling factor that con-
HAND
™ PLANE

BRFFER

S i SR

verts EE opening into a corresponding joint angle. The
matrix 3A(§°) for che JPL CURV arm has a relatively simple

form (Ref. 16). The matrix 3H(3°) is a unit macrix for the,
JPL CURV arm.

The coordinate transformations in the CACS can be
summarized as shown by a data flow diagram in Fig. 4.
This diagram contains four kinds of graphic svmbols:
arrows representing vector or ccalar data; square boxes
representing computation of a function; arithmetic symools
and oval boxes representing the data buffers. Data buffers
play an important role in the approach described in this
paper. They will not be discussed in detail here, and
will only be considered as memory locations allocated to
the shared data that are used in different computations.
The part of Fig. & fenced by dotted lines represents the
coordinate transformations from TCS and HCS to the WCS.
Therefore, WCS is the common coordinate system for all
primitive actions. The input increments on the left side
of Fig. 4 are generated by various control algorithms
which implement the execution of composite actions. The
results of the coordinate transformations are accumulated
in the world-space buffer. This is a transit buffer in
the syvstem, with the purpose to collect increments from
different control algorichms before the final WCS to JCS
mapping is performed.

4.4 Superposition of the control modes

As discussed previously, some composed actions are
related to moving objlects or moving tracking surfaces.
This means that positional shifts, generated by control
algorithms, are relative to the moving object or tracking
surface. As an example, Fig. 5 illustrates the case where
the EE is following an object. The speed of object s and

the speed of the EE v_ are equal, but the position of the

E
EE relative to the object must be corrected by a lateral
shift -4n. This shift must be added to the corresponding
rate increment gE&t.

In this work such additions are handled within the
frame of the WCS. Therefore, two parallel versions of
world-space buffers are introduced, the position and the
rate world-space buffer. As shown in Fig. 6, the position
buffer collects all positional shifts Asi generated by the
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:'f & TABLE 1. MOTION PRIMITIVES USED IN CACS PROJECT
X e
':‘ 1 b 4
% —— Gy — Procedure Description
————— -
€ | ~§ SHIFT(ax,CM) Move EE tramslatorv fcr 4x in WCS.
—_— = 4 o s ==
_—’_’__,J———\A) o) (Hand angles unchanged.)
: L YAW(Aa,CM Rotate hand for angle lo
h v e 5 PITCH(AB,CM) Rotate hand for angle 48
ROLL(ay,CM) Rotate hand for angle Ay
Fig. 3. &Example of Combined Motion
5 3 MOVEK (Ag,CM) Move EE translatory for 4£ 1ia HCS
(forward - backward)
aq WwCS .
. I POSITION MOVEE (an,CM) Move EE translatory for 3n in HCS
. > SUFFER (left - righe)
i . da A9 pos
B?‘{ MOVEZ (ag,CM) Move EE translatory for 4% in HCS
[ d - downward
wsTo s |8 MEWRT
MAPPING | = -
i SLIDE(A;T.CM) Move EE translatory for ix, in TCS
44 core CONTR (4w, CM) Contract the EE for iw
a EXPND(Aw,CM) Expand the EE for Aw
]
YAWC (FP,S,w,40,CM) Rotate hand conditicnally for
Fig. 6. Superposition of Control Modea angle 3o
PITCHC(FP,S,w,48,CM) Rotate hand conditionally for
control algorithms. Whenever an increment is sent to the angle 48
buffer it is added to the actual content of the buffer.
y This kind of buffer access is marked by an addition symbol ROLLC (FP,S,w,4Y,CM) Rotate hand conditionally for
o on the diagram. In the time of WCS to JCS mapping, the angle A4y
- accumslated increment quos.‘:hat represents the position
B4 contribution to the total increment Aq, must be transfered CONTRC (FP, dw,CH) Contract the EE conditionally
4 = for Aw
h to the mapping routines. The transfer procedure must reset
. the buffer after receiving its content. Therefore, the EXPNDC (FP, Aw, Cif) Expand the EE conditionally for Jw
t, buffer will be empty by the time when the next increment
} is executed, provided that it was not filled again by the -
k. control algorithms. Buffer reseting is marked by "R" on Notices: CM is control mode: CM=0 for posicion, CMe!
F the diagram. The rate buffer containes the rate increment for rate, ¥P is sensor identifier: FP=0 for
pe: 39.,.. that corresponds to spad v, and there is no addition left, FP=1 for right proximity sensor.

property involved in the corresponding acceasing proce-

durea. Also, the procedure that reads the buffer does not
reset the buifer. Consequently the rate contribution
Agra:e exists in every iteration cycle of the motion

. increment execution until its content {s nullified by the
control algorithms.

4.5 Motion primitives

The coordinate tranaformations contained in the dotted
area of the Fig. 4. are implemented in software aa a sat of
subroutines that will be called "motion primitives.’ The
1ist of motion primitives employed in this work is given
in Table 1,

Motion primitives are subroutines called in the pro-
grams that implement the execution of compoaite actions.
All motion primitives have only input parameters, These
parameters define motion incrementa in a given coordinate

; . system, the control mode and the additional condition data
LS in the case of conditional shifts. The result of the
;Tﬂ coordinate transformacions {s placed into the world-apace
F.‘ buffer, position or rate version, depending on the control
b - moda identifiar.
n-_'
h..‘
= 5. IMPLEMENTATION OF COMPOSITE ACTIONS
R As discussed before, execution of a composite action
B consists of s sequential execution of primitive actions.
b Therefore, ths problem of implementing composite actions {a
X the problam of generating a sequence of motion increments.
|.'.-

T AR R S A O N RO I R R

5.1 The controller and its state equation

Generat{on of a sequence of motior increments Ag(k)

(the coordinate system will be ignored here) can be
described by the following iterative equation:

3 = s, W 50y g2, (16)

E(k) and g.k)

commands

taken in the k-th iteration cycle. The value §(‘) has
been measured when the manipulator was in the position

g(k). The vector function £ represents :the control algo-
rithms which generally involve both numer:c calculations

and logic decisions. These algorithms will be called here
“controllers”, A controller is allocated to each composi:

where k denotes the iteration cycle, while
are vectors of sensor data and human operator

action. (These contvwollers should not be misinterpreied s
local feedback controllers in the manipulator servo hard
ware. They have nothing in common.)

Because the iterative equation ('6) involves oni e

iteration cycle, f is a memoryless controller T
ataly, the majority of composite actions are not

and cannot be implemanted by memoryless ntrollers )
control algorithms may require the dati from =a

last M iteration cyclestr Thus, the list Tgude

should be extended by s'<74) (¥ o

M=-1, A more elegant way to Zeal v

introduce state variables. Stat ar
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Ly benefit of the recurrence idea, and considerably simplify
.:" the formulation of the control algorithms and the corres-
r;i. ponding memory operations.
R
PMZ' The state variables are suitably chosen data that are
rb}‘ calculated additionally in each iteration cycle and memo-
iy rized for use in the next iteration cycle. The state

variables can be grouped into a state vector. The dimen-
sion of the state vector corresponds to the number of
iterations contained in the iterative equation. Since che
control algorithms contain many logic variables and logic
decisiona, the state variables for the controller can also
be boolean variables. Therefore, two state vectors will
be introduced here: a numeric state vector, t = (r‘.rz.

...,rR) whose components r, are numeric variables, and a

i

logic state vector L = (l'.lz.....lL) whoae components &,

are boolean variables. The controller with memory can now

be described by the following recurrence relation:

OO ILNC IO RN

o S W, oy

R I O S B O R U S Y oo

ORI

20D Ly

§“’.g“).3“5.

jor
in

Qa7
(0

J"

-
= =0

where ¢ and {  are initial values of state vectors r and

i, and g and h are numeric and boolean vector functions,
respectively.

The iteracive process (17) is illustrated in Fig. 7.
As indicated in this figure a special buffer is allocated
to the controller for memorizing the numeric and logic
state vectors. The coordinate transformations have already
been described in the previous section. The broken arrow
at the manipulator input in Fig. 7 indicates the delay
between two succesive values of manipulator inputs i(k)

and 3(k+'). This delay will be discussed later.

) 3 (i+1)
Dy ae™eoomomare It variru- | s
)| conTROLLER TRANSFOR- LATOR
L MATIONS ™
SENSORY FEEDSACK

Fig. 7. Iterative Generation of Motion Increments

Two simple examples are considered now: roll and
pitch alignment. According to Fig., 3, the roll increment
for full roll alignment is given by:

sk _ ()
AY(k) = arctg LE 1L (18)
w + Ly

This equation describes a simple memoryless controller.
Pitch alignment can be performed by constant longitudinal

test shifta Aztes:' This {s necessary because the EE has

only two lower proximity sensors. (The condition to start
pitch alignment is to complete first the roll alignment.)

L i e i s e
i o

According to Fig. 3, the pitch increment will be:

() 509 - 5!
18 = arctg — d (19)
““rest
where Sak) and Sﬁk-‘) are lengths of lower proximitw sen-

sors (one of them) in two succesive iterations when the
The algorithm that
be:

test shift thest has been applied.
implements the pitch alignment will
if { = false chen

begin

55"A£nes:;

28:=0;

(i=true; b

r:-SL

aB:-(SL - r)/a&teut;

ii=false
end
end

where the initcial conditiona are ro = false.

=0, i

As seen, the controller uses two state variables, r
and L. The first memorizes the preceding value of the
proximity sensor beam and the second i{s a boolean variable
that controls alternation of test and correction incre-
ments. A more complex example is the centering procedure
that requires the use of five logic state variables.

In ideal cases, roll and pitch alignments can be per-
formed in one and two iterations, respectively. However,
due to noise in the sensor signals, errors in the manipu-
lator servo and linearization of the manipulator geometry
equations, it can be expected that succesaful alignment
cannot be achieved in the first trial. Therefore, the
alignment process must be repeated several times until
some termination criteria are satisfied. For practical
reaaons, therefore, the corrections liv and i3 should be
limiced. If the limiting value is sufficiently small,
then the function arctg can be linearized. Also, some
averaging techniques can be applied to the sensor data. 1f
the general first order filter is used, the state equation
of the controller for roll alignment will become:

(k)

Y . @

(k)

+ c;‘.SL .

r(k+1) L ar(k) + bAS{k)

’ -
(k)
AYm‘x if Yy > hmax (20)
Ay(k) - y(k) if ly(k)| S avmax
) .
-AYDSX 6@ ¥ < Avmlx
I Tl | WS NPER T - W QLIPS RS- R, 7 o Y e k.:. ‘-:J



(k) _ (k) e !
L SLR « Moay 1S the maximum value of

roll increment defined as a MCS parameter, and a, b and ¢
are filtering constants. It is noted that these parameters
do not depend on the mechanical characteristics oc rthe
manipulator.

where Si‘) CR)

5.2 Virtual Manipulator

An importent feature of the iterative process
described by equation (17) is that che functions f, g and h
do not depend on the dynamic charecteristics of the manipu=-
lacor. The manipulator is here considered as a device
externel to the control computer having only two oblige-

tions: to execute the increment Ag(k)
(k)
N

computer when the execution is completed.

within an arbicrary

but finite time intervel At , and to notify the congrol

The length of
the time interval Acék) depends on the current dynamic per-

formance of the manipulator, om the current position i(k)
of the manipulator, on the length and orientacion of che

increment ;i(k), and on che load currently being handled
by the EE. Therefore, the manipulator execution intervals
are very compliceted functiona of many end partly unknowm
parameters exposed to unexpected chenges. Even for the
(k) (k)
M
ever, this is irrelevant to the control algorichms, i.,e.
to the controller that executes the composite action. The
controller is synchronized so that after generating the

L it waics until the manipulator reaches the
e(kﬂ)

§(k*l)

b HL e a

LSS el
.

the execution time At can be different. How-

same 4§

increment 48

new position Then, the controller reada new values

of sensor deta
Ae(k*l).

Ji(k) due to its own locai feedback controllers ettached
to all manipuletor joints. Because of this autonomous
cepability, the manipulator will be called a "virtual
manipuletor.” The degree of virtualization can be lower
or higher, depending on the sophistication and computar
support of the local feedback control system. For example,
the manipulator can be supported by dediceted microproces-~
sors to improve the performance of the locel feedback con-
trol. Also, more sophisticeted algorithms cen be used for
the locel feedbeck comtrol.

in order to generate a new increment

The menipuletor is capable of executing any

The concept of a virtual manipuletor divorces the
problem of the design and implementetion of interactive
manipulator task control elgorithms from the problem of
manipuletor local feedback controllers.

The virtuel manipulactor will now be defined more pre-
cisely. First, the position § of the manipulator is said
to be stable if the following ?nequ&litics hold:

|81 = ari(t)l $e 0 t2>2t, i 1,2, 00448, (21)

C: where °r1(‘) are ectuel velues of manipuletor joints, to is

the time when observation starts, and ¢ are tolerances

J
given by the MCS designer. The tolerences must be in

accordence with the reaolution of joints and sensors, and
with the requirements of the perticular manipulator cesk.

F
|
E

bt

&

Fi Tha virtual manipuletor executes the increment 48 im JCS if
tJ' it moves from the stable posicion go to the stable position
L. 8= 3 + 03 (see Fig. 8).

t;' Now, the following assumption must be satisfied con-

L . cerning the virtual manipuletor: For given €y €5 "

(‘J1"""JN)' end for any go and 8 belonging to the

"X

A s
a

domain of all edmissible positions of the menipulator, the

time i, of execution of the motion increment 39 = § - &

is finite end less than a prescribed velua. The control

e s L

e SR Do e

algorithms and the system svnchronization is based on this
assumption.

)
| 2,
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Fig. 8. Execution of Motion Increment

5.3 Controller scheduling

The iterative process shown ia Fig. 7 must be orga-
nized so that the executions of the controller and che
virtual manipulator are performeo in the proper sequence.
I.e., the controller must wait i1 the manipulator
achieves stable position and sends sensor data. Also, the
virtual manipulator must wait for the controller until it
generates a new motion increment. This organization will
be called scheduling of che controller. There are two
basic approaches to controller scheduling: the synchronous
and asynchronous approech. Both are i{llustrated in Fig. 9.

Synchronous scheduling is based on cyclic {nterrupts
generated by the clock. These interrupts initiate reading
of the sensor data and execution of the controller. Imme-
dietely after the controller is executed, the new set-point
ia sent to the manipulator. When the manipulator executes
the set-point, the controller is waiting for a new inter-
rupt signal. It 1is obvious that for this type of sched-
uling the execution cimes of the controller and the
manipulator must satisfy the following inequality:

(k) (k)
Atc +A:M < T (22)

cyc

where Tcyc is a fixed period of the clock. This period

must be chosen to satisfy the worsc case, i.e., the maximal
posaible values of A:C and ALW. As a consequence, there

will be time intervals when both controller and manipulator
are idle. These intervels are indicated by the shadowed
area in Fig. 9. This results in wasted time and slower
execution of the composite action.

With esynchronous scheduling the interrupts are
principally generated externally by the manipulator so
cthet idle intervala do not exist. This scheme requires
greater complexity in the scheduling mechanism which
increases computer overhead, i.e., the execution time of
the controller. Nevertheless, faster execution of compos-
ite actions can be achieved by using asynchronous
scheduling.

It is noted that the scheduling problem is much more
complex than the brief remarks discussed above. To this
point the execution of only one controller was considered.
As seen leter, some complex ections require simulteneous
execution of more than one composite action. Therefore,
controller scheduling will involve parallel execution of
more than one controller.

6. IMPLEMENTATION OF COMPLEX ACTIONS

Execution of complex actions is enforced by explicit
commands issued by the humen operator. In ordec to study
the implementetion of complex actions for a given class of
menipulator tesks, first the corresponding command struc-
ture is considered.
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6.1 Command scructure

Due to the limited repertoir of manipulator tasks
anticipated for the initial phase of the CACS project, the
correeponding command language ie quite eimple. It can
be defined by the following expressione using the Backus-
Naur notation:

{c d) ::= &

{parameter aesignmente)

d code) - ommand optioné)

&ommand code) ::= SEARCH | FOLLOW | GRASP | sTOP

| HELP | HOLD | ABORT
(ommand optione) ::= (empty) {, frption codn)}

@ption cod€) ::= MANUAL | RATE_MODE | DYNAMIC_OBJECT
| CONSTRAINED_MOTION (23)

| HAND_COORDINATE_SYSTEM

parameter
< > e
seeignments

{parameter seeigmment) ::= (command parameter id)

{empty)

{, {paranmeter uugnmen:)}

= (parameter value)

(command parameter id) ::= P1| P2| P3] P4| PS5 |P6|P7 .

| i
| | 1 flevd) | 4
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Fig. 9. Two Basic Approaches to Controller Scheduling l

As seen, there are seven basic commande, four of which have
already been diecussed previocualy. Command HELP enablee
the operator to interfere with controllere in order to
support manually the automatic operationa {f it ie needed.
HOLD command immediately freezes the motion of the manipu-
lator in emergency casee. After abortion of this command
the manipulator will continue the action from the point
wvhere it has been interrupted. ABORT command 1s ueed in
conjunction with other command codee. Any command pre-
ceded by the parole ABORT will be withdrawn and disre-
garded until Lr {s {esued egain. Command options are aleo
discuesed before. If an option is not quoted, the corre-
sponding default will be aasumed. Defaults are: automatic
operation, poeition control mode, etatic object, uncon-
strained motion, and world coordinate eyetem.

The implementation of this command language was
motivated by the following requirements:

e The commande must be convenient for the human
operator, i.e., the operator should be able to
ieeue them easy and fast. This is very impor-
tant in the case of an interactive MCS.

e The commands muet have parallel capability,
i.e., certain commanda will be ieeued -
simultaneoualy.

e The responee of the command interface muet be
fast,

The motivee quoted above have led to the development
of a Universal Control Panel which is en electronic device
that incorporatee discrete and continuous command signale
in one device. The command codee and option codee are
A switch haa

implemented by a set of "“on-off" ewitchee.



R T

Lab_.a 8.8 0.8

a

LR e R

P T h A, et

. 5 r
. o Pl e i 3

et e

been sllocated to each commsnd code. The control parameter
sssignments are {mplemented by two 3-dimensionsl jovsticks
and s potentiometer. These analog devices can simultane-
ously generste seven analog signsls.

The human operator command C which sppears in equa-
tions (16) snd (17) can now be expressad by three vectors:
€ = (c, o, p), where ¢ = (cl, Cye---2Cy) and g =

(o,. °"""°5) are boolean vactors representing command
and option codas, respectiveiy, and p = (p‘, pz,...,p7) is

a vactor of rasl variables assigned to the parameters. The
ordering of thase vectors is definad by the expressions
(23). For example, bit c, of ¢ corresponds to command
“GRASP", bit o, of o corrésponds to the option code

""MANUAL", and the component P of p contains the numeric

value assigned to paramater PS5, which is relsted to the
output of the pitch channel of the right joystick. Abor=-
tion of a commsnd is done by setting the corrasponding
switch in "off" position.

6.2 Event variables

To execute a complex action some conditions must be
satisfied. First, cthe appropriata command must ba issuad.
Second, the manipulator must be in s proper stata ralstiva
to the objact so that the MCS can successfully proceed
with the commanded sction. For example, to stsrt the
FOLLOW operetion, cthe EE must be in tha proximity of tha
object; or to start the GRASP oparation tha MCS must com-
plete speed identification of tha object and centering of
the EE. Therefore, the control algorithms must in every
moment of the tsak execution ba awera of the current stete
of tha manipulator reletive to tha object and its anviron-
ment. For this purpose special logic variebles, called
evant variablee, have been introduced eleevhere
(Refs. 20-21). For the CACS projact, the event variables
are organized in an evant status scheme shown partially
in Teble 2.

The event variablas can be reprasantad in tha vactor
form e = (e‘, ez,...,em). The components of this vactor

ara boolaan veriables thet indicate occuranca of tha corre-
eponding event (when trua), or ebaance of the evant (when
felsa).

Tha avent statua vector e, togethar with the command
code vector ¢ and the option coda vector o, provida suffi-
cient information for meking tha dacision whan to start or
to tarminata a complex or s composita sction. Also, tha
axacution of a composite action will changa the svent
status vactor a. Thus, tha vectors ¢, o, and s play an
assantial rola in tha coordinstion of both complex actions
and ths antire manipulator control task.

6.3 Action precedenca graph

Exacution of s complax action is datarmined by prece-
dence rulee that dafina tha ordsr of execution of tha
corrasponding composita sctions. Tha rules slso spacify
the conditions that must be satisfiad to etart or to tar-
minate tha execution of the actions. Thesa rulss can ba
exprassed grephicslly by diagrams that will ba callad
Action Pracedanca Graphs (APG).

An APG example is given in Fig. 10. Tha figura shows
four composita actions 1, j, k, and L, raprasentad by
circlas. Tha arrows batwaan circlas indicata the transi-
tions from one action to anothsr, and rij' tji""'tlj era

vsriablas corrasponding to the traasition conditions.
Theee variablas ara boolaan functions of command code,
option code, and avant status vactors:

Ton * TanlSe 2+ &) men = 1,5,k,2 . (24)

i
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TABLE 2. CACS EVENT STATUS SCHEME
Event
Variable Description
e"eﬁ Front-left/right proximity sensor indicates
i proximity discsnce
e3/a“ Front-left/right proximicty sensor indicatas
following distance
esle6 Front-lert/right proximity sensor indicates
collision distance
e.,/e8 Lower-left/right proximity sensor indicates
: proximity distance
e /e Lower- left/right proximity sensor indicates
9710
tracking distance
e”/e‘2 Lower-laft/right proximity sensor indicates
collision distance
213 EE 1is roll aligned to the tracking plane
e‘a EE.ie pitch alignad to the tracking plane
e EE is ysw aligned to the object
e Spaad of tha objact is identifiad
e‘7 EE is centerad to tha object
e Object is graaped
e19 Object is stoppad

i, il

Fig. 10. Exempla of An Actions Precedence Graph

The ordar of indices of the condition variables :ndi:azes
the diraction of transition when the conaition d>ecozee
trua.

Two kinds of transitions sre shown in Fig. 10:
unblocking and blocking trsnsitions. Unblocking transitioun
occurs whan en action, say j, raalizes the zruth of the
condition ‘jz' invokes the execution of the succeeding

sction 1, and continues its own execution. Atter that the
two actions are in axecution simultaneously. Blocking

transition occurs whan an action, say j again, realizee che
truth of condition ¢ K’ invokes axecution of the succaeding

action k, and immediately terminetes its own execution.
This typa of transition is indicetad by a point at the
baginning of tha arrow. An action can elso be termineted
by itself, without transition to enother action. This ie
indicated by en arrowlass point on the circle and merked
by tha condition variable tjj' As shown in Fig. 10, tha

transitions csan be in a raverse order. The condition

variablas for rsvarssd trensitions ere .ji' 'kj and 'lj in
Fig. 10. A raversa transition occurs whan an action, say
j, currantly being in axecution, loses the condition "1

for its active steta and must be termineted, whiila \tl-




predecessor { must be activated again.
we have tji - ?ij

The construction of an APG, including the boolean
expressions (24), must be done with special care to pre-
vent deadlocks or instability, i{.e., to prevent endless
reversed transitions between two actions.

In symmetric cases
, but it is not so in the general case.

The APGs for four complex actione of the CACS are
shown in Fig. 11. As an example, the logic expressions
for the transition conditions of the first complex action
are given below:

Tiz TSy N0y Mo, Mgy Voey)

Faup™ -‘.12

B2ad B3ord Sis

‘32 ° 23

T30 Tag A CE (25)
Te3 T :'3:.

a1 T Tae N (e A e’

Te T Ty N (&g AE,)
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where e, through e,g are event variables defined in
Table 2, ¢

and °,

1 corresponds to command code for searching, o

indicate manual constrained options.

1

Dotted arrows in Fig. 11 indicate ths transitions
between complex actions for a particular control task:
manual searching, following, grasping, and stopping an
object that is slowly moving on a fixed plane. The dottsd
arrows connect an APG for the entire control task.

-
/"—’
- <i:|=l=> <§=ai=”
Fig. 11. Action Precedence Graph of the CACS

6.4 Cooperating procssses

The composite actions shown in Figs. 10 and 11 can
be implemented in software as sequential programs to be
executed on sequential processors. The following questions

arise: how to implement an APG which requires parallel
execution of several composite actions; how to coordinate
action transitions; and how to exchange data among the
actions, i.e., among the corresponding sequential programs.
The answer to this is the concept of cooperative processes
largely emploved in the field of operating systems and
real-time programming. (See Refs. 13-15, 23-26.) The
process will be considered here as an activicy >f execution
of a sequential program on a sequential processor. :n
general, the process has two states: an active state when
it is in execution by the processor, and a blocked state
vwhen it is not in execution. Furthermore, the process has
a form of an endless cyclic program, where the cycling can
be terminated if the process explicitly blocks itself, or
if it is blocked indirectly by synchronization mechanisms.
The synchronization mechanisms are part of a special set
of procedures that support the parallel execution of
processes in one or more processors. !tore about this in
the next section.

Each composite action has an associated process. The
processes contain essentially two parts: a part where
they compute and check the transition conditions and per-
form the corresponding transition operations, and another
part where they execute the sequential program that imple-

ments the controller of the composite action.

For a transition operation two primitives are used:
AWAKE(1) and BLOCK. The first primitive ie a procedure
that activates process "i" quoted in the argument lisc,
and the second procedure puts the calling process into the
blocked state. This procedure also initializes the caller
controller, i.e., it assigns the initial values to Che
state vectors r = Eo and L = go. so that the controller

will be ready to start again if its process is activated
again. To give an idea how this works, consider the APC

in Fig. 10. This example is sufficiently general to cover
all complex actions of the CACS. The actions i, j, k and 2
have to be considered now as processes. The process "j"
will have the following form:

"Process j"
begin
repeat
compute transition conditions;
if Tyt true then begin AWAKE(1i); BLOCK end
if rjl = true Cchen AWAKE(1);
if Tjk = true then begin AWAKE(k); BLOCK end
if Tjj = true then BLOCK;

execute controlier (one iteration);
forever
end

Processes i, k and ! have a similar form.

To this point only processes that perform compoeite
actions are considered. But, for full implementation of
an APG, it is necessary to communicate with the external
world, i.,e., with the command interface and the manipulator.
Thsse communications can be performed by additional pro=-
cesses that support various I[/O functions. These proceeses
are executed independently and simultaneously with the
action proceeses.

75 SOFTWARE ORGANIZATION

Several software components of the MCS have been dis-
cussed in the previous sections: motion primitives (sub-
section 4.5), controllers (subsection 5.1), two synchrani-
zation primitives, AWAKE and BLOCK (subsection 6.3), and
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two kinds of processes, controller processes and 1/0 pro-
ceeses (subsection ».%). In this section a new system
component will be discussed that plays an important role
in the implementation of cooperative processea. The new
component is called monitor.

The concept of monitors was introduced by 3rinch
Hansen (Refs. 13-14) and Hoare (Ref. 15) as a systematic
and powerful approach to the deeign and implementation of
real time systems. This concept was later extended to
high level languages for concurrent programming (Ref. 25-
26). Here the monitors will only be diecuased very
briefly. More about monitors and their application in tne
MCS will be given in a companion paper (Ref. 27).

Buffers that are used to save data for later use by
the same part of the program, or for simultaneous use by
diffsrent parte of a program have been discueeed in previ-
ous sections. Examples are rotation matricee 30 and ET?'

! . WCS and JCS buffers (Fig. 4), and controller buffers for
A ) handling state variables r and % (Fig. 7.). There are
aleo other examplee, as event variables e, command data C,
and eeneor data S.

A

All these data are shared among different processes
which can run simultaneously. In such situation, the
mutual excluaion of accesa to shared data must be ensured.
In ccther words, it must be guaranteed that the same shared
data buffer can only be acceseed by une procese at a time.
Lf two processes attempt to acceee Che aame buffer at the
same time, one must wait until the other completes its
operation on the buffer data. It ie also important to
control the accesa rights to the shared data, i.e., it
muet be explicitly declared who has the right to access
the shared data and what it can do with these data. The
mutual exclueionm and the acceea rights control of shared
data buffers is provided by monitore.

"l'-'}- ’
¥4 a 4.0

B ) rY
A AT
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In general, a monitor ie an abstract software object
that contains the following entitiee: data structure,
procedures, initial operatione, and accese right defini-
tion. The data structure contains the ehared data as well
as some additional adminietrative data neceseary for the
functioning of the monitor. Monitor proceduree explicitly
define all operations which the procesees can perform on
the shared data. These proceduree are called directly
from the proceseee, or indirectly from other system compo~
nents, e.g., frcm controllers and motion primitivee. The
initial operations define all operations that muet be
performed during the time of creation of the monitor.

For example, aeeigmments of initial values r and Lo to

the controller etate variables r and 1 are such initial

g operatione. Finally, accees tights define all connectione

L’:E of the monitor to the reet of the syetem. This is achieved
ho o~ by giving an explicit liet of all proceseee or other
| (LA monitors which can accees the monitor.

Monitors are used to protect the shared data and to
schedule the other reeourcee of the syetem, as for example
some programs, [/0 devicee, and even a proceseor or pro-
ceeeors. Monitors can also be ueed to schedule the
procesees that are in producer-coneumer relations.

Example for this are eensor data buffere which are accseeed
. by at leaet two proceesee: by an input proceee which pro-~
videe the seneor data, snd by a controller procees which
ueee these data to generate motion increments. In this
example, the input procese ie a producer, while the con-
ttoll,r procees is a consumer. Synchronization of theee
proceeees can be done if the monitor data etructure is
extended by two eingle element queues, one for the producer
and one for the consumer. The scheduling will work ae
followe. 1If ths consumer tries to take the data from the
empty buffer when the producer hae not yst provided the
data, it will be blocked and placed into the consumer
queue. Aleo, if the producer tries to put new data into
the full buffer when the consumer hae not yet taken the
previoue data from it, it will be blocked and placed into
the producer queue. If the coneumer hae taken the data
from the buffer leaving the monitor, the monitor eupport
proceduree will automatically check the producer queue,
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and if it is not empty, the producer process walting in
this queue will be activated. Alsc, when the producer
puts the new data into the buffer, the consumer jueue will
be checked, and the possibly waiting consumer »nrocess will
be activated. This method of scheduling can be used for
asynchronous scheduling of the controller discussed in
subsection 5.3.

A monitor is allocated to all shared Jdata in the
MCS. There ie no other way to access shared data except
by monitor procedures. Some monitors are equipped by the
consumer-producer facility, depending on the role of the
monitor in the systez. The monitore are defined by the
application programmer who has written the “(S software.
Functioning of the monitors, i.,e., scheduling of simul=-
taneoua monitor calls, management of producer and coneumer
queues, corresponding preemption and resuaption of the
proceseee, muat aleo be provided by software. However,
this part of the eoftware is external to the monitors and
it is called "kernel." The kernel is a collection of pro-
cedures which support all monitore declared by the appli-
cation programmer. They implement also the other synchro=-
nization mechanisms (for example AWAKE and 3LOCK are xernel
procedures), and perform scheduling of all other resourcee,
including processor or proceeaors in case of a muitipro-
ceseor enviromment. Therefore, the kernel Jeais with /0
drivers, interrupt handlers, and other communication and
synchronization facilities implemented in the hardware. Om
the other hand, the kernel is completely free >f the appli-
cation software, and it can be written by a svstem pro-
grammer who is familiar with a particular machine, and may
not be familiar with the specifics of an application soft-
ware, i.e., with the MCS, So is with the application pro-
grammer, who does not have to care about details of hard-
ware and communication and synchronization software facili-
tiee. The kernel hides these details, extending the par-
ticular machine to a virtual machine with given character-
ietics, pertinent to the MCS requirements.

The whole MCS software can be presented as a three
level structure shown in Fig. 12. The first (higheet)
level is the manipulator task dependent software. It con=
tains controller and I/Q0 processee. This includes pro-
cessing of event variables and transition conditions, and
preparation of arguments for controllers. The second level
of the MCS software contains the general system components
like motion primitives, controllers and monitore, which
can be uaed for implementation of any complex action or
manipulator task. This level supports the first levei.
The third (lowest) level ie the kernel. The kernel (s the

|
CONTROLLER AND /O PROCESSES lW
o IMPLEMENTING THE COMPLEX ACTIONS [ | Task
DEPENDENT
o MAINTAINING THE EVENT STATUS VARIABLES parT
o EVALUATION OF TRANSTTION CONDITIONS ' )
MCTION PRIMITIVES, CONTROLLERS AND MONITORS H
o IMPLEMENTING THE PRIMITIVE ACTIONS l ——
L
o IMPLEMENTING THE COMPOSITE ACTIONS | YsuprorT
» DATA COMMUNICATION F Ly
o PROCESS SYNCHRONIZATION LJ
[
!
KERNEL ]7
» SUPPORTING THE MONITORS
o SUPPORTING THE PROCESSES Ls&%}%
» SCHEDULING OF THE /O DEVICES Part
o SCHEDULING OF THE PROCESSOR(S) J
s /O MOCESSING ’

Fig. !2. Structure of the MCS Software
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hardwere dependent pert of the MCS software, and supports 3. J.W. Hill and A.J. Sword, "Algorithmic Remote
the first two levels. The complexity of the kernel depends Manipulation (ARM) Language" in "Studies to Design
on the synchronization method used for controller synchoni- and Develop Imoroved Remote Manipulator Svstems,”
zation, on the scheduling stretegies used for dispatching NASA CR-2238, April 1973,
the processor, and on a number of processors and their
interconnection technique. 4, E. Shaket and A. Freedy, "A Model and Language Design
for Man-Machine Communication in Computer iided Manip-
In general, using this approach, the changes in ulation,"” Proceedings of the 1977 IEEE Conference on
hardware will not affect the first two software levels. Decision and Control, New Orleans, Louisiana, Cecemoer
For example, if the system was running on a given computer 1977.
and later the original computer configuration is extended
to two Or more processors, only the kernel must be 5. K. Takase, R.P. Paul, E.J. Berg, "A Structured
rewritten. The other parts of the MCS software will Approach to Robot Programming and Tesching,” IEEE
remain unchanged. COMPSAC '79, Chicago, Illinois, November 1979.
6. B, Shimano, "User's Guide to VAL, A Robot Programming
B. CONCLUSION and Control System,"” Unimation Inc., Shelter Rock
Lane, Danbury, Connecticut 06810, February 1979.
The structured approach to the design and implemente-
tion of interactive sensor referenced MCS outlined in this 7. T.B. Sheridan and W.L. Verplank, "Human and Computer
paper (s related to both control algoritiimns and their soft- Control of Undersea Teleoperators,” Technical Report,
wvare implementation. The control algorithms are based on ONR Contract NO0014-77-C-0256, Man-Machine Systems
the separation of the algorithms that perform the manipu- Laboratory, Department of Mechanical Engineering,
lator tasks from the local servo control problem. Accord- Massechusetts Institute of Technology, Cambridge,
ing to this approach, the interective sensor referenced Massachusetts, July 15, 1978.
manipulator control is being considered ae the problem of
execution of an action network, and any manipulator task 8. M. Vukobratovié, "New Control Concept for anthropo-
is treated as an arrangement of interconnected actions. morphic Manipulators,” Mechanism and Machine Theory,
Pergamon Press, 1977, Vol. 12, pp. 515-330.
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and the corresponding command structure. (b) Integration International Symposium on Mini- and Microcomputers
of the exiating command interface with e voice commend in Control, San Diego, California, January 8-9, 1979,
system developed previously. (c) Further investigetion Acta Press, pp. 123-128.
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their structural properties including the inherent deadlock the 1976 Joint Automatic Control Conference, Purdue
problem. (d) Development of new system components like University, West Lafayette, Indiana, July 27-30,
motion primitives, controllers and monitora. 1976, pp.
The results will be evaluated experimentally. The 13. P. Brinch Hansen, “Structured Multiprogramming,” Comm.
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