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Toward a Remotely-Manned Energy end Production Economy

Mar vin Minsky

ABSTRACT. We can solve many problems of Energy, Health , Productivity,
and Environmenta l Qual ity by ~mpr ovIn ,g the technology of remot . cont rol.
This wlU produce

Nuclear Safety and Security.
Advances in Mining.
Increases in Productivity .
Economies ~n Transportation .
New Industries and Markets.

By creating “mechanical hands that are versatile and economical enough, we
shape a new world of health , energy and security. It will take 10 to 20
yea rs. and cost about a billion dollars.

This report describes research done at the Artificial Intelligence Laboratory
of the Ma c~~u cct t s Inst itute of Technology. Support for the laboratorya
art if icial  intelligence research is provided in part by the Office of Naval
Research un d~ g ~~~~~~~ of Naval Research contract N00014-79-C—OU O
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September 33. 3 979 545 Technology Square. Cambridge . flas... 02139

Tow ard a RU$OIEL Y-M*N14E0 Energy and Produc t on Economy

t1a~v i n  Min sky
I1.I .T .

We can solve many proble ms of t~rt ergg. Health . Product ,vity . and
Environmental Oualit y by improving the technology of reaote control. This
will produce

Nuclear Safety and Security.
Adv ances in Mining.
Increases in Prod uct ivi t y.
Econom ies in Transportat ion.
New Ind u s t r i es  and Markets.

0y creating ~‘mechanical hands that are versatile and economical enough.
we shape a new wor ld of health , energy and security. It ulli take 10 to
20 years ,  and cos t  abou t a bi ll ion  dol l ars.

1. ~fre Id ea.

A person wear s a co mfor t ab le jac krt lined w i t h  sensor s and muscle-like
motor r n .  Each .i~ ? c~n of arm, hand. and linger i s  reproduc ed at another
place by mob ile , mechanical hands. Light . detter ous and strong, those
hands have their own sensors, thr ough wh ich the operator sees and feels
what is happening. Us i ng such an instrumen t , you can work In anot her
room, another c i t y , or anothe r count ry . Your remote ‘presence can have
the strenith of a gian t or the delicacy of a surgeon. Heat or g~aln is

~tran,iated into infor m ative but toler able sensation. Oenqeroue j ob.
become safe and comfortable.

We can do a l i t t l e  of th i s today. using the crude mach ines made for
hand ling radioactive m ater ia l s. But once sac I mprove those clumsy
iristr(s*entq -- ~he ba,ic point of thu propocal -~ we w i l l  gain In many
wages

fFffRGY: Safe and secur e nuc lear power generation and waste
processin, .  Safe and eff i c i e n t l snd and sea m in ing. Lou cost spice
sta t tons.

~ ooucr ivz~v~ Advance s jr~ fahr ca t i c ’o. assemb l y, inspection and
maintenance ~yste~s - in both ligh t and heavy Induitry - could restore US
eminence in this area.

H E Al TH: Elim inat ion of al l chemical and physical hazards w i l l make
many old obl more tolerable, create new processes and technologies.

) IAKSPO*T*TlOtI: Beside, reduc ing cost. ener gy and ti.~, one per son
w i l l  be able to kt diff eren t Ot’~ in different places.

-j
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To do thu s tie must i mprove our telepresence instruments —- that is what
I w i l l  ca 1l thelu -- c~~ t hat they fee l and wor k l ike our own hands ’ Th is
could take 20 ts .~~rs and cost a billion dollars. It u i l l  repay itself a
hundredfold . lhr ee M il e Island showed the absurd Inflexibilit y of current
nuclear techno l nqtj. We s til l  wait (8/79 ) until men can rush in to l ook --
and abs orb i tjear ’g dose in a few minutes. Rid icu lou s l W ith better
telepresence t oo l s  we could quickl y i nspec t and repair , perhaps reduc ing
losses from a billi on to a ~eu m illion s.

Many expert e l i k . 1 the ideas in an earlier draft of thi s essay . But .
because US “ erinrgy p o li c q ” was tiet to be formulated , no agency was
empowered to dcii tii t h ~~i P’i icg ues. Here is what happened:

IP(LlSJ~~ ~ ;~le thought GOVERtIINI should do it.
OLF[NST~ suggested EM~RGY.
FMRC~’i c iqc~r .te d  tWA .

NASA sugges?e d C(U1ERtE.
(Plo cne uyqested L abor.)

COtititlif i suggest ed NSF .
NSI wi s hed i t  had funds, suggested DEFENSE.

I am cur e t he I~ri ” i dent hi c~ r l f  w’ ,ld S i k e  these ideas, but they can reach
him onl y i a ill ~t inu ,i~hed group o~ backer s suppor t i t .  Energy Problems
threaten more than just the economy and gualfty of II (a. Conservatfo.t and
self-den~aP s v P ? l  htlp only for a noment . In the end, dfsco.lort and
hostllft y could turn to starvation and war . If th is consumes our
ressa~~n~~ng resources , the human race may have no second chance to reach the
stars .

t XAHPI t 1: M I N I N G  AND P (TtOt OGY

It is  eas~ t o talk of di q 1 ioq mnr i coa l or shale , but labor w i l !  never
again to l e r at e t t ø  o l d  min i n g meth ods. Re m o t e - c o n t r o l l e d  mining
instr uments can ~~i ) I o g t  hur i~ d recources mor e e f f i c i e n t l y and humanely.
i n a rnm otel y si innecV’ min e , there are no people to be hurt.

SA FIJY. PJ~~ one is ew;iosed to anu danger of dust, collapse , or
explosi on . 1o~ ts are Inuer , mor e can be ext racted.

4CCE.S S IAIIE 7Y. W e u I l l  he abl e to ex ploit meter-thin mineral
depos it s. ~ , q . ,  m .rh anthrar i t . coa l , t hat remain in formation s us cannot
now reach.

!NTfGR4TION . We can recon sider underground combust ion and
gas if i c .~t i on schemes that never made i t  because they could not be
control led . FIemotel 4~manned mines need less cooling , ventilat ion, safety.
or escape r~~~~~s~ons.

R IS (RVT S. W i t h  rc’mntr m in lnq, sin g le  deep shafts can have many
branches, to extract more from each reservo Ir .
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EXAMPLE 2: NUCLEAR T(CNNOLO G Y

Present nuclear plants have inadequate prov isions for maintenance or
intervention. With telepresence technology, we could service them more
like norma l i ndustria l plants, preventing problems be fore they s t a r t .
Diagnosis and repair is easier when people can work as though they were on
the spot. Uith no one at a l l  th the build ing, we gain In::

SAF E TY. No one ‘~~ exposed to ~~~j rad iation . Lie can stop quarreling
about “toler able ” and “threshold” ~~~~~

SECURITY. If nothing enters or leaves except vi a telepresence
machines. i t ~ easier to secur e critical materials. No person can steal
anything, and the mach,nes can he monitored by computer s programmed to
detec t iintj cti,il a c t i v i t i e s  -- and bti skeptical citi:ens encouraged to use
the vie w in g channels. Few oppor tun iti es for sabotage.

RE t IAAII IIY . Mobile probes (that can repair -‘ne another) permit
eas ier  inspect ion and repair .

INT (GRATION . All this makes it easier to combine Power Generation,
Fue l ar,d Wa d e processing and t emporary waste storage in a sing le plant.
Many objection s to breeder technoioqu~ are overcome .

ECONOMY. Material s are more ea sil y recycled and replaced . lie can
use cheaper and stronger but shorter-lived materials.

EXAMP LE 3: UNDERSEA EXPLORATION AND EXPLOITA TION

Most of our plan e t is ocean. Remotel y manned ‘sea-floor construction
crews ” CO ul (l bypass the prohib i tive hazards of manned exp lor ation ,
avoiding the cost and risk of weather -troubled ships and treacherous
tower s In Continental-Shelf Mining . As I write thi s , the Gulf Coast is
threatened by an under sea o i l bl owou t that promises billion dollar losses.
Advanced telepresenc e t echno logy would have little trout,le repairing the
damaged w e l l .

Manned exp lora t ion  ~s more techn ica l l y difficult in the ocean than In
outer space: ‘moonualk,” are harder there ’ (H~ already has a projec t for
a remote controlled deep-sea l aboratory. Larger such systems could
exploft .ic well as explore the resources of the deep -- to mine , &il l ,
and operate other systems now considered impr ac t ica l .

The new technology touches everyday l i f e. Today, one has to dig up the
city to repair underground systems; via telep resen ce we can do much froa
the ‘n~ id~. Th is applies ‘o sewers, telephone line,, steam tunnels, fuel
p ip elu n e~ , anti nuclear waste t anks. Roston loses half of i ts water
supp l y, i t  has been estimated , to wat er main lestt e tha t w i l l  cost b i ll i on s
to repair by pre sent methods.

0
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2. Proposal for A BILLI ON DOLLAR PROJECT

lie can have this in 20 year s -- but only if we i mmediatel y sta r t an
energetic, well supported protect. This is a large project because many
d i f f e ren t techno log ies mUst he merged. The technical scale resembles tha t
of desi gning a new militar y airplane . The size of the effor t suggeste the
stra tegy wherein MIT ’, Project Lin coln coordinated a wide variety Of
technical  research groups to develop our ear l y Air Defense Systems.

COS T . Develop i ng these super-instruments could cost 50 m i l l i o n
dol lars/ year for 10 years. Thi s migh t see. expensi ve, but compares w i th
the cost of an ~iuto motiv e model change, or a single nuclear power station.
Any comp lex . iac .) l - enqineered. new device can cost a million dollars of
R&D; many such wi l l  he needed for sensing the motions of a person’s hand,
and f~~r serulin~ ~ignaIe back to that hand. New kind s of motor s w i l l  be
neeil~ i1 . new ‘-en ors, li ghtwe i ght actuators, low fric t ion linkages, special
mat er al, for ‘~ur face cover ings; a l l must tolerate bad environments.
Other components” are also costl y -- mathemat ic al theories for feedback
control of new complex mechanical systems, novel computer languages and
systems.

PAYOFF. Th i s inv e stment Could restore the United States ’
t r ad i t i ona l p o s t i o n s  in Energy and Production lechnology. The Appendices
promise b e n e f i t s  in other areas, such as Tran s portation and Medicine.

UN I T COST. ~~ir ~~( protot ypes uill be costly but as designs matur e
most of the comple xit y w i lt move from expens i ve hardware to easil y copied
computer softuarr : mac’- production w il l  br i ng costs down fur ther. The
goal ,hould oc to make them as cheap as cars.

SCHEDULE. I t w i l l  take 20 year s to do all this: one decade for
devel op i nri the l is i c  instruments, the second for refini ng and adapting
them to t h p i r  .ii p ! icat ions .  The first decade is concerned with Issues
ti ke t

Pr~ ign of advanced teleoperator geometries.
Research on sensors and ci fec tors,
Exper imental and t hooret ica l work on control theory.
Deve l opment of automatic monitor ing method s .
Deve lopment of aut om at ic  manipulation processes.
Research on “recporisible’ software gen.rat ion.
Development c f  good hu*an repor t interfaces.
Prototype softw are for plant operation procedures.

A first decade annual budge t that allow s for “redundant” parallel efforts
on c r i t i c a l  facets would allow for :

1 Oti 1 e I roper a tor Machan ice I Engineer I rig
1011 N~u Sensors and El fector*.
5t1 Research on Automatic Control and Monitoring.
511 Research on Sensor i-Motor Psychology.
511 R”;earch on Programm ing and Semantics.

Adapting Prototypes to Applications.

The second decade wi l l  furthe r r e f  10! the instruments to make their

~ 

I.TII~~~~ _ _
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operator s more comfortable and effec t ive, to i mprove mater ia l,  and
re l i a b i l i t y ,  and to adapt the systems to differ en t p i l o t  systems and
pl ants. The second decade budge t w i l l  depend on how fast different
industries adapt to exploit the new technol ogy. The two phases are not
reall y separate, for some ear l y work wil l  quickly find many i mpor tan t
applications to urgent and critica l problems.

1980; Organirat ion of desi gn projects.
1984: Completion of several experimental prototypes.
1986: Re f Ining and i mproving human factors.
1988: Second generation prototypes.
1990: Thermal and radiation-her d prototypes.
1994: First pi lot mining and nuclear plants.

SlP~tA NY

Telepres.nce technology can solve many Energy and Product ivity problems.
Ph. project seems foolproof because this new technology w ill pay oft ,
whichever energy sources -- Coa l Fission, Fusion , Solar , or whatever --
wins the competition . It .111 further profit us in Industry, Agriculture ,
Transportation, and Health. It promises many rewards in general sc ience ,
practical engineering, computer science , medicine , phys iology, and
psychology. The appendices w ill discuss these sciences in more detail.

APPEPC I CES
0. TECHNICAL PRODL ENS . Earl y telepresence systems used cables and

pulleys to sense a person’s motions and duplicate those motions elseuher.~later v e rsi ons used electric motors. None had enough dexterity or
in timate sensory feedback. We explain the problems.

I. ORGANIZATION. T~ie protec t should be organized as a cage. 01
Vor*fng Centers connected by a computer comeunfcation Network. This uHI
attrac t fir ,f-c las s specialists, suppor t the technical goal., and allow
other research centers to participate.

2. ~0IERE TO START. A new, dedicated prolect is needed because no
ex i n t i n g center has the required resources. The field needs strong
suppor 1 • tIe l iberate and courageous long-range pl nning.

3. STATE OF THE ART. The clumsy claws of presen t systems cannot
“feel ’ and their joints are too awkward; this makes simp le lobs take too
l ong and comp lex obs har d to do at all. Ihi. le why no pl ants ire
designed to exploit them.

4. INDUSTRIAL APPLICATIONS. Telepresenc . w il l  open a new era of
product ivit y. It wil l save many old jobs, and create many new ones.

5: NUCLEAR SAFETY 481) SECURITY, lie deta il a wide range of uays in
which tetepresence will minim ize present dangers.

6: SPACE. Telepre sence w i l t  make practical many schemes for
orbital , lunar , and planetary exploration and exploitat ion .

7: IIOLOGY ANtI ?ELDICINE. Miniaturized telepresenc . systems w i l l
lead to medical and surgica l techniques that today seem impossible .

8: TRANSPOR TATION. øoth huean and mate riel time and cost will bs __

saved by apply ing manua l labor at a distance.
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1° APPENOI,k 0. TECHNICAL PRODLEMS 70 tIE SOLVED

A teleprese~ce system must sense a person’s motions and duplicate them
e lsewhere. Such systems have been cal l ed “Teleoperatos”. Telafactora .
or Waldos ” t a t ter an inven tiv e hero in a 1940 novel by Rober t A.
Heinlein) . I prefer ‘telepresence ” to emphasize the Importance of high-
qual i ty  sensory feedback.

The f i rc t ones uere built ar ound 1946 at Argonne Nationa l Laboratory,
using cables and pulleys . Later , these were rep l aced by electric motors.
Ther, have been few advances since then. To explain what needs to be
done, here ic  some background:

“force-Reflect;on”. The electric -motor systems were stronger and
could work at greater distance , but they lost the sense of feeI” that had
come through the cables. To restor e some of this, lat er models measured
torcee at the outpu t and used add iti ona l motor , to “reflect ” these forces
bac k to t h ~ ’ user ’s hand,

Supervisory ControP. Teleprese nc e systems can be controlled by
COmputer S in c tr.itt of peopic’, i f we can wr ite appropriate programs. Then
the human operator s can become “supervisor s”, merely indicating hi gher
leve l goals . U~’rker s in the field of “A r t i f i c i a l  I n t e l l i gence have
already t~cn~ns trated systems that can grasp and move objects in accord
wi th verba l co.wsands.

Robot:ts ”~ Such deviri’, have been progr ammed to comp lete simple
jobs automa t ic i f fy . A coaplicated precision hearing was so assemb led at

l i f T , an en ti r e water  pump assemb ly at Stanford , a toy automobile at
Edirfl,urgh. Rut ‘ziich programs are not yet dependable, versatile, nor easy
enough to ( (

~rl5truc: .

But present-day telepresenc e systems have disabling limitat ions :

Clums iness. ihe mechanical hands have but two inflexible finger..
poor elbou~ and shoulder s, unnatural wrists. None can use an ordinary
p ai r of p1 ier c . App end ix 3 exp lains why eng i neer s have been been
reluctan t to wor k in this area.

Sensory L imitat ions. No present system has any true tense of
• “leel” . Me must set hig h object ives for the senses of touch, tex ture,
• vibration and all the other information that inform our own hands.

Control Systems . Once we make these i mprovements, th. new systems
w i l l  he mor n comp lex and g ill need better control sys t ems to exploit their
expanded capacit,ns.

Rel iabi li ty. Cr i tical app lications w i l l  demand new orders of
r e l i a h i l c h j . Uc should he able to exploit the new concepts of
“re~ pnn~~it ~ Ie s o f tw a r e ’s now emerging from Computer Sci ence. Such systems
w i l l  m a i n t a i n  thp coherence and r e l i a bi l i ty  of a Program by continuously
compar inq what it actuall y does against e x p l icit statem e nt s of i t s
- intentions - - - r~ what ~t s supposed to do. While such programs are yet
i n pwper i’~ r.t a g!~ o”- . the concept is clear l y sound.

I
_ _ _  - _ _ _ _ _ _ _
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The sensible course is to try to make an instrument that compares will to
human arms and hands. This goal is ambitious, but we should compromise
onl y when necessary -- and not before trying hard. We should set
ourselves a l eve l of aspiration like this:

General conl Igurat foe:. The system should have two humanoid arms
and five-fingered hands, able to imitate natural motions. It should b
mobile; legs surpass wheels in most environments. Many desi gn arid
control concepts for the new arms could be so adapted , to yie ld a system
able to work whenever a person could -- not just on careful ly prepared
f I oor s,

Man-Machine Interface . Control should be via an instrum ented
sleeve , li ght and articulated with l i t t l e  friction. It must inc l ude
e ffecto r s to transmit “reflec t ed” forces to the operator. To do thit wilt
requ ire advanced compos i te ma t erials and new muscle -imitating devices --
cha ll eng i ng enqi ne er i ng research prob l ems. Vi sua l feedback could use
s l ender fibre-opt ic probes, articulated to emulate the operator’s head
met i ons.

Special *pplication Problems . For exotic operations , e.g..
under sea, we may wan t to extend the telepre sence to the entir e body,
perhaps controlled by a st* .rged. instrumented wet-suit. This si m plif i es
control prob l ems, uses bouyancg against weigh t , drag against inertia . - •

Nuclear and deep-sea systems will have special arch i tec tural and materials
problems.

• •
• •
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APPENDIX 1. ORGANIZATIONAL IDf AS

SCALE. The needs of the pro jec t  suggest model , like RAND or
LINCOLN . uith  strong technical groups in sensors, effectors, material.,
artificia l inte l li gence, software engineering, psychology, control theory,
reliab i lity, and other specialt ies.

SECRICY. I t ig  in everyone ’s interest that safety-related
t echno lo g ioc  he publ ic  --  espec ially sin ce the project ’s principal
app ls c a t h ~.ric n . h  be i ndustri al , economic , and medical. The US is fast

• losing i t s  t rad i t iona l c’m ,nence in advanced machinery - -  and attempts to
• hide nr cu~t r” c from f oreigner s will only retard dissem ination at home.

NAT ICJNAL II?. Foreign con tr i but ions should be encouraged. JAPAN and
i.~ are advanced in robotics and Computation ; France, Canada arid Ital y
have muc h mani,~iilator capab i l i ty ,  All nuclear nations with facility in
teleoperator , r .ln contribute - -  and it is in our sel f- inter est to make
things safe everywhere.

CG1fPU T(R-NE TbVRI( 8ASE . In the Li nco ln or RAM) mode l , one assemb les
the entir e sta f f in a sing le. centra l place. A more practical and modern

• scheme is to center the project around a Computer Network. This reduces
recruitin g problem s and enhances the development of foolproof remote
techno logy. Such a Network would contain:

• A Central Resource somewhere in the US, combining adminis t rat ive and
engineering resources that need central ization.

Several Work ing Centers near universit y or industrial locations, that
isork t oge t her or separatel y as appropriate, v ia  a computer—
communication network like the ARPAI~CT.

Many Associate Centers of fewer peopie, play ing e ff ecti ve ro l es vi~ the
compu ter network.

A Compu ter Network enhances communication -- both personal and publicatio n
-- to a degree tha t nCucomers find hard to appreciate. It provides better
com p u t a t i o n a l  and eng ineer ing services than can any tradit i onal
“computation center . And i t  t-.as obvious special values to a telepressnce
research project.

Two scien t i f i c  c om mun i tie S already success full y operate thi. way.
Stanford’s SIJIEX coordinates computational research for many small medical
projects in many locations. The ARPA-eupported network of Art fffcSaP
late llfgence l aborator ies have worked together effectivel y for a decade.
tin fac t , th.’ techno l ogy of networking itself was developed within that

• community -- along w ith much of modern robotic sci ence. As th is community
ui tl  play a key role, it would make sense to grow the Projec t Network as
an extens i nn •~f ARPAMT.1

STAFF. l lii p r rj e c t  neerts f i r s t  class eng i neers and sc i entists, and
technical manager s ~f great !.k,II and vision . To recru it 9tem. i t  must
offer real l ong-term commitment s . It is for t unate that we need not
assemble the enti re staff in a single place.

START-UP . Often , a lar ge new projec t can grow from an existing one,
• In the p rr ’•~~r.t ri’.’ I inCl ’nc ’ toward a new start, because this field has

stagnatrd tot so l ong f~ 8 y ear s ) t h at i t s  once mo st productiv e
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U

m e t , tut i on~ are now generally i nactive. The present scene l ooks to me
like this:
Industry. Many major companies were involved at various times -- l Oll.

MI . Hughes, General lii li e , and other, -- but none ever reached
crit i ca l mass ”. tlantj smaller firms are active , and there is much

precious “knowhou at Un i m ation , Cen tr al Research (CR1 ),
Programmed and Remote (PaR ) • and o there.

Government. OP~ has a substantial activ ity, in submar ine exploration and
rescue. ARPA was for a decade the ” sponsor of research in
robotics , but withdrew in recent years. The Army joined ARPA for
a time in work on powered armored sui ts.  NASA gave telepresence
lit t l e  attention until recen t concerns with shuttle cargo handling
and space station fabrication , NRS ha s made useful studies.
Exc ept f or OM~ there is no current government l eadership center in
this area.

University. Rich in i deas and plane, no un i versit y project could ever
afford to eng i neer complete systems, but they produced many
i mpor tan t des i gns and prototypes. Generally • these were concerned
more with computer control than with human telepresence. There
are important projects at Carnegie . Case, MIT , Rochester .
Stanford , et c., and at quasi-un i versity l aboratories lik e SRI,
Y1. and Draper.

In v iew of this I incline toward a fresh start. It would see. natural to
exp l ore the sub ject in an NAS-type study committee but, frank l y, I am
uneasy about its domination by conservative old-timers.

FACILI TIES. The project needs first-class equipment for Mechanical
and Electrical Engineeri ng. Ma t er ials Science, Psycho l ogy, Ma thema tics .
and Control Theory. Developing the real-time man-machine inter face, w i l l
need the most advanced Interactive Computation resources -- like those at
XEROX, N I T , or Stanford. ft needs powerful “number-crunch ing” computers
for real i st i c , real -t im e physical simulation , The Research Cen ters must
be linked by a vi deo -ba ndui th computer networ k, so that tetepresence
system s can be operated and coordinated from differen t location..
(Satell i te ii nh s are too slow for natural human feedback, so ci cronsave or
cable link s are required. )

4
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APPENDiX ‘ : Why a Spec ial Project?
• If telepresence t,’chnology is so useful , won’t it appear sEien needed? The

ansuer is “no” ; its “natural” evo lution stopped nearly twenty years ago’
Even as n.’.~i1’~ qr ew , research o’.ts grew faster , but funding declined; by
1%e, no l ,1hr a t~ r & i could aff ord to take another major step. Today. one
can hui.l mnr- ” t h i n  a hundred commercial teleoperatore -- mostly from Jap n
-- but all of thri. are of the crude six-jointed , two-f i ngered gr i pper

• ty pe. This • . t i ’ j n i a t i o n , ~.ince Argonne ’s 1964 “ force reflecting ”
•nstrum~~ntn . ii,i ’, •- k~~’ ~o endle~., repetiflon of this scenario:

1. Some applicat ion seems to need a better manipulator, e.g., to join tso
pipes in a certa?n way .

2. An existing tlechan:ca,t Hand would hel p -- but only ft  St bed ar~otb r
joint in one of its tit,gers ”.

3. Out making that impr ovement causes complicat ions :
The contro l system needs another channel.

The output needs a new sensor .
Another Input feedback device Is required.

A microcomputer progr am must be modified.
Some operator retraining is necessary.

Several older tools must be re-engineered.
4. Whi e no one of these is very seriou s, the totality l ies outside the

company ’s mi ssion and budget. So they dec ide to “sake do. Ihe
pipe fitt i ngs are redesigned so that the old , clumsy hand can
manage .

A good production ‘ni neer can so l ve any spec if ic problem by finding some
spec i fi c  tr ick : use a special jig : prefabricate some new part s; develop
a special tool for the hand; replace the hand with a special tool. Each
l i t t l p  problem is thus sol ved , but the technology becomes antiquated. The
overall lir otli em becomes v ig ih le  Or~l t 4  in ~nci dents like Three Mile Island

• - -  when we cuctd~~n~~~ 
f un d no way io turn some valve from afar !

Unless some aqenc~j takes responsibil ity, nothing w ill thange. Perhaps
thi g i~ par t of the lar ger tua t tern in which , according to Tesar (Science .

• 1978), the US has acqu ired ~ profound general weakness in technically
• .ntr icat ~’. machinery, which has already distur bed our international trade

balance.

Thig deficiency has already cost bi l h i o ~s i n our nuclear technology, for
it compli cates ever&jtPi i ng from minute details of fitti ngs and connectors

• to overall plant architecture. It creates po l i c ies in ubich lives are
shor tened and s o m e t i m e s lo s t , when humans have to intervene In

• emergencies. A sin gl e malfunct ion can ent ail operating l osses tPiit dwarf
alt the costs of our pro ject .

_ _ _ _ _ _ _  _ _ _-_ _ _ _ _ _  • • •

_ _ _ _ _  _ _ _  - - • —I
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APPEISDIX 3. SlATE Of Tilt ART

A typical contempor ary teleoperator has ttvee basic elements:

• Input: a handlr attached to a jointed arm-like link age. Moving it makes
the Output move simila r l y. Squeezing the handle closes a gr i pper at
the output.

Output: ihe remote gripper fol low s the motion of one~e hand, but not the
curve of the arm -- so i t  cannot always reach around obstacle,;
there are too fei: joints to emulate our shou l der, elbow and wriet .
The “ force- refl ect ion ” feedback i~ sometimes adequate , but for
lelica t e iio’ k one needs better senses of touch and shape.

Compensation: If the work is too l .irge, small , heavy or lig ht for human
hand’, the sys tem needs a psycholog ical l y na t ural computationa l
compensation in force anti t ime scales , so that the operator can
diStingu i sh the inertia and elasticity of the instrumen t from that
of the uorkpiece. No current systems do this well enough.

Ill - suit ed for del,catr assembly work, all work goes slow l y -- typicall y.
easy jobs take 8 times l onger than “by hand” , hard jobs much more. The
two “ fin ger s” can pinch or clasp, but c annot twist , shear, roll , or bend.
One canno t use ordinary pli er c or scissors: instead , one removes the hand
and replaces it by a special tool. This is fun to watch, but It takes
time. Engineer, must often design new end- tools for new jobs.

We should supp l y as many natural sensory channels as practical -- t ouch,
pressure , tex t u res  and v ibrat ion --  and ,n comfor tab le,  nat ural ways.
Where we c anno t reach perfection, we must l earn ièiich “sensory de f i c it s ”
are most toler able in whiCh kinds of applications. The systems must be
able to rec onfi gure the perceived workspace to ma ke t he operato r
comfo rt ab le , e.g.. so that a remote “miner ” could dig a narrow seam
without himself stoop i ng or craw ling . To learn how to do th is  -- a
pr oh I em u ii many ever ydatj procedures from dent I s try to ml cr osurgery - - the
projec t mus t suppor t c’sycho Ioiic~ ’ ‘esearch on how physical situations are
represented in Our mind,.

Some e’.c,ptions to t h i s  bleak picture: The “Hand iman” system develop*d
around 1958 by ttosher at G.E. had good d e x t e r i t y and compensation.
Hit achi ~ae deve l oped a 12-joint hand tha t can “roll ” a baton between
three fingers . I built a 16-jo int multi -e lbowed arm tha t could reach
eas i l y around obstacle,. Several projects have pursued radical “tentacle ”
rk~c igns. NASA Ames has an excit,nn ‘augmented ” space-suit design. The
prosthetic “Ranchos Ins Am i gog” arm has a humanoid geometry . 8ut no
projec t has had the resource, to pe fec t any such ideas. TN. Refer ences
summar i ze a weal th of such i deas.
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• 4PPENDIX 4: iNDUSTRIAL APPI ICAIIONS

Industry uses some telpoperato r s and computer controlled “general purpose”
man i pu lator ’ ~~- ma i nly in hazardous or unp leasant jobs lik e spray-
paintin g, or handling hot objects. But , as noted in Appendix 3. Industry
hay found i t  hard to apply these to new gobs because they arrive withou t
hands, feedback sensor,, or aut omatic programming aids. if each machine
must be rebuilt , progr ammed , and debugged for each particular situation .
i t is no wonder that production engineers find it better to ‘st art from
scratch’. The field ‘s immature.

Our projec t ¶ u 1 i l d  ch~tnge th ic . for its wi l l be mechanically versatile and
wil l  arrive with adequate Drocy-a*ming aids. t~ventuat l y. their computer
proor ams ui l l  have pnota~ih “common sense” to deal with normal problems of
shape. ~~ ‘p~’ I. and obstacles; they w i l l  be able to recognize objects
with their computer eyes and manipulate them , v e r i f y ing that the expected
real ly h~~;~1 c ’ ~~c . Today, such ~ ts are major programming projects;  ui Ui

• the “ se’ns’t le ‘ritwar e” of tomorrow they u l l  Involve less programm i ng,
mor e ex D la ,n ii i ’ and shou.ng by ~‘asple. ”

Thougti t h is  courvic l i ke Sc ienc e ii lion -. centurie, away, much of it has
already he.!n (j~~fl~ in gears ~~ ct at the “ A r t i f i c i al Inteth gence” prolect.
at li l T . St antor i , Car negie . SRI. and Edinburgh. At these and sev era l

( other center ’~ around the wo rld c omputer s, equipped with hands and eyes,
are able ‘o ret otjnize and orient certain kinds o f objects,  interpret
simple l,c’ hani aI a’~ eu’h l y inst ruction ,, and cope with changing spatial
rel ations or moving obstacles.

However , w hi le th~-se demonstrate the poss ibilities , such things are st i l l
too hard to prorjr ,is to be p ra ctical for indu stry . A . au t omatic
progr amm ir j me lt Is mature, it w i l l  become easIer and les s cos t ly. To be
su.e, th is new prn ”r~~li~~n of “sof tware’ uiil be ewpeneIve to create. So
i t  is ir’j ’ r t ’ n~ to  remember that software -- unl ike anything else - -  can
be duplicated .w:thout cost.

Those bCtter ~.rr rIr ax~ will come the sooner we embart e~n the Tetepresence
Project. Then, instead of using d’ffer ent machines for each operation,
many accr’mI’ I u- lines g i l l  use general-purpose manipulators to do more j obs
at each 51 it i nfl. their smar Icr programs u i (I need less precise un i formity
of components and their placement -- very cost ly  constraints. Finally,
where ..vs-prnduction is now a synony. for ‘uniformit y’s th. new

• m achines w i l t  he able to make cacti produced i tem to better suit It s
individua l purchaser .

_  _
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Append ix 6: Nuclear Safety and Security

Li ke it or not, we are becoming dependent on nuclear power . All present
reactor s have to x ic radiation by-products, and Fusion ’s shielding and

• activation prob l ems may be just as ser i ous. A l l  reac tors  have these
f undame ntal prob lems:

• Therma l: Hig h temperatures weaken all struct ura l mat er ials and
exclude most materials entirel y.

Mechanical: A S S  e f f i c i e n t  generator s app l y high pressures and
forces to those weakened structures.

Radiat ion: Causes cumulative structural damage , corrosion , and
inter i or I t u g  that make i nspection difficult and hazardous.

Because of i naccessible to humans, designer s today must demand t ong
component l i f e  and high reliabilit y . The resulting materials problem s are
e~pen,i ve and almost unsolvable, and any design muit t coapro iae between
two extremes:
Pernanence: Build each par t w ith monumenta l toughness -- and hop, the

system never fails.
Maintenance: Build a modular system tha t perm its per i odic inspection,

maintenance and rep l acement of parts.
Because t hey must m inimi ze human exposure, today’s nuclear desig ns lean
toward permanence . Rut th is is the wrong choice from the view of
struc t ural engineer m u ,  because of the scarcity and expense of materials
to resist r orrosion , heat , pressure, and radiation . In the end, breakdown
and failur e occur s anyuay, requ irinu manned intervention. Maintenance is
basi c a ll y be t ter -- hut req ui res adequate telepresence -- and the problem
today is a vici ous circ le: fac1P~t fes are not designed for telepe esence,
because telepresence techno logy Is too prlaftiva --- and vice versa~ (I
rea li ze that on the surface me~ntenance appears to entail a problem of
mor e uast~ mater i al s . Fly Intuition is that i t can be solved by recycling
and refabrication , but the issue is complex. )

The aircr aft i ndustry’s out’tand ing safety record Is based on maintenance;
in stead of rel y ing on material life, they use regu l ar disassemb l y and
insp ection -- expens ive , yet co st-ef fe ctive. Present-day nuclear desIgns
do not permit th,s . Vet, even a small failure that would be t epairable in
hours w ith tetepr r’serice is cause to shut down a present-day reactor for
months. Now , it may l’s too di f f i c u l t  to place teleoperator, within the
cor e its. ’lf , but other maintenance inside containment vessels should be
muth sac er than it is now,

WA STE PROCESSING . Dealing with large masses of rad i oactive materials
entai ls problems so seriOuS that the US now has a critical deficit of Fuel
and Uaste proceccinq resources - -  with no prospect of relief. Induetry
di slike s b uildin g them , regardless of budget , Clear l y , better remote
techno l og~ wou I-I help - - for cx amp Ic • to repair the I e* Ing Han ford tanks
from the in~ i d .

SECURITY. Jus t i f i e d  fear s about security of weapon-grade mat er ial are so
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strong as t~’ ‘~i’t our nationa l polic y against fuel -e fficient breeder
• reactors. The remotel y-manned concept could change this perspective, for

it perm its poten t new provisions ;

L imited Access. Since all it. tions happen via servo channels, we can
easilu monitor all ph ysi cal operations ’ There Is no way to observe
aeverythiiiq in a manned environment , but it is practical in the remotel y
manned p l ,irit .

Pubhc Mon~tors. All operations can be made public vi a video, so
that ~in~; cusp ic.ous cit i zen could contribute free time for surveillance.
Of cours.’. the public moni tor s would not be able to perform any motor
ac tions.

• Automat c Detectors, To guar d aga i nst attack through the remote
control system , cr itic al operations would be monitored by programs
sens itiv e to iii ’i ’iu~i l ,lr’ iv iti e s . The quality of these programs would
grow over the t1r’~ rs , as we learn more.

Reductfort of traffic. Mor e self-containe d, it  is eas i er to control
a l t that enter ’~ and leaves Such p lants , there are no prob l ems about
personnel or their supplies. Ui th maintenance equipment inside, little
need pass but consumables and wastes.

Integrat;on of procedures. ~v e ntua ll y, integrated plant s w i l l
combine generat tirt . separation , reprocessing and waste concentration at
the same site. Thi s iji ll fur ther i- educe safety, tr ansportation and theft
problems.

lJhen a qeo l nc j ’r.ill y acceptabl ” disposai site is finall y agreed upon, we
can envision a completel y ‘“~ ated , remotel y panned, system that provides
also for iiaste Ji~~;~t~~ i l and ,ecuritii against attack and satotage. Uastes
are conrsntr ,ii ed , separated , cooled and bur i ed -- In disposa l wells
adeguate f nr  the nstallatior ’s li f etime, Isolation need never be broken
if a lifeti m e of fue t is provided; th is would be practica l with a breeder
reactor ,

Such a scheme cciunl - absur d today . because nothing we could now build
would work l nnn enough -- nor are we yet sure enough o f bas i c geolog ical
mechanics ‘o seIc’t t the site s . Rut plate tectonics itself is only two
decades ci!d: in another two -- ~t the rate &eO~*itj~lcs is moving -- WI
should know enough to be qu ite certa in about some sites. And ‘ust about
then, we iiould I-” abl, to build such systems, with teleoperators able to• repair ~ irh other .

APPUIDIX 6: SPACE

Planetary Explorat ion: V ik in q~ ! and II show how much can be done even
with crude teleope r- a lor s, day-long t ransm i ssion de l ays that used
conservative ‘supervi .~~r~~’ contr ol involved week-long administrat i ve wait-
and -ceo r-; r le s . ~“t V i king had pathetic limi t C tions . It could not
recon fi qur~ on-board equ ipment to e” p lo it  what it learned. It took weeks
of t-ireath~ho t di r~ri pt iri r” rrn ost In tur n a rock . $Jh,n a liar s Rover Is

(
_
) l aunched, i t should have he tt ~r mani pulators; i f  we can supply enough

—
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‘supervisory ” computer control , they could erec t large antennae, make
extensive excavations, and reconfigur e sc i entifi c equipment.

Near-space exploitation. Think how much more we could have l earned w it h  a
crude remote vehicle on the Moon, Shor t Ear th-floon transmission delays
permit direc t human teleoperator control. Ijith traverses of a kilome ter
per day, in the, ten years that have slipped by, we could have surveyed a
sub stantia l p ortion of the lunar surface, It  was o f ten sa id, dur ing
Apollo, that “machines could not replace men’. But via telepresence ,
those peop le could have done much more, In most pha ses of Lunar

• exp loratio n . I full y suppor t the non-sc ientific mot i ves of manned space
• exp l orat ion, but that is not here the issue. The subjec t was examined

t hought full y by T. Cold fRef.)

Space stations , Orbiting space stations may be i mpor tan t some day for
power. Building them via earth-based teteopev-ator s would coit far less
than via large orbitin g worker colonies, though i t would help to have a
substantial group of on-site part icipan t supervisors. As envisioned by
O’Ne il l ~ the economics of large near~earth systems migh t wel l gain by using
Lunar construc t ion ma t erial s . Again , this migh t best have a small on-site
colony supervising a lar ge earth-based telep’-esence l abor force to build
and oper .ite lunar minin g , f abr i cat ion , and mass -p r o jec to r  systems.
Similar l y, plane t ary expIor~ tion is best done by people in orbiting
spaceships contr ollin gro&wid-hased teleoperators; Earth-Mar s delays are
too l ong to work dire ct l y f rom earth.

Append Ix 7: fll cr o-Ap p llc .t Ions in Ilo)ogy and Nedfclne.

Construc t ion cranes are just gian t teleoperafors, and Industr y already
appreciates them. At the other end of the size spectrum , biolog ists have
l ong used ‘mirroman i pulator s” - - very small teleoperator,. But none have
any sensors. If we can miniaturi :. teleoperator., there are clear and
urgent applicat ion s in surgery and biology:

Vascular iiilcro-surqery. Surgeons today can repair and repl ace small
blood vessels -- except where the need i s greatest , in the brain and other
organs uhere scalpe l and forceps cannot reach. For that, the micro -
vascular sur geon would need touch -reflecting micro-hand s, on slender
probes tha t reach through very narrow passages.

S.,i,i-auto,uat fon, Along with it s technical difficult y, m icrosurgery
has a tim e problem ; one can replac e two or three major coronary ve.eele, • 1

but not ~i hundred ,mall~r ones. A ,urcteon could direc t a s em i - intel l ig ent
procedur ” to S w i f t l y mak e manu more small r epai r ,. The device wou ld
interrupt to ask about unexpected diffi cu l t i e s , and no t al l  the small
operat inor need he successful.

Coronary c i r culation repair. The US annua l budget far corona ry
vesse l repair already exceeds a bill ion ~iollars, despite some re.ainin,
questions about i t~ value. Agein, micro - telepresenc e could permit mws
extens i ve, m utt ipfe, r epairs wi th less trauma.
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Cerebral c irculat ion repair. Recen t progress in surgery for stroke
(and, more i mportant , for impending stroke) means this, too, w i ll become a
natio nal n~~j ,t’rv~~~. The myth is fal se tha t senil ity I s  a norma l part of
‘ag i ng ’ , i t  mos t often comes to healthy brains with faili n g arteries. A
small repair can yield an extra decade for an inte llec t that took a
lifetime to build.

General Surgery. tiany procedures could be done via mini-hand s that
enter sma ll incisions and traverse natural pathuags. Today, especiall y in
Japan, stones and emb ots are removed , and pacemakers implanted, w ith

• sim p lo . remote controll ed probes. These l i m i t  repairs to a narrow
spectrum of cutting , rr ushiriçj, and stretching operations, but we would
change that.

Med ical Procedures. Telepresence techno l ogy w i l l  make many
procedures more accurate and toler able , e.g., in radiotherapy and other

- 
• motion-intolerant situations -- the instruments would be ‘slaved’ relative

to the p i t i e n ’. Instead of rationing CT scanner s because of cost, HEW
~houId help make them cheaper Ic’ build and use; a CT scanner is only a
radiation source, .1 sens or array, and a man i pulator to move them, Source
and sensors nee I not stay expen sive~, and our project w i l l  lower
manipulator costs.

‘Dan gerous ” Microbiology. Publit dread of gene ’ic research ,
quiescent at * t i r 4  w r i t inq .  ui l l  return  some day with m~~* reil dangers.How to mak e a rea l l y ‘- orur e l aborator y? Seal it in with a telepresence.

Ordinary 8lology : In norma l biology , better micro.ianipulation wi l l
bring us int o be tter dire c t contac t with •he basic struc t ures and

- • processes of life. Eventua llu i t  should let us rearrange the Internal
structures of gin ’ l~ cel ls.

APPENDIX ~~: TRAN SPO*TAIJON

MASS TRANSIT. The current s~~vr toward  mass tran sit threatens to move
masses of p~ople thr r’in;h places they don’t want to go, wasti ng their time
and mental ener~ju. Why not instead work toward an u l t ra-e f f ic ie nt  and
safe car, w i t h  ~rlvancecI semi-automatic features? 1 would not be surp r ised
to fin d them ~~ energy effic ien t per per son- trip as curcent mass -transit

4 schemes. Aut om at ic cars are not the same as teleoperatore. but could be
approached by ~ related program. Thcu wi l l come eventual l y  -- and what a
waste if ~ugt after tuc’ decades and a htwidrpd billion dollar , of trol ley—
building’ Irn then the public w i l l reject the “mass ” system that must in
its nature poor l y serve the busy, elderly, handicapped, or very young.

REDUCING T RAN S I T .  Mitc h work -re t.~ted trave l and traffic can disappear a.
we move toward I ci epresence; uch office and I ac tory work can proceed v ia
thi s and computer networks. Thi s w i l l  change at t itude s abou t manual
labor, for many dir t y ” sobs would become tolerable with eleoper ator s --
and downright interesting with semi-intellig ent supervisory controls.

.1 

—

— 
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GEOGRAPHIC AL IMPL ICATIONS. W ith teleoperators such manual work could be
clone froS home or elsewhere instead of mines arid factories. But it one
can so do the job at all , one can as easil y work from a thousand miles as
a thousand meters’ Underdeveloped and underprivileged reg ions can exploit
and expor t any high-earning ski lls they have -- any l aborer in Africa or
India can market her or his abili t y in Japan or Antarctica.

SOCIAL NOEILIT Y. If fewer worker s wilt need physicall y to trave l ‘to
work”. man s mat not want to stay home either , for our ‘home vs. work’
system relcase~ us from the constr aint of a sing le environment. Perhaps
people g a l l  i nvent ‘work clubs ” . On the other side , telepresence users
can enter wider universes, working w i th others from diver se backgrounds.
Persons ~ it h unusua l talents can reach larger opportunities. Time-shar ing
multiple jobs w i l l  become more practical.

How much is telepresence like reall y “being there”~ Inking aside , we know
little about it. Peop le have r eported strong ill usions, even with limited
equ i pment. In fi ct i on , the tpleoperator exper i ence was treated
thoughtfully in novels b.j James Blish , Robert He inlein and Frank Herbert,
among other writers.

NOTE S

This proposal is dedicated to two fr i ends. Th. late Ray Coertz developed
in 1954 the first el ectric •orce-rn flecting teleoperator , and he talked of
such i deas as these a long t i ~~~ p ago. fly first vision of a teleoperator —
based economy c ame from Rober t A. Heinlein ’s 1940 nove l , Waldo. The first
such in~ tri,men t ’~ were It u il t in 1947. Forty years after wr i t i ng Wa ldo,
Heinlein hel ped me shar pen up thi s paper.

If Teleoperator techno logy promises wealth beyond dreams, is there a dark
side ? People who make proposals should think about such matters, but a l l
I find to say is that we Nuct try to help those who wan t to live In the
“old ways’ to have their chance, while those who want the new g ifts should
also have theirs. In my pet cona l view , the gifts promise be U er . richer
and l onger lives. fl i gh t t e l epre.ience have a special tendency to make
w o r k e r s  fee l ‘ al i enated ” ’ I wou ld suppose yes , even w i t h  superb
technology. In compensation , many jobs u i l l  become intensely more
“ interesti n g’ and creative , and sang persons’ worlds w i l l  be enlarged.

Each step toward telepr esenc e is a step toward automation , and tha t raise s
problems: everyone knows the economic pain and psychic grief unemployment
causes, and some would try to clou change to reduce It. Vet already, for
other reasuns. a generation of reform , are eliminati ng sang unsafe jobs — -

many of which telepre~sence could save s And because wi th  tele presenc e a
person ran offer a skull , par t time , to several employers, that worker
becomes less vu l nerable to the for tunes and moods of one employer, in any
case , one suet weigh the insidiou s losses to all of us, that stew f r s
decreasing p roduct iv ,tt i , against the acute loss for one person of a

• particular unproductive job.

- -
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Final l y, i n a queer sense, the question of “technological unemployment’
may be becoming soot. Many of the new generation consider it demeaning to
be bound to any sing le emp l oyer , occupation, or even cul ture. I suspect
this is because we all today understand -- at least on some leve l -- that
most of what we do does not (in the last ana lys is)  real l y have to be done!
Today, how we perceive our work as essential , and how we fee l about
changing it . depends more on nuances of our disposItions than on the jobs
themselves. In effect, most of us already feel technolog ically
unemployed.
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