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INDUSTRIAL ROBOTS IN SMALL-ANO MEDIUM SCALE FACTORIES. 
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This infoc-mation packa~e should give a first introduction in 

prcble~s appearing by application of industrial robots and 

~anipulators especially in small- a~d ~edium scale factories. 

The indristry of rrany smaller -dev~loping and developed

countriEs is domin~ted by such factories. 

In field of applicatiun of industrial i·obols and maPipulators 

large sr::aled 

f~ctories C e.g.c~r factories, steel works, factories for the 

p1cdur:tic:.n of electrcnic device'3 ... ) mainly in industrialized 

r::n.-'ntries. A brcdce. introduction of inr1ustrial njbots in 

sr~ller countries will be more difficult than in larger and 

more industrialized countries. In artdition other criterias and 

facts ~ave to t2ke into con~ideration. 

Therfore this short information starts with various 

d1~finiti1:;ns fc .. ~;~~ustrial robots u•.>er1 tod~~. A suc-vP.~ about 

the <1ifferent t~wes of com:r.eccial available inc1u5tr inl robots 

yielrls to an outline about robot applications and application 

examples. Of gre~t importance are stati5tical datas for thr 

diffu~ion of robots into the prortuction in sr•.all as 1,.,ell as 

lorge·- sr:illed ir1rt1Jstrics. After thw~e mrHe general stat..~1.t.::nts 

~:;r:;~cial crr.phasis will he dHvotr::d to -;mall and rrr.'!dium c;r:;ile 

fr;ctoc·ir!s. Technicrtl, economical and -.;or:ial irr.pli1:dtions 

rP-JatP.d to the introduction of c·ubots in S•Jch fa1.;toc-i8S mainly 

in de,~·elnping countries will be di~cur;->~d. fir1;ilJy thr 

ir.-1p01-ta1u~e of the intc-oduction in devel11ping r:nuntrii:s i'S 

1,11d1:rli11r;d anc1 rer:ui;.~.-.dn~ations for an effir:ient i1nr1 ·,•1c1:r .. •,<;ful 

d pp} i I; rs t j 1.)n cH 8 g i Vt; n , 
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1. Robot definition and classificationL 

Industrial robots as a tool for automatization have been 

developed for the improvement of the people from recurring, 

monotonous activities. 

Jnjustrial robots form a part of manipulators which might be 

subdivided as indicated in Figure 1. 

[~an ~-pu :a tors-] 
-:_- ----r---=- l 

[
------- - - --- -- --- - ---, 

P_r~':1_r ":Ill cF r ()_ ! I <>d 

r~;x~d!io~:~-~~~dJ- - . -, ~~ri~~)(~ro~r] 

Fndling device] i-__ J_-~~-1~~-~-ria-~-- --- ·1 
ick ,1nd Place' re.bots 

- - - -- - -- . -- - - ----- --

The simplest and alsc "classical" mdnipulato1s wer~ developed 

for the nu~ 1 ear ter:hni que. Ther,e "Te I F?Opec-atoc s" t.Jere rr:anua 1 

control led by an opH·atnr. The ot..hHr gi-r.Jup of rr.anipulal11rs ;;ne 

p;.·c,L;r-;r.·:,.rthle eithBr- fixed or fln:<1bJe. Tbe fi1·st 1:.3fe~l)c-y 

inclurla ~11 simple "!1icl< 
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applicated mainly for machine loading and for simple a3~embly 

operations. The second category flexible programable 

manipulators- are called industrial robots. 

From the various definitions which are used today two will be 

given in the following: 

The first was proposed by the International Organi7ation for 

Standardization CISO) 

" The industrial robot is an auto~atic position-controlled 

reprogrammable, mul ti-.,..unctional manipulator having 

several rlegrees of' f'reedom 1:apable of' handlir.g materials, 

parts, tools or specialized devices through variable 

prcgram~ed mati0ns for the performance of a variety of' 

tasks" 

Uery close to this ISO def'inition is that us~d by the British 

Robot Association. According to the Jap<i;11~se Industrial 

Standards (JJS) a robot is cefined as 

" A mechanical system which has flExible motion fun~tions 

aralogous to the motion fun~tions of living 1lrganisms ur 

combines such motion functions with intelligent functions, 

and 1.uhich acts in response to the human will. In this 

context, intelligcnt functions mean the ability to perfo~m 

at least one of the fol lowing: Judg:C:ment, 

adaption or learning." 

recngnition, 

The key wocds in tJ.ese definitions are pc ogL-ammabl e or 

C'eprogrammable and variety. Robots r.an easu p1-ogra:.11ned for a 

m.J1J1her of rliffecent functions, when::as automated machines are 

designed P.xclusively for a specialized function. 

qobuts r.an he r.lassified from varinL15 pnints of vi~w. Sn~e of 

thr~'.>e are: 

- Load r.a;;ar. i ty 

- Ar-m GP.rJrr.etry (J<int.:rnoitic slrJctun=.:?) 

- De 1 ve !':.!.JSlem 

- r:ont1-ol S!j· . .;tr;m 

- rlcc1Jr<:scy 
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Load caJ;@_city:_ Usually the robots available today are 

subdivided in the following groups: less than 2kg, 2 to 20kg, 

up to lOOkg and over lOOkg. The maximum load capacity today 

amounts approximately lOOOkg. 

0t-m _ _g_eom!::tr~ Accot-ding to the human hand the robot has to 

rea 1 i ze 6 degrees of freedom. From these the aL-m has to 

realize usually 3 degrees of freedom. These can be r:!i ther 

translatorial CT) or rotational CR). In Figure 2 

type: 
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the most frequently used structur~s are collected together 

with their working space and the percentage of using. 

- Arm with three tr2nslatorial degrees of freedom, type 

CTTTl, cartesian robot: The gripper moves in three 

different directions controlling the height, the width and 

the depth of the operation. It gives the arm a great 

accuracy but makes it slow.1~% of the robots used today 

are of this type. 

- Arm with one rotational and two translatorial degrees of 

freedom, type TIN, TRI or RTT, cylindrical robot: While 

the type TTR isn't used today the other two ki~ematic 

5tructures C TRT,RTT) are frequently applicated. ~7% of 

the robots uswi today are of this structure 

- Arm with two rotational and one translatorial degree of 

freedom, type TRR,RTR or RRT, polar or spherical robot: 

Only the latter two types are now in application Cl~%). 

- Arm with three rotational degreas of freedom, type RRR, 

revolute or ~ntcopomorphic robot: These are the most 

flexible of robotic arms, capable of reaching nooks and 

crannies that others cannot C25~). 

For different applications, different configurations may be 

appropriate. A revolute ar~ might be the best for reaching 

into a tub,while a cylindrical arm might be ths best suited to 

a straight thrust between the dies of a punch press. 
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In every case the arm carries a wrist asse~bly ta orient its 

end effector as demanded by workpiece placement. Usually the 

wrist r~alizes the other tree degrees of freedom necessary for 

reaching each point in the working space with a 

predeterminated orientation. In the case of three rotational 

d~grees of freedom these are labeled pitch, yaw and roll 

analogues with the aircraft te~minology. In ~any cases 

,depending of the type of work, the geometry of the workpiece 

etc. the robot is able to work with less than six 

articulations. The total number of degrees of freedom ( the 

nurnbe-:- of axes) is together with the size of the •1.1oc-king 

sp&ce, an indication of the degc-ee of versatility 

Or_i\ .;?_~1_.tstem~_;_ Each r-obot articulation requires an own dc-ive 

system. Robot drives can be electr-ical, pneumatic, hydraulic 
• or some combination of theses 

Pneumatic drives use compressed air, are 1 ightt11eight, f'ast 

and relatively inexpensive. Unfortunately the~e drive 

systems are very difficult to control of' either spned or 

position, two essential ingredients for a sucessful robot. 

Therefore they are mainly used for simple pick and place 

devices with little load capacities. They are found in 

approximately 25~ of robots. 

- Hydraulic drives works with compressed fluids, are more 

expensive than p~eumatic drives hut much stronger. One 

disadvantage might bP. the leaking. On the other hand 

advantageous is the compactness of the drives, the high 

levels of force and power together with an accurate 

control. Approximately 30% of the robocs are driven 

hydraulically. 

Electric 

T~Jpical 

motors, 

rkives are used in approximately 'f0% of 

forms a~e servomotors, stepping moto~s, 

linAar solenoids and r-otational solenoids. 

robots. 

pulse 

They 

are the strongest, least energy consuming but the most 

~xpensive robot drives. The Gontrol is very ea5y and 

acr.ur.,te. 
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While the pneumatic drive has a strong defined application 

area the crossover point between hydraulic and electric drives 

may vary with robot configuration and the robots intended use. 

Every drive has its advantages a11d disadvantages and will 

eventually find its proper place. 

fontr~l system: The control system for a robot is extre~ely 

important and usually quite complicated. The main functions of 

the control system are 

- the position control of each arm Cservocontrol), 

- the trajectory comp~tation, 

- sensor processing, 

- program interpretation and 

- external links. 

Robot controls typically use one or more microprocessors 

internally to implement these functions. Not all robots or 

applications require all these five functions 

Position control Cservocontrol): From the point of view 

of control robots can divided into two main groups 

a) Open luop controlled Cnonservo-controlled) robots and 

b) Closed loop controlled (servo-controlled) robots. 

Open loop controlled robots have no feedback of the actu~l 

position~ of the arms for evaluation or correction. Their 

motions arb d~termined by a simple sequence controller and 

mechanical hardstops or limit switches. Rohots utilizing this 

technique can be cost effective for repetitive tasks with a 

limited number of motion5, 

Closed loop controlled robots are equipped with encoders or 

resol~ers on each axis provide the current po5ition 

information. Comparing the c1Jrrent position to the com~an~ed 

position and driving the ~ctuato~ to eliminate the difference 

forms the basis for the control.It providr;s the most flexible 

form of control and is widely used for indtJstrial ~obots. 

In QQ!nt_t.9_p..Qinl-1EIP.l control each arm is r.ontrollP.d hy an 

independent position controller. Between preprogr~mmed p0ints 

each joint f~eely runs at its m~ximum or limitRd rate 1;ntil 

re8~hes its final pJsition. There are th~8~ '~~y5 of 

~ I 
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controlling point to point motion independently: 

- sequential joint control CPTS-5): Only one arm at a time 

is activated 

- uncoordinated joint control CPIP-U): Al 1 arms aL-e 

activated but there is no coordination of motion between 

points 

- terminally 

individual 

coordinated joint control CPIP-T): The 

arm motions are coordinated so that all arms 

attain their final positions simultaneously. 

[go_t_ingl,~ path _ _s~q_nt!:_Q_L_ This type of control is used !.t.ihere 

cont i nous path of the "handpoi nt" or endeffector is of' pr L:ary 

importance to the application. This motion is produced by 

interpolating the control variables for each arm f~om its 

initial value to its desired final value. All Joints complete 

their motions simultaneously yielding to a coordinated Joint 

motion.Continous p~th control tachniques can be divided into 

tlKee tasic c"3tegol-ics based on how much inforr:~ation about the 

path is V~l~d in the control cal1-::ul<itic.r.s: 

- conventional control approach: The controller hav8 a 

stm-ed representation of the pnth it is to follor..11. 

- "feed-forward control"Cpreview control): The controller 

uses some infor:P1ations about hnw the path cJ-1ngc;s 

i~mertiately aheRd of the robot cuL·rent location. 

- "path planning" ( "traJectory calculation") appronr.:h: Using 

a mathematical "model" of the arm and its lo~d, the 

r;;ontroller pre1:()mputes an ;:,r;celf.:ration p1-ofile for each 

joint. This Rpp1-oach h~s Lr.;:en u<:;ed mainly in <ir1vr.tri1:H11 

robnts. 

- TrajP.ctory comp1Jtation: Complex mathernatical llj, it rh A»JS 

hf;iJVily <:;n the comp1,t.ati.011al r,~.,pi'lbilitins of t:he cunf·.rol 

1:01r1p1Jter. The control r:ompuf.r:H' have to ch~tf:1 mine tl11? 

prrJf1F~r 1.~1Jmhi ndtion of 1nov1,rr.nnl.s rif Pdr;h ?."d s rH· Jni rit •,n 
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that the resultant combined displacement produces ~he 

desired motion. A central aspect of trajectory computation 

is the conversion from robot coordinates ( angles or 

lenyhts of the joints) to world coordinates C cartesian 

coordinates of the handpoint) and vice versa. Another 

problem is the calculation of the "optimal" 

~cceleratian/deceleration profile. Overshoot is 

undesirable, but too conservative a profile may slow the 

robot unnecessarily. 

Sensor pror~ssing: Sensors alert the control to activities 

and events beyond the robot. Based on this knowledge, the 

conti-ol can adjust the ar;;·.s trajectory, cooc-dindte 

activil ... es with other J'Jlachi1·,es, or recng:iize error 

:-:onditions. Sen3ors such as For vision and focce 

r..eas1_;c;_.r.ent prodiJCe additional,complex input signals to 

the r_oh•Jt control. By monitoring a ron:a sensor, the robot 

control can cause the 3rm to Follow part ~dges or ovecc8~e 

'15':>L-::.T·hly jam•nini; points. Similarely, CUi1'.5tant S•-':nsor 

rn.JnibKing during ar·c 1,,elrJing pcu.npts adjU'.3t;r.~.:nt of the 

traJe1.:tory to fill in part gaps. 

- Program intecpretation: The robot pc·ogram is the Sf,q1Jence 

of commands or steps that the robot ~hould Fallnw to 

accu:npl ish a ln•:;k. Ther·e ari-1 mainly two :,;a!Js to cn~.1te a 

p1o!]ram:off-line anfi on--lir.e. On-line prograr..ming (te<3ch 

mode) is done on-line using the robot. The robot is moved 

in the desired positions either by hand (direct tc.:wh in ) 

DC' by the rtrives actuaterj by ~ teach )--;,~ndant, a JO!JStick 

or a ~n~tF;r sli;ve devi1~e ( indiro-:ct teach in). ThP.~~e p11infs 

are ston~d arid nlso the LL•hnle '.;P.quHnce. This mi:,thod 5s 

vnru C3'3!J to lt:•H"n, hut it tics up lhe nibot during Lhe 

trJar.:hing and ·t can be b~rlious for long or corr.plex 

pcogn1ms. 

Rnbllt prour.~rr.t/"15 r.an i3l'i0 hf? fJl"•'?pan~d rlff-1 ir.e IJ.Ji l.hrnit 

1J"";ing lhf? i fi~HJt. Tt"IP. npr~catnL~ L11tnrs cr:.rr,,r;-;nds blJ r.·.r:.H1"3 ,,f 

a ti;cmjn;il in a cr,hrit pr(jri1·;1r,.,-ning l.-111!;11;;1_;e. ThF? r11·ou1 .•. ~·3 
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can now prepa~ed without disturbing the robots operation 

and complex tasks involving extensive branching or sensors 

are much easier to orogram. On the other hand the 

knowledge of a distinct programming language is recessary 

for the Gperator 

- External links: Links bet'.-'een the robot control !er and an 

external computer ~re offered at the most comm2rcial 

available robots. Th~re are several reasons for including 

this function in a robut control. One common motivation is 

the desire to storage r0bot programs on a large 

c~m~utar eleminating the need for storing m2dia 

cassette tapes at the robot. Another reason could be 

cor.ne•:Uon to a CAD/CAM Sijstem.In this ir.c;t'°ince 

gec ... ::etry 1~;3ta stoL·ed in the CAD/CAM system def i r.i~s 

locst 

like 

the 

the 

the 

robot tool path. Cccating the robot progL·am with eie CAO 

rlata rerl1_·1·;es the roLot pc·ograr:.ming tirr.i] and minimizes the 

chances for ec-ror. As an added ben'3fit the gc-aphic 

terminal can display an ani~ation of the completed ~obot 

ptogram for detecting inefficient cell l~ynuts, prohahle 

collisions t:ettJ;cen lhe roi:lot and the w1:.irkpla1:::e dnd joint 

limit che;::ks. The robot control computer could also used 

collecting datas for maintenance and production control. 

~cc1,!.r:act.L_ Expei:-iences ~as shown that the accura~y depends 

~ainly fL-om the lc.'id cc:.~:iacity and the dynamic pet·foi:.:-.;inr_.e, 

Robots with a higher 111dd c~p~city h3ve also a larger wnrking 

sp~ce and are lherefoce less accurate than small sized robots. 

It is also quite logjcal that, with a heavier load (moment of 

iner-ti<'!), a highi~r opt~cational sp8ed or a larger operating 

sp~c~, it is mere ccrnpli~ated and expensive ta attain the 

c·nquiLF~d ;;cc11racy. Uery close to a1-:cuc"=ir.y is cnliability ;:;nd 

~afHty. Pnliability is rlefined as the capability of an 

inrlU'::>trial r·obot to pp1·form the given task 11nd8['" c,µ>1CifiHd 

operating conditions. The rr.rJin ~s,'\fety c·equin:;rr.frnt i5 the 

fJ' a:u·rt i ng i1nd pnJtnct. ion of the IJJhol e uj()rk i r,g n( r:;i rind U.1:? 

pcov1~nt: ion of 1ma1Jthor i /Pd In lhis 1;1.1111if~ct1un, 
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perform their functions is also requireo. More than 60% of 

industrial robots used today Guarantee a positioning error of 

less than lmm. 

So~e of these classification characte1·istics mentioned before 

are identical with the main parts of an industrial robot wich 

ace shown in Figure 3 also in form of a block diagra~m. 

Figure 3a: The r·otJot 
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These parts explained in detail, are the arm, the drive 

including the gear and the control computer.Additional parts 

are 

-the gripper including the gripping device 

-in~e~nal sensors or position ~easurement system 

-external sensors. 

As pointed out earlier the gripper ri--=alizcs usually tJiL-ee 

degrees of freedom. These can also be either translatorial or 

rotational. A important part of a11 industrial robot are the 

gripping devices or r::nd effectors. These ac-e m•Juntr-od at the 

last link of the gripper and are the moving campanents which 

have to grasp, lift and manipulate wm-kpieces or torJls. Being 

less 2daptable than hu~.an hands, robot hands have to lJe chosen 

or destgned specially for J .rticular industrial application. 

Th8se "hands" are less flexible and may have to be included 

along uJith the spec_;al tuoling requirer.r:11ts of" the Job. Most 

of the rands used torlay are without any ser1·-;e of fr'!e ling or 

touch. In d2velopping ,re sensor equipp~d ha11ds. 

Jnterr.al sensors are mounted on each joint for giving ti1e 

actual position in robot com-dinates. Encoders, resolvers or 

other devices on each robot axis provide current position 

information. 

Extec-nal sensors: As pointed out earlier "intelligent" robots 

of the future have to he equipped with strnsor~. These st;ns01-s 

give the control computer of the robot additional informations 

about the '3urroundi ng. As shown in Figure 'i exteL·n;'3 l ~;F;n!im-s 

available today rr.ay be 2ssignud to tour rr:ain gro11ps: 

- tact.i le sensors serve foe- rr.13asure.-nent of frJr·ces and 

moments usually l.:.rJt1,.men tha gripping device ilnd the nbjt~ct 

or b1~t1-11een the g1-ipper and Um end eff1:?ctor. 

- proxirnity sensocs rleliver informatirJns aho1Jt prn·:-.r~nce, 

di~:;t;inr:a, ~~µnud of ~pµr·oximatiun . . . Th~!J ;ffc loJod<ing 

1,Ji t.l>r1ut cnntar;t. 
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con;-iection with assembly operations CpaL-t identification, 

orientation ... ).They are working mainly with TU ca~eras. 

auditive sensors are now in development and serve for 

speech recognition. 

~~---11~.!_!!__are~~_Q[_ i-obot a9Q.U_~at i ans...:... 

While the last chapter of the present information package 

deals with problems of robot definition, of robot anatomy, 

af robot control etc. In this chapter which is based an 

generally available information sources.a brief review is 

given of the field of appli•:ation. 

Today there are mainly two reasons for the application of 

inrlustrial robots 

- Rationalization 

- Hurnanisation 

The rationalization effect res1Jlts Erom difrerent facts 

e.g. incn~asing of the Flexibility of manuf.-1cturing 

rfcvices, increasing and uniforming oF the pt-od1Jct quality, 

increasing of the productivity. The effectivness of each 

robot application will be also affected by costs resulting 

of periphal devices,installations, room and energy, 

programming, maitenance, personal educ8tion. On the other 

hand 101.:.:er 3a 1 nry co5ts, a higher pc.- 'ucti vi ty, a better 

and constant quality are obtained in the most cases. 

from the viewpoint of humanisation the application of 

industrial robots yields to elimination of the worker from 

monotonous actions, deliveration of the worker from 

noxious environmental facts CJ·.ei'lt,d1Jst,noise .. ), 

incrRasing of the wporking satisfaction, increasing of the 

Sf"~curity at the working place. 

Therefon3 the major appU cat ion ~n"?as of i nr1ust.r i ~ 1 r·olmts 

incl11de: 

Pir:k anr1 pli'lce t!jpe nper·at.io11s, 

t.o prJillt cont1.nllHd d1:?vir:ns 

in which c:ase ~irnpJe point 

a C" n u ~ u ;-i l l y ~ u f f i r. i t: n t . 
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Examples 

unloading, 

l 't 

for those operations ac-e machine loading and 

brick simple pall~tising, glass handling, 

manufacture, press work, packing and package distributing, 

warehouse sec-vice, foundry work, heat treating, coating 

and electroplating, investment casting, die casting, 

forging and metal ccating. 

Welding robots, 

population since 

which 

the 

are the 

automotive 

largest 

industry 

in tee-ms 

employs 

Gf 

the 

path 

spot 

greatest number. Point to point as well as continous 

controlled robots were widely applied applied for: 

welding, arc welrting, seam ~elding, flame cutting, laser 

welding and plas~a cutting. 

fiachining robots requiring a rigid body and rtC"m structuc-e 

with adequate positioning repeatability. They have often 

to change tools and/oC" hands to accomodate diffeC"ent jobs. 

Machining applications include: drilling, routing, sheet 

metal fabricaticn and composite materials manufacturing. 

- Cleaning and deburring applications with special purpose 

tools. Such robot Applications often need adaptive force 

feedback sensing as well as automated robot tool changing. 

- Spray painting applications. 

Automated assembly and inspection, which is probably the 

most intec-esting and fastest growing area of applicatio,s. 

This is due to the potential of the r-apidely growing 

rr.arket of the assembly ind1;stry and 1 ts complexity in 

programming, 

i nlr~L- facing 

tooling, sensory 

with other devices 

t"P.mr:>te cnmputer-s. 

feerlb~ck p~ocessing, 

and communicating with 

In the follcllling a ~h01·t !;uc·vey on ~pplications of" int1u'.".>tri~l 

robots wi 11 be given. The appl ir::~tions r..ent iormd br..:foc·o are 

assi gnF?d to five a1·01.1p5 
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- Spot welding 

- Arc welding 

- Spray painting 

- Assembly 

- Materials handling 

Spot weldi~...fLE.Qplications: 

In spot welding metal pieces are joined at a number of spots. 

This is accomplished by passing a large electric curre,t at 

low voltage through the ~etal.The materials to be Joined are 

clamped between copper or copper-alloy electrodes bet~een 

these the current flows. In this s~all area loc~lized heat is 

produced and the pressure exerted by the electrodes is Joining 

both workpieces. Par.~rnetecs affecting the quality are the 

current intensity, the welding time and the pressure. 

Over the past decade the main application of industrial robots 

througghout the world has been in the field of automotive s~ot 
welding. l~G9 r:~~neral r1oto1-s had ir.stalled a line of 26 ro!jots 

for spot w8lded car bodies and this was follo~ed in 1970 by 

Daimler Benz with one robot for a bodyside spot-w2lding 

operation. From those beginnings the number of robnts 

increases. An efficient application is ensured in mnst cases 

for medium series. For small series the peripheral devices are 

too expensive and therefore a manual welding is to prefere. 

Large s2ries are wRlded by means of multiple point welding 

~achines. One of the main advantages of the robot is the 

flexibilty which allows the welding of different workpieces 

e.g. different car bodies. Additional equippments for a spot 

u.elding rtlbot are the gun, the supply for cooling water and 

ti1e ldi ng cur rent and the transfonnator. IJ<>ual ly these rnhots 

a~e progra~med by direct or indirn~t teach in. 

A spot welding r·obot shr:>uld have the folln!.11ing fm'!tuces: 

- 6 or 7 prnfeuibly r·otat ion~l i'P.grees of fpmdrim C arm of 

type RRi\ ) 

- stiff but '..';rr.all co1•stn11..:tion 
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- load capacity frohl 60 to 100 kg 

- accuracy less than lmm 

simple programming 

- high maintenance 

Arc _ _!J;e 1 <i.Ul.Jl_ill_J_Q_l i cnt i ans. 

In this process the heat requic-ed to Fuse the .netal surfaces 

together is derived from an electric arc. The tempera~ure in 

the vincity of the arc rises rapidely to as much as 

6500 deg.F. At these temperatures a small pool of molten metal 

Forms in lhe work, and the end of the electrode also melts to 

contribute additional metal to the pool. Thec-efore the 

electrode 

with the 

have to be electrically conducting and 

material welded. A typical form is a 
compatible 

metal wire 

contin~;sly fed. Starting with carbon electrodes more advanc8d 

techniques are us•:d today. Examples are the so c~lled Hel iarc 

process the ~;ngsten Inert gas process CTJG) and the Metal 

Inert Gas technique CMIG> also known as Gas Metal Arc Welding 

CGi·:~w>. Tt:P.refore arc welding equipil;ants co,-;iprises a gas line 

through which the electrode wire is th~eated. The line and the 

wire terminate in a welding gun. Control equipment propels 

the wire through the gas tube and governs its rate of travel. 

Iha direct cur~ent necessary for these methods is usually in 

the range 100 to 200 amperes and 10 to 30 volts. Control is 

a 1 so r.m:ess.1ry for ensuring an optimum di stance ~~ett1J;en 

ele~trode and workpiece. Good electric arc welding rnq1Jires 

clo~e control of the welding gun along the weld path, both in 

position and speed. 

Suma of these tasks have to be carried out by the robot. It 

Jnb is mainly to guide the g•m around the pc-ngL·a.-nmed p;"lth 1.oith 

the desired orientation and to signal when it is re~dy to 

pc·oceed. The •ueld i ng unit cunt roll er do,:;s the test. f'kc 

welding robots have usually implemented progams fa~ moving the 

gun in form of a stc-aight line beti.Jeen twf'l points or in form 

of a r.ircle given by three points. A p~th is pto~J'"·H·•·Ad hy 

~t.oring of a suffir.ient nr.J;nher of i,.mint.s. The r.:011f.t-nl c1Fr.p;Jt.nr 

1:alr.11lal.e nrlditional points for c1·catirig the dw.:.j1pd J;,1th •·tilh 
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sufficient accuracy. 

Spray painting applications: 

Painting is the coating of suL-faces with a liquid mixture For 

the purposes of decoration or protection. Today spray painting 

by means of pressured air and a spray gun i5 co1r..-r.011pla.;e in 

the industry especially ~n the automotive industry. The path 

of the spray gun is not :1efined precisely. It depends rr:ainly 

of the experience of the operator. This technique is more an 

art than a science. The spray painting environment has al~~ys 

had the reputation of being one of the worst which h~~an 

operators have to enc~~nter. 

for spray painting the path is important. Its end points are 

unimportant since a paint trajectory could theoretically start 

and finish outside the confines of the workpiece. Therfnre for 

these applications robots with continous path control C 

CP-robots ) are necessary. The robot have to emulate nearly 

the action of an experienced paint sprayer with a positional 

accuracy better than 2mm. The progLdmming of the rohot have lo 

be done by an expect who, with the co bot on I o•..11 power so that 

the arm is more or less weightless, leads the unit thro:1gh 

movem:-.!nts necessary to give the workpiece a coat of paint. 

Programs are changed by removing tape ca5sette and replaci~g 

it by anothe~ so that, if necessary, many hundreds of 

different programs can be stored aw3y as the robots repertoire 

increases. The main advantages using r·obots for spray painting 

are: 

- Dealing with a hostile environment (noise, carciogenic 

materials,particulate matter) 

Processing with less enHrgy 

requirements,reducing exhaust ). 

- Improving paint quality (less 

consistent quality level, cope 

techniques). 

ThP.~e facts yiP-ld to rer1ur;ed 

(reducing fresh air 

di~t, uniform build, 

with speci~lized ~pray 



j 

18 

costs. To meet the demands of what ~ill clearly be a lucrative 

market,several robot builders are preparing their robots for 

this application, and competition may be fierce in the years 

Assembly applications: 

The automated assembly is one of the fields with the highest 

estimated growing rates. Assembly operations are mostly very 

difficult for robots. Therefore the robots which were 

available until now (robots of the first generation) are not 

equipped with the necessary "intelligent" abilties. 

Toddy automated assembly by rneans of r~bots is limited to very 

simple operations with few parts. Restc· icti ans for i·obot 

application in this field are given by 

the parts have to be isolated Cthe "grip in the box" is 

not pGssible !n practice ) 

- industrial robots suited for ass~mbly operations must have 

either sensors or an extrem accucate position control 

- pa1·ts with little differences in tt~e Slfffac2S rr~quice 

expensive vi·-ounl cecognition s~stems. 

Today some robots with the necessary capabilities for assembly 

operations will be developped and fe~ of the~ are already 

available. Because of ecomomic reasons simple assembly 

operations are carried out today hy ~eans of "ilssemhly 

macJ1ines" with le5s fl~xibility. These assembly ffiachines are 

equipped with pLimitiv~ pick- and place robots with high 

accuracy ( less than O.Olmm ) owing to the mechanic~! 

hardstnps or limiting switches. This assembly machines are 

mostly a combination of various moduli=:s for en5uring a 

po~>sibly high reuse value. 

There is a gn~at concentration of 1.JJrlc· 1 dwide res1'?il1-ch 

activities with the goal to m8ke the robots a bit more 

~ensitive for assembly op8rations. 

r!!j_t ec:-J ~J. _h~ r:::i£1 _lj._n_q _~PP l J .r-~_t.!9L1'?_;_ 
for mr:.•.;t of t he~.t:i OJHH" il ti on<; -; imp 1 e pi r:k-- i's r111 p J;=tr:B 1 ol JI it'> a i- f? 
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necessary. Material handling by industrial robots is carried 

out in variou~ industries on different machines Ce.g.casting 

machines, forging machines, presses, plastic machines, foundry 

~achines, machine tools, brick machines, glass machines .... ). 

The loading and unloading of machine tools is already a 

classical field for using robots. One problem are the parts 

with a great variety of surfaces, gec~etric forms and 

materials. This spectrum requires different endeffectors 

Cgripperhands) as well as va~ious feeding and arranging 

devices. For loading of one machine tool a robot with ~ 

degrees of freedom and 2n arm st:ucture TIT or RTI will be 

sufficient in most cases. Linking of more machines requires 

more complex robots with 6 or mor-e degrees of freedom and a 

kinematic structure RIT or RRR. In this case the control 

computer of the machine and of the robot must be coupled. In 

the future the robots have to serve more machine~ witch are 

possibly 3rranged in flexible production cells. For this 

purpose the robots should have 

- a large working area 

- a high load capacity 

more than five degrees of freedom 

- flexible gripping devices 

sufficient storage capacity in the control computer 

For feeding of presses a high flexibility of the robot is 

necessary. This results mainly from the small or medium series 

C 10000 to 50000 parts ) and the small cycle timns ( 2 to 10 

seconds ) . Therefoc·e frequently retooling is neces5~ry. 

Special requests on the robot are 

- large working area 

- quick and simple programming 

- arlditional functions for control of prnss functions. 

In most r.nses prr,!;s feeding is an ;;pplicntion fiP.ld 111ilh 

inhu~-3n 1i1orl<ing conrlitions e.g. noise ( 80 t.o lOOdB(A)), high 
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temperatures Cup to 500 deg on the grippinr device) especially 

at forging presses. Similar proble~s arise by casting machines 

and processes. 

Various other applications: 

Other applications of industrial robots are deburring of metal 

parts, grinding and polishing of surfaces (metallic and 

nonm~tallic), cutting of nonmetallic materials Ce.g.fibre 

gla~s-reinforced plastic) and palletizing operati ns. Each of 

these applications ~equires special features of the robot 

L_Oi ffusion_Qf_ robots_jnto Qroguction. 

The inrlustrial robot-~arket is growing steadily all over the 

worlJ. Robo~s are used in large manuFacturing companies 

specialized in distinct fields Cautomotivn industry, 

electrical industries) as well as small compdnies. The presant 

chapter gives some estimates of the current ~Jarid robot 

population and forecasts of its growth ever the next decade. 

The level of international collaboration in this field is ver~ 

high owing to 1 icensing and intergover-nmental dQreell'ents and 

the growing activities of transnational comparies in this 

sectoC". 

The total number of robots in service in 1981 has bP,en 

estimated 3t 30,000 units, in 1982 at 39,000 units and in 1983 

at 50,000 units excluding manual manipulators arid equipment 

with a f'ixed, unchangeable sequence of operations. Including 

of non-programmable manipulators, the total number of units 

may be four to five times larger. If the prese .t trend 

continues, i.e. if the total nuir.hei- of units is doubled evm·y 

tiaJo years, around the y.'?ar 2000 more than l Omi 11 ion i-obnts 

could bf? expected to be in use /6/. 

According to other soucces, some 1 million robots can be 

expected to be in use by 1930. A more precir,e f oc-cast 

publ ishmi by DECO /6/ is pre~rmted in Tnble 1 
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-------------·-----+------t------

Co·Jntry 199~ 

Annual growth rate~ 
(percentage) 

1981-85 1985-90 
------ ---------- f--- ----- --------tr-- ______ .._ ____ 1-------

J?.pan 

!.!ni ted States 

S-.:c:den 

Cernany, 
Federal Republic of 

United Kingdom 

95~ 

4 500 

l 700 

2 300 

713 

27 000 

15 000 

4 100 

8 800 

2 700 

67 000 

56 000 

8 300 

27 000 

10 000 

)0 

55 

25 

20 

30 

15 

40 25 

France 790 2 100 6 5~_ 
40 J 30 

--+------28 -- _______ ?5 ___ -
--------~----~--------

Table l:Estimate of robot population 

The number of units in less optimistic fo~ecasts are until 

half of them in the Table. Other estimations bases of annual 

growth rates of 20 to 30~. 

Table 2 shows the countries which are include in Table 1 

arraPged in the order of the density or robots. According to 

these Table s~eden is the most "robotized" country follo~ed by 

Japa1~ and the fRG. 

-~·---. ---- --- ---------- -------- - ---------- ------ --------------... --------~---- ·-----· ---

Country 
Number of 
installed 

robots 

Industrial 
workforce 

(thous::inds) 

Density 
robots per 

10~ 000 W·.)rkers 
--- ---·--· .. ---··-------------· ··--·----

SwcdP-n 
Japan 
Gcr~any, Federal Republic of 
Belgium 
United Kingdom 
Uni.ted St<ltes 
France 
Italy 

1 300 
13 000 
3 500 

361 
1 152 
6 250 

950 
'/00 

1 352 
19 556 
11 334 

1 322 
5 2'/2 

29 774 
7 574 
1 '/87 

9.6 
6.6 
3.1 
2.7 
2.2 
2.1 
1.25 
0.9 

- -- -·· -----------· -------- ··-- --- -·--····-- ------------- ------· ··-- - -- --

T~hle 2: Rohot inst:allat ions and r,r.1plo1Jment 

--
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Of interest could ue the distribution of industrial robots in 

the application fields mentioned above. Unfortunately there 

are only numbers concerning distinct countries available. 

Therefore as a typical example the distribution of robots in 

the FRG is given in Table 3 for 1981 as well as a forecast for 

1390. 

--- ------- ----- -----y------- ---- ---- -- -- -------- -

_SpQ.!: ___ W~ ld_~!:_}<J 

-~!:~~~}_!!~n_g __ 

. __ I?~~~-~~-~_g_ ----
.~. s s.c·rr1b }Y:. ____ _ 
handling 

various 

T:>tal 

1981 

abs. 

800 

230 
·-- - - - - -----

230 

100 

520 
-- - - . - -

420 

2300 

35 

10 

10 

4 

23 

18 

100 

abs. 

3000 

2340 

800 

2760 

1950 

1990 

25 
- - -·--·· -- - -

20 

6,5 
--- - - --- - . -

23 

16 

1150 9,5 
- - - - --- - ---- -- - - - - - - - ·- - -- -- ----- ----- t• ----- -------- -

12000 100 

- --- --- -- -- - --- --

Table 3:Use of industrial robots in the f .R.G. 

1381 approximately 35% of the rohots were .\ppl ied for spot 

lJ1P-lding opnrations- mainly in the automotive indust1y- 1990 

the percentnge will dec;rBnse to 25% while the iH"C welding 11.1ill 

increase from 10% to 20%. As pointed out earlier the ~ss~rnbly 

Rpplication will have the highest growth r~te C from ~% to 23% 

). The sprny painting and hdrir1ling or,nraUons rlr!r;n.:d•jr~!'> al~;o, 

nt~·;µ it. e h 1 gh gc·owth 1·;:i t~s, tt1e nil;ot i nrl1 ;st rrJ is ~; t. i 11 a 
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relatively small industry. Total output in 1982 ~as only in 

the order of 3~ of that of the machine tool industry. However, 

those aspects with make the robot industry important- one 

could even say strategic- are the following: 

- It has avery high growth potential, which may in the long 

term, result in its becoming a large industry. 

- It has become a symbol of factory automation in general 

and thus has a considerable indirect effect on the wide 

diffusion of factory au~omation equipment. 

(-..; The robot industry is a high-technology indus·cry rJJhich in some 

respects differs from other comparable high-technology 

industries such as microelectronics and telecommunications 

industries. T~ese differences st~m mainly from the fact that 

the development of robots, to a higher degree tha~ that of the 

above mentioned areas, is based on the integratiGn of a 

multitude of technologies from a variety of industries

mach i ne tools, computP.c-s, ~rncess cont t-o 1, se;;'~1Jr techno 1 ogy, 

software and various kinds of application knowl~~ge such as 

welding, painting, ~ssembling Etc. 

~J13_r::hn)_ca l _ _..eco11_q_m i_ga 1__9rrg2ocJ ~J_Jf':l.11.l_~~a t_.j..9 . .D.1LX P.J_<?t_~d .tQ_ the 

i nt;.J.·gd~9._t ion of __ ro_l)_9t s_ in_ geye J. Q.QI?.iD..Q._cqunt_r i e.~-~ 

The present decade is characterized by the rapid diffusion of 

microelectr.,nics in industry which wi 11 lead to inr:reases in 

labour productivity and to si~nificant changes in the 

structure of jobs. One exa.nple for this devel opr:-.ent af'e the 

industrial rotiots. Robots have pi-ortucP.d a numheC" of ecrJnrJmic 

and ~ocial changr~s. Among lhf;m are an improvement in 

productivity, gredter humanization of !:Jurking life, pccvention 

of indu!",trial accidents, impl·ovement tJf prnrluct q11alit\J, and 

cnrly O?t,Jrn on cdpital investrr.r::11lc;. 

Thr,_:,e r;1;.JnDmic and social effncts <;f·t):-.in•-:!rj f1 nm t.hr~ f;H..:t 1.lirit 
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industrial robots are flexible and versatile, 

greater freedom of movement similar to that of 

C arms and hands ) of human beeing. This has 

featuring a 

upper limbs 

enabled the 

automatiun of small batch production, and the introduction of 

industrial robots has changed the production system from a 

man- ffiachine-system to a man-robot-~achine system. This change 

in prrduction system means that people h2~e been releasPd from 

dangerous, unfavorable works. 

As pointed out ~arlier the advantages of industrial robots are 

a high speed operation, reduced value of wor-k-in progre~,s. 

quick Jutomatic resetting of equipment and tool changing, 

availability of equipments 2~ hours per day and high 

reliability. Improved utilization of capital assets may also 

supplement economic benefits considerably: 

- As the manual jobs and operations in which robots replace 

wor-:k1~L-s are n..;tura 11 y those that are most hazardous, 

physically and mentally demanding, tiring etc. It is 

obvious that the r-obot is ~enerally mor-e consistent on the 

job r.nd its use will significantly incn~ase net output 

The prime issue in Justifying the introduction of robots 

is labour displacement,either by transferring workers and 

ope~ators from hazardous working conditions to more 

convenient jobs or simply by saving labour costs. 

The introduction of robots significantly helps to meet the 

demand for higher product quality and a ~erluction in the 

time lapse between receipt and confir-mation of the 

custorr,Brs order and its f i 11 i ng. 11a111Jf~ctuC" ng pnJcesses 

equippP.t1 with robr .... t.s sec;m 1••ore r:orr.petitive in the nnd<et, 

as has heen pr-cvet1 in the aut crnot i ve i nduo:.try. 

fimong the oth8t" eLonomic effer:tc:;, those concr:n-ning uiw 

matBrial ?.nd c:mc:rgy savings ac·e most impnrtarit. Automated 

'!~<:ltf~rinl -r-P.quin?rr.~mt pl;=nming 1n-ovhf1~s fnr optimum c,tnr:k 

lr.vnls of vr:iriniJS r·<1w ~c1l£~l·i.'l]<; 1 ;3·~r-;r;rr.hly p<Ht.s, 

•;cmi ·finishf~d JH-,Jducts 1~tc. Jn ~rJdition I.a f.hn 
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optimization of energy consumption various organizational 

structures and processes may be simplified, such as 

maintenance, dispatching, transport, accounting, in~oicing 

and other financial operations. 

On the other hand,rohot costs consists of: 

The purchase price of the robot installation, 

accessories, peripherals etc. 

- Maintenance a'.1d pt3r1odic overhaul. 

- Operating costs. 

- Ceprec i at ion ( n~turn rate of investment ) 

- Personal costs including training. 

including 

Of interest for devoping countries will be the price of 

the cobot. As rr.ent ioned before the pL· ice depends on the 

number of articulations, the working space, the loading 

capacity and so on. But it is a gL·eat difference b2tween 

the price of the robot and the price of the whale "robot 

working place". In mo5t cases the costs of the periphal 

devices amounts up to three times of the robot. 

Special tool ind rnight inc 11 Jde sp2cial convrJyors, 

transformers, welding guns and special controlling 

equipments needed for the interface with the workpl~ce. 

- Any :.;i:~ll-implR;-:-,,;nted rDbot Sl_dstem wor-king appcoxirr.ately 

two shifts. Ther-efoce a ~egular maintenance and a periodic 

over·hriul ar·e nf~Cf.?SSRry. The annual costs for- these 

p1JrpcY-1~s iimourits appnJximatel!J 10~ of the acquisition 

co.,,ts hut ciepenrls also on the job and on the envi ronrr.e11t. 

- The OJ;E.;:c-i3t. i ng c;rists include 
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manufacturing than for ma."'•Jal operations. 

It is mostly assumed that tt:e "life" of the robot is 10 

years. This yield to a payback of three years for 

one-shift operation and 1.5 years for a two-shift 

operation. 

The sucessful introduction of robots into an existing plant 

depends of the "readiness" of those involved to accept new 

technology and adapt to new methods of worK. 

The industrialization in the 19th century 1Jas sometirr.es 

characterized by the term "first technical revolution". Now we 

have been since about twenty or thirty years in the period of 

a "second 

cybeL-netics 

then~fore 

technological revolution" which is determined by 

and systems approach. The microelectronics and 

also the robots may be the begin of a "third 

1-evol ut ion". 

This technologic~l proce5S 

technological and economic 

widened 

gap in 

the 

~he 

scientific, 

world between 

industrially developed countries and these in the process of 

such a development or still being in a pre-industrial '3tate 

but with a quickly growing population. Difficulties may arise, 

too, when such modern production methods e.g. robots are 

introduced to quickly. Developing countries very often have a 

long history of advanced culture. By a brusque change to a 

modern industrial structure and the concentration of 

population in big cities such countries may loose their 

traditional identity. Other problems may arise when scientists 

and tec:hniciens of these countries stay during their- education 

for a long time in highly industrialized countries and then 

return to their home countries. They have to adapt themselves 

and the advanced technologies to the economic and 

technological situation in their cnuntries. 

Therefore an gff icient introduction of industrial robots in 

c1eve loping countries requires f h-st a r1ev~ 1 npP.d inf ra<:>truc:tut·e 

to enahle modern p1·odur:tion metho1s 
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This infrastructure might be influenced by the following 

factors: 

- Government policies: This factor includes legislation. 

appropriations. or regulatior.s that inf l11enced the robot 

introduction in a country e.g. funding for research and 

development. antitrust and patent laws, procurment 

policies, market protection policies ... 

- Technological factors: These factors are basic for 

supporting the development of the robot introduction in a 

country e.g. research and development infrastructure, 

access to technology ... 

- Economic factors: These factors are decisive for the 

continuing success of robot and related firms e.g. venture 

capital, competition among producers, market 

characteristics, economics of scale and experience, ~age 

£·ates ... 

- Cultural factors: These factors depend on geography, 

history and type of governement e.g. mobility of workers, 

producer-buyer relationships. commitment of employees .. 

Each of the described factors in the four groups needs to be 

considered carefully to determine whether it will facilitate 

or inhibit the development of industries equipped with robots. 

s__!_Jmp01·tance_p_f application of robots in developif!.q_£Q_unt_r:Jes 

As pointed out earlier the characteristics of the new 

technology associated to those of the robots, will le~d. 

~ertainly, to ch~nges in the whole production process. CAD/CAM 

technology combined with robots tends to become conf igurated 

in a totally automated plant designed to explore all the 

cap~bilities and the potential of the robots (sp8Hd, 

precision, versatility, e.t.c.). At present in the plants 

using robots, these are integrated into human -sr.a 1 e pr odur:;t ion 
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methods. A more efficient way of robot app!ication would be 

the building of new automated plants, based on programmed 

robots, capable of altering the scale and speed of the 

production function. 

The application of CIM, CAD/CAM and of robots in the 

manufacturing process tends to alter the international 

division of labor and the relationship of competitiveness in 

the world market. These new production technologies pe~mit 

producing on a world market scale, although the plants may be 

situated in a relatively small territory market (e.g. Hong 

Kong, Singapore, Taiwan ) hundred or thousand miles away from 

another. The benefits of this development of the productive 

( . system will be appropiated, almust exclusively, by 

transnational conglonerates, who put into practice a new 

international division of labour, drawing from the comparative 

advantages of each country and region, where their 

subsidiaries are installed. 

Under these conditions, projects integrated on an 

international scale, and based on complementarity and the 

exchange of parts and components become highly profitable, due 

to gains resulting from the transfer of technology, from under 

and over- pricing of exports and imports and from incentives 

granted by the governments of newly industrialized countries 

Cdevelopping countries) eager to attract foreign investments 

of risk capital. 

The introduction and generalization of technolngies based on 

microprocessors like CIM and robots result in r·eduction of 

capital per output unit, while representing an increase in the 

organic composition of capital, making the firms more 

capital-intensive. This yields to the mobilization of large 

resources for the formation of capital difficult to achieve in 

developping and even in the newly industrialized countries. 

On the other hand, the proportional reduction of labor costs 

in the total cost of the final product, tends to reduce and, 

eventually, to eliminate the the advantage of lower w~ges in 

the de•;eloping r.:ountries. Thr?se made possit.le the prl)rlur.tion 

and nxport of consumer gnods and manufactun:is uuorls in ge.riera 1 
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in recent years. The widesprea~ use of CIM and robots in 

integrated and fully automated processes, restores to the more 

developed countries, the means of competing in the production 

and sale of manufactured goods, previously highly 

labor-intensive (e.g. the textile, footwear and steel 

industries). Added to the problem of the fierce competition 

for markets in deep recession and crisis, is the fact that the 

newly industrialized countries (Mexico, Brazil, South Korea, 

etc.) structured their industries and manufacturing processes 

on electromechanical based technologies. With the penetration 

of microelectronics into all branches and sectors of ecom8mic 

activity, machines and equipments invested become obsolete and 

prematurely depreciated, although the investment were made at 

the expenses of a heavy external and internal indebtment, with 

dramatic reflexes on the economic and political pec-spectives 

of these countries. 

Furthermore, the new technologies as CIM and robots will cause 

the loss of innumerable jobs, besides the problem of a 

perreanent structural unemployment. 

These are some facts and ideas underiining the nec2ssity for 

introducing new technology and especially industrial robots in 

developing countries. 

6.Guidelines for the introduction of industrial robots in 

dev_eloQ.ing_ countries 

Although a lot has been said about the transfer of technology, 

the appropriate technology, the soft technology in connection 

with robots and CIM as well as fMS. A glance at the subject 

will confirm that technology is related to many factors: to 

the scientific knowledge, to the culture, to the edur.ation, to 

the economy, to the history, to the geography, to thB national 

resources, to the politics to mention only these. 

Considering the existence ~f these relations, any ottempt to 

acquire or to develop a national technology, or to use it for 

the wellbeing of a r.:ountry or of humanity in geni:.!ral, r:11uld 

base if.self on an approach ti1hir.:h considers tech;,nlngy ~s i'ln 
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element in a co~plicated societal system. 

for an efficient introduction of industrial 

developing countries the classical procedure 

robots in 

of systems 

approach might be used. This is sum~arized in figure S. 

-

Understa..'lting the problem 

Coiln:t ing the infor-.Jt ion 

. .\ru.lys ing the inform t ion J 
(cncer.-rng ;.css10 e 

S•")lutions 

faah.:a t i.1g the solutions 

Applying the solutions 

~-bdi fying if necessary 

Figure S:Classical procedure of system appr·oach /5/ 

Beside these "technical" facts the following socio-economic 

problems have to be considered: 

Industry, goverrnr.ent and unions must cooperate in economic 

and business planning at medium-long term, disclosing the 

emergent changes, and their impact on employment. 

- The firms and industries most affP.cted, must identify the 

most vulnerable categories of workers, ;,iel 1 before their 

tasks become obsolete and ~re eliminated. 
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- Educational and training facilities ought be established, 

to recycle workers, eliminated from their jobs, for new 

qualifications required by the market. 

- ~irms and public administration should organize to offer 

adequate jobs to these who have been displaced from their 

work, paying if necessary, the costs of relocation. 

- A special found, besides that of unemployment insurance, 

should be instituted, t~e ~esourcas to be used for defray 

the costs of the transport, supporting and training of 

dislocated woLkers. 

Li tec-ature used for this -l_ntroductory article 

/1/ Desoyer,K.; Kopacek,P. 2nd Troch,I.: Industrial robots and 

manipulators. Oldenbourg, MOnchen, 1985 Cin Ger~an). 

121 Engelberger,J.f.: Robotics 

London, 1981 . 

in practice. Kogan Page, 

131 2eldman,M.I.: What every engineer should know about 

robots. Marcel Dekker Inc., 198'i. 

/Lf./ Rattner, H.: Flexible manufacturing systems and their 

imr::act on Brazilian Society. Preprints of the IFAC-

Symposium on .. Systems approach to appropriate technology 

transfer", Uienna 1983,p.50-59. 

/5/ Ben~okhtar,B.: Some ideas about the use of systems 

approach for tP.chnology development. Preprints of the 

JfAC- Symposium on " Systems approaLh to appropriate 

technology transfer", Vienna 1983,p.151-159. 

/6/ Production and Use of Indu5trial Robots. United Ndtions 

Publications, ECE/ENG.AUI/15, New York lSBS. 

The publications collected in ~ection II 
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What today's robots can do and what tl1e future holds. 

Havi:'!g gro·....-n up a faa of kuc 
Asimov (see rcfer~nce 1) and having 
· .. :a!ched co;;~!!es~ reruns of Lost in 
$paa, I aYw~ys t?-tink of a muhiae 
\\:;th hum.an char.aclerislics whe;-i the 
word robv! is :;i,.n!ior.ed. The i;-:i~se 
of RlD2 from t!.e rnovit' S!ar Wars 
rnusl appt-.-.r in many people's minds 
wh~n they t.«'ar robo!; ho~,·evrr, 
f<)~ols !hat w.al:C, l:l!Jc, a!ld nhibit 
c•:htr hurr .. 1nli!.;e b.-b\'ior ;.~c $:ill not 
pracri.-al. 

T C\f~.1y's fr,'.!u~~r:.?I ro~·•.:t (rhc rnc$t 

A!nu: r!i,. A1•thor 
Mi'lc' Ca~ .. ~~., :~ c tc~,,,~,,·,,z ,,., •. ..,"' ""' 

''"''"' ;-;•:•ur C~ tlh• fie"' f~,f Jill D'IJ 
(",,:;_,!,.ui r,.._.;,..._,, .• s llt s, 1,-;.,~::rs in t:.r.;y 

.c;·; ',·,r. J. , .. .._ :'; ''" r.· f"i ,' ,.~ ;•, 1;.··r, n:. 1•:;:r.;.• 

,,,..,·.;~'°· .:,·,·(i·,:··1.r .... ~··"'' ~1:~.,,..ir~;.' ·.:,.'·;.;.·;.•r. 

1 ... '-.'!.'.~.-1 !f J .. ~.\J. li:::.·.~" ;Ff:·."....''. ,;•,,t ,ir. 
l~f,\'l/:"f '"''~II '·.~'·"•·d fr.:.!,·~..,:, cf 
Llr:i ··~::r11 I:!.'.!.'\ a· •. { \'Ar. o·r r·, !, ,.,,~.J. •of 
(Pr::'r. 4'i141 n. 

J. Mich.ul C.il!:km 
J."'~ ... )n .i:td Czlb~.in fni;:n~rs 

Old Colony Rd. 
f..lstlord. CT C'-62<2 

com~;;on k:nd) is no~ as glamorous as 
some of us imagine. but ii plays an in
cre?.!-'.:-gly important r-:l!e in mam:fac
turing. (The a•Jlo:-:lobile indi.;s;:y is 
tod.;!;-'s frrgle largest E-mp!o;·er of 
·rob.,:s. Photo 1 shows three robo~s 
cfo:tlg spot welding on an assembly 
lined J'rE"Sc-nt applications include b;it 
are no: limi!ed to ~;>ot welding. grir.d
ing, !'rr.ay p.1inting, m;,rh;nc-to.JI 
lo.?c?ing, and &e cas!i;:~. S•·:r.e of !ht' 
ro!n:s ccwercd in this 2rt!cle ~re 1hc: 
d.?~~:nc~rion of in-:!l:s!ri.1! robot; ~r.c! 

Acln~-.. l«!&:n~r.ls 
Tl:t '""!i;,,, i:?uf.f r::' fJ l~<>·rJ: Rol·trt A 

Ii•::: cf 1'.'r .. • /l.:w,.,., C<>r.q:1fr.,1. f.;,r r.:~i.,z 
111.~d cf th,• l'~('·~cg,.-.rlt~ .,,,,f in this ~r:icl~. 

B:rh f !!. r. .\~,,1-.r of Ur.£r,w:1'-;tn 011 fC' '';'11 
fCr::c .>f A5F '°' ,,,,,J, rl.i• a: rid~ I'·''<.! 1, l-y 
f''•'l'i,!;r) /.,·~:t:!tJ inf(l,...,,.J,;·c-s '~l-.Uf rl.1:·r 
1;\:1·r~ .)•! f .:'::-·;·;·,.g f1•1.r.) o: t!.r,r f~ ··f:• ,.,. f1l 

,,, d f:'·~.,;;,;,;J :.~.,~· 11: tli. :'r p•.: .. !:,, ~,. ,<.d.!i. 

•.. ,.t.,f :11.,;r:~.,. lt''f '~ r::,·n 1~,, "···J. 1.·:s 11;·.:.: •• 1•.'t 

r'"''·~l'"•''" '11·1.I 16. 

a descriplion of rc.~·'lt sub~ys~.:::1s 
such as sensors. en:i efft>clo::s. con:rol 
sys~ems, and po~ ... er !1~r:·.:e s:;s:~rr.s. 

A!so, J have c.:·sc:!t1r,-f so;re f.)!;-•)I 

m:~:-.ufach.:rers ;i:-?d the Sj"!-!t ;;is 1!-..:y 

!>di. I have incldrd re!ner.c:es ,"!:1d a 
li!-1 of robo: rr.:t!\ufac:ure~s so that if 
you are inlcr.::s~ed. ii will be eas:e; for 
;·ou to o!:>t;rin dC':<lils. 

I.et me tm;>!1a$i1e that tl:e m<t!<-rial 
p<' .. rn~rJ hC'rc is only a ~··~:rip!:o:i o! 
thi! existing technology ~nd is not· 
1:1«'<int to p;ov:r!e <lc:;ii!ed c~ ;:&r• 
cri:C'ria. I will r.ot be CO\'( ri~.g the 
socio!ozical mc:i!s i::r sfw11<<.;;1ins~ 
c! in,fos:r;1l re:!>.):s. nc-r rhc ecC':i<·m:c 
jm!ification for the t:'-C of rot•0!s in a 
m.rnufoctu;:ng (a-.. i!i!y. Thi :e ci:t 

s!rc>ng np11:-.<;,!s h<•:h (.-,, J:v.? 

ar:.1i:1~1 thew.~"! 1c•!·c•!<., <?n,f 1,1 l'r·;:I 

~·i:h this b;ie f.1irl;• 1•;0,.!:1 1.·l~ a 
:·~i·J~.1!!' Mli< !c:. As fnr :~.l ~" ,1. 

n,·1~ks, r (c-::1 r;.d1 j•.\J lit :r~.l( -'1•;-l1: ,,. 

ti<:n mu<I ht J,.,,11d ••!in,;~ r.1il, ;1•'<-i I 
l'!o nr:I w.1;:! I» r.1!.«' 1l1c i::r.~ 1-.·. r!r-

(' · :°' J ,' :i • · I~ ;. · 1 r ; ·f' 

i 
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Pl-·'llo J: Thru Ur.:.•-:::~i.'11 rob.:i!s t.·E1£r.g on an a:.t.;n:.:ibi~.;· i:us.mb:y li•I#. Spot 
ta!,~ir:g ar.J i:•c tu!.!!r:g err tu•o arf';JS in_ -w1:i.:h robo!s GU :.;.-d r.d.,,:siv.·!y by thr 
.::...~'""'rr. _,bi!1 ir:J::s:ry. 

velo? a reprl?>enl.alive o.amp!e. If 
l~;ese torics ir.terest you. see 
rde:t:-.cC's 2 .and 3. 

Ddinition and Bad:vound 
The Robotics lns~itute of America 

defines a r<'bot as ·a reprQ6ram
r:?;?b!e, multif:.:ncrion manipulator 
d('.ig;ied to move r. :iterial. parts, 
to.'.>!s, or ;pc-ciahed c!evices throug.h 
variable prc-gr.a:-:mied motions for the 

performance of a v.uiety of t.asks." 
The key worc!s in th:s defini:ion .are 
roprogr.;•r.•r..Jble and ;:a:-iety. Rol10:;; 
can be pr..:·grammcd for a m:mber of 
different functio:ls, whereas 
a:.1tom":i'd 1r.wchin~s are desit:,ned ex
dl!sivety for a specialized function. 
Therefore, in some app!icatio;is, 
ro~ots are superior to fi..-.:e-d-task 
automation. Robots can execute a 
series of spot welds during the 

assembly of a p.:ir!icular car mo<id 
and can easily switch wd<.!ing r.:it
tems as n·quircd for other mc>,Jds . 
No retooling is necessny. A.., a r~aller 
of fact, if a robot is no lonsa r.l:'t'ded 
for wdding it can be r{"pre>grammed 
for other functions such as tool 
loadmg or m.a:erial handling. 

Un!r.iation Inc. of Oa:"tbury. Con
ne.:ticut, introduc~d the first in
dus:rial ro~ots to the U.S. during the 
1960s for u~e in die c.:is:ing. l.a:er, 
Ur.ima!ion be.:-ame the kadir.g U.S. 
robot manufacturer and, in 1981. t:ad 
$56 million ;.,,·.:,r:h of sa!es .1r.J r:-1ore 
than 5000 robvts in .:·re•ation 
wor!Jwide. A number of o~}.er co:n
panies also manufacture or d15trib;.i:e 
ir.dc:.:rial robots in the Uni~ed S!a!es, 
among r.J-.em Cincir..nati ~.~i!~crcn of 
Cir.cinr.ati, Ohio, and ASt.A Inc., a 
S;wdish com;-•ny ...,;th C'ffices in 
\\'J-,ite Plains, New York. ASEA's In
du~trial Robot Oivi$ion is 0:1c of the 
major p.arlicipants in the U.S. 
rc-botics market. This year it bs add
ed fo•.:r engir.eering ctnters .?.~·i a r.t~'.'I 
r.i.mu~.?cturing fadity. A r.t.1:-;;ber of 
large U.S. f;11:1S h"vc 2lso .a'1nr.:_,:lced 
p!a:tS to er.~a the market, t!ie most 
notab!e being General E!e-.:tric 2nd 
IBM. 

At the erid of 1~81, an csri::u!ed 
14,000 rob.,:s were in c.p.-ra~!·)n i.'l 
Japan, 4400 in \\'c-stcm Europe, .and 
4100 in the -:Jni~ed S!.ates. Even 
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R(VOlUTC CC·OFIC!".t.TES 

fig10rf 1: f,,;,r diff.-ro1t "''" 8<'<'r>:f!r.ts u~i.I i11 r,1!>.;i.tirs. 111 orda to mo;;e tht <•1d of t!:e 
rol•ot llrm lo a•:y paint ir. ~pact, thtrt rr.:.st bt a! fl':Jsl thru tfrf,rrts of f:ad.:Jm. 

though U.S. robol rn:inuf~cturers (eel 

l~·ey lr;id i'l rC.....carch, they admil that 
t!;e Jdp.1r.c~e k1d in the .ati;>liration of 
whotirs, for a nurnher C1f reasons. Jn 
Jar3n, the g0vrr:unent cbnonslrates 
an active in:ne<.t in robolics hC'<ause 
r<•bo~s ir.rrc•Jsc poductivity and 
e:1har.ce the J.ipAr.rse economy. 
Thcrt- is .'!!~o a !>~1c•r la&e o! 1.:ibor in 
J.ipJn, ~·)the: worl.ns Mr not 2s re>is· 
l,1nt lo rc•~.-.~s as A::~rri< a'l worhrs. 
Jn far·t. J.1,.,1r.c~e \·:orhrs o~:rn \'.·ill· 
i:ii:ly a-:<qr ro'-n!s in the wor~:plaC"e. 
ll S. 1n.i:P:~··•ncnt is w.n.!ll:; ro<:1;•J.•d 
m.~r" o" ~!1nrt-!,·1 :n 11rorir tli:ln cm 
lr0:.i;·!1·111l r·l.1nr.i.•1; :1;vf, '"' f('f1•rr, is 
J, .. ~ .J le I·' ;. •pr .. -·f :.1·~"r< r: i .. •,·ly lo 
t•r<..<i.icriv::;· ckd:.1r·~. J'1,;f•,;re 1·:C>j( c-

lions place to!al robot s.Jlcs for the 
Uni:ecl S!a!cs at o•·er SI billion in 
19-x>. 

Robot fun1famcnt.1!s 
A w;,y C1( c"1~~ifyi:1g robo!s is ac

f.l'rd;ng lo lhl'ir le:vd of l~<hndc.iical 
s• •r·hi .. ti( at ion. The first c.ikt;ory in
cl11Jcs fow·ltchnolet;y r(>bo:s 1'1.i! ;ire 
n0t !'ft;•o <ori:ro!li·d {i.e., rhrir 
r.icv.·:i-.nl!S are po·.-.(';<·d di:r .. :tly, 
\';i!h no rcr•fb.1rk "'!r!! «:0:;1·; '.i-:>n), 
h.;vt a li:ni:rd n11rn~rr of pr<•('.r;·m 
s:rl'~. i?n<I u:.u:il!y c!~;ri(•r;•.! r 1:r ~~r·.-·d 

rrp'·''"'.:Jity. ·n,<' nr(t c.-:!f·D"ry i:l· 
di.:·!rs r.-.1·1li1·1:~·:rd-.n< lrif.Y ,,,•,,.,!s 
111.1! •Jtili.'(· •.('J \'(' 1 .. ,d ::·.i-.r.:'. r ... , .~c
(\if,d(' r .• .":ion an.I v1·?1~ ity c , .. ,rrol. 

Th~ robot~ conlain mi<rOj'Cl'Ct'<.sors 
or minicomputers as tht hasic control 
elemrnt, and bt>.:-au-.c of lhl· ne'ICibili:y 
associattd h·ith the dig!:al CC':npu:er, 
you can easily rtprogram their se
quence. C1f operations. (Te>day·~ 

robo!s. which are frarured in this arti
cle, fall inro 1h:s s<-c,,:1d c akt;'-'f)'.) 
The last ltvtl of cl.:i!>!-ific.:i!ion in
cludts h!&h-tcchnobt:}" rnloc.:s with 
all the fr.ltures of nv:-.iiur.i-kchnoloi;r 
robots but with one im;:iort.1n! addi
tion, ex!emal sr-nsors tha~ p:ovide in
formation aboul tht o.te:nal eaviro~
mtn! and cons~.Jerably t:J..;,nce rer
forw.ance. Vidro c.i:nuas, prciximi!y 
sensors, and lactile sensors a:-e ex
amples o! ex!o;inal sensors thal l:'ig.'1t 
be found on 2civ.;~ced robots. Onlr a 
few robotic sys!C':ns in o_yuation 
today inco1por.a:e ex:t>mal Sr'.'1SC.rs. 
and these sf-.ould s:ill be con~i,!aed 
e:xpcrir;1t.ntal. 

In order lo 1.-c 1.:seful. a robot m~st 
have lhe follo·,.,·ing 2llrib:.;!l'S: 

•a hand to gr :p a workpi.:·.-e 
• .m _,, m lo rnove the hand in tl-.;C'e 
pl.in"5 

•a wris: with two or thr.:e anicc!a· 
tions 
•sufficieri! po·...-~r lo mow limb and 
workpiece around 
• m;rnual contr0!s so thar an c~·.e:-a!or 
can control Jirnb motion$ 
•a memory to s!ore a sequc:-.ce of in
structions 
•a means of ex.:·curing a S(-.~1:1'.nCe of 
in!-truclirJns slorl?ci in mc:nory 
•ability to fun< tion a! s_prt'ds equal 
lo or 'grca:er than a p.:-;son 
• rdi;,bility 

Tht above i?!lritn::cs ue pr0vi.! .. d by 
two major r.ompC>~fnt ~;·~i<·ms in an 
industrial robot: the po\'.'t'r/ririvt' 
CornpOr1en!S (~t:ch as th(' Mr:\, \Hi~!, 

and rr1d <·ffedr~r) J:'ld the <(;nfrol 
sy:;tcm (consi~!ing most o(ft:n o( a 
digir.11 C(~rnru:n ?.nd frnJ!,,1rk s.:·n· 
s,i:s). 

The prim~ry rur~11·:·r of rlic
rr•·.vcr !J: ivc- s;,".:1.•;n i~ lo )'"' i:;r.n a 
rrol or(·!! ••. r r·;,-{ df,., r .. : ;:::;.-::};, ,,. i~. 
t~ .... • !ip~.r;c <:·! i~·1f11;,. ;,\:«' c1! t!.(• r ,t,(,L 

b c•n!··r !Cl "' o.1::1r!::.': rh:~. ,, :<•!•.•: 
:.rr1 r:-.i;~! f . .-. • ·(' .!~ J •... ,,( t},,, ,,. .·rr·. :?.!~ 

c,1:1t;. r;;,,.::r 1 !!! i",~r.i'' ... ~: .•. ,~ (!\ 1 .. ,.,, 

f''"":f:,!r ·':ill>:'·· :"c:r:• '• rl..tl; :r \:'Id 
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in robotics. E;ich geo:netry has i~s ~d
nnta&~s and di~d\·cint~ses dq>cnd
int on the p;irlicul;ir applic.ltion. For 
excirnp!e, the rn·oll;t('·<:oordinale 
configura!il,)n would be m.xe ap
propria:e for picking parls out o( a 
bin, while a po!ar<o0:dinale S}'!>!r;n 

would be more apprnpria:e for tr.ms
frrring p.1rls bett\."h·n 1ncta!<utli:ig 
m;;chines. Pho:os 2 2:-id 3 show 
robots with po!ar<oordin.a!e and 
revolu:e-arm seometries. 

The most sener.11-purpose r<•bot 
will ha-.·e six degrees of fr.-.-dom as il
lus!ra:ed in figure 2. As well .?S ha\._ 
ing the abili:y lo mo\"e t~.e e:"ld of the 
arm to a spe-:ific point i:l s;iact.>, :~ie 
robot should hcive three more cir
ticulalions at the wrist in o:c!er to 
ori;,nt.::ite the end effoc:or for the job 
at ha:1d. Pho:o 4 shows a wrist •,.,·irh 
th;ee ar!icula:ions: swi,·d, y.;w, and 
bt?nd. 

Usually, two rr.e:hods are t.:'.'{'d lo 
mO\·e the c!i':nents of a r..•~·ot. 
Hydr;!Ulic drive is us.:-d for 1.?rge 
robots whtre hc-,;vy lo,,.!s ue ( r.
ccun~£:n:-d, .:!nd elt>.::!ric crive is 1;·c.:·.! 

in smaller rot>o:s w-.hc:e acc1;· .icy is 
import.mt. This is no! a h;id-.:!id-~~~~ 
rnle bu!, in f;Uif:ral, is tr1..:e. Pr.e;.;
matic dri·•e is sometimes u;~d- on 
robots but, bec.=~:se of poor p;:>siti.:i:i 
and s;>ec·d control, is less p<;;du. 

Hydraulics is a po;iular drive 
method because h}·draulic cylir·~l'rs 
and molors ;;~e compact .?nd pro-.·ide 
high power ~nd force. \\'ith f'r.:•p<:r 
feedback, hy.~raulic dri·.:~s can ,·,fff:r 
good i•csili<:,n and ~·elocily con:rol. A 
Unim;~!e 4000, shc .. ...-n in photo 5 with 
its cover ,,ff, is a good i?kstr.;:inn o! 
the rn(·d1;rni!.1ns of a h;;,Jr .rnlic t!,: ·;.: n 
rn~ot. Hpfr.-:1:lic cyli:od,·rs :k:t p~o
vide ii l:nrar ll"·O~ion ;,;c c.!'!rn l!"t din 
robo!s hr1a;;;.e :f,ey ;;:r ir.•··;·c::-~! .-~ 
c"lnd rdi.ib!c. Pho:o 6 ~},.y..,;~.g a 
Unirn;:~c 4000 u:1di:-:,r:oi:;g a kA 1-.·i:!l 
a 450-pound wt<t;hl ~!l<)·Jl·f <;ive i"~u 
an idea of tf.c lifrin3 r..11-<1bi?i!y <!S \·;di 
cis the rr.rrhoiniral CC•:;ipk.•ily <l a 
hph:.11Jic f<>~lOf. 

Tf",C rk.-fric-d~i••t 11 (·ff,,,<f (.,, 
rol•0!s wir~1 lr·s r!<':n.111:!i~-~ !ir:!:•1• :•'· 
<i;~~rc·;i·,, firs f'rj,n Hi?y t''·t·; ff.r •.');~ 
h'i~h z.·,\r lr,,::1s or ?i:~'·,tr ;,, t~J.,~.-,; .. ,, 
\\"Lt·r~ r-r.1· iti,~:i :,,, t1:.''>' i~, ''·' ·.•:.,J, 
,..!.,tfir. t~;i·~·,! i:-, ;·· .·!'1· :~.(' .. ;'· 
f•(•" i 1 :-i :c ,i· ,, I I·,: ',·(~ff~~·.,,: I~ (•. 
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TI.c ASEA ro!..· .. t s~ ,1,n i., rl.o'.o 3 
t::-i-s an zl!-(''.eclric dri·.-e. 

n.e cun!rol ~yst..::.1 for a rvbot is 
t.xlrerr.ely impc•r!ant .md usu2lly 
qi.;i:<' cor::/i··atcd. lhe 1r:.~in fu!lction 
0£ t~oC co:1t:1-.J S) ~!.:m is lo d!•cct the 
motic·ri5 of all rhe r,-.',ot's <>le:~. ~:its. It 
must allow for human override as 
we!I ;.~ aul••.::'Jlic o;--<"r.:ition . .AJ:o!.,'ler 

•nc:i'>:l is to al!o·..v for a '.1'que:-.cc of 
ins!rucr ions to be c.'1:t'1 (-<i a:'ld ~ht'n 

ot>eu:ed. 
At pa·:><?nt th~rt ?.re two methor!s 

to pro~r am the rnc.vc;nt r.ls c,f a 
r1:.bot. The fir$l is for a hurn:m 
c-;>f.. a tor t·) mo·.-c t~.e wt:.ot 1},rcoJl 
tl.c 'F;'tO~ .ia~e -::·q;:\. ,·ice- of ri! 1J~i1):1ct 1 
u~ir·g th(' 1..- ?.nu;iJ u•rit:-0?s. The (():1-

lrvl sys~c-m "ru:1l·rn~·c rs~ this ~
c;,:o<nte then rl;,;·s ii b,1;-k at a bier 
t:rne. "11iis c .rn be Vt•:.·;ixf i\S ,,..~(}1:,1.::; 
a t<•bot a sel .;,( o;:(r"linns <ind allows 
fo: vr1y r~·.y tir.:•t;r.:"1-.1ing. 

TI1e •..r-.:•J~,d 1.;ct!·,,d •J,,·s <·• plirit in
s'r.idic•:is. ·nii: 1 ;c~ic:i d :~:r r•·~·,1t is 
<••.>!rc!!1.d by i·.·~1in~: a ~t•F:c;1ce of 
(r·· ·.·:~.:i:-.r'~ tii ·t~ t~.c ;n!;~;~ \.::'" .. !~; 
!.'~r..!s. 0.-.c u .... !:1 ·!.:i 1niJ1t be to 
r ... _.\·-:- the 1 ::d .. ;r,, 10; lo .:i s; r·•ific 
; .. ··r,r tn ~l'··<t, ····'·i1.L ;•;,..,i1lJ r(,,, 1irc 
r! .: I l!:.: .. 1 ·I i. · '· : , . r• '~ .1: i ... : : llC· 

li•.•:1 .rnd gc>-~.!'e co:i::ol ,;t;:>a!s !h2t 

r.h.:>ve th: liml:>s i:-: s;xh aw;:}' :ha! the 
end effr:dor mc.vcs to t:.e correct 
pf Me. 

\\'ith a control sd . .:me u~ir.g ex~ 
plicil i.'1,:1:1ciio:-:s, you can r:ogram 
the vc!ocity znd acce!dation of each 
movc:nent and choose the path the 
end f~fecl•)r will t.:>l:e. Un;nn!irJn has 
a CC0 !:1:n•·rcially available robot 
langi:?.t:;t ;-!lc-d VAL lhal mes this 
proc;;arr.mi:ig method. Currt-ntly, 
V Al cun:rols Uroim.:ilion's ~maJI 
rleclric-driv;;n ro~ot, !lie Puma, 
which is sho;,·n in p!m!o 7. 

The C(•:llro; ~r~·'•.m for !hr Puma is 
~!lLY,,0 in phr~ 1 0 8. f}l( 'C•:llro! S)"!>!C-m 

is l:ke a !-sail rr~~·:-nJI c1»:,1pi:1er 

~rs!<-m. Nc·'.e rhe h)•! .. :;,,rd. vid1>0 
di~;o!.:iy, a;1d n.1p;1y-2i•k cl.i'.·e. lne 
corr.p\·.,ify of 11:e C<1:1!rd ~j':-!c·rn 2nd 

pvh-er /dri·•e C"i;(uits for ;in elec
lro.1.tdi:iri;, .1! rol,,-,: i~ il11:•!r,1:cJ in 
r'i·J!O 9, ~·.hirh ~~ .. )·,.:5 ll.t' ir,,,:.!e of 

r!.e U•:-i:u1l (C•:-l"•!e (r,r rhc A',FA 
n;r,Jd r1:l111Lf·r mb 6 H•~•<•I. 

fr~d f'ff._;i 1 ·rs .1:~ ,.:it·"! tL~· 111.1jor 
rr.1:.~·~1~ 11>1·.1rs ;:re ~o \, r:.·itile. 

H11~1c1!s 1;·.1 c :,·!,.ff, .-1. ·~~{ .. :tr.:· ;>'r·~. 
·,·:t·~·~i:1,~, L' ... ::'1:. ,·· .! '-; :--. J'. ~ .!::-,1, 

i·".·' :., ::,1 . .. •· ·:1 Jr.\'!."~'· 11 ... re· 

~rs, -- r,;:-_-~--- .1 --- . .. . . l 
-:-.:... 1· 

..... . ' t ;·- . •.·, ,. . 

1:- j 
! . 

tr.._,,.·c(!:.;riica! c,: 1::r-.Jl t.i.r;it is ii~ 

/,_,!1,;'.-d by t11is in;i.!£' :·i,•;a of i:;ri 

.AS!:A 11:1..··dti[ 1;~t :!:c!' lF~l~-6 (\)fi:r,.,_il 
ccP:.:.ole. 

qui:er.1•·r,rs for gr ipr-•:rs are m;:T-.e: o:>us 
;;nd can be H:ry sp>:·cif:c. for forg:r.g 
app!ic a !ions, heavy-duty gr irj:·ers 
that can \'l>·it.hs!and gr ea I tu;;pera!urcs 
are rn:i>Gi:'d. H~ndling Oat rr.('~al ~Ji·;·~:s 
reql!i: r:-s either vacuum or mag:ietic 
grirpers. For machine-loo! loading, 
special grippers lhal hold a number of 
diffrrr:-nt tools are ne•:i'-:.s.ny. There 
arc sp.:-C:al gripp .. 'rs lbt c,m handle 
gla~s rul-~s ;ind p!a!e glass. 

The crtalive d•'>ign of diffrrrnt 
grippers allows robots lo ptrforrn 
many different l;isks. Pl:o!o 10 sho·.,·s 
a !.irnple ec .. er.;l-purpc:-.(' i;fi~~)(•f w-ed 
on the Unirna:e 2())() Y-ric-s ll'!•oL 
A~ide from picking up 0!.-ijc(fS, the 
end df.:.d1.>r rnay l·e a S~·e··iaf-p:;rp.)s(' 
tool, ~!Kh as tl1c ;~>'lding rr:11<h ~!-io1m 
in p!·,G:o 11 or the hi;.;h ~i·td cutt:r:g 
IC'ol ~hown in pl1l1!0 12. 

As mrntior.ecl f·;irlirr, ii is 1~r«iral•!e 
lo h.:r.-e a nwr.lxr of a;tic,_::dirins at 
the.> \.o,r~c.t so Iii.ii !ht: 1·nd d(rdror f~:'l 
be pr;~;rinn".J (<.•1 r,-.·tl1. l'!·.l''o 13 
~l:uws -11'1 f:-id dfc.d••r lk1t }:;is a 
d1k·11i~11; 1 .. 01 .:s \q·!l :.'.• ,11·rr-.:mi!y 
•.rr.•.r.•r ;,:1·i a ,,~;, r, ~·.-.i1.-h, J,,>fh c.f 
.... .-t.ich ::fl· u· .. ·d 10 :.; :.·c th· ;-.r.,>iti•Jri 
f,f t~.r \·. 1 ·~I ~.·rr. In !!.i-; f .. ·1.1·; !f", 
t 1:1?; f·,.,.,-, ',·;r ; .. ~ ,•,I j, •:' .•; j ', r.: t. f·· 1, J .. 
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r:.L":> 1-i: Tl:r Ur.:n::;!io·; Av;:ro:!':• Photo 15: An A5FA r.:,idt'l JRl.:-6 is (1 sra!t'd-d;.>';:.·:1 f1!~>J3 cf t!:e r,;r~&r ASEA TL'~'''!. 
:S o: c.~ .. .,:1-·'~ of a s;-t?d.J!-r:.r;·~;;: It h:u a lif::1:g cc.purity of JJ p,i;..1:.is c;•;.-1 pc:.:t!n .::.c·c;aacy .-f O.G.JS in.:11. 
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. Specificali.;,ns for Seven Industrial Robots 
-·- --- - - -- --- - ----------

Uni· nation ASEA 

Apprentice Puma Purr.ct Unima!e un:;r~ate IRb-6 IRl>-60 
250 600 20008 .(•))08 

- ----------- ----- ----· ·- ··-----
Pfo ;r.t•er cf 
(!(·.;;recs of 5 6 6 3 loS 3106 5106 5 to6 
fr,:; dom 

Ac~aatc.tili!y 0040 0.002 0004 ooso 0080 0.008 0.016 
(lo1c.ties) 

lead capacity 10 ~ 5 300 450 13 112 
(;•Ounds) 

,,.... 
Pr•og•arr.ming 
c a;-.-iclty N!A U!A rt' A 
("lo. of i<linls) 

2048 2c.:s 15.()'.)0 15.()(() 

ro .... cr rfqulred 1.0 05 15 11.0 34 0 20 7.0 
(ldNvat:s) 

C-:.sl 39 so 54 55 8') 75 ~5 
($ • , C-)(j) 

I 
T~f>!C' J: Rqrt's.-r::::ti;·r s:;m;Tr of i1d:1~fri.1! rol..ots a;•,u7.1~r~ on tl:r mQ,i.rt tc .. !:Jy. 

''"·'~' 111;; ""i." of cost ,;r1d cc;.m,·ifi(s; tUs i;i;:cs :1,•;isi:cr; lr,·;.:•ay to J..•rn:l:ia r(l(,,,:ic 
~ys't111~ f•'' a 1"fr!,• t•,11ir!y of J'~•'J.'.:J:,rs." 

··-· - .. - - - --- - ·- --- . ··---·· -· - -- - ···-·. - . - -. -· ,_, 

fd fc.r thr !.~:~ .. It i!. 1•0'.! .!.le le n:0\e 

1!.,. t.irl cffr<: ! • .,. ,:rc•\1:1d l}:r. \','N~.f:~c~ 
!o }'llr t"itl.::r lhl' k'u! \li t!1C' !rw.ors in 
f•<•<'.i .. ::n hy h, Pdiri;; tl1t v.rist jc•hl 
rl.c ;1 ,·,<':<;. i:ig a :,-.1·.v 1!1;--tion. 

5ysk111s •:nd AppJ;c;,tirons 
Up to tl:is p0int, I } • .ive l...:('n 

di~(VS)ing rhe c.· ·1np<•:wnls of in· 
d11!.fri~l roh<·!~. Nuw r \W111ld J;ke to 
l.111.: :?!'.-"·'' ;;:.!<"·"~ rh.1t ,1;-: a·.-.1ihhlc 

and how they comp.ue to each other. 
Performance n;easi;rements used to 
compare robots are position, 
rc:;•t'a!.:Jbility, namber of C•'t;r<"!'S of 
f.-tcdom, powu rr-quiremen!s, m.;_xi
mum-lifting capacity, number of con· 
trol opli.)ns, and, of i:ourse, cost. 
Table 1, which outlines the ~pecifica
tions for se•en different ro~iols, 
pr.:-sents a rryr< :.rn!ative s.:irnp?e of 
\•;hat is available on the rr.ar~et. 

Photo J 4 shows the U:iim.::tion Ap· 
prcn:ice robot, which is rel.1!!-. rly 
~m.all and r;~~ily rnov ;i ble. JI was 
dc~:b.-,"d fr.,r o:-i~i:e arc v. eMing in 
conf:n£-d Sf'ih("S (such as the rih H'C· 

ti(Jns of a ~t1ip hill). A '>EA ~!so'..·:!~-:. a 
!-rnall ,.r, .. I rk-<!riwn rnhvt (S<'\' pl11.1to 
15). The co:idu-.i•;n J <I: aw ( r<im L:b!e 
1 is that a lar~e nu:n~>er of d1~fr;rnl 
~y~!( rns are av.1ihHr and a de <ii,r.rr 
hJs a lot of flr • i~ili!y in <f,.,,J,i:-:g a 
~y~!.:m. 

TA•!c 2 tiH:-. a kez~rlc.-....-n o! t}.c 
(;w 1:;.1jr.: j;.,•L:;•:i1l ;:;'1·!ic,,ti•·: \ f-.r 
n.!i.):s. 'f1.c- di.'. < .,.,,:~ i: ir •. 3 .. ·.lrj \':;:s 

rhc f;Hf lo .ipp!y ir1dU'.!r:.11 H•,.t(•(S A 
re.hot r a:1 !11 111,,11:,·-< ,1'.tinc; 1.~:.d.:~1~. 
'it":" h t!·,,. I·'''· .. :.<i r. ;;:1 r·'I , ,, , ''.'. 

o •. : . ·. • P ·,: r .... · - • :., 1 "i 
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Pholo 16: Tl:i' Appr<r.!icc robot in action. 
t;.~£lding a s~e~l s~ruc:urr. 

ma!erial. Robc:s are especially suited 
for die cas!i!'lg because of the harsh 
enviro~ment that ois~' in .a foundry. 

\\'dding is .another are.a where 
robcts have been used e:densi•ely. 
Pho:o 16 shm ... s a Unirnation Appren· 
tice uc welding. Good arc welding 
re'luirt"S close control or the welding 
gun along the weld path. It is essential 
that both position and s;>eed are con
trollt"d to obtain a uniform weld with 
no unnrcessary metal buildup or 

(· blowhdes. Robots prov-ide the posi· 
_,1 tion and speed .accur.Ky needed in arc 

weldir1g as well as in spr.ay painting. 
For spray painting, it is important 
that the robot be able lo follow a 

- ------- -------- --------- ------- --------
Spot 

Welding 

35% 

Tool 
Loading 

20•1e 

Foundry 

15% 

Spray 
Painting 

15"/o 

Assembly 
Linc 

10% 

Other 

5"1o 

"';"llble 2: Tlii' fio.0r maj,;,r rno.I.·m as•p!ica:ior.s for robots. As thr s..-irricr P'•'i•nsrs. 
rol>.:>!s il•ill be uw.I {.Jr a t·aril':y ,;,{ io::lustriaT purpCS!'S. so 11:.- p~rcrr1ta~r of -o:h.-r
_;.-s u·ill buor~;.• l.;rg.•r. 

prcccfined path in order lo ob:ain a 
uniform coat of paint_ For de!ai!s of 
robot applications, see references 4 
2rid s. 

The Future 
All of the examp!cs here .are of 

robots that can follow only a specific 
St't of instruclions_ They are not 
czpable or receiving inform2tion 
ab>'.>UI their surroundings and adapt· 
int lo changing conditions. In the 
n<!xt five years, advances will be 
made in the areas or sensor !ech
noioby and the application of intel!i
sence lo robotic systems, giving a 
robot the capability to respond to a 
va:iety of environmental situations. 
Spe(ifically, advances in vision and 
artificial intelligence will allow robots 
fo become more a::hptable. .. 

At General Motors Research Lab
oratories, work is being done on a 
vis:On-based robot sys:cm that can 
recognize and pick up difft."renl
shaped objects moving on .a conveyor 
belt. Advances iil sensor fc-chnology 
will make proximity and ta-::rile sen
sors commonplace on robots. 

Another issue that must be dealt 
with in the near future is the 
standardization of robotic sub
systems. Sta:-id;irdiu~ion shr)lJld not 
limit ntw and ir.nova:ive ck-sisn but 
should al!cw for a common m.eans of 
interfacing robots to computer-2ided 
c!<:s!gn/com?u:cr-aided ma'1ufactur· 
iug sy~!ems. We will cert.air.!y see ad
vances in robo:-<on!ro! fa~giJa(;es. 
~uch as VAL, in rJ-,e near future.a 
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Computer Control of 
Robotic IVlanipulato&~ 

First, a review of the various classes of kinematic 
control - then, a look at the evolution of 

prograrnming languages 

A robotic manipulator may be defined :is a mullidegree 
of freedom opel')-foop chain of mi;-.:f'.anical linkages and 
joints. It is dcsig'led to perform mechanical opera:ions 
which noflnal!y requi:~ tl'".e mar,ipu!ative skills of humans. 
These mechanisms. driven by actu3tors. are capable of 
moving an object from initial lo final locations or along 
pre-scribed traj€'ctorics. 

Basica!ly a ro!>ot consists of three components: the 
power supply, the mechanical unit, and the controllet. The 
contro:rer has a threefold function; first, to initiate and 
termin:1!e mo!ions of the manip•J!ator in a dc$ired so
q~nr,e and at de$iroo points; second, to store position and 
scql:c:-icc cb!a in mernor'y; and third, lo in:erface with 
external devices. Robot controllers can be ~!ep se
qur:nccrs. pneumatic logic !:y!'>!ems, diode rna:rix boarc1<;, 
e!eclronic !'>cq:..iencers, microprocessors. 0< minicom
putors. n.~ complexity of the control <!f:to~m;nes the 
CClp;.it:>ilities of the robot. 
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Nonservo-ControUed Robots 

un.,;:-,~:y or '.'.:SQ·Jn 
R.;~-3. Mo. 

From the point of view of control, robots c::;n be di.,.ilfcd 
into two main types: nonservo· con tr o!led robots ~nd 
servo-c.o.1trolle1 ro!x>ts. Non~"f'VO-Conllu!lod rcW!s .-~.ove 
their arms in an open-loop fashion be:wet:n exact end 
positions on each axis, or along prc.-dete:rminod lrajecf·:.iri~s 
in accordance with fixed 5equences. 

Sequence Conlrol. Motions of a nonservo robot are 
limited by mechanically adjustable har.-fstops on e<ich 
mechanical joint or axis. Each axis can therefore me :e 
in an opef}-loop fashi'Xl to onfy two positions. A sc'~·~rice 
control uses st~pping switches or pneumatic logic se
q:;enccrr C'lpa~lc of exec•JtinJ sing:e protilems of a':lout 
24 consecuth1e steps, or electronic prograrnmdbfc con
trorrers with gr".latcr program c.1pacity. In atX!itifJn to ini
lia:ing the motions or the manip•Jlalor, thl'.'sc controls ;:lso 
lriinsmit and receive signals to and fr01n other c•piµrr.-:?nt 
with whkh the ri;,~,.)I op,:ra'f?S. 
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Fig. 1 ?oi:it-to-~..inl con:;of in hcwy p'!rts lran~er op..?'ation_ 
(t) Turning station,· (2) Oril".ing station. (3) Threading s•a!ion. 
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limit-Switch Control. In a limit-switch-coo~oRt.-d robot 
more than one position can be defined along an axis by 
ir.de x;;':>le slops inser1ed or wi:t.dr awn a•..rturr.a'.ically. A 
sequence typ ~ control steps lhrou~h a number of preset 
logic s!eps, ~.i.:;h c.aU<"..cs OM or nr.ire joints to move ~til 
the appropria!e limit sv. :tch on tt.c axis is reached. 

Servo-Conlrolled Robols 

Serv:><ontro:k-d robo!s incorporate rec-~Jck d-?vices 
on the joints or ai:l•.Al!ors of &he manipulator which coo
linvously rJY'.;,!'-·;re tfie posii:on of ~ach axis. This permits 
!he cvo:ror lo stop .-.~ch a.•:s of tf.c m.:tni:;i-J!a•or al any point 
within its total range, ra!~.cr than at only two, or a few 
points. Servo~0n'.1 .:>l:c-d ro!:>Q!S have m•Jch mOfe manl
vulative cap<i!:lifity than non'.'.ervo robots by being ab!e to 
position a tool or gripper ;m1..,here wi:hin the tot;if wor1c: 
e~'~'.ope. n.~ '.hiitrr,~· .. ~rs in '.:rv1:; ro'··o!s rr1y f)f) dee-

Ironic sequencers, minicomputer- or microprocessor
based control sys!ems. This class of control sy~!ems has 
magnetic or solid-st.,!e electronic memory r!evices for 
storing a taught sequence of motions in digi!al form. 

Polnl·lo-p.ol(lt (PTP) Control. In point-to-p0int control 
each joint Is controfJed by an ind(;pendent position servo 
with all joints moving from position to position indepen
dently. A typical configuration for point-tcrpoint motion 
in machine loading operations is shown In Fig. 1. 

Teaching a robot for point-to-point mo!ion is done by 
movincJ C.'lc.h joint c~ axis} of !he rotot ird'rv~:1ual~y !A'ltif the 
Cl)mbina!ion of joint positions yields the desired position 
of the end effector. W?Y,,n th;s posi:ion is rcr.cf'•ed, the 
position of each joint is sleired in a memory device. In 
repl.aying the stor')'(f points, eai:.h joint freely runs nl its 
maximum CJ< limited ra:e until ii rciicf'.~s its r;r.<;I position. 
TI1CrC are tl-.:i:oe W«'tyS Of cr;r,t• olfing ;AJint·!I) p.;,int 1 (l")tion 
ir.1r:;ir~,·~•;riily: 1. ~.~c;-.l'.'n'.i.11 joint -:r;ri!rol (f'TS-$); 2. 

MF.:CHANICAI. rnG!~H.E.AfnG .'f,IJl,IJS T f'.:l8U41 

' r 

.,•f! I 

·~ . 



I 

/ 
/ 

-----·--· 

····· 

(b) Pre-,iew conlrol 

. .. 

.. _, 

. .. · 

.... •·. :' 

. "·. •.·. ,· . . ·. 

,-, , 
I 

I 
I , 

42 'AUr.IJST 1%2· MECHM/ICAL F.NGINEERl~U) 

~oordinated joint control (PTP-U); and 3. terminally 
COOldinated joint control (PTP-T). 

S~quentlal Joint (PTS-S) Conlrol. Sequential joint 
operation is the activation of one joint at a lime. while all 
other axes are immo?:lilized. A single joint may operate 
more than once in a sequence associ..1~ed with such a 
mo!ion.. The resu:ting path of the rnanipulalor e:'\J effector 
will have a zi~-zag form associated wi:h the mo:ion di
rections or lhe manipulator joints. Sequential joint control 
results in immejiate simplifica:ions in the con:rol of an 
industrial ;o:>ot. Howe· .. cr. se.wential co,:rol cau~es 
longer point-to-point motion times. This type of control 
will be helpful for highly modutarized prog:ama·.a~le as
semblers where inrlividual joints could be e..Jsit1 arranged 
into multijoint manipu!ators. 

Uncoordinated Joint (PTP-U) Confrol. In this mode. 
the motions a:e nor coord;na:cd, in the sense that if one 
joint has ma:1e SO.T.e frac:i00 of i'.s mo:ion ii d.:.es nor imply 
that all other joints will ha·.:e ma.:!e the 5a:ne rrac.!ions of 
their res;:iectr•e m:>tions. \\'hen e :iCh join: readlt:s its final 
position it ho:ds and waits until all the joints h.1ve com
plc!ed their motions. Since lhe:e is no coordination of 
motion between join!s, the path and velocity of the end 
eHector b.:!ween poi:-1!s is not easily predicted. 

Terminally Coordinated (PTP-T) Joint Control. This 
is the most useful type or poin:-to-point con!rol. The in
dividual joint m:>tions are coordina!~ so !hat all join!s ar..ain 
their final positions simul!aneously. II is us1...-d primarily 
in appficatior.s where only the final posi:ion is cf in!erest 
and the pa:h is not a prime considerJtion. 

Continuous Palh Conlrol 

This type of control is used where conti11uous pa!h of 
the end effector is of primary importance to the application. 
Con!inuous pa!h motions are prod•Jced by in!erpo!ating 
each joint i:ontrol variable from i'.s initial value to its desired 
final varue. Each j.Jint is moved the minimum amoun! re
quired lo achieve the desired final positions to ghre the 
robot tool a controlled predic!abie path. All the joint 
vari<'!~les are interpola!ed to rmke the joints 0..•11plc!e iheir 
motions simunar.eous!y, thus giving a coor~ina!ed joint 
motion. 

Continuous path C(.."!lrol techniq1Jes can be cf.-vidOO into 
three basic categories. based on how much information 
about the path is used in the motor control calcul~tions. 
These are i!h.:strated in Fig. 2 . 

n.e first is the conventional, or servo control, approach. 
This method uses no information about w~.ere the path 
goes in the Mure. The controller may have a stored 
represen!a'ion of lt.e ~,th it is to follow, but for dc~er mining 
the drive signals to the robot's motors, all calculations are 
based on the past and prest:nl path tracking error. This 
is the control design u5ed In most or today's ir.Juslriaf ro
bots and process control systems. 

The second ap;->roac.h is called pre·•l.::w control, also 
l\nown as "foed-forward" conltol. since it Li:.;cs sorne 
kno·,•,:r.~'jge at.out how thP. p.s!h ch3ng:-s i1ur..;O.-·!t:!y a1v.:ad 
of tho robol"s current location, in addition I'> tt"c pi1sl ;Jnd 

present tracking error used by t~ servo controller. 
The last category of path con~ol i5 !he "pa!h pl<tMing'" 

or "lraje<..tory calc•jfation" approach. Hi.:re the o.,.,troHor 
1'~1s av~:!.1ble a compree dr::,o:.ription rJf thry p;1lh 1r..3 rr:."l· 
n:p11L11'.,r :.hrJIJlj fol!r,iv from Oi"•".) pcin! frJ c1nv'.h·;f. U~i.19 
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a mattl(;matical-physi.-:al ""model'" o! the arm and its load, 
it precomputes an acceleration profile for every joint, 
predicting the rt0minal motor signals that s~ould cause the 
arm to follow the desired path. This approach has been 
used in some ai:tvanced research robots to- achieve highly 
accurate coordinated movements at a high speed. 

Typically, robots using continuous path control are 
ta•JQht by the operator physically grasping the unit and 
leading it lt1oi.J!ti the do:?sired pa:h in the ex;ict manner and 
speed the robot is to re;:ieat the motion. Ythile the device 
is mcr.-cd thovjl the desired path, the position of Cd·~ axis 
is recorded on a conslant time base, ttlus generating a 
continuous lime history of each axis posilion. Every 
motion that the operator makes, whether inl,~ntional or not, 
will be recorded and played back in the ~oame manner. 
Since the opc.-rator must physically gasp !hE? robot, it must 
be designed to be essentially counterbalanced and free, 
~ that the task can be performed. Thererc.,.e this control 
Is generally limi!ed lo li~t-<My robots. Since the operator 
is rn.1nua:ry lc<irf.ng tt-.c robot ltvoucjl the desired s<:q•ience, 
the te:1ching is instincfrie and there is no concern for the 
~~sition or each axis. Another characteristic or this type 
of control is that considerable memory capability is re
quired to slore all the axis positions needeo:f to smoo:hry 
record the desire<1 path. For this reason, magnetic tape 
and disk s!or age means are generally used. . 
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Cartesian Motion Control 

In cartesian motion generation, the locations are ex
pressed in terms or the cartesian COOl'dinales (x, y, z) and 
orientation angles of the robot tool relative to a reference 
frame (world coordinate system) fixed in the base of the 
robot. The use or transformations is especially advan
t:igeoos w:-iere relative translations and rotations are to be 
performed. However, the use of cartesian coordin,1tes 
to define locations can be at times 50meHhat inaccurate 
due lo the complexity of the compula!i::"1,,S neces!.ary to 
co~vert bc:Ween the carteslan c:-::>rcfl~.a:-~s and joint <t ·.g:es 
via homogeneous Ir ans formations. 

Cartesian motions are generated by <tpplying an inter
polaling function to the cartesian loc.1tion of the manip!J
lator"s tool lip and rapidly transforming the interpolaled tool 
tip location to joint commands. The path is prescribed in 
rectangular space and requires th;it the kinematic equa
tions of rnolion be so!·100 in real time to con!ir.uovsly Ol.ff;:>IA 

to the a>cis sef\loS. Figure 3 shows the pa:h of the tool 
c.cn!er point (TCP) for a typical move, in ·Nhich the path is 
along a straight line even 11.ough the orien!ation has 
changed linearly along thP. path. The velocify profile for 
a cartesian motion, with an accel13r .t!ion span al the be
ginning and a ck:ci=:iler at ion span at the end of tt.e path, Is 
arso shown. 
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\\'hen teaching such a system. the compurer solves the 
equations of moticn so lhat lhe axes we coordinated to 
give lhe desired motion. such as straiglt up in lhe z 
coordina!e direction. or left in the JC coordinate direction. 
The opera:or thinks only in terms of lhe desired motion of 
the end errector. not the motion required at the axes. 
Similarly. the operator can change the orientation of the 
end effector about a point without changing the position 
of the point. or independen!ly change pos~ioo or orientation 
of the end effector re!ati\°e to the TCP. 

Cartesian motion control is useful in full tracking ap
plications re'l\Jiring syndvonization wi:h a moving con
veyor using a stationary base robot. as in Fig. 4. In the 
elementary form of statior.ary base tracking, the robot is 
taught the task Yt'hi!e the conveyor or part is in mo:ion. 
During replay of the taught program, the speed of replay 
and the speed of robot moFon are s;nctv-onized with the 
line. While this type of trad·ng sys:em is satisfactory for 
point-to-point tasks, cootinuous path tasks requiring the 

( . TCP to maintain the same velocity relative to the part as 
when taught, cannot use this S)-stem unless the conveyor 
speed is constant without in:.~rruti!ion in its motion. For 
example. ~-hen a•J!omotr a;sembfy-linc spray painting. 
if the conveyor stops. t'le r :>bot cannot stop but must 
continue lo ~ve at the same velocity relative to the part 
For cases where cons!ant uninterrup:ed conveyor speed 
cannot be ensured, .. full tracking .. capabili:Y is required. 
The net effect of this capabili!y is to perform the task • 
relafr.;e to the part, independent of conveyor motion. 

Coordinate Model Classification 

Servo-controlled rotiots are nearly always comp•Jter 
,, controlled and ··programmed" in a procedural language 

wflich may vary conside~ably in complexity, depending on 
the nexibility or the robot Robol prcq amming languages 

I
.• may be divided into three categories, acco~ding to the 

focus of the programmer. 
Al the lowest level are the Joint Model languages. Here 

_""the programmer's attention is focused on the control of 

I 
()ndividual joints, actuators, and sensors. II.I., as well as 
~t nonservo-controlled robot convnand languages, 
could be placed in this category. · 

Most commercially available robol lang..iages are in 1he 

1 category of Manipulal0t Model languages. Here the 

l 
programmer's attention is focused at the end effector or 
manipulator tool tip, and the task is to guide the tip from 
point to point through cartcsian-coordin<sle space. Lan-

i 
guages in this cale<JOIY include Ulimation's VAJ..., Olivetti's 
Sigla, Bendix's Teach, ar.:S Phillips' N::>A as wen as several 
well-known langua!)es in lhe research community such as 
MIT's WAVE. -

The third category of robot languages are the World 
f Model languages. Here the prO!Jammer's job is more goal 

I 
directed. End effector motion is cfeSCtibed In terms of 1he 
position and motion of the objects being manipulated. 
Thus the pr:qarnming can w ~ty be dvoe off.fine in terms 

! of a prcestablished ddla base ooc;cribing the parts lo be 
r assembled. or objects to be manipulated. This concept 

Is more in line wiffl an in!eg<il<Y.1 CAO/CAM approach than 
the first two categories. Languages In this category in
clude IBM's Autopass. Stanford's Al and LA~.A. P1Xdue's 
PAL. and the University of Edinburgh's RAPT. 
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language EvoluUon 

Figure 5 shows a sampling of some existing robot pro
gramming languages. They have been categorized ac
cording lo the previous models, as well as whether they 
arc used commercially °' in a research environment (see 
Table). As miglt be expe.::led, the commercial langi.:ages 
lend to be the m-:>re straightforward and conservative 
~.anip•;la:or Mo1el types, Vrtiereas most re5.e.11ch interest 
Is in the World M.Jdel catepy. Where it 'MS ava::able, 
evolr.lfionary history and the influence existing high-4evel 
languages have had on robot programming, has been In
cluded. 

Summary Information for each lang•.1age includes the 
name (e.g., VAL), date it f•sl appears in the litcratise (e.g., 
1975), dc·.-eloplng 0<ganization (e.g., Unimation). and 
whether It is intended mainly for commercial (C) 0< re
search (R) use, -...flethef it is c.onsidt;rcd a single t:\<:k (ST) 
or multitask (MD language, and the type of coordinate 
model on which the bi~,1..rage is Mscd (WM world rr.OOel, 
MM ·manipulal0< model, JM· ·joint fl")0(1P,I). 
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Con1c:luter Aided rtr:anufe.cturing--
A Siepp.ing Stllrie to the Auton1ated F~ctorj' 

/.l!:-.Ough the aulo:nated factory seems lo be just :.~ound the: corner, ii may be 
quate s(;me v.-alk to reach that corner. And even thouch a number of large manu-
1,cturing CC';np:tnics are getlinJ close to it, it still i'>n't lt.c real t~ing. Maybe a lot 
m:;tre t:as c.fread)· been done t~or. is senc;;,11)· rf'alized. 

plant-wide CAO-CA•!. netwc.rk, 8oei.)g 
decided lo so!ve the cornn.u:i1c.a!t;:,,s 
problem by creating a lra'1sfa:or. Thal 
device w.:iuld lhen er.al•lc 1:1.;:: ;,f:f><i,~y 
ell.isling cein1;:ior.t:n!s sui::h ;;s iU,f c·om
pulers 10 lalk lo .4.pphcein·s Cl·O sys-
1€-m. which weiu!J ldk tc; Cc,:r;pulcrv1-
sic.n's syslem, c.rad so on. 

----- - -- ---------~ -;:.z.--:"A Ar..:.)~iUE v_ CONlA')I. [rO•.:f [R:"::; ----- --

:.:i•,;,:nalic fai:lory is like a cake in the 
~;~;. i-iy Th·~ flour. lhe e-90~. !he : <tiS1:\S, 
~~lr. s;>1res. and ;;U otr-.er iraGre:Jien!s 
,,f 1r-:o:re. b!..I: the cake is'l't re<:1y. You 
r~ej Iv a•Jd !.Omdhirag lo m;ii,e ii a 
,,.~.:-le. lo bi'ld ii l~e:!":cr-dough and 
:-i•ing The plain fact is lhal the:re is no 
s·1:h U.i:-og yet as a compre:ely aulo
r..;lc.1 factory. Today. only S-:!;>arate 
; .e~es el\iSI, in various s!c.~es of devel
;.;:.~aerl! ar,j i~~!cn.:--1!ahon. of a sys
·~rr. tr-.21 is o~:~n reff;r~d to as the au:o
' ·j'ic factory of 1~-e future. Also, if you 
• J~ lt:e rne<:ns lo cor:;:nissior. an ;;u:c
r :;:e-d f<tc. lory lod2 y. \'Ou wouid c!;sc.ov
o:: It.al nv !.i~agrc m;}rou~<>c!urer rr"~l\es 
1~i;f !tic cumpc,:ie·,rs. n-.us. you rn;~hl 
;c- !:; H-P for a f;,·:.!ory flo~r rep-:-.r :ing 
:;,.;·em. lo C;,lrna br s0fr.""'e. le Wes
:· ;:-.'.>JSe !or sorr.clt;ing f:!se. a'ld so 
·,,r-, <!own the line. ft.r,J provi.:!~d \'Ou get 
~~ :i.e c.om;-.10nenls u:>1er o:ie roof. ycu 
s'o! faced with c: problem t>cfo:e which 
-:.!!,!he b·.:ilde-rs ol lhe Tower of Babel 
s:--:-.bled. 

Cor.-imunications-the g!ue 
:· e ol lhP. ingredie:ils, bc!1f:'ved cr..icial 
·; auliJrTl<sliC. fac.lory SUC'-P.SS, lt"aaf is 
·:I mis:;ing 10day is a un1f1ed ir·lrap!ant 
-·-•,..u:iica:i1Jns hr.k. Vi1lhoul cornmu· 
·::::ions you cannor even start lalr.ing 
<'..:cl !•:al lrt:.lury Cu:renll~', lhe c.-:•m
- ·.·.1cc:kms or the da:a highway is be· 
·-; 'acJ.tert tiy a nl,.-·)b•.:r or m.1~11f;,c:1ur· 
··; a'IJ l~.e ra::;e r~ on lo be tt-.e lirst one 
·-. ;1oou.~e a .,,;~,r.er g(•od en.)u~h lo 
• .··.;:-:ie a s!a0J.;rd. /.. rel.:ihj 1::-:.k, 

< c.I ~r:i~. :l:.rJ11at;.:m. is in !112 l•isro1s 
''."'! l·!;:fir,;-.at Rurt·z.u ol $f:1'1:!<11ds l!s 
·:·.·.Y.:I. 11.e v;rs (!nil1al G;.1phics Ex
, ,·.i;;~ S!iir"1:;rd) will p~rmil lr<rnspot
.. !::yo: ge·:im~:r1c mocf11l1ng ~ollw.:;ire 
-~ :-.~ niany cornmcrcial!y ava1l.;ble 
·: ':.t..:J S\·<.lcms. CAM·i, 1n it~ l:Jrn, re· 
:"!t cov1.:rcd lhe S!Jt.1°c1 of dt:signir.g 
· : ~ rc.-:.-:-•.'..ors at lh~ 10:h Ar.nual 

• • ···~ i!"l:1 CA.0-C>•A Grar-h·r:~ lb.rs 
.. - 1r, r or! W.)rfh, 1 X I ~ • .:k of ;: t.:n1-

: ·· : ... r1n1'..l'lit c.l.O"lS. sf.::ro::'li:rd and :he 
· :~·1! e:;:.:_h rn;1,•J!,1ct\ircr t<:r~ ils o.-."I 

,·-:,~o~ i!. a s:ror,r, in=.c:-1!ive to Pt1::,h 
~ q•1i(.k !V~!11!1~Jr1. 

I 
~ 

I 

• I 

I 
I 
' 

Exp<'nsive a!lerr-atives 
The ~1rerr.e:!i1re. <i.,d problems. of tying 
lc.gel~•cr sys:~rns freim m<sny sources . 
~a.:..h ~;:>P.2~.i'lg its o·~.:i l<:ngJ;;ge, is ... en 
d.::•cu;;.e;-;led al 60.:-:ir.g Fac,::.j wi!h !he 
garga'l!uan lask oi implerneraling a 

The proj~cl was eve'ltua!fy cornplEc-1-
ed but the c.:lch ~·.as Iha! it loo'< Boeing 
several years to cum;irett ii. and tt;e 
government helped in footing !he b.:r. 
Any~y srn::ticr th:?n lhis a,;-ros.r.-::c e 
g:ant protlab!y dv·:sn'I h<:ve !he re
sources lo un-:!er!ake such a l?.sk. 
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r('.-,:r:i cf l~ie levi.-.'.~1~ris ;,-1:il it.c hard
;·,_-,,~ r..rir:r~S S!;ir~P~.j (011-.i:-,g d<:.·Vw;, '1:.d 
11 .. , t;,sir. 5.-,f: ... ;;re lo 1!~• .... t? ;t,,<.. t . .-, .. ~. 
.,.,,,,.: t,.-,,f b'::w11!·:·•d:.1,·:·! .1'1·.1 p::iid !er. 
r ';r:n :.:·d.~y the I~() J(:r: . ;'w:'\f c.or.Titiu•:s 
fl-) he ;1•: ~1 J'J in <i r.urr,!)···i <A ;_.r0ir: .. CfS For 
.,. "''f;I•; lb:,,., ror1 e srr.1r:~0rs 1c;~,., 

( r~· !···~"i:•··1 Cvrnp..;!..r /.1. !·:J 'J.;,nulac
r· :1 .... ·qj •·'c1/·,·.r. v•1h.;-.c (_J~J;•·.--:~ .. e j5 ro 

.-:,-)-.;•:·. ·~ rr .. :v;r i" rr ; .:.: :s in pro:iu·:
f, .:1' y 1n :,•·ri·:.;-.:~~e t··.:' .t"i ;~,.-1r.uf:i.:fur-

1-··~ t··1 ·,·,, ~·:·.-r_r..:-:~'! -~~·i.:,: .~~1.-.n of r.om
r ·;!C!r t .1•,t:d rr,o;;:t,(.(!5 for fufly 
1··.:.- ;• :lf•·:1 l.1r_ f0ry 11:.:' .. : ~·:•~·O::n! ilr<d 
t'<;, r:1'1r,n. ·• 

r~11r,r;r:. ,:rt? rJ .. :n.:;i .... g. h1: 1.t.:ver. /.,r.d 
i~. ~ r.,.-,1 ~r -11 :t.r.: · rr1:;::,_., ,:.;·,is ?.re G~l
f ~·J , . ., .:: ~1.•: b ·,q·~·r, <;f j>·:( ~.i·1.1~r ii; .1n 
.-.... - ··,1Jr::._, 11·; c;:_-;n f"rJr r ~··· 1! .. 1d1(.::!t!"i 

•1 ;: :~. ·; ·, ,~ 1_;f ;..)·~: ;r f ( ·:;1·_,r.(· .... 1!-:, 1c; 
'•. ·._;' ..... ~ .~ .. _f ::,, ~ ( ;.J ~ .•. ty 1;: ....... , 
,::-~ ,I .'-:..-' .-? (-; • 1_;

0

}1 ~-) r •• :f ti~:;.Jr! 
r.··· •. ','··.··r""f 1~. ftJ',·: ~,· .' .. :r·5 f()r ex-

·,;'··· /. 1··!,f"\f;(; 'rr,l:,1' ,,~. 'J~f0."t'1· 

r· .·'. .~ ~ 1· ... ~ ·:1 r .. :.~; '.:.•. 1 ,, ~'.in P .• ~f 
·.-. :! '·-~I .JI.\ r,,, ~'~1·: '.Jf i'.·: r;r.(.1: ,J .sn 
r ;,;:t' .1: ... , 1"'• .•• 1 :r,!1y f!1! r-. 1 ·)'•;.11 

...... !:; \!':"~-·~.-\.. j f~ ....... t~'-• t-
r-:,~_, >;•rcrt... ._,.,t .. r ~-~. !:· 

•~• :~t :..·I~·:.:,-,·~ ~r~' ~ _ .... 
r·1.1:"' ti.J:.t:..1 

··v:~ ;:r\.! ;-1! !",i.• th~.:: ... ,~ .. -;'-'. 
pl.J·:10~ Tt':e lu~rtr.: ~·1:" ti:• 
c.:.·.~ IS 1.-i C;·~~-rt:-~:: f-Jtt:. 1r.-ru•., 

: .... 
•• 1 • ~ 

r tie ~~)'- f.)L t 1·, t~· -J: •= •.; ~ ._ ; :· 
vi.1bfe t0'-·1 o ): Ot'l~y !('.r 1:.-.. -· ·;, .. 
.:--1·1 IG'.~s. t'::J~ ;~f,·:· f·..:..r t!.-: ._ .•. ~_ ! :. : 

5 ::y~ Or. F'-'!! H:,-., . .":·1. p-. .. - ...• 
\·1:--.,: ?':.:!s~;c ~.ACS Dr H·:,,r_, .. " •- !. 1 ~ • 

•:b.)ut r.;·: !,11.:--: ;::::~.·"J 

/,boul lh<! 0•-.~y '.•:::1~•·1~ ,:,r.-.,:;. , .. : ; .. 
into CL~.~ a•e in rJC t•_·:.t1:11.;,,._ .... : .. r ~ !; . 

gi.:rie~.:~•o:i di•t::.:t?~· hcr:1 ._.!,: --:·. :;· . 
d~~:1i~1;;s. Sc·i:\e. I&~_,.., t'~!r.~::H·;. : .. ' ...... 
tt;.!l 1r. :r--.~ nP.:r hJ~1.:r~ ~h;~; "-~ .-.1. r:, : ._. 
·.-.-err e·_.·~·'-=~!:.:1f!y be S-:1;:r1 L·~·':.;·.:· .•. ,, 
S~·:!!f~:i~ Ywi:t'! ir~!u5!r;·-o;t.::--.~-·-! "1C:it;• .a~:l 
~-e~s. ·,·. 'l.1 or:~r. h~ ... -e e .. ~1·r.~-· .. ~ r:i ,, !; 

f<11.J;_;ring ~·r(•C1.:-:,-; C>i:f.·f,l··1 ... e. ;!:-•. J ··-~·o 
are nor ir.!:rr?i:.!.;!,c,j by 1~ .. : re:· ,.:h :. 
pr"}viJe a s:::rv;ce to :he 1fo!J·.~ry - .,.. 
cLt1er ~· .. ,)rd:.> srn11~ jot sL0p c-r·c-r.,f·(·••

1 

It ~s 1!"':t::res:t1"'.g !or.::::•: tt1;1! <1-:.t.\.•'. f., ... ~; 
fo) a GE s f.J .!)' !~1e l'.u:,·.;1n r:rt•:;r ,,,...,, .1 I 
·,•,:JI be in If·,(? !voip fvr n:;ir•t y•:.!1<;. l::l 
r.:G::""·e. "V::: c._i:"'I r;r:r-, ;r ;;···i:)wt; [~l!~ rn :a··, 

prcd·J(.'.ivi!y b<.il "'•!: C1nn0! y•:I t.l<:.ll 
n;;;!e him His 1-.nc, .. ~.::l•:;t? of 11 .. :1.!;;-.•: 
r!J·:if.:--ig ~n.j p:ci(t_""·,s f~ ~:1n r.r~··· !··,J :'l 
c ~~.(;( ~=- ,. .. u:'.!~. C .:.:) i:; r:·. ;~ i-\i ii.;•. C-!'.J· 

u:~s 10c.r:? t:!f1·:ii::n1 t>ul t~.P. f'lJ'c .. )n 
r. "·J·:.-r·::~!:.;-: \".·ii~ !:.e r.:-•: J._. J f.:ir a i~.;oJ 
:11;--.e toc.;..1 ... g ;it 1t 1: . ."1:"""10:!1·~r ".1 .. 1·y_ \\·' 
can ~rorh::; .-.!·,.11 J.o:? is .'!·_,,c,I). t.y ,r, 
c.re.!s>11] grr;.~H,- t,1-~ r_,r0·j1_1.::~v1:v:· .-.:-.>··; 
GE's(",[· ISGO ( n.;cJ ..... :1,~. UJJ m:::>:1 / r 

of C/',[ rr.a!k •::1,-,.,; OJ :e E3!u:e. ··11'.:! >'.!: 

c;:;n'ovl r(·;Jl.1<..t? tum w•!h ,l (.·~r·'l·uf,.r 

No! yet. a:-iyw.iy." 
n . .:: S~:omc GE :;!u·1y i~1j; .. a:.;s th;1! .1 

( •Jii·.;1any fh.11 1_;·--·~ ~ (.Of>~iJ!•:r ;\'.~r,f :'J 
l1r) i!s r.J•.; t::pt·•; 'n'1.y e11:p1~r1-:n·~•'?: 1:p f·j 

10:.;r·IO r,r.c ir•·; .. rc·.•·rnt:nl 1n f:'('~·;1<n· 
1i".t:r µt1)J1 J( I1v1ty. ··us :r1·) crj1'\'. ~·n!1 · ,~1.·1!, 

r:ornpt.;'.r;r a<,~i~•e:d 1r:i~lt•o·Js lo pr1.-p,;1u 
r.ir. 1:1;1~~. a pr(•!Jrarrorr.t::r 1n:?y -.p•:n.J ?0 
~·t:rcen: or t1i!; fj;~·.r: :::.·'!t;r ... firi-J lvr):n•.1 .. :1) 

lo 50 f··::rt:i:-nl rJr;!Jr·.;r,') cy-r ;1,r:!ry, YI· 

c,!L•.:r ?O f".:1Ct'nl rl•:'.1:1i'l'J n1·J!•..1rl ~!.1'.r• 

r:·.0r1t~. drYJ the· ff:'.;t ··;,.~'tl·)•J1rr1J.°' : . .-~) ~ 
r.;.!~~ Rrure. ··c(,r.:r~·.11 tr1;': w1'.l11j';1;:t.· 

ir~~ ;J11!;;:1 ~.,!1_;.~~i··_,rf ..,,t .• _-rc r.·r·.1:.ir.·1 · "1·; 
k"e r.:;n l;r: r1·d11' r·rf ,-,!>.:. 11 ~G ~·' r.1. 
r1<•.~Hy in tt.e do:r,,,;ng (i•·• .• ;1·1•lry •.Id 
....,~:1c.h is new ;,. 1!1Jr;·,;,teJ t;y iL1) C :.:) 

r,\t:;f~rn. Tt1c r.•.;,•, t;rc is..';';,....n •~·l:1..11·i; 

=·'> i••:r(l:;'lf fur rr.01 •,r;f.:r.l1r;n, :<o ,,..r 
f•:·n: tvr "'- ':··~;r,(j \/ :.:1:·':~ry. 'JO .... , .• _.;.f 
f...ir "-1 ~.L.,,r .lf 1~.f )1,(. ~·1 .. n f,:"I ,,) .. 1 r..J 

!1 /\ .~~ .. : f',t: (· ·, .. •".] 10 ;. _:,_. . . : , J~ 
1! ); .. ,-~1·'11] 

A (r,r.-1;·.,-'l , •;·: _ .':"°l') ~1 <;l·rJ '...._.·'·' 

J':·;.n •!:i '.', ;:.-·k C .. ,,·1r J*'''.,,., L'I). ;• 
•. ,,,1_,··.-. '-1·:' i•, l'··I~-.,~.~~-~ ,,,., I:'.~. _.,·.1· 
!·y r··Hr 1: !"',•: f fl.'' !• f!I fr' .ii) ( #, . ·,:,I 
f._ r ;."'1./1 ''J i ;•• :~ ·~ '~ f'. ' i',{ uf 
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'j·<:ftic•,; f•r,::lo;)n The pl1·::101:-.. :nal 
~':$S c.f Hi:! vcn~Jre (! .. ,.:~ p;->5. 51-

: re-~, Bi. c:i·} ··~·c~:,·:,gc,d :~ie c.crr.
• f lo f.,;.f: !~··.: rot?llf 5!f:p · ·Ct.'-t. 
:J• I.)~;;~,~~ iH m-'!~.~,r-~clu•1:r l~r: pc.:h 
· .. :~r .. • \'.·:..-_.::-1 Vt!!fck. a r.•~d .. 1rn-$,/•;d 
-:. ·, ·,·; (Ir's t'~.1r1 ~00 t'·rr.pr::,,·( 1·~·). 
: I~· f•11•n.:,~ e :i ( :..o Ct.J.f s:;n•:rn ii 

· , .. ;,) .-: s~.·;-~ .. -.;~h t~•r:? ry·~,1(~;i H.::nu· 
• .:·~=i r: ~ ·- -~·~11s P.t·~! tt.r: sy.>f;;,-n rr •. -1n· 
,·•u·u v.:,o; cr.~.·:·::rn.-,<f. <1r.d wilh 
. : r• ;:<.'.'''· d.:,;.it It•<: S\11.c,,~.,_.., o! the 
•• '. -1("

1r v:.: .. 1 r·c. rJ~·~rc~rl·.·nt io GO on. 
:-. .• ~, ... wf;-r:!11:('.f .,....a$ w::irri.·.j rt··at i:'l 
. r_,r 3: f.::~·J'f.; f( 1 11'"·;.:•;(rl·":P! :~:'; '·)·~· 

._,, V· 1 .. ·f'y, :~.~ C:·-.::·.: .. :r (J>1Jld 

.... ,., l;r.'·_,, ".!~_;:·.:- !1./.t c.r, •!"; (j:t~·.::r· 
:, ~·~: !i·. ,.,: r···ru!.J:i .1r. : .. : d yo~ 
.-.. I ~ .. : - ; :t..~rn G;.i; '.11 :! .': r·: r;h· 

·. •·· :•, H.:: !I .r~ r•:':1r·~r:; t.":1 no 
. i ''··:·· 1 tr.s1f t;, rr_,1r::;., .. t:t••'1( (! ,, 

., 1r t" '.i.:, ft, J! V.t f(' ( >.;•'"<:-··J f') 
"·. r.,:· ;.~.:.:i: ?C; !·r: · r·r c r rn-

... ! (:~! • ''.' ~) ·;~ f:::r. ,,-~"u<J. 
• ( r f ~ ' I ! c . .( p 

0 
? , · . : r; ,,~, ( ,f 

..... J ;. 
1

). \', ':•:i ti(:', l1° r :1 f\'X • 

'·1' . .-~'r'"! f. ,rr ... · '·' r:~~ 
·~· :i , . ,11 ~ ,,.r, 1rj 1! t. :c;. , -1rn· 

j ~ • I: I ,' ,• !'• i 

r:•?!F-d ft,e CAO pcrkm ol f~,F. prc.jecl, 
.1'1d is v.-r:ll on ft,e wr:;· lo i1r,~,!-:-rn.::~1:ing 
C~~A. 

Another succt:ssfull pion.:er is 
Grc.~ilur:s 11;.r.-.ifafhc;r.g Sy<,:t:ms. Inc. 
( ~;,r,:;:i A~.a. CA). a s:-r:;:if! e:.-.ne• s1::r
v1c e ori:..:ni1.1tie:n for NC rna(l·,ine 
shc·ps. The crjr:-·;"'•'•Y !°-Pf<i?.!i1es in 
rn::~.i ... ,rJ r+: :;~r•t:S f~:-r fr-!rir_:-::!e s~·. ,~~5 
lti.>.I "''~ c11f1• uli to d('~·U•be O'l ad• .'.lw· 
ing. [xc.<rpt.~s cf f•J;:.h s~.;,pes \;iry 
from lurb:ne b1ad.:·s to c.r:-i-.e: t,c,,J~.s lo 
ma.: t.ne f(,,)r forgir· ;;s. Its pr>. '."'~'<'ti. [ d 
f::l'll '-1iS "\'le :irF: <.1.1ru::.:.fl,I b~·. :::i~~ 
~Hof C11Jr r1rr1~·ar.:::-.(:rr. c:1--:-.e frr.:1, p,~ 
ini·.i~:·y. Tt'('Y <,;i::: 1r,'.1r: ::!•''Y r.,r,,,!.,;r 
· ... ·.ih ~··r>p UrJ'·'ir prv:~' J J~,.·s. n:,:,"),;f;,c. 
:.,·109 prr,; 1:: ... r·s. r .-,n ft.c ,,.,-,,r .. sr 
h~1if; Of !!,r, p;.·0ple y,;,rbr1g in !f,(;~,(' 
~:1rt(1~,..11i1:-,:;c Tt .. ~;~ fi,r. f:i;·'~J H11: ( r11n

f-;!'1'r' rr~-?J ,,.c; ;sic d·1~1~: ~·,.- lf.:J f '~··:r!s 
1<.J (:;:~~.(· ~ i~·: ft.pr.-.;. s ;ir( •:.: .. 1 1. v.c 
rl,i a f1··,r r-·J!!•·rn <tf (Jr. r,.: "'·-=· ,1,··.1,·5 
( -;.,:, ;. i r.,, .I '.1 f: .... ti. ~ ..... t., ,., ;.:;. 
'I··.~.• J~,,~ • .. ,.,,; , ... , f.·., f• ""J;• ~If U"'1· 

~: .. :;. ·: a r·, ·~ .; : ~: .·.i . •;., ; .. ,, ,,;r,. 

f"1:,•r f') 11··, ;r!i ft.-; r·;·~ ··r r . .,r.·l··:-:i 
~:·1!J (!r:r,:?1° r •,!·.~,. rt,·.·~, fr .. ~, ~ 

,, .,•r 1 ,r, '-'·' ;:i. r: .'. :·~: .r (,,,! ... : .. rJ:t: 

U.l<:l\r ·"!'>~vol. PA). which in lf.1; psi 
c.o:it~,=:r.ted fur, ... : t.r::;:c v.rir.:-,~ s·-:" .. ·i-.-;.s 
com;:.3n:e:s !"u.:J1 as G'l.S. tu: ff'U:".!fy 

decidt:d lo do ifs t;;r··::s ir .. ~10u!>e. The 
·orrr;.:.:1-.y s:J;1pi1e~ rJ•l'::.;s::,n f(11:i:s arid 
di~s lo CO••·;,a:iir,5 Iha! r,·,riu!:,-fure 
pov..~··:r•~d 1;;r.,1ar <:rod ··~r;,")1(. r-:·!5 lo 
auf01r1v:i·1c. (·fec~ru."lic. ;,r,::J 0:!-1(!!' in
c1u~:~ii::s. t~~-.~s~ of the t1rn~ t~ .• ~ d.r·:. Jre 
c.r.e c.f a kinr:I. rtC1d in !ht~ r:is!, ir~·<:!sl· 
rrocn! i:l u: P:«( l',ir-._!l'f v;;l; i, r.r..r :,.: :ir,;il . 
lrJ~ :y. t,.:i.·. -·,.·er. H:e ;;· .• :·-:1:,:.~.' L!y rJf r • .:r:1-

5'.ey :1-.c-C.t-•/ s7··:.!~;qr. ~: -1.f·fI ;~c. ,..~;;·~· 
c1;,f :··":·f~ ... -.drt H ,~f rt·::·;.:'<..,: .... •.),. .-s ;··1 .... :
rn:.J:T, (Jf r1r fi~-_ ~;.: ... ~:: r-;;, ... · ";. ~ ;_ "j, ~·!;.:ti 
1r-..'.:-,~.:'"1t:rr: r_1,.,;··,··.r·r·:1a!'11,,r,:~ 'r_ 1~··:~ . 
rice tuif! 1:•, c-.v'i t;7· .. : • .:rr. rr,,, ... . ;~.~1 ... .; o! 
;;n llr' :•.'!'3')/\ rl··~l-'.!'.ip (' n.; ,::•:r. 1'1:,,1-
i<:r, p11n!Pr, 0:::,1-. rnr::;,r,ry, ;,: .. j i.,l>C 
f°'Jro:,h. t.;.,J:Jlof 1r,:1:1.,~.:·v« '•,r; .·:·ire 
frc-.r~ 1.~1'1.:,1..:~r·e·t:::",:·d •;:, ~ ,~, N:C 
r,, .... ~. ·: .... ,,·1:f £·~'''·'·(· !•·.; r .•·rr.!-, f0 
fl,;!~(• ii;,",(,. r~,";.'"1 I'.~:'',.·, •' .~,,•'", r ·~r 
~. , . : · ·. ;· ~. •• It , , 1 ·: ~ , · a ; . · · •.. ; · • : f • : ; · r, ... 
': .. , , ,-. . r! .·· r ,, .. . , . . , 
f' r ( , .. ; ; .' '·' f ~ ,', . : : ..-. ~ ' )' ' I'' . , . 

r! ;',j 2r··! r :•. ·r 1-.~· .,.,:;'. 

.. . , ' 

:' ., . . ~ r r (. 'r'· .:.~. r , '~, ,• .. ,'' ' • 
; •.• J i'.· . j. 

, ' .... ,, 
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•. -. J• .... i:.,:1; , ... ~ ... :~.~t..'.: fc·: \.t·,."\·Ji; g·:.tr 
... ~·- I !'li 

\'»: l t:-:·:"!~;-,r.r.,.:•1:: ;:~e re ~.Jy 
b ;~ f._ r' . ..: - ,°·-'.·- t,) r· ·:·:...~ .:: :~.c 1'i:J"~try 

!" ... - ~ .. • · ... t I~ r1.:l! r.•_ N. t!.·.: (C"' !·:~·'J:i 

'· .;;~., t:·.- ·-: ·~ fr.i·_~ .r .. ] ·~·-~·o d.~~ ... ~ 
........ ! 1.~ -:.· -:· ... ~1.=t- r··.:··:.: · 5 vr :fH:? 
<:_: ·:~·· ;'•- ! f;!(.f;_ ·r ~i·t· ~:· .. :.: :~:,! t._v~ay. 

k ~ :...;'"! :·:',.r !·~ . .:= ~;·;. : .~' r· }"" .... '::--tur1r"l'] 

!.:"'. ' 1 ~!_ ·- ·-. r ~)· G· ".·:~ :i f.t .. !~1:: ~n:! 

t:..,·'l. ~ .·.·-·~ (,:, ~ :1~-; ~.j 

~· :~~ .. :; ~·.· :~ :"'"!~;-.-·~=· .,...21· ':'":S:.1~

r-t-.-.: ':':·'···:· .:: i~·; t;;;-~· ?~-:?, r·=t .. :e 
t~.::• 1:t: ... s si;·-'"'· ;~s (..'.jr.:r ·: "'~'Y ~,, Jrch.1s· 
1:-· :;. ::~C ~..) (. ·1 ~:rr_:-.u'"'•.J tl-:·:. err ::..f.;, h,:·,:e 
?:..·_...:. .... , c .-.; · .;·- .• ~•.< 1.t•:J f0r .1 nt;.T.~r;r of 

1 .-:·~~s r:_.!~-~-:.-..... (,r:Hsc~ ~_:-.:1,.!~str·c 

E~~ re !o· ·!--:;:1-d s:.~e e:f ~ 1:.:·"·;:·t::i•1 
.-. ~ 1: h ,- : r .. :o-: ~: > ·: :•. L ... ··;;. ;,-· .. _j c·:h
t:r f•_r,~ • . ..;·---.; f1.;:-:.A~,.-!:;i)· rt_!crri::] to as 
(:'..- .. !. -~: ,!,:'.: I :.-.c.•::~:-._; (!;..lP) 

.!.,. :.. ~ _ ;~ f; ·1·:,r ·.=(,;:~r·J~ s-, _ •r;:-r1 :-.. :5 tfi::n 
''": -:C '·!'; 1:--. ''..;·:- ; l:y H·P ::l 1'., 1.-,·~1f1•y 1n 
G·•,•-:>. rr-.-.(e ft-.: ':):::.-m ..;o••S H· 
F·s r.:.· ~ ~~·-·•'.s to I:.] r:.~s. !~1Jr1tor 
; ,,·,tJ::l1.:n .. ~·~<·;., c,;:·•.r.:•.:·rS. u.:::d 
f ~ ~_; .:~ . • :·· .... ! 1~ _;·;:.-:r ::I;. ::k .. ·1·1 C(.1rn

r."· :~ '· :::•·'• -,r ... r ... .::r~ ,.-, r ··: ,'•·>5. /,n
·-'.~.u 1· .. '"··~· :· .. !:1'd. l?·.::·E··~.·.n ( Tuc
c:.._·r.. t.7.) i~ ;.".; ... _ .. ···jg:'.) ,--..:'._!'.I:! ~1:ii;!:=!r 

':-': ~ :•.:+ -. ;~. 1r·~ r'·:.-"5 L .. , .. :; l !P lC(:Q (urn
r ;'·::~ f.,r •: .: ,;,·.-, L ,-.·:!:·if l:;···'.J 1!s 
·:.,-.-.f·/•.::._·i:·.· .. ;···~':..! :_.··.··~f; .... :jre
(.'.J'•1·~'· ·; .. :.-~;: f?:Jrr ~;~·:: .... ,,> c.r·· .. ·dto 
•:.·.;>:a f._;.;·,; :>. :! 1! O:>l·c·•::s '.(··.:,· .. ;by 
,-.5·(~r;." j !~.(: o.·,~·t::m. t-·u~ r. r.1:-ihat
G~C-tt'.~:- [ r:., . .:fy srr.i~~ !-:ns of~~:·.: t;)p~c· 
'.:.::.;:,r;S r~-)~1C(: the 1~.'~t:t;:-1:.•; lfl Si/PS 

t,.~·,..,:~1 the !1ro rr-.;-:,..·1.Jf,;·.:~1.1:•:rs: i?",e 
~·,·€.! 1;rrr .•.;Jr~.s r:Jr both. aruj t<):h c~.:i 1 rn 

t~.al it 15 ~,r;,ciica! for a n·,:c.t; sm:;l!.;r 
r:1.1-i;l;,c!urer. 

Cr:.!.!•,..1:_i;1g 1!.::_, ·k·.·.:so:: df(·~.;··.! t~ie hub 
cl Cl!·. 's ·!· ,.:;r:,rn. yc!I .:· • .: . .:' ;,·:rr::ss the 
c,;E ( c<,, ,;pu:u ;i1s,;,j f:r-,~,,,co;:ricg) 

ct~:-;r .. .:r \•:.; ~~-•1•;;ej :~1•~ ~t'c.~..-; n.~:rJ..ed 
<!;:~ l \· •. ~~ p1;~,:1.: or priv,!!C l;f.::1,.(>:ks. 
~-····:<!::~.·; •~ r; c" .. ,:ie::.-:;e or n,.s i<>p;c has 
~u:ri ,,-_,;-1r1:.:.r.-.J t.•L)re. Tio·! k;uc of 
(AC:. v.~.·\~t'1 i;1 .. I !.1•.~il &hr;- l·~·t'•t:. <:,.f .1~.~!y· 

:.•s. , .. :s (,J.•·''"1 hy C'.:;;111·'!1. f°N'>I· 

·.: ~ ~· . .'J'; tr :l r,:~·'u..::ry ::r~..-.:~. r-. •. ::xt 
i"._· :1$ IJr; '-J': pr:''J~,;r"11r11"~) ·:~,,j i~1(Jij 
·~··;i.;r'\ f .. ~·.e t;,·en ~1,,>. !".·)··':;:fy co,n4 

r·;~f·r1;1·'J :1 .... rJ t.,1ve rr:.: 1 h·: ~: ,-~ ;--~, · r,!SI 
J.t:·:··:~r .. ,r ,,n "J.-,~.., .. i·.\·,·H<f. 

Ttic,. .:.,. ,.' ·~1 is ,1r·.rJ !t .• ~ .;~(;·.,: ~.i·;hly 
<.! ... ,..,i.-.; •'d I'> n•P- pc1nt : :I 1!11~ 5.·J!t· 
.,.;,1r: (;,., t'~ r1;:~:Ji!y r•'•'' 1,., ..•. j rr.-,rn a 
r ;··.t.•·r rJf c.,· .. ·r.-~5. C .. 1'1 '1.i• t~ •,:,f'.· ... :re 
f.r11'.!1•Ci rr; ( ,., ;..~·-"' ~ •!,_ Jt.! ·;~f'rj £:-\ 
('·.'•.f (1 r '~ ;', ( (;'~•:;·'·:r.'', 4

: •,; •• ,!.•rj 

r!- ·. ~·: .1 ', ! f ~···;!, 1 r ~'j'Jf1'";) 1· '• ri". H' .. 1 t 
t~h.':i.; 1C 1 1 i:•., f4·) fJ:;rf••L.I. /,.-, r: r: r. t1:"'.e 

• J' .. , '"·. 1:, , 1". , :n 1r ~r r :1". '·. ,) • ' .. ;' ., r :11 

•• 1 ··.! , :· , j1 .:·HJ ·!·.:!~.: '.1 !. ,..:•,1n 
~•.dr1/··~; ~·,~ •.. ,'.r! · n.11!~,frJr 

tl.r~ 1n } ,! -~.11 ,~,, 1jrl, 1~1.,f:1!1~, 

f -- . 

t:,. ~: .. --.s ::-·~ l.·j ._:· •. :~· 

,...~ ~·-!~f pr;:._;: .. :~r.:--, ... ,~. ;·ir•j er·-.. :: t;;'"'l.;1-

r.~.::~1ng .;::·j rn.:::jf.;.-:;f;J:-ing ~;·;h~a

f1v;.s. lhe i:.:~c:.'!. s:.;!~,o:.~re ur-.~~t-·S ihe 
c>si:_;'l ~·~·1 rr.~-·Jl·.·;•:~ur,r-.•] !~v.:.,_;·~h a 
(.(.~·:;;'1:1n d:.:~:: l;a~-..~ n-.e ..;;c/!~· . .::~r.: :-.:n 

::~sol·'? c~:~h'.:.r·r.·,.:_; for ~r-~:Ji.:.-::·:i..--.£ tn 
;;:·.~.,::~·:!·.J~.~. (l'Jll •-· .

4 
· ,;i;:"I;. ,;~.j f;;. 

c::.:i.:·s r· . .-,··,:·;i~.g. 

Two fac.::s or CAM 
[vtn !r-c:i·~h in t!·.e r.f.-.:·.:;:-.~m c ··-~.1 is 
t.r .~ ~ t;r. IJ~· jr-.~cj rr .~..-!.J,r!i ;1_;t1ri·~ ::r .j :•";.:,[. 

;:·.d ~!-.!j ::·:.-_.>;~~-'~)' ."::"H.1 ?·~·st. !t·.·'.) ·;,_}5 

c!,: .... ·; ~:· .. :_i:e ~,_.r c::./t ·<•c tL.p:'.1 r.. ........ -!· ....... al 

f(:.1-s·)I")-; l.e'·s 5:.~~t )·.-;:~ c~·~:~·:;i.:~!)· ro
tic:s. it's a: .. ~ic ,v 1

1i ... ~e s~.1p h.:,; ~,~~a:
ly C(" :1e -ti: ;f ri:-: · ~:'.~J in :i b .•n;:i-::r 
crc·p v! s1n,-:i: ~1..,:;t. t~··i..:hno~::. ;y c·:.i ·1;--.. -1n· 

i·'.3 S:.::.-:·.·~. r.:. .. ,; F:J:::..f:,~·b,::·~·:d A;,i~ :~1:-:a
t·.- •. -:-:i~: Gfi!)' :i (C•1; ·(: or ;1;..::~c; ('i.i t.ut 
~,:e e:::.::'1 :ly l)a.::~·-,g p:oJ.,._ts . .,.,.,:h v1-
s;0n for v..~!:Jo'l·J ~1ppJi.:01!icns. 

Conti~·.ing ;:rc,urd tt"1e k,0p wi!h 
~1:fo;:;~i•:·J ,,..~p~:c!1:)n ilnd tr ·,f. ii r--.. 1s 
t.r. ::-n t1:1 ;:;1.z~·Jr':~>fT,~ 115 C;pcr ;, :ion r0r a 
lc.~1g timP. ;in,! c,!! th.if ii nct::!s is h-..:~·i-ig 
t:t- 10 !~.c rrs! of fl;c r·i.:1nt. rr.:o~r .;rr ~a
bt:? CC••:ro!s. of v,t,1·:h the PC or ~1rO· 
G' :jr; ''" .1t,it: (.(,r:trr~!!r.:r 15 l~1r.: r:·;t;';! ·.vi~C· 
ry k;.-: :.~ (:1;:;nr!•.~. h:~s h•:Crl rtrt~•,Jt1Cl fur 
n.r;:c 1~.~1n ;; f1,_., .-::"1·.! it"•'J i!~) ~1;'·~ 1 ~1'·,a· 
f1.y1~ ..-.1:rr: ,!-:-..·,~: ~ · .. ; f1j ;! :-••. _/1 ;j::.i(~ 

ty [~.·.: ;~ 1!:11· ... .-.~ -.r: r"' .~u ·~~'j f ·1·t··,. :~.e 
l'C is f;j·,t r··· .. ·t'-'1~'~''.J <;'.b:r 1:1~1· ;·,·•S 
('.· e l,!:,frh ·?,2 (:/;!Jn!. !'~~,~ ·; ! H· 
II J ). i>l:jf) '12). 

.J1.i:nj1ir-11J ft') i~ie r:1.: '1~f,1~.t:Hin] :,1;!1~ or 
r. ,"..•A. yriu 'h ;If r,c,~1.- •· th•: ~ .. Hr.,~ ~·nc: ~'.re. 
i· :i ut r~of• f°< ... :··1 · ~;".· ...... l'l t~·.,f (" f, :· ~(-( ;~:e 

..... n ~ :-.r: 1.r. <l"• ! "" ,·~ 1',•J 1/;, !.!.1 ~ ,:r111 

r.,.1~·r1J rr,~1·.'~ ~ .:·.c tr~':n pr· ~ r•rJ 
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r J'.,', '"] <.;· ,•, •n. 

:'•: r,f 
,,, or 

. '1'l 

-.. 
\.. ' 

., 

....... 

.. -: 

···-·· '' '· : . ._._ 

. r 
_1.:' 

r~ .... :Hy. t~·e t·1't-:iL-.J----.t \.,, .•• _,_ · :~+ ..... ,~ i. ··.: 

~:.~'.'.~~~~.~~.'.~~~·~~~ ;~~~;;·~;:, ::: ;·; -~'.~:·:'.'..~'~:~'..<::·; ·. 

l~ '• • •. : • ,. 

r_-·dc·o. I·"', i~:: 1 ~tc:r c.:~s:: .. ·~:r, ;< ~-,t f~<: l~f·.~.;-,._~ ,, 
f,~c!: ... r;:-.,·~:; t:~s l:,ei..:1 .. !! ; ~~--·j i::: ~·~ .·,: ~--· 
T.".:! ~._,:;if E'!:r..-._-;.f ._t_-....... -. ...... :! i··, :1 • -: -1!: .. 

~· ~~'t;~~ .. ~ -~:.1'.>t:t~~ .:~ 1

;.' ~,:~:·;,;'/:-.,;;~ ~· .<: ; 
A : C.• ~1 ~ r. c- int t ~; ~ J (· !~ + ,.. ,-;1. '; ·: : ! ! r: ·~ t ;_ ; i ~ • 

D·:··.,,~·s •.h.:i;,.,,;n, c,:·-l :o·.:r ;-; -.:.·;.vol ;;.:t •:, 
;~·.e re:1r:;;;r.)"s rr • .:.· •. ~5 ~-) 1 :t;_:,:·.•':?' \ .. ·~ 
t=:···f·1.:~: ... :!1 ffr:r(.'J~~ (:~,-~~.':.'.·;r .!.,; ... :~ r 
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(C1"'1;:.\_.:· ,-_11!s ro pu~J. ~,y.,, .;' ! 1r: .r t:s 
t~.:: ri·/•I at:,t di:!. rt .. , l.;1.: :·. ,r :1. . .,: is 
c~·~· ;? t-..1r1~~~;! of Ci.:-: 1r1:. · ~· -.t$ ··i_·f If:~ 
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' 1 
l~rof itablc Robotic Work Cells Resu!t Fron1 
Interconnecting the Islands of Auton1ation 

: .. ~ ';:._f1.:.,•') "-)·~_.:··~f.:-.ri c1::r1c. )!s b~.~.:irnc- m:J;e v.ide!y 5r..prer.--1t:nted. u5.crs are 

f,-, i -,~ t' .-,: ir. •"t ,,,,i ;<.:r.3! :•>•'·':'1!•.)nS .i•e bt·s! aul0'r.cted b)· inle~'.a!ing one 
ur rr: 'e r._,t<-!~ . .,,-,j !'·~. C' al n;;, .. -hirc IO·):s into ··work cell" a• :.11··::;.:'.l.ents Con
t·._) .. ·~ p,(· r.: .. t·G~~ rt·1d the var1·,:i_;5 rr.·!ch;rie 100:5 :lS a unr,1€-d !':) s.!ern \It.thin the 
.,.. ~··lo.. t~e:: i~ n0 S' .. ·d! 1lt(-k 01f~(··t~;i·:-ec; in pr01:icois. larL_;,j::!:;t:s. di•d e~·er: e~t:"Ctri
c;i: <:0"1c.t-c !•o~s rr"1!..e rh·s a d-.a::en::;e \','hen you're l1n•:>hed. ycu've, crca!ed an 
f: 11' 1··:-: ~.·. e .. 1~' ~ ... -:f o! ~.1LJrr:1~;·Jn ·· Pro!.! :1t;1f 1 •) rf·'· ;J!f s .... '°.en tt'-.t:-~ e ·s p· c·w.; sion for 
P"c· <-··-· .... ·~:al c.:·~-. ,.,_:•,:_.:) to t~,c rr.·~t of th._-. ~··--:'it. ;.i·,j s:_,!~11..- t:,.1t f"t ... btl·ty to 
.-.... ~·fr r ~~1't: r,c ./\ ! .•. -~ s ;~s t~.cy .:1<se 

-.:'_; ( · ..... ,, •• · .• ~- f ~ •.• ~--; 

(•f 1· ,:(~ r.•~1_,!5 ,-, 

c•r ~ · ,1 · '·: r :. · 

r., ,. t ;.t 

... - ·~ l . 

... 
-. l ~ . 1 :. • ~. 

•• • ~ I •. n 

,• .. ~~ Lf:ll 

,\ • ' • • : ~ ! ' . l .. j ! t' : • r. '· i ' J .... ) (, ~ ': ! ! r:,• f 
t~ ·=· f,_.:: .. '.:-,_j I fl~•;·~.~~ j 1 

,. j I'" p,.~ 

;, )' rt 1c:~•.~ r.· ~" 11: s ~ ,c•-.:-11 f,)r 

.. r: · ;-·:'. ,-. F.:~ t '.' :· -,~.:' L.'.:,;_; 
r: J A ... ~.,,::.-r. ~l .. r.• :'· ·. :1

', 1 :,!"' .. 
(_.·.,' ry U ~ l·ir f <•'• r·. ,·;; . .;t.! ! ... ,·10-

r ... '. ;,I I .~~1·_.·.:'· ·:· s. /.1r t.,r, •·Sr:. 
;, ~:··· c'-1 . .-1.· -~r,1. ( 0\·:r1_/.: !\:':1-:> ,r"\ /i.1r 
f ,,. ,. f' ·'.·•·.CH) 
• rt . .~ · ~ , r ! . :: , · ' , ; : - 1 ,-, r , · ":I y 

• Tt.·- ••• ;~.c,i'.•~r; ·~ 1.~; ~":• ... f;-.•:r
fci11· 1"g ttif.. r."1 '.' :,ry r· .• 1• ~ 1 1rl(J 

fu•f!11,"'1S fJr· ;-., ~1;-r.,:. ~ :1 Jl!.~.•_r r_1f r .";~fs 
r.Jf <.,.,-,< v •. :~.1-- r1rr j. '.··i1:-11~-t<i !1:7" .. !S 

• (Jr1c ...... ~~.t:-r f'", :<-,t ~;·· r ;-:r l~•lt of (1;J:r· 

,, "'•] H .: ... :-·~. l f"ll '· ,·~. r· 1· ·;I ··.L di 
"-. -f.J+: t "·-·nts 

• S1 '.t·Cf1rJn of c);~(::cd·-irs (tH~r~<.inr.el) 
f: '"' n.I ,-,f1fif1 fi ,r,r f .j ~ ~,r' ~I ',j~)le 

• ~ ... ' 1 :Jdl ~ ,r1~ f.:~ fl/ ~:~1·1..-1 1n o-.; wr_,rk 
CJ:'.'. rr.:J 1)f Lr~ f, ~1!t: 1n 1 ;:c,r: cit sy~-
ti:1·1 !:!·!,ire 

• r1 .;·-,;·!, J:.1 f;'1t-! '":"': f _.;: r-. .)',! t t::n 

~,!~ 7t"·d rj,Je lo , ...... •·:nl 1r .1r r1J~:1r 1r•s 

f1f , .•• :i':s~ ;,-_ r.-.ti(.ts 
• r,.rf ~)fr1./ :•r,· ;,'•'3 r··~;',f ~1'"-: d . . r; (1n 

1 .. -.,, 
• r .: 1 1 t 'f f,. ~ ,· (" 1..-. ,-1 ;,. 

} · '. I, ;r") r_. ~ ·: ,.·. ! 

;,·" ~ ~·"''Is 
• (r, r_i1~:cr1! ·~,, .. d.!y 1·,'l": 1 Lr: r ·;,,n. 

! ~·~·t":d vn t :'1S. w' •. :~. r,r_, rt 11•r,f5 

• f'"r 1_1 f, 1'~ ::-..'1' y ,,.,, rf·,: , . r"; ;' : ~ ·t i ,, .. ,11j

f·'j 1rJ f! .. »~-C P.t. St' ' :r. f·. ',r,· ·l.'!1 -ti 
• F ;,rly lf:,i .!, ·r11·- · :l:s'1:.r1 t'l·J',t t·J: r· ;·1C 

I. ir '1·.' ; ''"I I .-, f"ll 
lri t.,~, ; .. :1 ·r ··rt1r i',-<1, '· ·1: F : ... ;In 

(', f •;'.<_ /. r'.r •J I!;'".,, l•H•'·') ... 

' 4 : .; · II ! ~ f I~- 'J ~.~J.( ;-,~,) 

....... 

'.',' .. ·,~. _;'. ,,,,pr lt-: !ric r .-_.,p ( ['-.1c,1-,ll, y, 

CT). •···~ ~e. ··r •t:t·~t f•Jr [._-1r~'? ~·:.:.~!e 
: :' ;(: 1r • ~f;.!~:,=·":S .:.:r. J 1r, sri.~<-d1c 

' ~ ; ... ;... :. ! ! -,~_.' ~· . J - t; ,·: ·~ : ~. _. (. ·: ._:.: i "'•Q. I: i1: ~-; l 
r.:. ~:· -~~, ·':=.···:~(,,~-~,1t:-(.!.!~·:.•f;t··11 

::. : ~;f ·1] p-,1'» ~ ·;~·i!'"::.,~f. J1n1 i:::ker. 

'- 'rl • r. i-~' 1_ -~.~ (!. ·' ':~,-.l f._;i f:X-

~t- L.d i';1:; L·. ~. :1 r y' .> St"C-
f ,, :,._·.t: :1 f i·, ':1c Co (f ~·r~1t:l,J. 

CT). l _::-! .• ·:._ ··.i· o ;,. tr-,' f, ,c .,.,.,,, 

.r .. ' ,0 iJf fr, '.~ !~ c-::, ( :~ .. :-; f/.:'.· · ·.11 
:L:· ~·;'.~ r,.r,;·'"'., L~,.. ·r1:··-~. f!:iE:. 

!·1': t~· ·~"': .,.r:. ; ... • ;,,-.;it·'•' ,-~,s to 
I' :~I.;: l 1·J' f. y: ·d f: ... •.J<_,1 :: 1 ·:~(1 f1•:·~1jf1 
:t,,• ~--._·i·JC-_t s-:> 11 r:,n ti1" f'.!11•.:,;r.lly 
r: ~ ~-: .-• .;~-.. :·J~· ,., .:· _,;1 :(-,~t1-1·~.;~-,s If 

11 
0Jr ((;t ·s; ~;.-:,•~ .. :,_. !: ;~~1:,1r,]Ct.' :,;r 1n 
r r I~~ ( T. : ,- " ~ ', ': : . ~ ~:' '~-. !:: i~-) '. •. r; 's r: J ·: : ~ J ,-., s 
(';-f:~ ='· .r'~-) ····<; (·'1...:1· ~i\ r~·;>;,, ... . 1 lo 
1· .-~~ r: c:.·' d t!t:t:nt (·~<Se~ r_:._ .. ctric. lo-
1·~1r;1'_.~·.-0)1·1 ::Jf h . .:' 1PS /' .. ::··a1y". f,··:.s 

f' ·f-l :r"i !·•· G y•. :~ ~ •. !. ;f ;·:r. :. e 0 \lf •. • p.:ir• J';~.111 
:,~, f:,:., ~;e TO 'i ~!·:>:·1~ r .. _Jr·_,, fr;-11;·1 .. s .. 

:~ ttte Cc1rr1;-i!r:_.fi,. .. ~ G .. '",(·ral's u-:<.r: 
to C:._.r1gress on 1'}75. CG"l;.t rr .. r.] l~.-:

Slale of produr_f11;:ly 1n tt.e U-c,'.•~d 
S!a:cs: l..Hi~r.-1rE1 to c :~.·.:r 1:1·!.1::tr• .' . .-· ... .j 

r..:; Irons. I\·. o s ;, ! '" n I p C· 1 r, Is •~•."rt 
reveal·.:d 
•Of ti!f t;rne L{1r:~-·r--··-·~ 1n i]-. ·L1:1··1; a 

r.art. (.1n/p 5 i·tf:_ t;rl~ IS ~, .• _·i1f (J .... H.•,; 
l".;1,~h,-;(. i:~'.'lf 

• 01 <ill l1r·1e C(•~' Jr: o:-d 0n ;J r.~;,~~"''" 
1.:-•:11. (,'1'y 1 '·. p·:rc...t-.. :-.! 1~ u~i!.:f.<~ an (-,c · 
L.11 ( 1 .. ;:; rr.d.1ng 

T r--11 ~- tr,f· ar:~. n .. -~: 9:. p•:r c r:ri ~ 0f r~ f' i :n-.e 
rr.-,c,J!',,--j In 1r.,",~1'1Q a f--1rf I'; l:>;.•:--,j 
f ·-~ 1n ~1.t-: t:.1r,.~;::--~g vf 1r.=i!('·~:r.i!s. r,•, ·.·'d
~, ..:-p1r-•']. (,_:·1.j ~·.:r::!ar ~::·"·:~···s It is 1n 
i~·-:.:,e r•:r .. · .. :1r 1:··'.d d'• .1s a ... :f rt. L··-·f1c 

.,.:.rk (t;f!s (.Jr1 ~1.~r,,~1(,~-:r1tly ft ."'.r:e 

r:.,:;··1uf?.t.fur;r1g ( osls 
Thus•.-..; ~.a.e lhrr·e of n.r: ~<·1S IQ 

prt_,f1:.;;bi!1ty u;ing rc~b1_1~rc v.·ork (·.!Is 
• C10n·t i~.i:1!.1te th·J: v .. ..::·rk c~:ls frlrr1 !!1e 

r o'SI vi It.-; pl:;f)f 

• r .• <.iyn lb:? pro lJCI to Le JC .. ;•~·· ·- ff1 
c .:;r.!f~, •: .. :~t; ;,u• -~ n":.:!1(Jn 

• fi .. ".:IJ'1 yr1·Jr .,•ri_ ~~.Ct'.' .1<:_ I .. J' h .:~· p -~

S1~,t'" fur fJl("j·.l'-1 f'.·:,.~•.it!y 

Why wc.rk ccrrs in the first pl:-ce? 
r:, 1· .. -.~I)'. ,.-.,~,_ t '-1•: r •,_.:s .~:t: lj'' :; .• ~j 

tr.:.::,-~~.(;r ti) ~~1(; rr.: :-:1 , .!: ,: ; ;' ~ .... -·nt 
, ••. •h ~-:.· •. ~.~ f! .. "!'-~·1:-'> <;;. ,;. ( ...... ~ 

;·!:r rj, r:·;j:11:--.i; r~~.: !1, .... t·s. drill f_;:, ~.•·s. 

1,-:'.~1.-'S, gr1·. ;._rs. •·fc aU r··ru_t -·~.:;t._.j 

, .... , n.•:1r ~~·'· .1f1c. ~-.• p;;r3~e ln 1 .:'1 .. J.'IS 

D1s~:!r•'_.P.S L· -: .-.r··:n the '- .~r1::-••JS rna 
ct·11r,•:S d:f.~ ( ~ f ..... 1~~'~'\.P, ((·"'~ _; r1n'.];:. •;•t;,.jf 

ri 1·_ 11 <:f rnc \. 1_;;·1·:'.! nf r .;rl:: fc}r (:;,. r-. r,p. 
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. 
' i 

,. ... , .. ' t. 

' .r ~' .1. '·. 4 • • • ~. • ' . t. . . t ·• •• • •• _ ._ ... 

t!' T f '·'-- l'i,,"•!_ p ... '··~ .. ~;··•,• ',:~· .... ; ;:s 

~.u~ .. ~~\J·-itia:i ~-::; ... · u:"": l I 1r-. ~:(. .. : t ";-~ 

1" •• _ - ~ :- r-..,. 

f·) ~' ... ;-:_·I : : • '· .~ ........ t1f t··~·'.~ f(. 

t·. '~ .. :- ..... •.,_ !.J't·-~. i~ __ -.:- ~·.1·::::: rf"-''-.i"1".~ 

!>•'"· ·\:r r- tt·,:,.t,1'."' .. "'·; ·~·; •:·· a·:1:.. '"!.~ ( ;-:"'• l>c 
gr ( ·J;··· j !~· ]' -:tit"r I ,: ~,. (yj 1:.. !1Vi'i c:. \·,r

t1.;.!~!) !t".t_· ~ .. ,::")t. r··. ~.r.1-.e too!s Ht::,~e. 

')' - .J; ···, ~ !~ .~.- , ...... ·, ~ .. -.e i->..:.•!S 1r.tl1 ~ C 0:-:
!1~ .;""1·1 ..... "- ..... ~··- L .-:·· A'.· a re·~)..:·! L .. r7.:-..·e 

rfir !~ t· .. ~·~,·.~- er. fl.(:·. ~-·1··.e tool ··~ta~1 )rls·· 
.,-..!· .-:!: _ , •• t~ ... ~ ,(_·! -_,~·s r: 11...-· .. i:.::~ .• _·:---,!s. t:: tie 
I; :11· 

0
•-j th.:~~ p-,i:_:. \.~rh·-~;·::- ~,r .. j 1::1(_,:"l 

f.""": 1 P$ (ft' :~ti ":.,' ~:•-•i rr.:·~,·.~~-,:11:} 1!'1· 

c....~, :~c·t:S !~ .. ··1 .. /-: ~Le f' ."' .'"'~:~iy-. of <:!I 
V"':~Tt~j tir~(: \\~11:0::- 1:'.1":1f"t1 .. ·1 ... 1g t~o·:· 1:"l· 

r• 11_1.:f:.~ss 1nvt,..1iory 

~:tn S•.:~r.; ,r;i. V·>d.c·.: c·! 11.·::m· 
"' ·.rd C·_·.rp (P.,!e. I'~). l-.;r:.:-- . ._--,'.•·j 1n 
1., · t.x ~. ,.: f.f,--.;,_;o·s :. .... :,: k hi..:~Fri· 

<:' R:.·!·1... ~~ (C1_:·1·~:h·ar r;.:.~~. :~~62. p 
1<!'3) .:~···~!?. <.'..i !y t.•:~ .. b:kd b) Her
~:t:ft S,1•11:in. t~1e ~J.-1!:.e: Fr!ze vol-1ia1r'\g 

'.-,,., L·~.i;1:;y t>'C fr· .... or frcrn C.;:r.r_~gie
f/.:f:.Jn u ... _. ... ,- '~:~} .. ·.~.1 .. h 1j ::. 1.:L::-:.E-.j this 
u·.~---~~:;--,~ f;i'.~t ··\• .. ~.f_:.r: c.ur.~ic,:·.~.: .. j Wtfh 

t~·u: 1)1-~ I_~ t ",. ,,".( ·:-, !o'.(.i Of 1r1,=:.if'. ~!!tr

f,,~f·.,,·t .. ·S. :~·1c /.-.;··:·:!I ,)I, t·t~·~.-.. -·~.<: t,.).._•c.u 
l!'•t:." l~ .r·:: ftO?. •l"" ~ .. - ·;::.:-· ~.~.;'2 :,,, ,_~. l·_~j 

f(1 tt·:.·:•e. t"t1\11~-~·:: n.e ;--:f~·:i:.<:~:·.e 

\•,t-.1 J. I~ !11:.'.-1 f•f( ~.: ::·.~,~ f-;-:·_,,-J ." .. ·~~. l:'°'

(t r:1;·.i,:te 1·:f._ ·r .. -::1l1;1. the l:•t. .:!~vE 

cf .. 1., :-·:·~ lt•t-- d~~t:· ~1.1'1 t! ,._j: is t k· · ~·' ·o 
;-;. '. i, ( f ~ful !~'.-'_I },..if: ~ .. ~e 1rd!;.-:. [ 1 ':'.)l 

lLe '-~ ,..<rJti .. t! ~'-~·q_.r.~'!y ·.•.-di f._:rt·jO 
r·1,_ 11i--- <.1' tt1f.~ ,,r~.~:- .... -:. tJf ~··' _f,!..:. f:;r H.e 
;: • t'·! ~ 1::11 ~d·( ur 1! y Gf ~- r1·~··.· .. 1r.g U-.e 
c ;fi. :;:11e •• 

~•;S'lj:,r-'1 (u'.'.•·;;;ed. ··p .. '. ·': ul !!·15 

1,; .. : of thn~i'l'), ;;,e 19/('s ~"'"' :,rr:u1· 
( ,1r, t_.ur;.l,.·":<..':t (U.-.;,,...,ut- to dppf't ["1~J0f f0 

;:,~.~ :,._ z1!h,r,~ .,..~, .• ~ .. -: 11 sr:..::; . ..;-d to rr.J~.e 

a Lr! of ~.: ··"e. ~ <·· r: !.-i~)J~ w.~:., ::~J:.J~

~1_,"'t. r1.)f ;:H Hu1t t 1·,i·: J.J~l·~f'd . .:--:rid q·.n!e 
ff. • rhl~· ;~~If~ '1~-1; ~ -~~'!!e \'\':!t1 th~ gro·.-. tt1 
If, na: ij'' ~.!; n.1f.,,··.;,I ~o'Co·1J:.I !hrc'• J;Jh· 

111J! the 10._. ;,..-,di~~· ;,., !t':it·:Lf~ of !-~~1~r 
f,_. d·:v-:: P.dt '.J( 1.-:r1.1~ 1~ sui"':'"',~·N 1 :;-!f sur
v1~··1g It.at 11"1<:- c C•u·-iry .;, ": ~-.,.-·d Ci"Y 
Ir: wf:! ,_,f µrv!ci; !' ~1!y _.:c ·.-,:r. al ;iii ... 

Ttius 1n ltie 1'Jf.'0s .. ,.e ~.::>e lo re· 
v._::s<: lt11: k1'1.j (Jf n11~.L n_; a•1d !1•·:;;1n fO 
;1;1~!y ~r'"J';irPS fO t,:._ir.,j .1 Sl~1;1!·/(: n.,~ 

l ,'_"J,..1t!'y, ,,. .... ttJ Hi~ H·/ 1 ·Jr"1~< .. d"1 vf f~a:? ro
l.1.1~1i:: . .,. ... Jik (.1_n ,- :(, n •.. fr-:- f:1')' c~ .. i'ur.· 

"":';1 I~ J-!',1Ii.-:1 .. '.:V "'] 

~lif<;sis no: r.1~' ·~..,f-1515 
~ ... ~ L ·r.1s 1~. 1t.t· ;, .: ii 11. ~,:., ...... t:•1!Jr·~1.th 

t>f a I t;H .-t', (.111-1: :;t·d f( r~1•::.!r.L~stc;, lif 

1Lt: u.,r,:,lu~ .• 1 ,,. .. .-,th ol ;i 1 ell A·.rJ 
( f1t,I. ( .• ·~· ft:~ ri!(;' .'l "•JI~ ' ... (t!;,~' tn tt·.e 
!·.·,~; ~··:-.n Jir1 h'. .. ~-1 .. ~ r~1i 1·~::v1') H;af 
r1 · :./!·. f1·~.r:. !:, .. ~,r .. ,. r w ;.!. :r.' .' .• ' ,",,1 

.._ ( n ...... ~1r,:1' ..,, .. ~~: ,·i; \ .. ·lqr .. ,;? ', .··.(! 

••• ·~. r ~ ~!:. r ,: ~ ,' /. :' r 1 ·.;~ !' ,,'? 
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In c.1.·y~.'-:;r "s H~,· .'!- ~ .!'e. AL t!t".: :rv.'l•CS pl . .;1t. GE r::.f".,i!S a«~ ·•C•' c.: • .;~'1 • ... -.a~'.'-:; ,. .. - 0 ~ .. •,- s. ' 

sr.-,~;_ !- - -.:r ... .t I: ._; -:c ( (.•n:,, 1u:':.:t;:. lot.:.:: 1.:-f ;.~( ;J.)f.)r .. v: ... ~ c ..:..·:·:;· ":'°) ·s p~;~!,.:· 1..:·-·f ( .. ::s_ ,~~-~;. s. ,. r 

ii'• "-f Li-:~· f1)"",:,_·. •:.~r ~!~ a,·f" ~·-.e,"f /i..•I f,· i .f1'l; .~'"!._"" ti!f'].IJ·.f,:u,; f 1,."i17·;··(•,...,f!,..,..:! .~ 1: i•.e: ( -·~· pu:t:.r 
1.·: · ... ! •. _....,:,., ~7 ,: :~· ·:s ~.-rfl c.:-: --r.1s ... 1~e Li''"' 1 tc ,.;_ -.,•,ty up to 21..iC d1!:t:.•.:;--i7 ;-.;r: r.~ ·:!ti:··s 

I:,-,·. i-, ;,.-, u--;: ,-.- .. -ti f~,,,f-..,):1 E .cry bit 
~s ~< :•:--!:.-.~')· d·: ~- ... -)~::tr,..1oJ to i-1r( .. f1f.1~1h
fi,· ;~-~- c~:-.:r1rJ:r is ~C: :t.c f":urr .1n t.10.fy. 

t.r ( (•rd1r.g to 1;-..-f,,,; !fl,il R(·t.o:s. a 
[-cu .. ::;:;ry .:rid,.,. :•:Cast ( ;,,d fd . 
~'163. T.:-:.h Tr.!" Cc.rr. r.; ';-Lr•.1He. II. 
r·P iOC1 10;).. T~" , .. _ .,_,~·-.:·:J f.r.,! ~"~;> 
( ~ .~ ·,-1-·:,..1,;) 1'1 H ~ .. · .;- !. : i: .,:· ~. :!1ur-, ~1ro

r ~ ··;s c:; ... t .. : • r-: .; '· .,·: ;..J~ ir :--1).:-: ._ ! 1r. •iL -;-:, r -
j;"';..-1"1:; t~.(; ( .,•,;.- f • .-11 !.:IJ. ( ,_<,~ (lf a f '~''Jt 

1;:_.~-:l;:.:::;~·r"i •. ;,•.,·i-.. 't~ \t,·2 ~~·t•P:~ C..tt°'V1-:'\US. 

th~ fo~h Tr<ir. •0:-:·1.;,rt 'J'·"':S on lo ~ . .::y 
··t .. ~ ·st (f.r':·1;-::J~.;··"= n;-_......, r:·:,ng rr·hu!s did 
n._,1 r o'.<1u-:t a fo·.cc.1! ?.•J:j1f of l!""'r rn.-,n
uf,1-Jur,")g c,p(:•::!:.~J~S to evDl·;.:i~e H•e 
ft, :,,1~ 0 :!1!y of u' ·<1.;; rob•.ils or lo 1d.~n:rfy 
IJ ety i1f'fli~ a~nris. Hc.v.ever. triey did 
(.c:rn.:1"1(.t (<)SI ~-.!l11j1t~S !o ev.-f:J~~e 1he 
b r,c •• ,.~.ics of 1:•,1c1g ,, ·~J0l$ 'dhm than 
!' ,;'11;;,I lab~-,r In typ•t .JI rn:,<1"fiic.fu1 i~g 
or>crc11r:)ns. it 1 r..;f. eo:. !-(·n~.e 10 r..onJ:..1cl 
!J.:..ith a cost s!u·~y ;,r,iJ ;,n .:i:i11! of rnanu· 
fai:tur1~1g c1;,~r~!1r>ns. •• 

Ir, g•:'•crdl. the 1-,p•·s of '1j'iJ!1r;i!iuns 
~-:1!;,t,!e fur rr.•· :·ls are ft,;,.:.e in ·.-.hich 
1: .• rf; t .. .t'c t ...... ,~. ~.:,!· ty r·ir~·~.1-;rn~ m t~·e 
J·-~~.I ::. ... id H· ... ;'_.,, ~· .. ~·1" h ,_1(; riot rj#•l·.Ji~e 
; ,-;_;._<'.··~r,t ~-) r~.,_- ,,_.t,)t II..-:: ffi.)r(; hiil· 

:1,,1,.1'.JS, re;·(~!1;.,.e;, f..tf,..._;u:'ig or 1r.1nd· 
r.·1r"!i1r·':J 1L~- !.~· ~ .. \~" .. r'<'r~: J~J~.!1f:;ih!c a 

rr •!Jot I c.c k 1:.•r t' '"'·IJ ''" ,,5 in y(Jur 
rr.:,,• , 1.,cf..Jr1:-.ci r .,,_!e 1ti;if tan !Je cJ,,)r· 
"''"''1,•-<l t~y t"'d" lr:.-r.1~ ol OC rr:wc· 
f1uris c.,r ti·~~;., l1· 1:•:ls uf 1·rr1pl1;,'J'ee 
;,! .r 1 ;"'.~. r:. 1,,rn 

!r1 h::: ~ ~ :·1 ·.~. (11 ;, 't··,· ~·r1 d'1C;"'P.) 
(;f ·s Jr: .... r: ... ~ ·.· ·· . ,. ,. ~.·.J ,_.jf, ··v~~e 

{ < 1f ) il:~·'l·1 .:·· · ,, ! ·•· !1; s1 r·~; ,.::-, or 

;-:·J!c1r:;.~T1 :in eq.J!r,,.~-: .. .:nt Jo r.:; c •J'""'- .j. 

c:ed in 1c::.·-,!.:!10n fr(.:n t~·t=- i1:st of f!"'.c 
~rO(f~·-s Trt·.!1c;1n.,.·. ,~ rr .. ~-:·, Lt: l''·t'· '-St· 

Lie lo ;ustify !t'.e u:sr ol a r .. :.-:.t. t-.ut 
s!r.-1~t!Ji'_ .. ;:!!'r· it(!~.~ ... rr:c~e 1.,;:_•(;j t-~lo 

r·,.J:!i1': ~(,.:r-.~.1: If. v.t~t". (h!~ rc·!1._::it y _..,:J tdl"\ 

1r-!._u_ .:·..; !L·: ~·erc~:-:-· 1 ,1;~") -:·f ~::- .. ~ ~!.c 1r. 
\.,.~:1t(:ry is Lt:, ... ·~ ._. .. 1-.;·~.t;--j un. ~ 1 ·1·::r1 )·1· u 

~ .. :;vt: ~; t~•::i: t:-~· !.:1u.::. ~·-_;:~ -~~: ".:i tc. it·.;! c 
~·~ur rr .. :~1~ri:il .-1r1ri c· .. t~r~ •• ~-=:·j t:c:s!s · 

c~o rn•:ide:ling saH s profits 
T:Oe r:.;,r•ua! !=·,out c..f a r~-~_. :·f•C. ... />. 
(':II c;,-. ~re a vo.ry h'~'''•JS t;,s;. In,,,;~,! 

::;•p!11: .• :T11)nS. t1.e ro~.'~·i d~ITr 1·1_1sl r(·;-:1_,t'1 

~CVP.'al rn;J(h.r11~g ~~c:t1'.);;~ 1r. en ( 1 ;•tt· 

rrium f.Jshron It's root U'l•f.ua! fur the 
des1;;:--,~r to f~) out 1?".c v.-e:~~ r. f;:; :·.- ·• ,_. ~1 
tirnA-510 c·1r·t,;r" urn~ [1'fJ~,\:i 1 .... ., C·f ,,_;i~ ~. 

.. ~~·prr·.H~h vt:· ,l:::-,rs. f1 ... •d p · s·~)·:: c ofli· 
~·CJn Vi1lh s~rrOlF1::!1r•G ~·~1ir.~ t: 1·; 1 ~ -.•. -;nf 
....t'iilE: s~riv1r1g fc.·r 1115! ~~ •• -. r1r;t1! 1 ,·_r;1~ ,,..·~1· 

t .. ;n ol rn;,c.h1:1£: pc$rli::JnS ;,nd ;,1 rr: 
m:r-.tern1"nts All ol ft,,5 ,.,,i~•, . .j f,:;o-:> 

C•.:',!S rP(1ney 
-:-o ~~,~ ·.,t t~'e rut1:_1:1c r •::I d··". _;-·t.?r. 

f1:··i\OJ $:1.A. a £ii;"1c-~11!-• ·:'r( ·_.t~ ,, ,~.,,t 

S ··;1_..!;~•ir.::,.-1 !·~Jft.,. ,. f'. p~\.".1'.J· f. .•.;;: ~ .!r.: 
d r f-d ijf !Le HCHCi · ~_, t; s~- ~ 1 • • r. [), ;,._,: 
iJy the C:.'..na Cr~ (G~,- ... •a! r 1 •.. rrr; 
Co. S:;r,r.y·. ~le. r,1,) /..er '-'d•·,_; tri r.,!· 
rr.::i's Ct-.:irle:::. T. Tt•(''"l''.·'Jn. it.· rr: ,,.,, 
f·r}!I l1.-.'.,1C fu'•( •rc,n~. v.~ ... .-h ;i r t.f'• '..yS· 

:ern rr:tist ri•·rlvm to ~··•ffc.p :,,n-i'a· 
f1()r1~ !t1d1 .1rf u~ .. ~ ftJ! 1n d· -.,:J~"." .• .t' r(.f· 
1~,ib!c , ...... !i;·,!r1·tl i1 .!1.~t \\ .rk < 1:11 

• f'),,'.:•:,(1 C"ir p,·•" ~y \~~(~ r 1 :!.1 )! ~.-,,j 1~S 

... c.rl< 1 .. jl 



. : ..... 
• • • t ~ • ~· . r· 

• ~' • ~ • • ·- • • • r : • : • • : .•• ••• l' •• 

t!·•· ""'"~•Ji_, .... :~" .. .; "~··1!._ ~··'::' r(._·:,:-1! !» 

;,t,.!1!\i t<.· rli. ·••· aL· .. ; H ... t! r .. :~~. 
•Ct .. ·:::~ lu• c.c·ll·~··"''- ol t~.,: rc·t·ul w1lh 
'~~ t:' .... .-:r -·· .!'~··· .... ~ 

• t..r .-tr,.,,,· •. t•·t.- T1···0:.· r• _: ... •·~ ! :..:. ;··_·rlc_1,n1 
a tt1r-.;<··~e Pl('"1t_:~ ( 't-':..IE 

• r"r.: ~'if· :~~ !:i1i·_·j .,.._r__,.!'"':.a7•J .... or1 trie 
r ut1<Jt · s d•r'1JP-••~ t·t•· ~ .. i.Jr 

• f l.;i; ,-,.,) 1t1t•0I S•"';;.1r;,r1!y lC--•"1'1oon 
• rrcwt ~t"" 1_:_.f'.:~,it-~( ~'l;-.t-·t:·1·•; ti·_•(U-

1·.~r1!:1:1_.r l0r tt ~ ,~C·"~. ct:n C·~··;·'J~ .:sriQ 
for It.-:- ~·~~-·~J!.-:~f'°1 ~·r(·:;·arn 

\·;~.,;~_· ?~-*="' L":_-.t- c·f c:..~ ~·,:·'·:·r:~ h.1s 
, ... ,_.,_fi:.,-j ~··t· t.·~•,::-_·'":·~\ c! r:·.0:-_t ,·:r11:_al 
l:·. ~ 1;;,.., t., z~!;~ .... ,~.~ 1 .... J°··~ :.~ -..-_ .. ·.1 ... •:; i2r.

~·t·~. ,10.:! f ..!~\· t· J':tr; Gf (!·.-:.1.1'l·:JS. 

r._,r,t·!~·t.;t ~S. It . .,; re 15 ~:ill ~:.;n!y c.I 
n 1:<.S1rog 1· f.:.w~~!o.:>n 1 ~.is t.>:~ C·f 1•,for· 
,,· .. :,'.1:.r. V- rr.;:.:•:J [-::;j:.,., S Tt,_:,mas 
tGt:,.-,·:-r~;:f!t.·.·_tr1c Co. h·~·!..:.1!1.~ ;-,·1dV1· 

.,,·;n ~)·~:'-'''·-~ f.c'r->t. C·!.;•d.:.. FL) :o 
;, ,1r1l.r ··G·;,;:~ ... : 3 D S· c.;!.;!<·" of Ro
t-.. :·'•:.·;.; _.·~.,-c'ls. ·· 1r \\~!''- t· r-.e <~~y=r,t_ .. ">s 
d ftLt.··1i ;.= dt.:.r.=k.;··_-j 10 t:""1~.J:""1~ (·the 

•;::.<' o! a cr.r. •ysler:11ri '.t·e c~··s1v" c.! a 
r ... t1u~1C. ·:;(.r~,. ell 

Ace"' ~, .. g 10 H<,,.:;s_ ~·(·''. e of the 
•·· 1':'.:····; :~ ! .rr· . .::1 _1r. ,j . .. :':. -.· •. :r: ;~.! .. k1'1e· 
r: .::~·-=. ,-: .. -~ -;,.. ;.-:..-11.-:, ((·" ·-: ~- ~,·-:~1 _..r·.s 1 t--.e 
... ··!1J~' ..J!'" h~ ;:_.!!- ·~ 1~ tc c~· .-1·( .-:-.1~r-~;, .. j 
.: G ~~--~~~11: ~1.;-;(:,, ..... ~i:.:.t-. L·~ ~ble ttie 
rut.1ot L(!: dr :.1~',f:r iu ~h.:.rc.""<•,::hfy 1f·st 
lt .• ; r.< ,\ ~.,.. t. :L::~r· "! w;.,,:1- l i-Jl t. .J .:;~t: ;-1r.y 

t .. _;~~~.·.,:rC rS ;.;•.'_,':.P~f ~t~j · ~·.::..~··1,.;t11nc5 

( ·• •:r, t ·: !(.rf' .:r-:~· ~1Jl•!;:f1;_.ns are 
rr- ~ J• · ". ~·-1 

· .. ·.-· :-: ~~.c ~1 .. .r;!·.,:·•c. r .. ~.;~:-!: <A trit 
'-. J.~)' c .. 1r. ~·-( ,;:.;~-:ry r.'. •: :~.(: d!m 
.~i·.1~·.g 1: .c ··,,j.- .1f .. i.·;!rh .. \··~u !' !rrl d·Jn ·1 
~.lr~·N \•.t.~.:!n ,;'"uj ti:"" .. h ft·,i:: <:r~- rf'"1,1 l~'j 

V.:;d <l'r :.i:·d T~, truly (1;·t11:-:1;e the ro
t.:·:rc. \•.;,~i-. ((·11.;, d(';,:.S( .. d(. ~.:r'~.;~;it1un rs 
<:!~-0 r ...... l·~d TLr: c:!1··,,-,.,11c r.·. -.·;d of the 
""' .r~c r:l' 1n·:l,r1~·s s.1:h 11,f,;ri· ~,lion ;:,s· 
:,,-,i., rr.;,~~-es ;,nd 1n-::rtias. ac lu<>lor 
~.;-.r-.:.,1. f:rr.-{€ rir1d 1~ .. ~-t1rt Cs"i·i gri;·1per 
rs--i.d v •. _~~ra·o. c rr1.·:'"·r·S r::··ui 1--.er!1;is 

Tt1f· cc)~~·~,:~.•:d ~ ,--•.. ·;-1rs!•~- a ..... , d)·r1<im-

1c !.11--,.J:r::~1,.1'1S ~1re:·.1 j.; r.:i-:..· •. .:~~ .-_.;1c.h dS 

~ 7;;·: lly v.~.r;r. !he;,:), r";1'lt 1S rc1d~f:d 
..;nd t.c·w tn1Jc.h C.v1.;r~hr•ol error is 
:~1it.(·d t.y lhE:: ti··~(f::,~r;,t•lJr'I {urve. The 
<srn; lo.,.j,,,,1 r.ar1 t.e ar .. 1r1;ed for spe· 
c i a I o v r; r - ;1 ~, ) I c:· ad ?. pp Ii cat i or. s. 
Tt,rr ... ,~t-. , ... e USI; or n1(~,,:; tc)~·!s. the ro· 
~ .... ~,c (, -:: ,~. < ;]r t·r c ,,,.., .-);.~, 1:-.1. ~ rr .. 1 :•·:rt· 
ai H'1r··i·J,/ ~ .. u! I ,r,g t..t~!ci:e ;4 "",)r c.r1pi!11 

''q•J1,,.:~.cr1t is"'' .k·tt-j or ,-:~.:.-~nr.:d. 

Orc:hi:~lr<!lion from c:icophc.riy 
D1Hcr •:rif , .. ;.1'.t.1~1t: ti 1'AS. r(.•t .•,fs . .:sr1d 
tr;,c:: fer I .u < •)1··1· ,r.:;r,t:; r.-i.,-Jr~ t y rlif· 
f.: 1'·~,i rr :: ... ·_1!.s ... t•.J!• ·r~ Cs~ 11 'It rr:.n: \;r~·1~s 

cio r..-.it / ., •C to ~.; •.• ,~. '.~ .e • .. ,, <.c l-1n
·~· ~.i J'· Ir, f,-,. 1, t•1· )' fJ·~ f .1n rif"). f(. t~::s 
; ,-.f'; r)t r: .~L··r r. !',! c 1,:·,. c··;;·.·r . . 11~-·~1· 

t:·t r~·:•.:...~1: (fl; 1~·;il•·1:•":"".~; ... :r 1:, t•·~·~ h ... 

~·:: t! ~...., \~•1.,,1u~ rr;a :.h1!"".t·S.· ( (..•"1!r(}it"rS tc" 
!a:i.. 1,:1 t'dLh ether. rF-1 1 [10es he use 
t'"le re·~·~·! s c.0..,trol s;;~:e"~ IC• u"•'v lt•e 
,·.jr1 1)'JS. cv1~·.po~cr1:s. or d.:•eS ht use d'l 

E: •Terr.al pre.gr arnrnat>le c.ontro!ler or 
r.~;:;t·':;e e•t:n a hosl c.or.,ru!er? 

ltl:C'JJh u-.e eflorls ol lhe ICAM pro· 
g• am ( at•C•e) a factory con trot t:1erar
~ hy 1t:rr~.,..,0r:1gy t:~s t.;:en dh:t-k•ped 
<i:oj •5 t.,;,•.; ;,j:.;_i!t-j t y ;,t;>rcspa-:.t- ar,j 
d·:fr:-,<.e ~:;;-·ptie•s At th€ bc:iom •S the 
pr.:.: c-~s le:.-el Tt.e c,r.1;: or more 
pru~"~S.··s a~e (•Jr"'!~.~ ~:i:-d ti) ·•·C•rio. sta
!1_ .• 1-c.e: St~''!:ns C·.e or r:-.:.:e ""'.J'k 
s • .::~:..:.~~: c!~~ c i..Y·,trol!.:.;-! t>y ct!:!· ... -. e-i s.,.·s· 
t..;:.:s O-e- or mcore cell lc.-el !;y:;rems 
r;·;·urt to c,;r,'.~r !e.-el cystems f 1r.al!y, 
<:t.,:-.c· c.·.e or mere C~'l:..;r tt>·el sys
:er·.~, 1~ f;...."';.:~·j the L::cf,:_--,~y !t: 1•e! ~ysr~m. 
S:···,'.;- f; ·c•<>r.:h1cat fr->·'..: ·1d1ca! .:i•ch1-
!·:- t ;·t·S}t .. --:·.-:- t:tr;< rl~·•:..:~-\ ,,:jari.jeS

p,~tJ~.-·j by G1.1 (t.'.AP --CE. J·J!y '84. 
rP 73-75). AI:.;n-nrarjlf:y (V1s:a 
?OJC ··CE. Apr. '54. p. 157}. H..:in
f't·,\.;ll ~ l DC3000 -CE. Ju1y, ·e4. pp. 
i6 78 ). c;r,J c.:t.ers II shc.ul•j be nc>:ed 
!!.at l~1e tC.t.M IT•C·d~I was cre<:lt:'-:J as a 
(.0'1: •·;c'.;;;;I ''JOI to ?.~~,5~ t'1t> c O'•lrol en
~·.-,i_· ... ~: tu 1rr.;·i .. ..::!1~::nt ;:outor~,::~10n cf h:s 
L1f. :cry. ;;rid re.11 "M)rld ''' p!1c;;tic1ns 
i·~a~ n.:.t :! .· .. : >5 bn· .:k cu'' .-.;-.:r,r.t•y into 
t;-.:dc!I;· i~.e f~ve lc-.tfs ·.'1~.,~•-ritied. 

/..J.:.,,:,::in of any or;e c,f the <sbove 
t.,,'r<s1d11:.2I s!rnc Li:i~s s~.,,,_,t.J s1mpl1ly 
t~.~ c CJ! r,;'!1•.J···irr: .. ?! t1C1!1S -( ..:.·r:--1-·~·: i1b1fi!~· ef -
for!s '·<t~•',:C:'"\!:>.lly, rds. 2 /I, 3 A r:>i!1or 
t!1:f·.::~l: 1.: t: t·~·~ntt:n the ICf..J ... ~ hir::rarch'

r iii f: ·'rr· .. 1! .,-,j n .~- ,-.f~1t:rs t::i:ed IS that 
ur.J.;r 1Ct..'vl no con!roller e.-er directly 
c0rr1P'•Jn1ca!~s sdc1.;;:ys to c.no:trE:r 
.- un:rc.r:er on a cor:,r•ion lt;vel. 

S1:~ ... ·.-?.ys ccmrnunic:atrons on a 
r0rr1rr"Jr. le-.et a,id C.!1ult1er 1j1mer.~ion 
lo lt•e corr.pleiuty of intt-rc0nr1ec.!1ng 
_the v;c,•rous 1s!,.;n.js of a1Jlurr.ati0n; the 
(l:,n:r::-.r!er ;,t r:::ir,h lc-•i::I rnJst be at:le lo 
cc>1r1r:<u•11:;i:c with the one belc.w it. 
i!hc .e 1t. ,,,·,.j on u:t11<r s1~1c of it How
C>t•r. tt.ee 1s a tri!d('Off. SrJcways 
e,omr'1ur.1cillrons s~,('t·d up syslt:m re
~pr;r:5e by minimizing how much infor
rr.a!ic1n h;is to go up and eve~.tuc.!ty 

t·;,·:k dcNn bet ... u:n r.: .els. 

Ce!I c0ntrorter inl(:rfcr:cs 
Hie udl cvitrolier rs !tie c.-;:i.j 11: of all 
1r:~.tru~!1<Jr.S le ;,r,cj f10rn ll"·C: work ~ta
fic ,ns ( t~.e v.::rr••us r~;;1ct11n;, tools, tr ,;ns
ff;r f,,,e co.r•ro1:.r""nts. ;,rid robots fti;:;f 
rr..,ke up the r. ·:rt1cul<:.r v:U in 'lues
t10n) S1r1r:e the rr.'."'li;;·~r,r r: ;,rid c;,pa
? ·tl1~''"'5 er ft,1:~.f? va~•nus •1tr)~k s~;;t1ons 

Y-!r·"S frGrrr <.un:r(,I f1~.-:~s to t11·.;;h li;V(!J 
r c1;·.r1,;1•i·~!c., ~t·,e r.,.!11 ( 11r,trollf!r rn1...;St 

;.d<.(J '. .. ~ ·.k 11~· c.r1f1~ ·~f \},,!t'.1 •,fri..:·~;urc:s 

I• ~· • • 1t • ! • • \.". .. • ":' • : •I• ~ -"" - .. ...... 
• •' -1 ! .. :• · ':.: ~.' ~··a. '\~· t " 

tr.•~ ..... 1~'"'- ?..: r .. ,:•v ..... ti .. "'~ 
lr-.e;: (•·!: (l1,..~rv!:._ ... •~ c1~'-C ft1f· 1":•:• 

la~e t.:: ... .:•.!n aJ,.i. ""-: {t'lls <t'"''1 tt••· 
la:tory CC·~o:rc,' t1 . ..;·r.··_t.1:.1t 1'lf:~-t~~·u: 

!u·e It ;,1~e ... ·1.jt-s t~-·- r .. ~ .. t:·) ll~~t:.: !:- 1·:, 

ltc-.~ ... ::h dala s:i~t a;, It."" lurrt-·! ca· 
pac•tt· ol tt.e cell. r~a.r.!t-r.;,--ce 

r(: ~'1<rt:'1enls. q:,;al:~) r~<-·Jfls. a··d o!!.ei 
1r.l.:>:r"2!•on. as r . .:·E-Je<:l t.U of tt-.o-~c;, 

c,1~a t-1.3·.-e a d·re~t u1!; . ..;:.t vr. t-.c-.-.. tt1E

f;1o:t0r)· auf1)ma!11:..-" s,~~t:·~·. fu ... ,:fi:J"'.s 

\\'rtt-.ou! tt.e:.e c.::a !~•£: la'."!C-r~ !'~S· 

ft;;"S cc :;l,j n0t C·~·:1~ ..... :e tt.•.; rr .• -~!·:r1'3:f 

t~.i~·tJ~ .. ·;."l·.l ar·,j ~:'..: ···~-= n-.i:: r:· .. -:-.1~'?

r; ~;,! 1··,,o;r:~ . ..;i!!Jr. 5)S'·. "r · .. · ... ~t. tt.t· :-.'=":· 
~~ ~-d''t updJ!e r.-:; 1 

.... rfs 
In adj1ho:i to t!~ cc.rr. 1 ~1u11c.a·1J:"'.~ 

t<:sks. rt.ere are a! t.:-;:s: ~.>-.t='l 1'l:err.al 
~t! ••CES atso pt~rf._·~1:-.€:-d ty .:: r ..... ~.,)!1: 
,., :.rk cell CO"iroller 
• c0~!rcr:1ri.g 1he 

• Cc:.n'.rctring 
pre.: .~--,~ng 

k;·,.ki:J of tt.e cell 
n.e 1c.t;'5 a· :u;;t 

• Cc.r1lrol!1ng the 10!: ·s rrc( .... e:1-:e'"ll 
thruciJh tt-.e cell. 

• ~/~r:;ig,--.g procr~-s1ng rt~·:.-:.~.irces .,.,.,!h· 

1n the cell 
• [AC ~;·'ion t".~~n;~r1r)Q d,..1:J '.11.·1hfr'lC5 ~.cs 

• s.,..~ ··.:~11 1nc..~1.tonng 
• /...'. ,.,J i1J!o!1Jn of f:·· "C.rrl' .11 r1r-~f ..... ·r:--1· 

Prinling prc!>s manuf,">i:luring cell 
ht the G,.:spt•rc s ~'r'·!'"'"s 0111 p!.,r.t of 
h .<~.a ... _:!! I~·.:t;rr .. !i1 _.r:.-:1. ( R,· .-: !i~·g. F,: ). 
;:; CC.A. ( t"or f' ( [ ·· :fu•ci. '·~ !, ) (1: 1. •:!1 

CEir r. (1 ... 1ir0'.>:.·r dr"1~ Cir.;·· . .-:! L,cic,r~ k,·-.'.lf 
G~t-a ~>:-?.-,0rio. ,-,re t.•:····g (:r ... ~.~~-· ,..-.,j to 
prc ... ·uje 5.Jf··_·r•.::sJr)' l('."· .. er Cu'".!rcr 1n a 
cell rt-..,: m;,.:.!11~1t·s p;irts l:Jr si::.-.::;;f drl· 
fe::tnt rnr:.,'1(:!s of cc• .. V!'•:rc1al P'•"!'"\; 
pr{:~.ses H,f: ct:ll v,~.srsts of tt1;.:ce ma· 
r_h1•1e tools.~ GCf, Cv{:rh•'.1d g.:;r,try ro
bol. a GCA C11nroc. rr1bot lGnt•c1!ier. ac. 
1r.5;_.eci1on rr • .;c.hine. c.nd a vis1~n sys· 
tern The Cimne! c:'.~hres the C1:n-_el! 
c12::t cc•'1!rc:.ller to r...-.ti.=sri:;if· da:a w1:h ;;JI 

rr:.,c.hine c <Jntr<1!!.:rs 3'1•1 •.kvio.r.s w1:h1c. 
th~ c.ell 

Tt.e rn;1ch1•1e tools ;, ... 1 ul~1c1 n.:,r. 
GCA equ1pm€:nl ;;re co·,ri,;-c.ted to C1rn
n.;t via GCA's N::: ... urk fr,:erfa.:e U'l•tS 
(NIU) Tt1e GCA NIU is a mi.,1<Jprc;:es
s0r-b;,s.,d C<;rnpi;:er r ;,. ... »le of l,J~ rng 
cli'ec:tly to ;nolht=r t~l?J 0 1er tr1r· C:;rnet 
[·,ery NIU is "1'';;.; ,·rJ ·.-..th f1'r: :.,,re 
v.~1ch ;,r.Cl·~'s Ilic: 1.,-,.y;,;J•? 1.Jf lt•t:: rr.a
c.hfr~e tool. cont:.:_.'!('· or ,,,t-.'1: ·: .1t:-r ·~ 
(.(;r,c.•:c t;,rl to 11 Tt . .:: tJllJ 1-'fi r,,;n!ly ',11p· 
por 15 ;,l~r11JSt 100 profr>rr.•IS inclwJ1'1~ 

ft1n::.r. ll~·•.'d tty /-.lie'"\ Gr ;,rj!»y, Cine i:,c.<:h 
t,!11.,.:· ron. <.ind Gr,~.er;,! Fl1•cfric cri: 
C(Jr,T~(Jr!t:rs ririd i·r(••Jfi:rr1rr1r1~1k• <J..:,..11,0I· 

ff;rS fur lliJ~•drrj ( J(;1j.;:!1~,rli!y. ft.r; fJIJ 
r;,r, ~,p·•_.t<1!'y i:.: .. ·~,1.~( ·.-.. ;t. H~fJ (Jf C. 
,-.• ~ lf<,,· ... ·,.·"·11 r }''.;• :-·•s 
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/·. ''"~ 1e>t>o~•C v.-.A. 'f/:' ''""pie r.u;.plu·d-by Sp.1done Machine Co. Inc { N~r .. afk, C 1}. ii GE 
l':·C rvl,C r IS ,, .... -or;<Griff,·d w1//1 ~;-aJ;;,ne's V.:qua /1qu1d abras1vt: f1r11sf,1r1g ~yslem Using /f1is 
'1 ~:-:·rn. ,,·.~ {'' : ,,,: .:(. f·) \.J.t·!,1uff ,_,.,(' p.,,r r v-,f1:ft: (tr{: flex I (,.(Jfnt.'1Q duwn Ifie,, ... ,-;: rr.ay (J'lly ft•:7uirc a 

'-";hf cit.! .. n9 Tf,e ~1'-'k'.-n ,,_,~fruf!e:r ir.!l•vcfs lhe IO!:><'JI I.cw to P"·"-F'SS the parts 

Cl;: .:m ro<:>rr.s ncc:d i: r:l!s, too 
r, .. 1;Jft d~l d.r!1 : Inn,,_, :~6rr:tc o~,_111<.lor 

",.1 .... 1ry. tl•f 1:i_,.,..,,,:",n ol 1he filth ac· 
r.1,1•·r;'"'•'n\J r···--;.,re is e·.~":n11iil 10 
c •·::'"":,;1 .. .iriCJ •Jltr \,. lc;sn er.virvr1rn•~nts 
/-1JhJ1r .~f·''IJ H.··~.c fac1l1t1~S ~tu!e rr11n1· 
,,-,,,,- .. ] t'>t:: ,,. :::-: ·•:r ,_,f 1•1:r.;:!•: tiav1rieJ ac· 
, ···.~- t~) :t,,_·:1, , ... '1 , .. ; urr1'•·j tf,t.:r~·t: i~l U1e 
·.::·i1· '.J'i 1, 1:;r r· .. < .. J!.11 ~·Jr1'"\:J i· 1'i ;· .. ~ry 

lr '.· ·i,. ~·.1. he (C<•r•-:'I";. C1') l::rs 
:. -1'·,,, .! up -A.t~. f 1,,._,.,,,_ .srf,'_;'i L.1 r.u~ :de 

a fully ;iu'.'"'-<1l1c, UJfr>~·u!cr-co~.tro!lt-d 
s•:rni·~orduc tor wet prr1c.f·s!:.1r1g ~Y~-lum 
lor u!'.e 1n Cl<iss 10 cl1,iin ro<.>rn cnv111)n· 

menlS. [1,-:~,i:;nf'.d IO t'.<ir1dle Si)< i,.,_ wa· 

lr~rs. e<tch of 111•.:: sy5'.t:rns 1<1cftd<:s an 
lr.:df•:d(.x rt1l>OI moving on 1!1)or-~up· 
p(Jrle<l lr.-sr,ks ( v<Jrying 1n r.:: .. gth lr0m 
12 lo ?0 It) In 011i,111i0n lo its rn:1tr;r1al 

hc1"'J':r1g t;i-,~-5. Hie lnt<;!:c.-rlcx ro!>ol is 
U'·"rj 1r, r,;:.:_:r;.i:c 11,J< ,10'. :1rbvn·~ ,,,1 ·g:i· 
Hinic. line ol u!Jr;,so"liC c.lr::1n1ng 

r1 .... ~ .. ..-·r~ a""'-1 i· "' ., 
lhc rob<."'!~. "'"di t .. 1._c s.utl•l 1t·r.: 1r-.:f·li1 

y._•n: e lo pertorrr r1:;,riy d•llt. rt·n! a.,j 
lOt"1f'llC• l.t~ks as .,.en as lo rro,:,n1tor 
"'aroat>les ~uLh as llu•d lt.'•cls a"'d a~·d 
1ern;:->t·ra•urf'S H.ey will ma~" de.:.• 
!;,10r-1~ a?:!0u! :: .. J..•;·r·1~g ra;;lo. s. tarri1"; tt•-:i 

mC•t:mcn! ol ta~.~e:ies horn ta"~- to 
la"lk, and ...-111 ~ .. :t•.•c1 the proper rt·~·µe 
(processing ~pecrhcatron) for a g1v:!n 

produ~I lot 

Electronic cam follower coordinates 
robotic cell activities 
U5•"g (orns il"d c.rtm t01:c ... .:·rs is cie 
~ ... ;:,.y used to (CJ11.r.·.u!"l1·:a:e r.••~(~'.'•'¥ 

ff•·:.·tion 1r;.f(.:rrr.;1!1un tc a r'"1~·.:.L~'~1::rrn ln 
the s1n1p~esl c.ase. a CJm is 1.::.-_,;,!•,· a 
pl;;te or c ') i1n.jer ,., rw:h t-• .;,<, a ~;:i·::c..t•c al
ly shaped e·jge or grocve cul 1!'1 •Is 5ur· 
face. The cam loliowcr r1·J•:s on 1t-.e 
cJ;e or in the groove_ Tt-.e rnol1.:i"-S 1rr.· 
~~arted on tt.e cam lot:c .... er t:y 11.-: 
c..~.,;····JeS in 1t.e c.;:rn·s prc!1te ,r.s'.·u·:1 
·u.e rne:.:t'.dn:sm wf-.,1• 10 do a'ld ... !'.er. to 
do 11. In t!'1is pt"t,-src;-,!ly dec:!1r:.;;1<:1j sys· 
lt:m, ii any ct-.;,~"Je is nt:: (·dt>d. 11's nec
essary lo reaj1us1 the c<im. r(. ... urk l~1e 
cam. or to 1-1:ov1de a n•::w o:-.e 

The d._:::;I ;,xis a•1lorr.<ited ca:r. !oli~...,. 
er. o!t'.erN:se 1'n;:;wn as a pr-:,~··_,;,;;-.a· 
bte e:?ectronic <..Jm. Gcwr::::~··p'".:-J !""·y U!"".-
1(0. Inc ( rr.-,c.i. ::.·•1l!e. wr ). p-c;,-1.~·s 1~.e 
r(•bot ..... or• cdl d•:5•:Jr.er -... 1th a p•O· 
g1 .. r~1rr.ablE: 1::lr,ctr0nic ;:i:un;,t1ve lo 
tros~- shalls. g(·;,•1•19. c..;,m t.00•.-:S, <:nd 
o!t.er n.e:t;;,ni~al d~.·1ces -... ~.i·~t', t-ave 
tJr~t::r". U~t:~ In;?-~;: past 1r1 (.(••:1rLl,"1;~:c r~O
t10:1S ti:~.-\1.:·;n :re-.·t;~,1~ a)•'S 0JC to (r.e 

1r1c.rt:<1s•-•Q n•:L·d to 11r.;:.ic1r.1~,-,1 ;,~ mJ·~h 
!io:,,.1t,1li!y w1!t11n the robot w<;r~ ct:l1 as 
prachc..al. eh1:iina:1ng d·~·j1(.'1'.•:rj r.;,r!s 

lt'.al ha•e lo be a<11us!ed or r--:c,ch.-. .;;:d 
with er·~o:.iron1c.11 1 y p10-:iram1r.::t.ilE: «ller
nalivcs (;(imir.aks lhe n-:;ed lo ad1•151. 
C.•J! r.e·N. or alh~r (;Jfs!1rr') c.air-.:. ·.-..-r.t:.:~.ev
er the pro.jucl changes He"'r-e. the as· 
sc•ciati:d mec.tianisrn instal!a!ion. main· 
lt:n:ince. and r(.i11s1;:;H:;tron <•;~Is ;-,re 
ehmin._;!~rl. arid !>elup liir.e is red-Kcd 
Slaving ~l:·,eral pro<,;' ;m11: ,;;~,le (:i,_•c· 
Ironic cesm $y~terns 1o a c0;:1:raor1 n-.as
ler clirnir.:>lcs rnany ;,dcili•.-nal 
mr:ct'.an1srns. 0 
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1. Introduction 

SECOSD GE:-:ERATION R03.)TIC'S 

Professor Alan Pugh, 
Oepdrt~~nt of Electronic Engineering, 

University of Rull, 
Rull, 

En.,iland. 

D;ring tt.e edrly years of their existence, In-1ust.rial Robots represented a solutit)n in 
;earch of a pr0ble~. At the first International Srmposium on Industrial Robots h?ld in 
Chicago in 1970 (ref. 1) the delegates were treatf"d to a brief catalogue of robot 
dprlications in in:fostries which were invariably hot, smelly and involved j0bs ro;-q11ldng 
a great deal of muscle power. This was t.r.e era when the in<11Jstrial rotxit was a tr.ere 
curiosity and its existence was known only to a relatively few infor.;;~d industrialists. 
It was the co,..ibination of the industrii!l robot wit..h the prc1'!->lP!ll of sr• .. "'lt welnin'l aut.;r:-":•bile 
bodies which allo-.1ed tJ-.e versatility of the fnd•Jstrial ri::·bot to be pr0pPrly '"xploite<J. 
This single application transfc·rrr..:>d the in<Jt1strial r.::.bot sc.:-ne ow,rr.fqht whf.-:h r~·sult.~d 

in an e~calation of the nT>ber of robots ~~,pl•)yed in ir:~·.:~~'Y eo•;!,l<·::l wit.ha lilt'r.-tl 
covo>ra<;ie in the media which in t1o.cn stitr.11lated ir.terest to f-Xto>rid tt.e appl ic·H ion of 
ir.<11:st ri.osl roP.,"'lts to ott.ec industrial tasks. 

Despite the incredsing use of robots in industries h~ving a hostile Pr:viron::;.,nt - for 
enruple J:J·ecasting and forging - the greater success in .~pplfcation h3s hithP.rto tr:•·n 
in areas wt.f're precir.e contact with the work place has not t,f'en an e•;•;•?nt1al 

1n·JrP.iif!nt of the application (ref. 2). In a1i•Htion to Sf•)t weM1n7 •,..hich falls int<> 
this cate·JfJry, petint spraying has been a p_1p•1lar and succ;,s•,f•Jl a;•plicati(>O <1n-i 
cor.'iid·~ri\ble s•Jc~·ess in xecent ye..srs t".as bt0 

.. n est;iblio;hf'<i with "'''<llll •t>ldir•·J· ;.;~;I le tLc 
ln<J.:strial ro~.o0t was orl'J1nally coni:eived wit.ha point-to-p,:.int r.Y••fo of r•.l·t.·rMivn, it 
h"ls bN·n the c•mtinu<)\15 r-..st.h r .• ,,Je of Oi"'ration which has 0c,;·,f~at.:.::J most tn.l•;':>lriill r .. •!·<>t 
.\<onlft:atinn'!. -r:-,e ~itu.Hfnn rxf:;ttng n''"' Is th;it rr·!•l)tS t.n·c l"·C .. ''.~I? a r.:1t11r~l ;,n•i 
f'',so>nl 1111 f,•ature foe the cst-iblishrr.c-nt of a 1'.·ln•lfM.turing i•C0<•"•5 (•etrt ir:•ilarly ff thio; 
ls hPlng ac.:;i:·r~!.,led on a qrc,•n-field f.;icrory :;!te. No lC•;l<JPI" do , •. ,tnnl ial u .. r·rs r ..... <1 

. " 

.. . ; 



to ~alt rc.r 5:.=c- a.:! .. ·e~lt~!C':.;~ ir1j.,;·-~ri.°!llst t(• £·>..:·.: !i~-t:-:.:. ,..:_tr. a;~z·lic~ti..:.:-.s f-..•r t!1(°"' 

first tii:e; o~st of this has t.c·<·!'l d_,:.c.- a::id ap;'licati0ns in tt.e .-~ . .},:-t:.-•;,·~ri handling 
a:-id rroC•'~Si!1J areas are •·:ell c.1tal•::-;,..:ed. F'urt.her, d .. -,,._,;..:;-=i.:·nt.s in rc~t structurc-s 
and ~ect.11nis=s now qh.-e t.he user a superb ran1e of dt.>\"ices/rrvducts fie-::. which to 
c'10.::>se as ar:y ..-fsit to an cxhHition of ro~-ots will d.-"'.'>:·r.s~rate. 

2. h~.ere is '<:(·:-1f'ration 2' ? -- _______ ....... __ -------

f'•.::: the \·£-ry l·e1fnr.fr,1 of inL:strial rooot ted.nol.._•;y, t?'.e prc,sr..:ct of intelli'i1:r.t 
c'-: trol C<">t;,i'ltd to c-:-:~·irc:-.::..•nL!l ~.r-:-isors has t-c·en 'just c.ro~md t:H? c.:-rr.er'. n-.at 
':..·Jrn~r· ts n:>• 01rtr t£-n yc-.;rs old arod still no rc,ally satisfactory rC'<tlisation of 
t.he 'seco:-id ge:r.<;>ration' has t.c-en fort!-.co:--Ing. Tt.e i?:;>res«fve and 1·-ro::-ising 
d•::..::n-;tr.otio:-.s of 'artificial ir.t<·llit;ence' at H.e F'ir::'t Int.J>rr.Hion-~l S;-::.,t'0sill!t 
{lt:f. 1) ga·.·e "'a:r to w::-e rc·l<::;;ar.t lr"·.Slis.\liG!'lS Cf !'+":n">cry ir1t£-L,.:tior. Curir.J the 
1'370's .;:id a ft:.,. co~.::-:-rcial ..-ision s;·sti:-:":".S .;re r.:-;.: a\·e:ila~le (rc·fs. 3, 4, 5). T!,,··se 
h:-· • ..:1.:1'-r • r1·,t:·rc-sent tJ.e i:rc•iuct of r.::s..:e:rch of a!.-v·.Jt a d(·c.;j,:? a-Jo and d·:~and a t.i•Jh 
co:-itrast ir::.l.ge for reliable o...,.ration. 

Cost te>o pl-~ys its f'i:rt as a dt-tcrr.--nt in the sl'.11-;:ish .approach of tr.e '!;et--.)nd 
g.--:;.~rat icn•. fte see a·;ain the natural reluct;;nce of inj;;.<;trial us.~rs not ...-ishin1 to 
t-e first in t'he field. l.·:irnm.:!ed·:Jing t?'.at s:.1bsL-:ntfal dc;·.'i:l•::-;•::. .. •r.t~ n.!ght £·xist !·•·r.i:-1d 
the 'c!c..·;,-d cl:>ors' of Jn.~..;o:trial confi~Entiality, only a fe-.; br.;.1.:e t:>:r~:rirr .. -nts t·:·~·,..r,ls 
tl.e 's~L.:;nd g•::-,(·ration' t,~ve a,;;p.:-."ired in t.he tecl1:-iical FU:ss. Ir.c.~ntive plays its 
f--'trt in the use of Sf-nS(•lY control for cpz·t;:in .-.pplications and the microelectrur.ic 
in.fost.ry has provided a r.r.ed for such iadical Ll-iirJdng. Ex-'t."I:ples of this o;;:;

0
rlc h.-,,,.e 

t..-:.::n pi:" Ii s?'.ed for s.-::-.e ti l'je (ref. 6, 7). The ne•:d for vision in this i r,d:;s try is 
ass:'IC-fi!tl'-d "'ith the J-.igh d·•yr.:·e of visual fr·eil_-.,cJc rF-p1ire.i during u,e oct of d.·vice 
f;;t,ric•:t ion <::-1d i!!'!:t'-::-.!:>ly ;;,nd t.~1e su!J.::t.-.r.t ial <;r::·,,-,•tric c.:•r.tt:nt of int.-,,r.-;ted circuit 
I"•ll,•ts has F-nco:1r;,;;t·d U-.e "?Plic;,t ion of r..-.chi!'"ie ""i-;ion to t?'.e r 1.;?--lt.·r:i of a11tn:--.1tic 
ali•:;:::-.. ~:-.t -'=-.i "'ire ?-.··rviing. The ir.;-•:.zt.:nt •'-'°.t·.-·ct of this a?.['lic.-,fic.n ..,.!',ich !'vis 
,-J,-:-.:•:1,,t r.:t.~-d r':l i.:ble op.--ration rr.;ist be the rel<>t i'.·e p;,~.e of .._-.~~·.t.r"l of the ..,.,;rkp?,-,.:e 
.-ind th<:: illtic-'r .. :-it.ion of tJ-.e C.!'·,;er~:bly .;rc·a. 

r.~n tt:is ~:1.:c1,r.s in thr: u"e of s.,nsc,ry cf,;-,trol be r<··~"r.~c-.j as a nqJj~;,f ion of the 
'•J•·•.•:r..;ti•:.n 2' r .. :.:..t? S·):;c "''m1d ;,r.,;ue that it <i.-..-:s t,11t r•:•st -.... );1Jd nr_,t iJ<-C<·pt the 
s,-.. .-ci-'l i~t r..··c-!-;.-,ni~(·d t1:.d1 ing as rq·rc~t:·nt.;t ~ve of '."f:r!'atile 'pro•..;r·•~-·.;hle 
r.11toc .. -.tion'. P•~,Jish•·d att.--•:pts of S•·r:sc ... ry co:1trol of ro~.ots fr_,r shop-flc.or 
a;·plic~tion are difficult t.o find. Si;;.Jle <:Xf-F-dr:.,.,r,tal ii,?plicot.ions of b-::>th vis•1al 
anrl tactile f,-eJ~--.cJc t:.:'.'E Lf>n ir..;·1t·:-r·:.ted althou1h "'e ha;;e an "'ample in the United 

Kf>:gdom of a cor:i;•:::r.y rrJ:rlceting as a st .• radnrd feati:re a visicm co:it.roller for p.1fnt 
Sf'rilying (ref. 8) 'IOhich is S•lp_t)Orted bf St:?'.'t"'ral Y•'ars Of Oi•"ratir"] CXf~·rj,--n.-e. 

TI-1e application areas for the first gent-ration robots are rarely c;s~oci.:1t"'d with 
il'.Jto:r,<ited as!:f'T'l.l:>ly excepting the applicr.tions of nrm-progrr.r-:-.. ,'!:o]e placr-..t·nt d•:viccs 
(or robots). The brC'.akU,rough req•iirc-d to extend the applfc;itJon of p1("Jr ..... r..:-.-1ble 
ro!:"'ts ir:t.o aut_c:»r.ated i:S!':«mbly which will opr,n the dr,or to flexible rr . .;r,:1fact1Jring 
syst ... ms c:;in only be rer. li <>c>d with ~<'nsory cor. i:rol t.o sup;-ort t.he ar,<;r·m~ly pror:1"-::s. 
Dt?~pite rr·cent devf>lo;-,;:.f•nts in robot architect1ire (ref. 9), no prvgrt1::r.:able robot 
off,.rs t!'.e kind of J>OSit ir1rdng precb:ion to permit rf>li'\hle ns:: .. •:.bly to t;ike pl;,ce 
without in;,ov;;tions of s«nscry control of t.he simplidty of the 'rer-·ote c:r·r1l.re 
CO!".p] f <ince' (ref. 10). l.ut<:>:~;it(·d pI c>j 1 .:,.;r,r:. •hl e a:'-:;,-:-.hly co:i;-l rd • i th ~-r·n-;ory 
inte:r;i(f!ve J-,.·,r.rlling r1·.t··rr«r.r,ts the 'J".'--ll ..,.Jdch },,_..,t •!·-·fir.es '·:JF-r•<·rotion 2' rnb•'>tfcs. 
Th~ r-.~:111f-'1.:f1iring ilrr.-~.~ 'IOtdch :r.v,)J·.·e ''··'Ill to r:.·.-Ht1:;: !-izP.ti t·.:.td1es .-1...-r.inote in 
tl1e inti::strial scu.e ;,n<i th:.-:e r.re t!-.e ,;,rc.,s "'"'1-,ich are sttirv•:d of ilufr .. -..:i~c-d 
sol ut.ior.s. To achi<:ve ~-ll<:<x,.s in this ~.J·ctr.r, a 9r,. .. t iin;1l of 'IOOrlc f s sti 11 rf>·piirr-d 
f..-.f.-... re U-,e flexibility offf·rr•d by Li'Jhly •·Xf•·n<•ivc '•;• n<~rdl ion 2' ckvices <:nn be 
j11,,t i fic·d. 
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gr<',ltot?st H'se.irch ~ffort. H·:·.;ever, robot vision is frt'-.i.Jently c-o:-.fu,ed with vision 
aprlied to a<Jtor:-..\t.:'d inspection and e·.:en the artificial intelli·;ie;:ce aspects of sc•·ne 
ar..1 l:zsis. If an uni for::-.~d co:=o?arison is ir.,1.:!e bet·•een the tech~·-.lo-:ff of picture 
proco:ssing an<! the lt"<pir.:=·~nts of ro!:>ot vision it is not p-yosible to rec0ncile t?-.e 
ar;:i-~::er1t Jivid·~ .... hich exists t:..:t·..;een tl".e two. 

Tt.e ess.•ntial r•'1uir•·:'.':•:nts for suc.:.:o>ss in ri_>'!:.ot vision c:ight be su:-.-::u·iso:d as 

fol 1..:· ... s: 

• lo· ... cost 

• 
• 
• fast ir..3ge pcoc.::~.sinq 

• ease of sc.::1e ill•~-:-.in.;.tion 

The!:•? re·j.Uir···-:-.•!nts are often di.=.etrically Oi(f--OS .. d to the rt's•rlts of rese::uch eff,)1·t 
publio;~,.-d by r.:s•:.'trch or•;.'inis.1tions. "nle p1ocessing of grey-scale i~"·:Jes at high 
rt'solution often J!IO'•i•~f?S io?ressive results t·ut ir.evit.'\hly this is achiew·d at the 
<>i..~·nse of processor '>rchi tecture and proce,;sinq t it:re. Dedicated il!;1·Je proc.,ssinq 
s:zster..s (ref. 11) will att.1ck the pr•)ble:'ll of i:·r0cessing sp.?o;-d in a nest t.:·.:·r.-·:;si·.;e 
·.;,1y bo.Jt tl;•·re is oft,,n a d'-·sire on t.he p1rt of n.,,ny r,,se-1rc!.ers to i~""ntify an .1rea 
nf t•:d1nol•YJic;,l ..:h.111•-:'.·Jt? in fr:;;e proc•:,>sing to s.'\fisfy their o...-n r•:s.:;,rch l"r"">ti\•,;tion 
r.;tJ,.,r than att•·-,pt a sfr.plific-1tion of u,e ir:-.-'t·Jf!19 I!roblerr.s. 

F.r··,J-.. 1hly u,e sin·;le .1~p~,ct '"hich c:111ses difficulty b•it often cv.:-rlocked is th'? C(•ntrol 
of ilJ1,-.ir.,c1ti·)n of the ... 0rk area. 'I'his pro~le'.11 h,?s l:,c.~n att.:;•:kr·d by 5...-,::-.e r.:s':'irc~•·rs 

11s ing 'pl.1:,.~s of l i9!lt' (ref. 12, 1 J) which mi1ht t:.e a·<;:n•:fod as a pdrr-i t.ive -1i•;:>I icd.ion 
uf structured I i·;ht i ng i.e. su.-.. •r-ir.:por,ing on t.he •:>ck ar£-a a g.:.: •. :,.•tric F·'il tern of 
li9ht which is <ii.;tur led by the .,.,jrk pieces. The succ.-:-ss of this apprnacn is c-""nif('.st~d 
in t.!-.e sir.?licity of bin;,ry ir::19e proc.:ssinq and a red1Jction in the rr.-1<Jnitu~e of 
vis~:-31 d-'lta to be d:-.alys~d (ref. 14). Ot>velor-:::~nts of early d.:-r:K>nstrat ions of rr.~t 
v1s1on using ba~·k li']htin-J of the w•)rk ar<>a t.ave rr:-'>ched a st-~')e of restricted 
in•J·i~,trii!l appJir.ation (ref. 15). JI,)..,.eVcr, a f£'at•;re of sePsory t1>chni'1•H!S ... r.tch J-,.:ive 
in•JJstrii!! pot.,ntiitl, is that they are oftl'n a;.iplicdtion specific anrJ cannot be 
1~plied generally. 

n-,,~ l·Xi:"'ri::-. .:·nts lir:icing ir:i;ige pro,-r,-;sing Of telc:vi::;ed lr:l<'l]P.S 1o1ith ro!x>t aI,·~licat.ionS 
(for <:>X,v'.lple r•.!f. 16). are in th.,ir infancy at pr,,::;erat; the cost is high and the 
reli,,bility of fr:.1.;e f·rocpssing is unlikely to be satisfactot)' f•Jr so-ne time to 
1.:or:ie. 

St>r:si:'1J for r.-»-o0t ''ftilii:at.ic:--.s fs not ·~·-·p-'n-3,.nt on a relPntlr·-;s p11r5!1it for '~"-'vii:.?s 

with hl·j'.-:o>r a;-,i t·i-;r.·~r r.'~ol11t !on. The fu:-l'~·:-.. ·;ital r:or.!>id•_•r..;t.!on ..;•:st be in the 
<;f'!<·r:tlon of v;-t::-• ..., r"•olution fr,r t.he t;isk to l'"e ex"'Cl~ted. TL»re is a terd.-nc:y 
to "r,.;;::::e th.-\t H.e hl·J~·~·r the ri>·•·">l•1t ion tl,•'n the 'J.ff''1ter is th"? appl 1 cat ion ran•Je f()r 
t.he s:,",f»'.11. At thfs p·iint In 011r evol11ti()n, ·.;e are not r-xplo{t.lng the ·~tate of U-.e 
-irt' a$ c.·1.-:h dS .,,.e ::~":i•1ld. Con!O{rfor,.hle !'ucce~•s has b,,,.n achieved n<;ing a rr",<Jlulion 
as lr:iw as r,o x SO (rf'f. 6). With ::;erial procr·-.•.:ing "rchitt•c.:tur<:s, this ,.,,..,,,lution 
wi 11 <J•·r .. ·1·ate 111i te !",01ffir.ient •Jr•:y-:;:.1Je ~-tta to tr·-;t the in-;,.n11ity of ir.-..i<Je 
J.·r•)C1•ro;j'l•J al•J'>rftl:"':'7~ !':hl'.'lll<i (•r'J\'.i:';>.lrl'J fie':e 3f-i•rr,.\(:h d~~'.)•lt 0.5 <;P,r;onf!S 1 thfs wJll 
!.r: r.r,tfcr·st•le in a r·.•!.')t. -'l'.'.',,Jr·i1t• .. i with h,11.,llin<J. llc· ...... :<>r, fur ·.;<>l•Hn•J ·'<i•plfc .. tfr,ns, 
n-.. , i" •j•? fr';. , ... r,I :•J t 1.-.f> r.-.. 1:;t Le v•l'n f,le,tf"r. 

Hl,;h r•""'l•1t!r·:-i •;jr,f,·::-.; .ue r•:·1'lirr·d ln i1pplir.:1t.fr,;n5 involvfn(j .ntr.:--H•·() fr,•.;,,•rtkn 
.,:,cl i'icti.r~ ,!,r,, r• f r!,.:'.'·"l ..,,..L1•rf? ~·k··~<.·d f~ ~~r,-:,1•tfrr1·r; J)\°Jt !;\;rh il'l {r:,i1t.Jffdf1t 'r ff«r tr..n. 
'1!,ls ";· •. 1t·>t. !.f' r_·,:,f•:•:• .. J with t?-.c r.<'•'i!-; of '>1·r:·;rHy r•.i!·ot !".:,: .. t1,,1<;. 
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5. -:?-.e 6e:.!-_.:..r _c_r_i_s_!_~ 

fer~.aps t.~.e key issue in L':e pr0J.Jct1':.'lnof t~e s~~sory ro!:-.)t is t.he a,·ail!l!:-111t)· of 
•~1tal:-le ser.sJrs. The foll~•inq represents a su:::::ciiuy of sensin~ require=ents for 
ro~t a;~licat10~s: 

• presence 

• ran·1e 

• 
• 

sin·1le ax!s ir.el!.sure=o<'nt (or displace::.ent) 

2-di..:::e::s io:-.al locati on/p:-si ti on 

• 3-di :::-=:::sic:;al locat k,n/p.:-s it ion 

• t!".e r.::al 

• force 

for wh!ch tr.e follc-.;ing ser.sin9 devices or r=P-tn,ds are a•ailable. 

Vision ----
• Photc-det.cctor 

• Lir:l'l!.r array 

• Area array 

• 'IV ca=e:-a 

• Laser (tr 1 an9ul at ton) 

• r_ .• ~5er (ti~e of fl 19t.t) 

• Optical fibre 

1.c.:i-.;stic 

• 
• 
• 

UltrGsor.ic detectors/e~itters 

Ul tras::.nic a rra:;s 

~icro~hones (voice control) 

Tactile 

• Pro!:>e 

• Strain qauge 

• Piezoelectric 

• Carbvn a;.:!!.terials 

• D!s.:rete arrays 

• InteJrated arrays 

Ot~er 

• 
• 
• 
• 

In!ra red 

~aj:-.etic prcx11ti ty 

Io~!sing radiation 

Tt-.e only satisfactory location for ser.sors is on the robot m~nipulat.or it~elf at or 
r.ear the e,1d effector (ref. 14, 17). Locating an itr..'\ge sensor above the work area 
of a robot suffers frao the disad•anta;e tr.~t tr.e robot u.~nipulator will obscure its 
own work llrea and the metric dis,placei::o;.nt of the end effector from i t.s destir.at ion 
c:-.Jst be r.e~s\Jred in an absolute rat.her than a relati•e "ay. Siting the sensor on t'he 
end effector al lo·..rs relative c.easurec.ents to be taken re:focing considerably the nc>ed 
for c~libration of r.echanical position and the r.eed for Ir.aging linearity. Sensory 
feei!Jack in this situation can be reduced to t.J-.e sirr:plicity of range ffndinq in s·>:-.e 
ap_t'; !cat lor.s. 

ft':-,at is !!.! ss1n'1 fr-::0111 t!:e !t!:-.sor a;;;rket are er:vi ces sped fical ly tat lored to be 
i~t~~rated close to tl-,e grip~er jaws. The ~roml$e of solid-state arrays for this 
part icuhr appl !cat.ion has not •r.aterJal Ji<ed which is f·rirr.uily due to the corrJ":i€-rdal 
incr-nt.ives associi\ted 10ith ~.e television industry. It mi9ht he acc.-urate to predict 
tJ·.at over u.e r.E>xt deca~e ir.'lging <levkes 11" •. '\nu!actt:red I•rir.;arily for the tPlevision 
r.arket will be bot.h ~ma) 1 and cheap enou;ih t.o be useful in robot applications. 
Hc;;cver, at i•re~ent, ar£a ;;rray Ci'.;:iJras .-.re rxtre:-.ely e:q'Pnsive and, while •;r-.~ller 
than £'l:i~t tJ-.or.fonic tu~·'! C?.".t-rl'l.s, rlre far too l.~rge to be ir.st..,ll1>d in the rE>•Jion 
cf a griHA'r. l'!:)st of t:.•? ('i!rly prc.VJ!.ype ilTra:;s rJf n:'~•-o;.t r.,.so)utfnn have J-,.,en 
~ :\f,o"b;.t"d. 
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It ls not a.~ exa1;cration to sug9est U-.at no lc:a9in9 sensors exist which are ideally 
suited for r.:-~t ai'pllcations. The use of dynaclc RAM devices for image purroses 
(ref. 17) h~s pro1.·ed tot-ea c:inor breakU:rough and 9ives an indication of the r~ged 
ar1·roach ... hich ls nee~ed to achieve success. So!:.e researchers have attacked U-.e problem 
of size re:foctlon by using coherent fll·re optic to retrieve an ima1e from the gripper 
area (ref. 16) '"hich lmi"=>ses a cost penalty on the total system. '1111s approach can, 
hc·~ever, exploit a fund!!.t::~ntal f'rOj?t"rty of optical fibre in that a b'1!1dle of coherent 
Ht.res can 1:-e su!:>-divided to all.:iw a single high-r.;solutlon !maging device to be used 
to retric•·e and c.:-:-.t-ine a n-..1±er of lc;o.er resolution it::1ges frolll various parts of the 
'"0rk ar~a inc'udinq the grip~er - '"ith each subdivided bundle associated with its 
c-•n optical arran;ec:ents (refs. 18, 19). 

I~r.ear arrays have been used in situations involving parts coving on a conveyor in 
such a ... ay that c~chanical ~tion is used to generate or.e axis of a 2-dimer.sion~l 

!..:-:a;Je (re!s. 12, 18). There is no re\son why the sa:::e technique should not be 
ass·xf ateJ with a rob.:it c \nipulated by using tl:e !!lOtfon of t.~e end effe.::tor to 
..;;:,::erat.e a 2-dicenslc•::al ir-'·Je. Also implied h•:re is the f>OSSibllity of usinq 
circular sc\;rninq of the wc·rk are.a or even taking a stationary !cage from a 
11:-• .:?ar array. 

Tactile sensing is r"'»pir<.>d in si tuaticns involvinq placec.?nt. Both active <tnd 
r~<;sive (-.:oe.;i!iant scn>"<.Jrs (ref. 20, 10) have not only been successfully deu.::ir.strat:.ed 
1't1t h.!ve t>:>.i'"'rie:~ced a .r~r1.-,d of <!cv-"lLT~·ent and application in the field. '11le 
sit:ation surr.:it::i.,Hng tactile array :>'cns.:-rs is quite different. Bect1use the 
ta.:tf.le ,\rr.?.ys are e:>'senti.!lly discrete in design, they are inevit.:\bly cl~-...;y and 
are as::;.;ici.1ted ""i th v·~ry low rt>S•:>l ul f on. Int.eres ting ex,t:eri :::en~s ha•·e be.?n reported 
(ref. 21, 2'1, 23, 24) and an exciting de1:elop::-.ent for a V!..SI tactile sensor is to be 
pub 1 f. st.eJ (ref. 25). 

Ext:·•"'r ii::;cnts wit.h r «:11e scnsin·1 h.!'1.'e 1:-.:?en li't:erally researched and so:::e success has 
t.:.:n achi<!'-'i"J 'IOith acoi.;stic s.;>r.sors ,1;-,d optical sens.:>rs (including lasers). 'I'he 
'IOhisker pxobe (ref. 24) can new t-e replaced by a li\ser alternative with obvim:s 
a~v<"-'1t.'l•jes. Vi.ser range finding is 'IOell developet. but under-i:sed in robot 
app!ic~ti.:•ns al tho•J·Jh tile use of b.ser probes sited on the end eff,,.ctor of an 
in·!t:->trial r.~l:ot ~.~kcs a natural aut·~at.:>d di;:.cnsional inspection system. 

It is clear from this brief catalogue of sensing ~ethods that a 9reat deal of 
ch;1~s surr.Jun.'!s the sensor 'IOOrld. Whilt Wi! must wcrk towards is sun:ie element of 
D."·folllrity in se:.sor d.:?sign to allO"" for the optic:Jlllll sensing method to be 
fnc-,•rporat.:-d into a givt•n applic.at.ion. No single sensor can prcvide the solution 
to all Frot>l.-:::s and bigger does not always m.ean better. However, the recent 
exciting d.::•·el.:•FCents in 's!:iart sensors' 1o1hlch incorporate primitive image I'rocess!ng 
(ft,:,nt-e:v:! I'rocessin,J) will be most 'IOelcOllle. A comprehensive survey and asses!lr::P.nt 
of .H>botic sensors has teen published by Nitzan (ref. 26). 

TI.e involv.-·-::o:>nt of the stcred-pr..,.,Jram C('l(:iputer in t;~e present generation of robots d.:»es 
no m.)re than to provide an altt>rnative to a hard-wfr,~d controller exceptinq tJ-,,.t the 
c1.:-c.{'ut~r pr<.JvLi.:-s ,\n lnte.Jratcd ::·~~_)1·y facility to 1.etain in<livid~l 'programs'. 

So!t .... are And l.vi.;JU·'l-Jes bec.\::ie a reality for IDOst users with the introduction of VAL 

(ref. 27) which inrorporates the Ct\f.,o\bl 11 ty to interpolate linear motion b.c'tween 
two I-Oints <11n·1 , .. rov1des for co-oroifn,tte transform;ition of axes. rurthP.r, VAL 
Alh~.;s !or tnn.,f·.>1':\.\tlon 1: ... t. ... .-,,n vf5i0n <1r11:! '""'chine co-ordinates (ref. 28). p.(ichir.e 
tr.'\fnl:1g or !ralf1in9 U!ling VAi. c.1n h? <\chi·~ved 'off-line' rath.er tl"oA.., tha 'tE!•:h by 
-.1i.~.dr .. J' whid1 is the 1:ieUiod us.•d by tJ:e r.:.ajority of pre.~ent ge~er"'l:!on r·>~.>0ts. 

i.;.,rlt Is ni:·w 1:;1.!.~r w.ty "n b:i•r.1.1.;,•s for t\S!IP~ly (ref. 29, Jo) which wi 11 give to the 
~··r.r.,.n·y r•'l:><:>t s:1st .• ·:11 a•1t.'n.'1"?)' o! <11ct ton 1o1ithln the r~:tuirpr.:.~nts of the 11s:;.,"lbly t.Hlc. 
F•11t~.er, a L"•'""·'"'" "';i<":"bly J.uv;in.Je will p~·rmit the s=.e inCJtructfons to Ile r<'r<'.ited 
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on difft-:t:r.t r...>~~t hdrd.-;ire in the ,,~e ""Y tt.at o._-.:::;>uter rro9ra~s "rittc>n in a 
co::n::>n l~·gua;e can be exeo;."Uted on diffc>rent c.ichines. The lesson to be h.ur.ed hc·re 
is t.t.at "e lt".Jst discirline ourselves to a ce>.-:.=.on asse::-!,ly larq.i;i1e bt:for<' a prolif
~·ration of lang;.;agc>s creates a situation disorder. It is still early days to consid<'r 
an a~s .. ~ly task being executed by an •o(f line• assl'::.!:-ly lan·;uage as part of a CAD/ 

CAM Of'l-Tatlcn. One of the stepping stones re-quired in this revolutionary process 
is Ute establish.cent of so:ue 'bench carks' to c...>r:i.t'dre and test the relative 1u·rits 
of asse~~ly languages. 

The inJ?l-·'.Hf:nts "-hich coui_;>rise the second generation ro~t are: 

• 
• 
• 

:!.<>cha..'1is:::s with speed and precision 

cheap and reliable sensors 

elegant iUld rugged soft~are 

In all of t.ht"'se areas there exists a significant deficiency of developwent and perh3ps 
a nec·d for an inr.-:>1:ative bn:akt.hrot19h. \ol'e have seen previously the shortfall in 
SH'.sor r._~1uireu-ents and tJ-.e need for good su;.•porting soft~are has only b.:-en a-LT.it ted 
in recent tices. With the exception of r::.echanisa:s specifically d..:signed for de·:Ecat.ed 
t."lsks, no existing robot device aloae can really prcvide the precision r.eco>'<sary for 
a•;s.-:r:-.bly o;·erations. A pror.iising "'ay to proceed is to use a progrc.mm-'lble hi9h speed 
r::>:-.ipulator for ccarse positioning, coupled with a 'flo;iting' table which inc<)rp•:>::"""i'!les 
features for fine positioning (ref. 31). 

Wl..-n it is r.-.:..,.,-,?:··.-r.:-d that 1'i'£ear~1i d•:oonstr·ations of 'ge::tcr.:.tion 2' ro~..:.ts hi'!·,;e b.--en 
a\.·;dl<1ble ov.:-r tl".e past dec.vle (ref. 32,33,34,35,36,37) it is salutory to rt·cC•]nise 
tl;;it pr.::nio.:tions for the future n'ide over t.his p.:-dod have not been reali!;ed. A 
surv.::y of U,e curr.:>nt situation in robot vision has b"r:n 1,»lhli sh<-'d rec.-rat ly (ref. 38) • 

It w0ald be a l·rave pt>rson who now preciicted where and "'hen the •gE·n<::ration 2' robot 
w·,uJd t;i'ke its r-lace in i11•f::,try. Wil.h the wi,,,.:hm of hin:hig!1t we knew t!-,;,t U:r:re 
is still a va~t c'.!!0unt of rc:,;<><1rch and de1:elorc.•:nt re-1uired (."OlJpli:d with an i1v1J,,;trial 
ne~d for a 'generation 2' ro:.Ot. Perhaps t.hfs need "'ill first apr~ar in the t~xtile, 
pottery or cor:!"ectionery industries (ref. 39) to provide t.he 'shot in the C!tm' for 
•g•:ncration 2' just as spot ~elding did for '9ener;ition 1 • a decade ago. 

Over the past t·.ro years, the United Kingdom has introduced g•.'Vern:;;ent f1Jndi n·J to a id 
and support in-iustrial applications as well as providing a cc-ordination pro.;ra!Trne 
of rcsear.:h and developcit:nt. in the universith?s. Surve:;s of industrial reT.iirc~,u1ts 
and res.::;,rch partnerships in the U.K. have recently been publishEod (ref. 40, 41). 
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Bai rd, H.L., 'SIGHT-1': "A Computer Vision Systi:-ru for Aut.:r:iolted JC <1iip 
~-'•n11f .. ct11re• H:r.:E Tr.\n-;. Syst•·>r1s, M~n <1nd Cyt..crn<·tics, Vol.fl, No. 2, 
1979. 
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7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

J<:a..,ato, S., and llirata, Y., 'Auto;.;atic IC iJire Bonding Systiem with T.V. 
Ca:::eras' SKE Tecto:\ical Paper AD79-S80, 1979. 
Johnston, E. • 'Spray Painting Rand,-..ra Shapes Using CC-IV C.'l::;.~ra Control", 
lst Robot Vision and St.•nsory Controls, IFS (Confe:-ences) Ltd, Str·atford, 
England, April 1981. 
l'.akino, R., Furuya, N., Soa:a, K., and Olin, '£., 'R.:se'lrch and De'l:elop;:;ent of 
the SCr..P.A robvt', 4th Interr.ational Confer.:-nce on P1odi.lct ion En-Jin.:o>dng, 
ToJ<.yo, 1980. 
Whitil-=y, O.E., and Nevins, J .L., 'l>.":1<\t is the Fi:.-r:!.:ite Centre Cv:pli.v.ce 
(Rq:'.) and Wh.at Can it do?' 9th Int.;.rr..ltii:·nal Sy;:,;;>0si 110 on In·fo ;trir.l 
Robots, SME, Washington, M~rch, 1979. 
Fountain, T.J., Geotcheri.an, V., 'CLIP 4 Par.~llel Precessing System', 
IF.E Proc., Vol. 127, Pt.E, No.5, 1980. 
H•.,lla.:-1d, S.W., Rossel, L., .-lnd Ward, M.R.,'Consight-1: A Vision 
Conlrolled Robot System for Transferrin~ Farts fron Belt Conv.::;ors'. 
C·>qiuler Vision ·'ind s.~nsor B.~:;ed Fot>0ts, Dodd, G.G., ·>nd Rosso!, L., 
Eds. Plenum Press, New York, 1979. 
Bulles, R.C., 'Three Di!!:ensional T..ocating of Industrial Farts', 6th 
NSF Grantees Confr·rence on Product ion Research and Technology, Stanford 
Cotlif., ,J.rnuary, 1981. 
N1·:;iel, R.N., V.:nd•:-r-Brug, G.J., Alb11s, J.S., andJ,0...-enfeld, F.., 'Experim.,nts 
in P-ut acquisition i.!-<ing Robot Vision', SME Technical Paper 1".::>7'3-784 
l'J79. 
s.u.17'\, P., and Ji:;r.c>s, B.1-:., 'Parallel Proje•:ticn O",...tics in Si;uple Ass.·.·.bly', 
!st R.-:•!:•)t Visi•:.n "n•iS.-n·:;oryC•)nlrols', IFS (Conf.:r.:r,c.::s) Ltd, St_r;,tford, 
F:!rJlil:lll, 1')81. 

16. X-!7.-?ld, I., (;.:.rr.-.. 1n, R.R., Shulm.in, B.H., Ocmne, ~.J., and Toda, H., 'Arc 
Wi>l•iir19 Fot.-:Jt with Vision', lllh Ir .. ~ustrial S:,-r.~;•:-sii:s en Ir.cfo·;tri.'11 
F·>b•JI:'>, JIP.A, T.;.J.:yo, Od.ober, 1981. 

17. 'f.1ylor, P.M., T-1ylor, G.E., K•·c:!p, D.R., St..,in, J., ;ind Pu;h, A., ·~ .... s·.1cy 
Gripping Syst•:m': The Soft·.:are and H:icd...-;,re A'.;pects' S~·nsor ?.eview, 

1.8. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

October, 1981. 

Crcnsh-!w, Jl..J., Heginbot!1ara, W.B., -.'Ind Pugh, A., 'Soft-.:'lre T"•:hnir;:~;es for 
an Optically-tooled Bowl F£:~-d<?r', IF.E Conference 'Tcror?ds in On-line 
Cc•q ... 1ter Control Sy'itP.t:!S 1 

I st-.. ~ffil?ld, En<Jland, Vol. 172, M-.'lrch, 1979. 
Strc·•2'ter, J.H., 'Viewpoint - Vision for Progr<1c-:r...:d Jl.ulr.:c.atic As~(·.rbly', 
Sensor Review, July, 1981. 
1..oto, T. I et al, 'Precise Jno;ert op .. cation by Tnct i le Control led F<)bot., 
The Tndi.:strial Robot, Vol. 1, No. 5, Sept., 1974. 
r,,,rcof'·be, M.H .E., 'C,•rbon Fibre Ti1ctile Sensors', 1st Robot Vision and. 
~i:·nsory Controls, IFS (Conff·rencPs) Ltd., Stratford, F.n9lan<i, A!)ril, 1981. 

Purbric.:k, J.A., 'A Force Tr;n!sd>.Jcer F.!'!ployin9 Con.i•1cti·:eSili·::one R»!,ber' 
Jb.d. 
Silto, N., R•-<Jinbutham, W.8., and Pugh, A., 'A 1:1ethe>d for thrc·e-cHnr·nsfc.n11l 
Rowt l<font.ificaticm by Tactile Trcir.'.><iucer', 7th Int.P.rr.atir1nal Sy•"f'''si'lm 
on Tri•hstriill F•>hnts, JIRA, Tokyo, Or::tobi:-r, 1977. 
W-•ng, S.S.M., ;in<i Wiil, P.H., 'S•:nc;~,rs for ('(•::.~uter C0ntrotl··"i H•··d,·,nical 
l«;! .. -!T,hly', The Ir1d1ist ri;il Rc•r..ot, H<lrch, l'j78. 
T.ir.n•·r, J.E., and R;.H,(·rt, M.H., 'A VJ..51 T-ictile Ar:r;sy 5ens0r', The 12th 
Tnt.,rn.,ti0n.-ll S:,-mprcsi•1m on Tnrhstriill Rohot.!'i, l'Jl.c,~.·:.ci~tion F1'1n<"•ise 
0.? R•;botir.iue Tn·l•J•>lri·.llP., Pari!'i, J1:ne, 1992. 
Nit7.iln, D., 'A~:!:t"';jr.i.-:nt of Pob•>tic $r>nsr,rs', 1st Ro!.-ot Vi-;irin ;,1\<l ;,,_·n·;r,ry 
Controls, H'S (Conf,_.rr:nr.es) Ltd, 5tratfr,rd, F.nr;lM1rl, April, l".1131. 
'U•;f'rs r.•.i<ic to VAL - f<,·,!,ot PH"Jf,1"-:-,ln'J M .. i r.·;ntrol Sy~t.-:n' I 1l11i1•.;tjr,n Tnc., 
n ... nt•.1cy, C"r:..nn. 

C.irl!~.J,-., FL, 'Tr.·~ VV•',r\/V!::·lOO 1;.,!-:>t Vi·;inn Syr.f;"·~·, l;,t. f; .. ) .. t Vi·;!rn ,~~1•.i 
S··;i'·'Jry C"n~r.~ls, IFS (rnr,f.,r1·r1•:,.r,) Lt<i., St.r.1lf·-·r•l, t.;;;J.,·,,i, ,•,pril, 1').'ll. 
J,..jt,..r;~1n, J .. T., "n<! N.-.lo;P.y, M.A., '/,l!iOPJ\.'iS - An A•it"··,,tic Pr<,<Jr•'""in'J 
S:,·:.tr-;11 f,,r r.-~r.i•ut .. r Cr.;\trollC'•I 1--:<·d,:snlc-al l\•;-.r:·,1-!y', 1,,x ,:,-;r~,11 nf 
Rr.-;,·-.irch ·Incl l'kvel•.•i•l":1.•nt, Vol. 71, r;o. 4, l'J/7. 
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30. Poi'plestone, t<.J., et al 'kAPT: ;:. LN:Jv.l~e for Ot:s,ribini A~!:C~'l!l':!', 
University of E1ir~~gh, U.K., Sept. 1978. 

31. Hcillirquc, J., 'l'.">!:>otics Institute Tl'ill:!S l'.>.?'l.'l'lo;.•:::tnt in University an•1 
Indastry', The Indust::-ial Robot, Dece1:.l>er, 1981. 

32. fh.·;in!--vtl-.ai::, W.B., C.atet1ouse, D.W., Pugh, A., Kitchin, P.W., .and rage, C.J., 
'The N;.it tin1han: SlROi Asse::ibly F\obot', 1st Conference on In•iustrlal 
l<<">bot Technology IFS Ltd., Nottingham, England, March, 1973. 

33. Tosuboi, Y., and Inoue, T., 'Rcbot Asseir.bly System Using 'IV Ca:::era' 
6th Ir.toernational S;-c;>osil.l:ll on Industrial Ro?:.vts' IFS Ltd., Notting!,::!ll, 
England, ~arch, 1976. 

34. Nitzan, D., 'Rob9tic Auto:~.ation at SRI' Frocee-dings of MI!X.'ON/79, 
Chicago, Illinois, Nove~.ber, 1979. 

35. ~araga, P., and Skoyles, O.R. ,'An Exp<'riL~•'ntal Visu3lly Controlled Fick 
and Place 1-!ac!-,ine for Industry', 3rd lnterr.~tional Conf1:rEonce on P.:itt•·rn 
F.~cognition, IF.EE Co~puter Society, Coron~d~, Calif., Nov., 1976. 

36. Za;:l:.uto, D.A., and Chaney, J.E., '1.n Industrial Robot ,..ith Mini-Cc1:<>uter 
Control', 6th International Syr.;;:x>sium on Industrial Robots, IFS 
(Conferences) J~d., Notlir .. 1har.i, England, ?-!arch, 1976. 

37. Birk, J.R., Kelley, R.B., and 1-!artins, H.A.S., 'An Orientating R,)t,.)t for 
Feedin'} ~.:.rkpieces St0red in Elins', lt::EE Tc.:ns. Syst.:r.s Man and 
CyL<'rr.etics, Vol. 11, N-:>.2, l'J81. 

38. >:ru'.1.-r, R.P., and Thc.r:;;.son, W.B., 'A Tf:-chnical and Ec•:)n.:.n:ic A~~S(·ss:-.-::nt 
of Co::iputer Vision for lnd·.1strial lnsp~ction and RolJ.:itic Ao;sr·;;,bly' 
Proc. lFEE, Vol. 69, No. 12, 1981. 

39. Crono;haw, A.J., 'Auto<.atic Chocolate Decor<it.ion by Robot Vision', 12th 
Internatior.al Syrr.posium on ln•fostrial J<obots, 1 'AssocLHio:l Fra~caise 
de Hol>otique lnd11striPJle, Faris, June, 1982. 

40. King, and T,au 'R0!:.otics in the U.X. ', 'I'he ln.justri;il Fc·r.ot, 
P..nch, 1981. 

41. fl.'ivey, P.G., 'U.X. Rc,search and De'l:eloi->:r.;o.nt in Jnd•;strial R·:.bots' 
2nd Jr.toernation.'!l C1:-.nf"'rence on 'P..•m1facturing Matt;:.rs' The Institution 
of Pro.j•Jction EnJin.,ers, J,ond·:>n, Engl;ind, P.e:cch, 1982. 
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In the follo~ing in addition to the literatLlre cited in the 

last chapter so~e books and publications are collected. They 

are selected mainly with rEGard to robot de~iQn and 

application. 

Hunt,U.D.: Industrial Robotics Handbook. Industrial Press, New 

Yori"., 1583. 

Uoll~er,J. et.al.:Industrial Robots. UEB Verlag Te1:hnik, 

Eerlin,1981 (in German). 

Raab,H.H.: Handbook on Industrial Robots. 

Wiescnden,1981 (in Ger~an). 

Paul,R.P.:Rnbot manipulators. MIT Fress,Caffibridge,1SG2. 

Coiffet:, Ph.: Robot Technology: Uol .1, fiodel 1 ing and Control, 

Kogan Pa~e,London,1S83. 

Uuko!Jratovic,M.and Potkonjak,U.:Dynamics of Manipulation 

RolYJts.Spt·ir·,;jer,Eerlin,HeiciP.lberg,r~ew York, 1~82. 

Uu~obratovic,M.6nd Stokic,D.: Co11trol of Manipulation Robots. 

Springer, Ber 1 in, Heidel Lerg, ~~ew York, 1gr32. 

Ranky, P. G. and Ho, C. Y.: Robot Moc:!el 1 i ng, Cuntr11l and 

npplications with Software. IFSCPublications) lld.,Redford 

a .. d Springer,8erlin,Heide1berg,New York, 1985. 

Coiffet,Ph.:Robot Technology:Uol.2, Interaction with the 

Environment. Kogan Page,London,1983 

Brady,M.Cfd.): Robot motion, Planning and Control. MIT Press, 

Cambridge, 1983. 

Rooks,8.(Ed.): Developments in Robotics lg83, IFS Publir.ations 

ltd., Kempton, England, 1983. 

Paul,R.P.: The early St~gcs of Rnhotics. IEEE Control Systa~s 

M~gazine, Feb.198S, p.27-31. 

Ocsror;hr.:1·s,A.A.: Introduction to Robot Oyna.;iicr:; ;,;nd Cnnt1-ol. 

IfEE r:ont.rol S!Jsf.ems M;;g;~zine, Feb.lSBS, p.32-3'i. 

I uh,J .Y.S.: r.om:rrntional Controller nw;ign for I:1d1;•jtrial 

Pc.h,Jt.S ·-A T1JLnrjal. H~EE Tr;.rns. 1 lJ111.Sr1C·-l](l~JHJ) 1 No.3, 

p.f'~0-316. 
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lc2a·•o-Perez, T.: Ro~ot Prograrrrr,ing. Froc.of the IEEE, 

Uol.71Cl9f33), No.7, p.821-Bil. 

s~~et,L.M. cind Gcod,M.C.: Redefinition of the Pobot [ontrnl 

Prob!Em. IFEE Control Syste~s MaQ~Zine, Aug.1gss, p.18-25. 

Lee,G.C.S.: P•Jt;ot Arm Kinc:~at1cs, D\dnam1cs and Contr-ol. IEEE 

Ccmputer raGazine, Dec.1S82, p.52-79. 

Krelch,S.J.: P~butic Anirat1Gn. J.echanical Engi1::~er1ng, 

Aug.1SB2, p.32-35. 

Rosenfeld, A.: Introduction to r.achine Uision. IEEE Crn1trol 

Syste~s Magazine, ~ug.lSBS, p.1~-17. 

Porter,A.L.et.al.: Ind0~trial Robots - A Str~tegic Forecast 

using the TechGological Delivery S~stem Approach. IEEE 

Trans., 1Jol.5r1C-15C1'.lf35), p.S21-S~7. 



3'i 

Each of the follo~ing lists must be incomplete. World~ide 

U•Gt-e ere a 1 ot of manufacturers as we 11 as r·esearch ::;:id 

deveH;i:;;re11t ir.stitutions dealing with ir1du5trii"!l r·ohcts. 

Tl:t~cr:foi·e only sor.-P. of them rray be included 

T!-":e fcllrn.uing J i st contains 

industrial rubots u'or-ldwide. 

A~BO ANDERSEN APS 

Hejrevaenget 7, Thuro 

IJJ< JS Sv;3:-.h1Jr-g 

!Ja;·,~ark 

AEG-T EL Efur,;J< EN 

Indu-=-lr1e ·Anl.=;r;en, A'-tl Ul7 

i.~1,1~,:r r;tr ;:;<,e 'JG 

D--5000 fr·arokfur-t/l:ain 71 

f'1JAX !iALHii\i;:: IDOL CO.LTD. 

3~71055 Ringwuod Road 

f3out r;errnuth BH 11 t3~~E 

[:1glt~nd 

An:RICAr~ RUBfJT co. 

JS'! Hrn;k '.; t Gu.Jn R.·;ri d 

f'.lirit.un, PA 1'~f}?6 

USA 

A 'j F: A f. l. u: I R [j N I cs fJ I I) ! I~ I I] N 

'.:i ·/?1Al li<H:•,lf!l '15 

');. f''iBll 

0TLf"1S r:rJPf:O TrHJI.~) Af.l 

selActed ffianufacturers of 

I 



Siclda Al lee 5 

S-10Y60 Stockholm 

Sweden 

AUTuflAT IX 

1000 T~chnology Drive 

Billerica, MA 01821 

USA 

BErm1x 

21238 Bridge Street 

Southfield, Mi Y8037 

USA 

BOSCH INOUSIRIEAUSRilSTUNG 

Postf ach 300220 

Kruppstr. 1 

0-7000 Stut~gart 30 

Cl NC l ~mAI I 

215 S.West Street 

Lebanon, OH YS209 

USA 

35 

CLOOS SCHU.:EISSTECllNIK GMBH 

Poslfai..:h 121 

D- G::i'i2 Hai ger 

F.R.G. 

COMAU S.P.A. 

Uia Rivalta 30 

1-10035 Grugliasco CTorino) 

Italy 

O~JNICHJKI~O CO, LTD. 

K1;sai Cho 

Nakn!<:Jma-Gum Yarnanr!r.:hi 

I 



Japan 'iOO-Olf 

OEA S.P.A. 

Corso Torino 70 

I-l002lf Moncalieri Torino 

Italy 

DEUILBISS 

300 Philips Ave. 

Toledo, OH lf3G12 

USA 

FANUC 

5-1 Ashigaoka 3-Chome 

J- Tokyo 191 

Japan 

GEBR. fELSS GMBH 

Stein 2 

D-7535 Konigsbach 

F.R.G. 

GENERAL ELECTRIC CO. 

P.O.Box 17500 

Orlando, FL 32800-7500 

USA 

FIBRO GMBH WERK !I 

Postfach 1120 

D-695lf Hassmersheim 

F.R.G. 

FUJI ELECTRIC CO.LTD. 

Shin-Vurakucho Bldg, 

12-1, Yura Kucha 1·-chome 

Chiyoda-Ku, Tokyo 100 

J~pan 

36 



GRACO Robotics Inc. 

12898 Westmore Av. 

Livonia, Michigan ~8150 

USA 

HALL AUTOMATION LTD. 

Boughton Road 

37 

Rugby, Warwicks., CU21 lUB 

England 

HIRATA 

5-~ M~otaiJi-Machi 

Kumamotu 860 

Japan 

HITACHI LTD. 

Nihon Bldg. 2-6-2 Ohtemachi 

Chiyoda-Ku, Tokyo 

Japan 

IBM ADUANCED MANUFACTURING 

Boca Raton 

Florida 

USA 

JGM GMBH 

Stra~e 2A, Halle MB 

A-2351 Wr.Neudorf 

Austria 

J NIEL L EDEX I NC. 

330~0 Eastgate Circle 

Cnrvalls, Oregon 97 333 

USA 

I NTERNAT I DrJAL ROBDr1AT I ON/ I NTF.LL JGENCE 
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2281 las Pal~as Drive 

Carlsbad, California 92008 

USA 

KAWASAKI HEAUY IND.LTD. 

~-1, Ha~amatsu-cho 

Minato-Ku, Tokyo 

Japan 

KUKA CIWKA KELLER & KNAPPICH) 

Postfach ~3 13 Y9 

Blucherstr. lY'f 

D-8900 Augsburg 'f3 

LAMBERTON ROBOTICS 

26 Gartherrie Road 

Strathclyde MLS2 DL 

Scotland 

MANTEC 

Grundlacherstr .21rn 
D-BS'fO Furth 

F.R.G. 

MATSUSHITA LTD. 

3-2, Minami semba 

Minami-Ku, Osaka 5Y2 

Japan 

MICROBO 

Avenue Beauregard 3 

CH--2035 Corce 11 es 

Switzerland 

MICROBOT INC. 

'iS3-H Pavendal e Dr. 

Calieornia 9~0~3 l 



USA 

MITSUBISHI LTD. 

1-1 Oaikou-Cho 

Higashi-Ku, Nagoya City 

Japan 

NACHI FUJIKOSHI CO. 

3-5 Shiba Haffiamatu-Cho 

J- Tckyo 

Japan 

39 

NAKANIPPON ELECTRONICS CO.,LTD 

Y330 garnacho Kita-Ku 

Nngo~a 'f52 

.Japan 

OLIUETTI 

Uia Torino 608 

I-10090 S.Ber~ardo O'Ivrea 

Italy 

PEl\JDAR ROBOTICS 

EBBW Uale 

Gwent NP3 550 

England 

PRAB INC. 

6007 Sprinkle Road 

Kalamrlzoo, MI Y9003 

USA 

RE I HS Gr·18H & CO 

Postfach llnO 

Im Weiding 1 1t 

0 B753 Obr~rnb1n·g 

F.R.G. 



RENAULT 

Centre Parly 2, P.8.70 

78150 le Chesnay 

France 

SIM~ERING-GRAZ-PAUKER AG 

Mariahilferstr. 32 

A-1071 Wien 

Austria 

SIEMENS AG 

Postfach 120 

Wernerwerkdamm 17-20 

D-1000 Berlin 13 

lfO 

TOSHIBA, EUERSHED ROBOTICS LTD. 

Bridge Road, Chertsey 

Surrey KT 16 BLJ 

England 

TRALLFA NILS UNDERHAUG A/S 

Postfach 113 

N-'i3Yl Bryne 

Norway 

UN Ir1AT ION I NC • 

Shelter Rock Lane 

USA-Danbury, Conn.OG810 

USA 

VDEST·-ALPINE AG 

Postfach 2 

A-'1010 Linz 

r:ustria 

VOl.KSWAGENWERK AG 



:' 

Postfach 

lndustrieverkauf VD-3 

D-3180 Wolfsburg 

WESTINGHOUSE ELECTRIC CO. 

'-!00 tledia 

Pittsburg, PA 15205 

USA 

't 1 

YASKAWA ELECTRIC MFG.CO.LTD. 

Ohte~achi, Chioda-Ku 

J- Tokyo 

Jc.pan 

ZAHNRAOFABRIK FRIEDRICHSHAfEN AG. 
Pr::stfach 2520 

Lowentaler StraBe 100 

0-7990 Friedrichshafen 1 
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Research Institutio~s and Universities 

In the following some Research Institutions and 

Institutes dealing with robotics and related 

collected. 

AUSTRIA 

ARGE "lndustrieroboter und Handhabungsger~te" 

c/o Inst.fur Mechanik, 309 

Techn.Universitat Wien 

Karlsplatz 13, A-lO'iO Wien 

"lustria 

Inst.fur fertigungstechnik, 311 

Techn.Universitat Wien 

Karlsplatz 13, A-lO'iO Wien 

Austria 

tlsterr.forschungszentrum Seibersdorf Ges.m.b.H. 

Lenaugasse 10,A-1082 Wien 

Austria 

Inst.fur Systemwissenschaften 

Universitat Linz 

A-~'iOO Linz, Auhof 

Austria 

BELGIUM 

Jnstitut de Mechaniq11e Appliqui=e 

University 

fields are 

Universite Libre de Bruxelles, Avl·nue F .D.Ronsevelt SO 

B-1050 Bruxelles 

Belgium 

Institut de MBchanique 
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Universite de liege 

Rue E.Solvay 21, B-~000 liege 

Belgium 

BULGARIA 

Institute of Industrial Cycerr.etics and Fobotics 

Bulgarian Acacemy of Scien~es 

ol.2 Akad.G.Bonchev, Sofia 

Bulgaria 

CAr.;AOA 

Division of Mech.E•1g. 

National Research Coucil of Canada 

Ottawa, Canada, KlA OR6 

Canada 

Dept.of Electrical Eng. 

Ecole Polytechnique Montreal 

Montreal 

Canada 

Dept.of Systems Design 

University of Waterloo 

Waterloo Ontario, 

Canada N2L 3Gl 

Hydro-~ueb~c Research Institute 

1800 tiontee Ste.Julie 

r.>uebec 

Canada, JOl 2PO 

f:ZECHOSLOVl"lKIA 

faculty of f.l~ctrical Eng. 

Czech T3chnjcal University 



Karlovo nam.13,121 35 Praha 2 

Czechoslovakia 

Dept.of Control K335 FEL 

Czech Technical University 

Karlovo nam.13, 121 35 Praha 2 

Czechoslovakia 

FINLAND 

Control Eng.Laboratory 

Helsinki University of Technology 

Otakaari SA, SF-02150 Espoo 

Finland 

Electronics Laboratory 

Technical Research Center of Finland 

Oulu 

Finland 

Dept.of Electrical Eng. 

Tampere University of Technology 

Tampere 

Finland 

FRANCE 

Laboratoire d'Automatique et d'Analyse des Systems 

Centre National de la Recherche S~ietifique 

7, Avenue du Colonel Roche, f-31'!00 Toulouse 

France 
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