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VESIGN -- THEN AND NOW

Geor~e E. Forsythe*

Computer Science Department

Stanford University

Stanford, Calif. 94305

Author's apology

Tne ",uthor must confess that lie has never deslcned anythln~

~re than short computer allorlthms. Perhaps this ~Ives him an

unbiased vantaae ~olnt from which to open this conferen~e.

What Is deslltn?

"Du5Icn," In the ~uthor'~ opinion, Is the application of all

knowled&e to the specification of some structure that best, or

nearly best, satlsfl.s a given criterion. The structure may be

nNlterlal (e. ~., a bridge), social (~. g., a traffic control

system), or Intellectual (e. b.' a data structure In a computer).

~~reover, It n~y It~elf b~ a tool for the deslln of sonethln&

else.

There are three dlstlnlulshable parts of desl,n: analysis,

synthesis, and optimization. A~sume the desired structure has

been parametrized so It Is specified by a certain vector-valued

"Input" variable, and Its performance Is measured by another

*The ~reparatlon of this paper was sponsored at Stanford

University by the Office of Naval Research and the National

Science Foundation.
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~.etor-valued "output" variable. Then the total process of

dellan II to determine a value of the inpUt variable that brlnas

the output variable close to the alven taraet value, while

~atlsfylna any constraints that are ~Iven with the problem. The

proeesl of analYII, ~tarts from dlven values of the Input

variable, checks whether the constraints are satisfied, and

det~rmin.s the resulting value of the output variable. The

process of synthesis starts from the desired value of the output

variable, an~ determines appropriate values of the Input

variable. The ~rocess of optlmlzatlo,", finds a value of the Input

variable that minimizes the distance (In a &Iven metric) between

the corresponding output variable and Its deslr~d value. In

those rare cases where ~erfect synthesis Is possible, It becomes

the core of the desl~n ~rocess. More commonly, the process of

deslan ~roceed, ~y Iterative steps--the analysis of the

performance res\Jltin& from,) i.lven Input variable, the synthesis

of chanaes to the Input variable that will decrease the dlstanee

of the output variable from Its tarKet value, and repeat. Thus

dell«n II most often a process of Iterated analysis.

In a broader sense, the ~rocess of dP.sl~n Includes the

o~I&ln.l presentation of the problem, the method of

para~trlzatlon, m..tho~s of analysis, synthesis, and

oPtlml~.tlon, and the presentation of the resultln& d@slln to the

recipient. It Is ve~y clear from papers to be presented to this

conferenee that all these broader aspects of desiln are acqulrln&

Incr.asina Importance.

DESIGN THEN

"Then" means when the author was a youn, mathematician
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workln~ at tt1~ Boeing Aircraft C~npany. To "if" Ltlilt Is Just a few

,ears .... :.;0 • ..Jut to ,l:L: it "dy ~JC .ia r t of U. S. 1,1 s t or .. (I hope

it's ,nc.dern U.~. IlI!itory). L<'t's call It U,+t, to be definite.

~,nat was i,eln~ lIe!ti~neJ then?

"Then" ",as) pp.rlod Hhen m~chanical ~nf.ll1er.rjn~ was still

fashlonabl~. and t>lectrlc OJower machinery W1S s t I l I taul'ht in

every t:llitlneering schoc l , But "lectroflic engineers wp.r@ In the

ascp.ndanc>'. Th.. kinds of thln~s helnv, de s l zrie d were b r i dce s ,

ni&hways, buildings, of course. ~nd ~enerators ~n~ power

d l s t r l bu t Lon net,/orks. Also jet ~ngines. airplane frames and

"'len •.dlotl~S5 aircraft. Rut the hlll;~esl ac t l on vIa!> on the

electronic frunt, v.here uelng desi&ned were radars. ",uit.:ance

systems. filters, counters, ~nalog computers, and :'0 on.

The main ,Joint Is that the Unt1s of thinu bpin.l': designed

were I,lolterlal, ,Jhyslcal thlnr.s I)Ut of concrete or vacuum tu""'s or

'Tl4'tal.

What tools ~/ere used for design then?

Not heln~ an en~lneer, I can hardly speak with authority un

.vhat the real di.!:aign tools ~~(!re. Tt;@r@ seemed to oe ~ lot of

1.1Indbooks that tol d engineers about the ~rupert ies of exist in&

l'laterials. In nuch of enltlneerlng the d~eppst r'lathematlcal tool

seemea LO ue ca l cu tus , or a little bit ahout etlffer~ntia'

equations. '-Ihen calculations were .1eeded there 'vas that

universal cornputlns; machine. the l>llde rule, of whlc'" there must

h.ve oeen thousands In any large company.

The ~st potent calculational tool was the desk calculator.

t·lanned by )"oung women, mostly, there ",erp larKe batteries of desk
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-c:alcu a i.c r s , Tltey were use d f or a varll'"ty of computations, from

Inverllr., l1latrlc4'!~ to evaluating rational func t I ons of a comple.

variable z for ~~ny values of z, or p~r~ans Intl'"~ratln~ the

ordinary d l f f e r ent l a l euua t i on of aircr:.ft motion. An)l one who

recalls the drudKery of j us t dividin~ two cum~lex numbe r s would

sal' that asl.in, ~Oll~ one Lv I,lan d de s k calculator was Immoral

exploitation of I,Ul,lan be l n g s , Yet ••Iolny of the ./rls liked It,

and resented l o s l n z their work to I'lach/ne:; in later years. It

r euu l r e d a lot of c r ea t Iv l t v, to weed out the i'll'"vitable n'~nerous

.,Iunders of co l cu l a t i ou uefl1rf> i he v c ou l d spoil d lut of

sub secuenr wo r k ,

A .. ri ••c l r.a l tool of t he e l e c t r o n i c s L:"n~int"er was the Nyquist

rl/cl/tram f or de t e rm l n l nx the stability of a linear tp.f!dback

circuit "11th lur~ned pal'iH'letprs. Ahout all that 'Jas happel1tnc was

that the z e r o s of certain r a t l ona t functions of morlest delll:ref!

Uf'rf> bl'ln~ loc-al i z e t , a l t houg h ~olT1eho" it little lllOre WdS betnc

learned. tlowdd):;" f(:\~ se con d s of COITI~yter print-Out of a root

locus plot wOuld "ro!.JaLly replace oJ \'<eek':; work " t hen . "

These Lool~ fol' the d,.si~n ()f f£>p.dback circuit!. were

oegi/lnilloiO ,,0 ue <I.:>;>licJ a l so to the de s i gn of ul Loc l e s s aircraft,

anu this is where the e l e c t r on l c s engineer rei.;ne,1 supreme. The

l'l... chan l ca l en g l n.. e r s no rrna l l v couldn't fl~ul'e It out.

uther design tool!o w"I'e the wind lunnel. the anal0. computer

(locally desl,P,ned, of cour se ) • an d a lot of pencll-and-paper

algehl'a. To n,., ~ voun z o:lc1them.<!tlclan, thpre was unendln&

amazell1P.nt in :;l!eing an algpbraie. formula that wa!» ;to pa~es lonl.

I vel'Y ~uch douhted that ~ll ter~s wel'e corl'Pct, a"d I was

..,robaj,ly "'ght.

A few ambitious engineer!. "ad learned SOMething of the



methods of Southwell for 501vln& two-dimensional field problems

by ~ncll-and-paper "relaxation." an Informal Iterative process

for solvlnl finite-difference p.Quatlons. Some specialized

ensin••rs were de!lillnln& lnoton b~ a certain technique for

~raphlcal solution of laplace's equation.

In 19'6 and 19'7 at BoelnK's Physical ~esearch Unit we were

readin£ d lot of theodolite ~Ictur~s and dlscoverln. mlssllp.

velocitIes and accelerations by numerIcal differentiation and

smooth In,. The ~rocess was verr tedious. A look at W. J.

Eckert's PUNCHED CARD METHUDS IN SCIENTIFIC COMPUTATION

conv i nce,t me l ha tit wou Id be I'OS 51b Ie to use a ouneh-ca rd

labulatlnl .naehine to apply s lmpl e I inear forMulas to c1 long

table of data. So we spoke to the tab man who loll red the boards

for these ~recursor5 of the IBM tabulatinc machine. type 402. Hp.

Wdl> ver~ wi IlIn& and helpful. Our (.\clln tJroblem was convinclnc

hIm that a nelatlve number Multiplied by a ne~atlve nUll'lber should

be necatlve. Hc thou~ht we were crazy. In turn. he had his

problems representinlt ne-:atlve nLlmhers on the uoard , As well as

I can rerne'ilber. lie assocl3t~rl a dlKlt 0 with positive numbers.

and d dl&lt ~ with nelatlve "umbers. Then I;e added tt'losP. dlldts.

I~norlne carries. to Jeter~lne the slln of a product. So the

~nswers came faster. and with much less wear and tear to our desk

c.lculat~r ~roup, who could then ~pend more of their time re.dlne

those fasclnatln~ theodolite pictures. This needed their full

attention, because our theodolites had 50 much "slop" In them

that the reading differed slanlficantly, dependln, on which

dlr~ctlon the Instrument was turnln«.

Nowdays. when I read that Boeing has Over $100,000.000 worth

of dlcltal computers. It's hard to remember that I Introduced
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automatic computln~ to the company only 22 vears aeo.

Though I was ~lsewhere uv then, It was only two or three

years before the card-programmed calculator (CPC) arrived on the

computln~ scene. This consisted of some electronic tube

multiplying units. some storage units cal1ed Ice boxes (because

tbev looked like little refrigerators). and a permanently wired

~rOlram board. The ~rogram Itself was on punched cards, so It

could De altered witholJt rewiring the board. This was a areat

advance. However. it was pretty llkelv that the CPC would make

an arithmetic error (or more) in any computation lastlne over

five ';linute5. Most ;Jeople f'jldn't notice this, but I was

frequently carryin~ out computations for which I knew what oueht

to ha.,>pen. Tl.e fact th.,t the CPC \vas a:enerally wronc when knew

the answer 1'lc1de ,')£ wonder Hhat it was like for some one who,

cHeinit know \vhat to expect. It seel'led a marv'!l that planes

nevertheless did (usually) fly.

At any rate. \'Ie learned to r.et cor r ee t answers from machines

that usually I~ade errors, programmed by ;leople who usual1v did

aI so , It was ..;ood practice in debugging.

One day learned something new about how deslen was really

Jane In the exalted circles of the hllh-rankln~ staff enelnee,s.

II.e Boeinp; .;round-to-alr I)llotless aircraft (GAPA) was In the

parly stages of testlnl. On teit fllehts It usually blew up,

sce t t e r t ng ~art:io dmonl the lnefl lilannln& the theodolltf's and radar

range finders. When the fllm5 came back to Seattle, our croup

spent days rearlln~ data off the films and computln« velocltle.

and so on , One time the situation was desperate and clearly

called for a bl( chance. The staff engineer took out some paper

dnd designed a new shape for the tall fins with two or three
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snips nf his scissors. I was much Impressed with this direct

approach to desl~".

DESIGN NOW

~h.t Is belnc desl,;ned now?

To ~et a 4ulck feeling for the kinds of thinKS deslcned now

one has onh to read the pro~ram of this meetlna. Whereas "then"

the only thinKS dcsi~ned ~re material or physical thincs, one

now sees designs of material thlnes, social thin,s, and

Intellectual thinls. Any of these can, in turn, be a to~l for

the design of other things. Moreover, whereas in 19'6 the thines

deli~ned tended to be at the component level, today we see more

and more desians of total systems.

Despite the breat diversity of thines designed today, the

Invited talks at vh l s conference seem to deal mainly with the

desl,n of phvslcal things, and with tools for desilnln~ them.

Thus, dllk)n& the thines discussed are the design of aerospace

vehicles, optical elements, networks, elastlc·plastlc structures,

nonlinear circuits, electronic circuits, and 10~lc clrcuits--all

of Which seem to be In the realm of technolo~v. The Invited

talks on sp@ech processing and fault detection are In the

intellectual rea 1.1\.

The tools presented in the invited talks have a wider

~ppllcatlon. Those on differential equations and on free form

.~rf.ces seem directed only to physical objects. But those on

nonlinear programmln&, matrix ~roblems, and mechine-alded

mathematics deal with tools as well suited to the deslan of

social thlnes a5 to ~hyslcal thlnes. And the talk on alaebralc

manipulation Is surelv directed to a tool for Intellectual
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mattp.rs. Finally, the ~raphlcal systems discussed In two Invited

talks dre useful f~r the design of physical, social, and

intellectua) thin,s.

To get a fe@lln~ for the wider class 0' thlnal belns

designed tuday, onl:! should look tit the ..,apers contributed to this

conference, or look under IIdesi.n" In the permuted (keyword)

Index of COMPUTING REVIE\lS. (I uould like to have done the same

for rtATtfEI-lAT ICAl REVI EWS but, unfortunateh', there Is no permuted

Index for that journal.) Amons the material thlnas beln,

deslgneJ ~e find ~lpe ~ystems, circuit b06rd~, air cushion

vehicles, antennas, chemical ~Iants, aircraft frames, prlntin,

hf!ads, and so on. Among the social thinKS belnlt designed we see

c Lr Ie s , uir t raf f i c control loystems, time-sharing systems,

universities, comnunicatlon nets, employment services, a census,

school systems, etc.

H~re drC ~orne of the intellectual t~lnlS belne deslsned

today: tif"e-tables, robots, mathematical assistants, operatln,

systems, a l gor Lthms for solving X (for all manner of X), file

s vs t ems , ari lhm~tic units, abstract data s e ruceure s , manaltentlnt

procedur~s for a comp@tltlv@ firm, COMPuters, stock portfolio

l.iclna6emt:llt ~roceliurelli, libraries, sequent lal test Ins procedure.,

Il.ethods for making .,erspect ive dr.awln&s, and so on.

rillal lo,:.l S a r~ now be i ng used In des Ian?

The most o~,ln~s new d@sl&n tool to appear In recert vears

i s the <lutJmat;c d:i/t81 computer. Its Impact 15- all-pervas'"e.

Its l.readtiJ uf a.lpli:~~iop (but not Its depth) already far

exceeds that \;t Math~rMt;CS, and the flel.t of computer science Is

only In it~ Infanc~. few of the papers present~~ to this
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conference fall to mention a computer ~rogram as a major tool.

what are the special CQnlPuter tools In wide use?

First are the var lous genera I-purpose lan~ual:es for the

p-xpresslon of aleorlthms: Cobol, Pl/l, Algol, Fortran, etc.

Then we have special languages for symbolic and algebraic

mc1nlpulatlon: Lisp, Reduce, Formac, etc. Then there ar « special

laneuages for simulation: GPSS, Simserlpt, etc. There are

special problem-oriented packages for applications areas, like

ICES In Civil Enelneerlng, and various graphics lan~uales. There

are special systems for machine-aided mathematics, with which a

mathen~tleian is served more comfortaoly than w;th

general-purpose computermen's laneuages. There arp packages for

the automatic design of computers.,

There are a variety of processors associated with these many

languages, to translate them Into machine code, debug them,

associatE them with higher-level systems, dnd so on.

There are lar~e and small time-sharing systems, In which any

one can Interact actively with a computer, one small statement at

a time. "ihere are vast operating systems, capable of scheduling

the operations of huge hardware/software systems.

Then there ~re collections of allorlthms for comput@rs,

available offline In printed form, or online either In source

lanaU81e or as precompiled pack•••• that need only be mentioned

wltn:n a ~rogramming system. There are vast data banks of

Information for private or public use Issoclated with some

svstems. There are cathode-ray-tube systems for displ.y of

Information. together with lieht pens for enterlne Information

directly. Thp.re are a a number of technicil tools for the design

of other languages, Including metal.nauages, precedence grammars,

9



decision tables, list processln, techniques, and so on.

In summarv, the whole rance of computer science and computer

en,ln•• rlng Is available to the deslener, to use for either

,oghlstlcate~ or brute force approaches to deslen. It Is makln.

a laree Impa=t. Moreover, the field Is chan.lne so rapidly that

It Is no exagleratlon to say that here is where most of the

action 15.

The other ,Jrinclpal basic tool of desl,n Is mathematics, and

~artlcularlv those branches of mathematics called numerical

analvsls anrl oDeatlons research. Here the action Is much slower

than In c~nputer technolo~y, but over a twenty-year period the

total chan~e ii verv considerable. Let us examine these tools.

For the des len of large social systems perhaps a main tool Is

linear and nonlinear mathematical pro~rammlne--a subje.:t that did

not exist in 1~46. Other subjects of operations research are

equallv new: 4ueulng theory, optimization methods, and so on.

Indeed, o~timization, which we noted to be a major step In

desl~n, has ~~p.n a subject of Intensive research by operations

analysts for the ~ast two decades.

The lOubject of numerical analysis has been known (but under

other names) for centuries, and Indeed the principal problems now

Investl&atcd by numerical analysts were known to Run,e and

researched by him at the beeinnlne of this century. However, It

Is Important to realize that very few of the actual al.orlthms or

..thads In current use are older than ten or fifteen years.

Reliable 'Inders of polynomial zeros are very recent. The QR

method of flndln, eleenvalues of real matrices was Invented 1•••

chan 10 years alo. The same Is true of Romberl Inte.ratlon.

Methods of Inteeratln, stiff ordinary differentia) equation. are

10



very ne•• Splines for the approximatlo~ and smoothinl of

functions have an early history In draftsmen's tools and a paper

of Schoenber~ (19~5) but in fact their use with computers 15

limited to ttae 1960's. Computer methods fol" solvlnl field

~roblems for partial differential equations have been develooed

In the 1950's and 1960'5. The solution of systems of nonlinear

alaebralc eQuations has been researched mainly In the U60's.

We are beKlnnln~ to witness the application to mathematical

alaorlthms of the concept of the int_crated package for problem

salvina. These have been slow to emerge, perhaps because

~nathematlclans were slow to realize that settlne up equations Is

normally more difficult In ~ractlc::e than liolvlnlt them, and that

the manner of presentation of the solution Is more Important than

jus t ~e tt In, I r ,

At ~resent there Is a great deal of action In the use of

splines for data-fitting In two or more dimensions, dnd for the

solution of boundary value problems for partial differential

equations. There is also a lot of activity In salvina stiff

rllfferentlal equations, nonlinear systems of equations, matrix

r~thDds for least squares problems, In the Invention of

Interactive mathematical systems, and In many other areas.

DESIGN IN THE FUTURE

It Is hard to foresee what will happen In the next ten years

of desla;n. The best one can do 15 sUlaest one or two thlnls that

seem Important. First and foremost Is the need for complete

communication and cooperation amonl three groups heavily

concerned with deslln:- the men with the prOblem, the computer

scientist, and the mathematician. Second, there needs to be a

11



contlnuln. trend towards a total sYltems approach to de.I,n, In

which all vartle. have an adequate Idea of what the other partie.

need and can furnish.

It Is trite to say that a total systeml approach II

important. and It Is equally obvious that It II Ilow to emerle In

new areas. Just recall the types of hou.e. built In California

by the heavy stream of Immlcrants from the mldwelt In the early

part of this century. They were nothlnl but Iowa 'anwhoules

transplanted to a totally different cllm.te with different lolar

conditions. Even now I often see housel built at Stanford with

far too little attention to the Intensity of late summer

sunlight.

lidde Cole used to tell a story about a pro.ram for compUtln,

Ec'igenvalues of r.latrlc.s that he had. Enllneen wanted to use It.

$0 they Instructed their desk calculatln, teams to evaluate all

the com~ljcated expressions necessary to generate the

coefficients of a matrix for each case, and then brou&ht .ach

numerical matrix over to Cole to get Its el,envalues. Then, when

they ..;ot the eigenvalues, thp.y went back to their desk

calcu~ators to compute some more thinKS, and so on. They h.d not

the ~I ighte5t appreciation that the automatic compUter. could

uand le the whole calculational problem, and thul furnish a

~rohlem-solvinl packa.e for the total system. .m lure we have

~as5ed that sta,e In the solution of common en,lneerln, probl.~s.

~ut I suspect that many groups of mathe~tlclan., en,lneerl, and

computer specialists are behavin, In analolous ways about their

total ~roblem.

One notable characterlltlc of mathe~tlclanl II their dellr.

to .et theoretical In the narrow sense , That Is, they are

12



accultomed to modlfyln, the ~relented problem so that they can

solve It elesantly. Tney would sometimes rather do this than

directly attack a complex ~roblem, or take It to a computer

specialist, who ml,ht be able to simulate Its solution.

Computer scientists can also be theoretical In the narro~

~ense. One of their failinas Is a desire to set up a complex

operatln, system, a new lanauaee, and various processors that

employ a hardware/softw3re system more pfflclentlv In a senle

understood only by systems I'ro~r..mmers. 1.1 t he l r own way,

computer systems people can avoid the ac tua t nr ob lem qu l t e a'.

effectivel, dS R~the~tlclansl For example, have you ever tried

to Invert a large matrix while operating within the environment

of delnand paalnK? If 50, you know that you miJst rewrite all of

your n~trlx routines, to fit Into the ~rocrustean confines of the

fixed ~~e size.

Thus people with actual deslan problems need the cooperation

of ~the~tlcl.ns and computer scientists who really put solving

these problems ahead of creatlnl either mathematics or computer

SVit"ms. A/lIJ, In ~artlcular, these practitioners of the tool

;Jrofesslons lnust learn enough about each others' fields to be

able to Intelrate arithmetic, alsebra, analysis, enllneerln~,

file manipulation, user packalel, programmlnc lanlua~es, etc.

with the subject ~tter of the problem Into a truly powerful

~roblem-solvlna capability.

In order to achieve this cooperation, each specialist will

have to know more about what the other speclaliits can do. The

computer ~ystem5 man will have to know what problems are actuall¥

beln, solved on computers. The mathematician will need to

reall&e the main f.-cts about computer use, Includln« how

computer-exeCuted arithmetic differs from the arithmetic of real

l'



n~mbcrs. The engineers and others with problems will haye to

know somethln~ about what both mathematicians and computer

~clentlsts can do. For It Is a priori obvious that the proper

fi~ldlnl of dlfferlnl capabilities can achleYe better solutions to

,Jroblems than anyone specialist can find on his own.

These Ideas have Implications about the oreanlzatlon of our

universities. where the next ~eneratlon should be I.arnlnl about

them. flow can universities. notoriously conservatlye about

chan&in~. keep reor~anlzlnl themselves so that students ar. not

faced ",Ith barriers to learnlnl the different materials that ::r~

i~~orta"t to their future work? With the enormously accelerated

change s In our technology. no one lias ~hown how universities can

chan~e at correspondlne speeds. Students. left to their own

devlcp-s, are ever ready to specialize within a limited area.

I~reover, tney have a liking for the 4bstract. 80th tendencies

Interfere with their attention to problem solvlnl. and with

learnin& a broad enough base of methods to solve problems well.

I don't know the answer for the students. But I susPOct

that the I'Htders in universities must show the way to students by

~ein~ ~uite ready to alter department structures. and to help

some departments grow. and other5 to shrink, In close couplln.

with th@ changing needs of mankind.

Not only universities, but also Government alencle. and

professional societies can help focus attentlo~ on

Interdisciplinary activities necessary to probleM solvlnl. This

conference It~etf, sponsored both both SIAM and both AtM. Is an

exa~pl@ of this desirable actlylty. let U5 hope for many more

such instances of cooperative activity.

And now let us .et on with the Important matter•• the

technical contributions to the conferencel
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