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NranC. Dalkc y-

The RANT Corporationý,, Sarnt- M1oni ca, C'alifornia-,

The noti on has been around at least Sinc-e Line t

the Greeks that the world can b1e described a--, A1l2a

rationally, that it can be managed with number's and 1ogile.

This notion has had its uips nod do~w-is in the hi - Ctor' of-

w,-qt-er-n though.Ft. But only a few scienti-sts and pniilesophers

made much of the idea at an-y time, until recentlly. ýý4en o f

affairs presumed that.: numi-bers play-d a l~rim'.ed role in t~hel r

concerns, Numbers were valuable for aiccounting JInd for

measurini-g; but most of the world of affairs was a world of

do-ing, of cut -and-trying , of judgm-ient and1 gooý '1sOT se

Science could offer scoine very useful iteii- s an-d p rccess505

t nj~t could be turned in-to new produc~ts and~ maiiofv t ar ifqv

methods. But- it wasý the vi siov of' t heenro r( u t hat.

, t oked t: he machi vites of progress , the miiar i;n cvh t of.

the c ommnander t-hat won the day; and the wisdAom of the p'ol1i -

tic ian that kept the ship of state off the rock

Opera tions anal ysj s is a cha I enge to t h is poin0t of

v iew * it- suggest ý that a very wi de a rea t," lmnimv- at falrs

Air; vicvews expressed lin t Lii I - aper ;irt, those oit the
aiuthok)1r FlIey shOUld Hot; he -11Ce rp ret.ed ri- Cl &cct ing tlhe
v i ews a, '1The RANI) %Corpo ratio or0 t he 1 a I 0ia 0 oi 00i or:
pol icy of any o 0 f t- S go"vernme n taiI 017 ri Ava t (. 1u c;1 tea h
S P0 o 11ý 0 r S .aipeor s ac re 170 1o .l('(1 [y The 1RANL) (C()100 Vdt ion0
a;11 a couirt e-sy 'o members ol it.s s;taff.

"I'll 1 S aprWas prepa'red as a hAmpte foi anl ant hol I',
"Theb Use.- and Ihe Spiri7t. of ct. malt, hemnat, i o.ia 1 Sc i (ices"

51 )onsorted byv T!,. (~IlConferetw Board(. of Mt heO'fl.t i cO S;C Hcncs.
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ciN :10 y.'7 r: 1 1,orer e the "p; rt t i .

s F1i a<JOt Er~. fwoi-thIa d!~ i prt 25
11 C. a ' . 1 (2CV r1_lelt 11 C1 11150T(? j 1 1L

hjVee e. I. h T 13_• 0 j udgment a ( raw exper:c'.cc

Pc r pc ."6• ... 't "'t en oncra 1earch

' t. ,, --. is that operations research is

frw'V C-'' r't i:tie The traditional- role of science ha.,.-,

b o .c.crv-'. cue ,cnrld, as accurately and lpletel'v

a s e. u a operations analyst is primarily concerned

,The h for nr'te; ways to manipulate the world,

dAcLcurate descriptiot iý? of course, a prerequisite for

f•.iding irlprov-1 c'ourscm of action., But it is not suffi-

t It. In the language of the Greeks, operations analysi-,

is concerned not only with the true, buL also the good.

it offers calculated planning in the place of informed
gudln throuýigh

mudel 11 n 7 t`1.~'

Operavion. resre.irch is a very young discipline. It

erta ' ned it.", -;t.:actis a-id a name (luring World War II, when

a r:emIlarklable ,mologe of individuals ranging in background

from lawyers and soc'iiog ists to mathematicians and astron-

omers puk. •.h.i.r intoel'eclual skills to work on militar-

prob 1s,, .,, Their in rt ,""est 1 ra1n the gamut of mode.ii warfare--

ii-,,roved accuracy in strat egic bo,.bing, preferred tactics

t tank bat: t [e1,-'4 bettecr ways to search for submarines with

_jrcvaft and surface ships, more effective anti-aircraft.

def e ses . . . The generax ! iim of the studies was not new;
Sommande rs lhaVe [eAn ot t rested in imp roved met-hods of

con@d,,ct-io" mi Itae, ,,perations since the da-,ni of warfare.

Widi,,t was ,new was toe aDp roach. Despite he diversity in

bPac ikgroud o• the a 1.vs t a eonmmon pattern emerged. The
pr hI-. '2, e approache, w t !I t ht, t 1 d iti 11 too1s of

jj.



scienceo--c arefu i ohs or' at i cn ,t heorv for-mo Iat-i on-l, and

when-, po055ý ib to mat hemati a 1 :,al mn ; uI-tU ii 10 of1tho tw ILeory toa

i nd b~ettor. wavs of conductilnA OTperaitlons.

The -imtiac t of this now aproac h on method of iwarl arc

was ra Lher node st , measured on the scal e of t ho revo lut i ol-

ary effects of phyvsical science and tecchno Logv, The,.re was

nothing~ comparalbie to RADAR or jet: aircraft or the aitomic

1)onib. But th scessorreland the le-monstration

j1_h t c oplessren of rn,-chines and men are amenamble to

rational' analys i-s open'ed widier t~he -kwi nc`ow'. of tho so icnr if

ut look on the world. 't wa~m quickl1v rec ognli zd fo 1lowingw

bei war that the new approach was po ral to a 'host of

pract ical rWes not onl v in tif 1w I- toy ýt ".'Iough-I ~ouL "mdust-rv, b-us i'less anu moreC reetlyt oveoninont,,
both -1JioT1i, -lm'l andIcal The strewnm of app) ,z 1 ca ion IsL 0

this i vers ifii td. subjoct matte r rapidlyv became a t 1000,

There 0 rc n)ow tw mo ernat i ona I p-ofes 5 ionai1so t l

devoted, to 0h" ,I-jomof ion o p1 o;rsarh 5W

a ocet >icnl 12
1 to 'j tl('OlSI Tllc ic t iv'I t v

iss s ir d -ý I'n luil ri.l l '0 c di soi p il' ii';I! tLi ii

,'iL I('ii 1 t~t 5L l (t , L it c l It I i ' t. ii l I di j 51 i 1) i 1 i 1 IL rh ar

I i t l ho + io ow it ,p I I I. d di l~it p, ' I " ],It ei ton

c'sitl a; x;ndcc wit- hu 1 mir~adt1 11(11 !CcilIp c s.*hý

It [515 turt ii p ; ),C iio 1j: COIl VIOP I tI 0

.1It i tide C ýl I W P 'I t t ii C i I~ 1 a 1)~ 1 I1 '1 t i lj 1an 0 , t )COI -vr

Ir) c 1on tA C I i'A' Whll)t OverI OI-MA 1 MlOil Of Milt I11150! C,;

1 11al10 1 c hiipI)V I'l11

C r~i o l~ h' sc i 1 liLt Sý; i Io l zu ýLilil I ()k% C illi he I~ winid I, I

i~~~iO"l" ,O>L 10 . ) ouit t he devle'1opinltit I opecri -

ions rt'-,tl r h hlsi, hetin C'' -Ill i 1 i; Ic p I t haý1t t he noet

tI ( It ci ( 0 ýý, IT l t ci I I LiL I t i I 11(10 , f IL .1 i -, ti ' Jiii) j k', t i11,i t t t ýr'rs ..
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steel mills and banlks,, caI In or ~lwa. es~e

i n a telep!hone system, traffic on freewa,,ys and urbaii ý7rOwt.h.

It is possib~le to cOesc rtbe these diverse proce(ýsses in pre-

c-ise , compact, and SOTIfli t ieS s c egan t lashion ; t.o compuite

the behavior of mach~ines , mater ialIs and mnl~ in sw iCt summnary

or laVLc)!h detail (if you have a high-speed co-mpuL-,r ! and

to manipulatu that behavior in conceptual experiments to

generate new PC 1 ic i s amd procedures.



,MCDI.S, AND EN"TFRP-RISES

1 e Sb (it ect wiatt er of a n oper atioe.ns in al ys-I s is usu a 1 1 v

an, ont crprn se--~ai indus' ria1 process,, a mi 11itary campaign,
a tranjisportatioii qystem. The enter-prise will be chiaracter-

ized 'Dv a set of operations involving machines, ia t eriaIs,

and meni, It has a goal o-r goals determiniung tile valu'e of

thle output, and a poli cy , a set of rules for condur t ring

thle enterprise. The heart of an operatiorts analysis is

the cre~ation of a model, a precise mnanageable description

of the procc sses involved. The hooker here i s not so much

thle preci.,e as thle manageable requirement. In generali

tnis means two things--numerical and suIccinct, TO he

i- t , flip des" 'i pt m on niist 11),t- a t f r'm "I ho t o

features of the ent~erprise w~hich are, i rrelevant. to t_11e

problemn bcing posedi. it ot tenl requi res ai oircat ded Io-f

ngenlui t - to 'f ind'' such a descrVj t ;Ion,

onl timL othlcr hiind, the crealt iOnl of -1 USeful Iod 10( inl

onerat 101 rSC-1o dl dkC'5 no0t lF(JiqoI V' Lhe kinld of pi) ()L',11

d it in l i ha1it i S 11ct'(dO t C1 -7C t ("e,. t ti rol 1:0 1 t C1 I nL

11"1a 1 Ilt C~ i t v , for t' \ nm'p I A 111il oV r ('C1SO 11 or 0 1'

t Ila t 1~s 1 e t ker 1ri it arc niv it f I tý s r aIt i e>ý t,

t1In 'ta soh ti hC it thI At Jx' VC . .. e-i ~c I ~ ' I

W~iii hI IJ Ir co IH a 'rct' t, V i i 't ' %ut I p 0t t I) i

k(It'f 1c s i'' I e k ' c k It "I"S But (1 1 i 'lwaI i. e i I 5

wan i ir I Ik'l I r I t 1'ý'O! t r'ic I

osi ~ei V I he' to s St \"I:,o x i a~ .' t

r wI- -..-c r h 1 1!'n

1:1- 1t' I vt I tI i I a m1 ts I It I-i aI1 1~ c I ~ Ii

I lýL I " ii v it (11'n' e1 vm v',i reul v I. H t' '

I Fti pa 1T 1 v 1;I .)11- 01 iI of ~ ~ ,l 1 c IS



"T"Ii S f e at Ure d(C '5 nt, CC' eVt the'11 ana Vst t: C h le n

to b-' Wi tba ea rci 1 f sc ruIt i InIv 'n 1) heh v i Ir hi

enI I L T^ t is ai rare eut e oI- p r tha~it 1) (, raiteici

as;j~ er '0.J It is nlece>'sir-v to vwatchl terC~e><

act i~,to colliect numnerical data, an!da the :odi la

tile observat ions. ireqeuu~t vthe( Crcs I~ I- e L! I v

o bs erv i n4~ an en L erp r is se wi 1 1 p roduceu s u r 1)

A dleliightfu-l case u paincL is t h~l xer oc of cthe

[)an-1sh analyst Arre Jensen (1.iie wa.s a4..- to( ass,-eýss

theu in c re a sed riSK 0 f aI lia reul i t J ot f on n

boat traffic in a narrow channel he ween P..~n "ark- and

S ,ecdon ihe channelI cairried bath1 ocean 1-4'ci no an1d local.

traffic, inl particulair ferry boats,. The demai-t of traffi-c

threatened to double within a few years I uihth

worth build In*Tg a bridge to rep lacL the f erries. But. *how

to estimate thc increased risk of collision due to adou-

hlinjg of traffic? Collis ions are suffic ient!", rare so

that counting-type ~t-at istik IC s o le little informat tanl.

Jensenl and his colleagues too),k time-lapse picturesý

ofthle sconTe Of a surVC i I lan-ce r-adar thaIt ',IaIi t OredI the

t raf f ic inl the chanlne! \, 0.A a moie , the I p '-;C1 i c Lures1 prVo,-

duc ed a speed-u"ilp af two hunldred~ anld f i ft v t i'me s . t u1v%

at the movie, was unrewarding, aind cx n panel1 aý- e expenir

eCeII d Seam 1,en Ia I UId make IkC itt L~ o0 0 BuIt Jensen not iced

that at various t -ites duLrli ug t he- sno1(-Wingl there were lm~omenlt s
whenl t enIs ton appeared in) 'hi ' 'ulill

il s'eat"s. Whenl the inc idenltq , prIui this a I ce

re ac tion were exonmii ned L hey klid .it turn, cu t a (. e nar

T-iAssýes , nor i nt v icate t ages at hooits; t heyv we re ilc> t l v

case wherCe th reet boat ;wr W inC 1volIVeCd . he I?

ood' ar hotsarc written a"deal wit th oat

wuere- tw bOat ace 0n pot Lu 'I a c 0!, 1o is ie I a unse .t

threehoot s hco~cei nr 1 vd , ac Cr~'

"I'nari~h t h io'
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II; I(.'I,,aUr('( vb d te[ Ifin j t , it fi)••rt iti•:b 1 (1- n4 t.1•

whrre Lii ek' bat& S coul dC hbecoi::u l'IVoi vc,tl ,i .. avoid U K

;robti) ' . A s- : :p I e 1 ci uIf i ti a n showed i hat ai t ' .-- ,1,_i

il,"-at' in t rafi c' wouI , proiuce a:.1 e&; vlc t -told inc rca 4e

1i th r C -ee-T-at - rrec-f t i e.t s,1 Sudt 1de1 lv thc brid c

laooke2d w'-V good4di ideed

0b se rva t ion [has to .go hand i hinci witth absr ro ion - -

the selection of whaL tO observe, To a v' siwr, a st eel

mill is a vast asse:,mblr'¾r tf thu 1dero's actI vi ties. 10 ciP

operat ions a•nalst it s a !,,great deal - r. Tho wjowl,:12

blast furnace where i ron ore i 5 t.u-rncd 1 it-on t occomles a

simple input-output table: x to!"s of ore, v tois ot i ir' -

stone (a : turing1 mater il , z ton!I; C)t coke (a fuel and

1-t rs of time, p-rod. ýCs W tons at :notten iron 1 'd v tons

,at 53 1 hC other components Nl tha, I I c' A also [tI e
renre:;enteii in Ii,:pu:-al:tzp, t forL ie at tol1 'i _0achines

cL) t-, aexp r seSt i I the s i e: e 10 t 1 1 u ship: One nio oSI

i lan r e, rt.id-IoLt 1) 1 k o t t ree e I - n.iowal c c t nicol

v,-aer,''v p pass us> t orowaih ho - il ] , 4! >1kil I 22111¾:u V,;

ao:, sai el a? i 0 -a •ol , a a,: hLA'YKA. a, a: b :]e , l b< , a- t t,:

OctoT :v :•,i.hI ',lhla, 0- 1 a.~ I. all va' utOc 1)1 :asi:ae sttJ~lt,> r-'ne

at' - 1. ho , a.• .: p.toi. a t I ,i-i' , t )I!

-? : st tie A un- A '- 01 , tr ill> ,I : It- t a .11, &-isC '1-11 h 1 12, W i-d .

" 1'-i~ i': t -,n -'.�a r tablIs Ior ,i t Lu cI m iaoI-'h-'r ts

Oa'•t'V~t i cr 1'"'(1kl' '"5 at O',ci" t 0.1le ,-: ::ale ii-{;l< aabc.: r

01K- 0MeV1lilptIt5 I vlr 151C0 ia a) t¼' e l
" - a a t u l 0 ru ! I t't st a c a I d e

C eO- eI il ma -1- a

C _1C1 i tkj j-' - !.- a I' tt he' I- '

""- 'c - -'-ý of at:* , t i.;z{u 1 ae : ),e,,, s v 'f , i Ihe:xa-,.,l t c . :i-ut d AS', p Ci a,'''." ':L h Xt l '' :' [ •t

ut a -- o ta t 1' \A

C-t10-1- 1ta' 0I. Vt ''r I WO a a1 t ,l th ! 1 ' V -:j
,.:oit -tt ii rin of a401ti¼it itS to Si::uflhl ,,'n ,, .'5 V f II sec,,ral

orader s .

. •.. t ou pa: ..del has' tnt-l:cd or, ta- [VA O[,' Iic .-i , -i t

II
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ent-ire 'industries, and even Lhe t-otal cc vof t-he narion,

'For other enterprises different forms of odaens

appropriate. One of the cortinu-ing pleasures in operati.2Th'-

r-2sea! crt--as in, other sciences--i4 S the wav tha~t mccdel-

dieveloped to describe one kind of pl.enomenon --urn out to

be useful to describe a very diffe-rent kind of activity.

An example is the use of hydrodynamic equations to dcscr,;'ne

t,-,nfic flow, In mnany respects the movement of 'traffic on

a highway resem~bles the flow of a liquid throughi a chainnel.

The theory of fluid flow is well known, the theory of

traffic f'.ow just beginninig. in one satisfying application

of the theory to traffic flow in the tunnels that connect

Manhattan Island Lo Na~w Jersey (9' it wý,as noted that slow-

downs behaved very much like standing waves in a channel.

one car slowing dow-n would cause the following to slow down

and the disturbance would persist long after the c-ityinal

laggard had left the tunnel, I--e ar'-iogy suggested ti at

perhaps some method of segmenting the traffic wo-uld break

up the d-Lsturbance. It was not diLfficuilt to compute the

traffic dtensi~t at which waves are likely to occur', and a

procedure was evolved so that when the traffi-*c reached this

criw~aierisity it was periodically interrupted for a few

secondc.,. Thus the traffi~c moved through the tuu,.el in a

sequience of bunchres. An'.4 wave which formed was limited to

a ~i ecl~usre-, and died out as the cl.uster moved on.I With this procedtire in efl'ecr, traffic flow in peak hours
I ncro~sed6 over 1C)Z. -In aeldition a number of unpredicte~d

(but pleasanit!) side etfects resulted: ventilation require-

mients went down due to the Lueceased s lowdown-accel eiat ion

~ci oll isions declined, traffic au the tunnel entrance

For an- ntenrllss, abased upon the analy~is

theii eory iu, sbcecn i-.1Luiiinating Al though the

protcotypv -1s V, r the crtmifi cat ioos of the theory -an



lead to sonde cf the roughest mathe7natical problems. The

theCor i0 pri5ma.,7v statistical. Additions to the waiting

lin.,e arrive at rnr, dorm times. Their needs will vary so that

time at the service station will -1 ,o be random. A number

of concerns can arise. Excessive waiting lines can arise.

If additional service units are added to reduce the queues,

Costs can mount, and the units will frequently be idle.

Balancing these concerns means walking a statistical tLight-

rope. Enterprises ranging from comr unications networks to

air traffic at airports have been analysed with this type

of model.

There is alm•',ost always -'ore than one way to trap an

enterprise in a model. Which trap you will use depends on

what you intend to do with the catch. One form of model

(which just happens to have among its many aliases the name
ffn-eti) applies to many of the processes which can be analysed

by queueing theory, but gives :i different type of answer.

It is usually called L-ajhn theorm. A graph, in the abstract,

is a collection of two kinds of things, nodes, and a set of

arcs connecting some pairs of nodes. Represented on ai sheet

of paper, a graph consists of a set of points and lines

between some pairs of points, as in Fig. 1.

C

E

SFig. D 21



For the operpioTJs analyst, the lines may represent communi-

cation links, transportation routes, -ssembly-line con-

veyors, or more abstract things like the occurrence of a

significant advance in a research and development project.

The points can be switching centers, way stations, machine

stands, or stages in a development process. For most uses

the lines will hea-e numbers attached to them representing

capacities, distances or lag times. The value of graphs

as models of enterprises derives in large part from a basic

theorem due to Ford and Fulkerson (3). Suppose you wish to

find the maximum amount that can be shipped from point A

to point B, taking into account the capacity limitations,

but allowing any combination cf routes. A cut between A

and B is a set of lines which, if they are removed, inter-

rupt all routes between A and B. One cut would be all of

the lines coming out of A. Another would be all lines.
Add up the capacities on all the lines in a cut and call

that the capacity of the cut. The theorem states that the

maximum amount that can be shipped from A to B is equal to

the capacity of the cut that has the minimum sum. In Fig.

1 this cut is indicated by the heavy lines.

For a small network like the one in Fig. I, finding

the minimal cut is no great matter. But for large networks,

the number of possible cuts can become enormous, and re-

quires special methods that are the subject of another

section.

To sum up this section, a model is a form of descrip-

tion--compact, shorn of irrelevancies, precise. But a

description is not the final goal of operations analysis.

The solution of operational problems is what is wanted.

To discuss this, we need a -light excursion on the subject

of the uses of mathematics.
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BETTER, BEST

Mathematics has often been characterized as the

language of science, a way to describe events in simple,

quantitative terms. But it is much more. Newton's law
,2

of gravity, F = GnM/r . is a lucid way of saving that the

force F attracting two bodies of masses m and M respectively,

is directly proportional to `he product of the masses, and

inversely proportional to the square of the distance r

between the two bodies. The constant G is a way of keeping

the units in balance on each side of the equatioiio The

law describes the gravitational attraction between any two

objects--Mars and Jupiter, an orbiting satellite and the

earch, a comet and the sun. It allows assuiming for all

practical purposes that the gravitacional attraction between

two atoms is negligible.

But if that were all we could do with the law of gravity,

it would be of limited interest. It is the fact that from

such a simple, unassuming statement, we can derive (with the

help of a few more equally simple laws) consequences of a

remarkably intricate sort that makes the laws so profound

and powerful. Out of the laws, the entire path of a space-

ship looping around Mars, or the periods ot the planets in

their measured wheeling around the sun, can be evolved.

We can derive such fascinating facts as: if the earth were

a hollow shell, any object inside the shell would have no

weight at all. These, and a myriad other complexities are

contained in the simple basic laws. The device which unlocks

the storehouse of consequences is mathematics; it is the

loom that weaves the few, elementary threads into endless

and intricate patterns.

The pattern that the operational analyst prizes above

all is contained in the words "optimum" or "maximum." And

well they might prize it, for optimization problems are

among the most difficult in the entire field of mathematics.

As long as the enterprise is very simple and can be described
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as if all the quantities involved were indefinitely divisible,

a large body of mathematical techniques i available. (The

"as if" is significant here. The quantities don't have to

be fragmentable as long as no harm results tro-.n saying they

are.) Cons-der the case of a firm that manufactures a

single product. Let's say it can produce up to Y)0 units

a day with available facilities, but any additional units

would require overtime, and beyond 125, additional faili--

ties would have to be rented. The return (or profit) for

various amounts produced might look like Fig. 2. (Profits

are negative below 60 because of "overhead.")

0

0 20 40 60 80 100 120 140 160
Number of units produced

rig. 2

It is easy "or the eye to pick off the point where the firm

would receive Its maximum return from this graph. It is

also easy, if the relationships are "nice," to pick out the

maximum point by iormula. A comparable situation for two

products might look like Fig. 3.
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U
D_ ( Profit

0~

K400
"E 20

Units of product two

Fig. 3

Here the ovals are the contour lines for a profit "hill"

rising out of the page. Again, the human eye can find the

peak with no trouble, and techniques exist to search for

it with formulae. This game ends abruptly at two, as far

as the human eye is concerned, but can be continued by

analytic metans for many more dimc-sio:;s. Real trouble begin,

when special constraints are imposed. For example, suppcose

our company knew that its share of the market would allow

it to sell only A units of product one, and B units of

product two. The situation might be as in Fig. 4. The peak

is now irrelevant, Methods- of "hill-climbing" for multi-

dimensional hills have been devised for high-speed electronic

computers that can traverse the conceptual slopes at some-

thing approaching the speed of light, but they slow down

when they are not zipping for the peak and mus: paciently

explore the side ridges for a constrained maximum.
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Units of product two

Fig. 4

The problems become really severe when it is not pos-

sible to mak the simplifying assumption that the quantities

are infinitely divisible. In the case of the graph theory

model mentioned in the previous section, the number of

routes between two points is an integer and there is no way

to "smear" them into a continuous quantity. In some very

general sense, the occurrence of integers simplifies the

situation, but in practice the trouble is that the number

of cases gets out of hand very rapidly. ': situation is

illustrated by a famous (or perhaps "notoriouS" is a better

description) problem known as the Travelling Salesman Problem.

A traveling salesman wants to maýke a round trip visit to a

number of cities. He needs to pass through each city only

once. In what order should he visit the cities to make his

total trip distanoe least? If there are only a few cities,

he can try all possible tours and choose thei one that is

shortest, But a little arithmetic quickly di';courag.-s this



approach if the number of cities is at all interesting.

For four cities the numbei -f poosible tour, i!, three, for

five cities, twelve; for six cities the number i: already

sixty. If the salesman wanted to visit the capitols of all

the fifty states, he would have to scan a list of 3 x 1055

tours (3 followed by 55 zeros!). I'm told that traveling

salesmen have much more interesting ways to spend their

time. The trouble is there is no completely trustworthy

way to weed out the longer tours by looking at parts of the

trip.

Fig. 5

Fig. 5 shows one tour through eight points. It is not

an optimal tour. For example, the changes introduced by

the dotted lines would shorten It. The reader might be

interested in trying to shorten it further.

TO see this, we can look at a much more compliant problem,

but one that at first sight appears to be very similar to
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the problem of the traveling salesman. Suppose cw:r traveler

only wants to get from some city A to another B, and wants

to choo e the shortest route. This iroblem turns out to be

very manageable by a technique called dynamic programming.

Consider the map in Fig. 6. There are eight ways to

go from A to B (without doubling back). ,e could list all

eight and select the shortest but I have already hinted

that that can't be the right way. Another attack is to

look at what is called a policy. In this case a policy

consists of deciding for each cit-, how you are going to

leave that city. A-C, C-F, D-G, F-H, is such a policy.

(We don't have to decide for E, G, H, I, or, of course B.)

A policy determines one and only one route from A to B.

Now it so happens that there are sixteen policies (two

possibilities at each city, fouL cities). It looks like

E

2 4

C
H

3

A

B

Fig. 6
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we have leaped from the frying pan into the fire. But the

nice feature of a policy is that we can change it piecemeal.

For example, the distance from F to B is 5 via H and 4 via

1. We change the policy at F to I. At C the distance is

9 via F and 10 via E. We leave C nlone. Continuing in

this fashion we can sucessively improve the suiKp.-iicies

until the problem is solved.

For very many problems, it is possible to proceed in

the fashion of cur simple example--that is it i:, possible

to define a policy which consists of a number of sub'policies,

and the problem can be solved by successivelv improving the

subpolicies. The difficulty with the traveling salesman

problem is that, although wc could define policies and sub-

policies for it, the solu.tion cannct be guaranteed by

dealing with subpolicies alone.

Very many problems can be dealt with bc the methods

of programming. 'here input-output models of tne sort

described for the steel mill are appropriate, programaing

techniques are usuallv what is neeeded to solve scheduling

or cost ing problens (4), (5).
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GOOD

".iscussing optimization, I took it for granted that

what the analyst is trying to maximize is clear. This is

rarely the case in operations :=esearch problems. For enter-

prises where the aim is primarily monetary Drofi , the

determination oa a value scale is reiativelv easy. There

may still be major problems of measurement. This is par-

ticularly true if the analysis is concerned with a future

operation--e.g.., a firm is trying to decide whether to

include a new product in its offerings to the public. A

study for the Air Force discovered that underestimates of

the cost of future weapons systems of the order of three

to ten times were not unusual.

Consider a municipal bus service. Clearly money plays

a big role in its life. If an analyst can find a way to

produce the same service at reduced cost, he is in for a

medal. But suppose the company is thinking of changing its

service (perhaps under the pressure of declining use--a

rather common fate for publý- transportation these days).

What constitutes improved service? Unfortunatelv, manv

things. Speeding up individual bus trips trom station to

station would be good, increasing the comfort of buses

would be nice, perhaps more routes so that bus stops could

be closer to origins and destinations, reduced fare2--nd
so it goes. -ie study to remain nameless pointed out quite

seriously that at least the travel time from origin to
destination, bv takin the bus should be less than the timme

required to walk the distance. TradinDg off these compet iig

goods is like navigating in a fog with a restless compass.

Thi,: situation is not rare. C.onsider the plight of

the operations anat who has been requc qted to eva Iluate

the Post-Apollo proi ram of NASA), .After the Moot, wat').

leaving Aside ill Ot the m:,.any uncertA iittiCs aL,1d the

vast complexitv of prcvrams Lhat can 1e evi-e, hw is
one to compare, say, landig a tea-i'. o1 iliutist- on M!ar'-



with se. ding a fleet of unmanned space probes to explore

the outer planets and their satellites? A hospital has to

decide whether to buy an i,-,:-nsive care unit for c--diac

patients or a computer to keep tabs on the shifting supply

of drugs at nurses' stations.

There arc a number of tricks to the trade that soften

the harshness of some f these value conflicts. One is a

simple precept that ca relieve a vast load of guilt. It

can be summed up in the slogan "subeptimize!" No matter

how tantalizing the dream may be to " squeeze tte universe

into a ball and roll it toward somc overwheh.4ng q,.estion,"

an analyst cannot wrap up everything in a cosmic systems

analysis and forever after follow The Policy. Since all

that can be done is suboptimize -nvwa,,, it makes sense co

tackle problems that can be posed with relativcly clear

objectives.

Sometimes life is kind, even to the analyst. Faced

with competing criteria, alternatives just might be found

that turn out best on all criteria. That isn't Iihe kind

of good luck that you base the fate of a study on, but it

happens. T his is kn.own as the princi~ple of dominance.

When it doesn't work in a positive fashion, it is often

useit'i in a negative way. If one ulternative X is better

than another Y on all criteria, you can certainly forget Y.
Val~ues appear to have, an inherent reluctance to bn

nleasuired. Again, with, luck- you can find a stand in--some-

thing ,hat- is .measurable, and at least varies in the sam,

way as what , real lv are interested in. The .ited

States iaintaiis vast ilclcar for•is to deter ,.. t ial

enemies from at tack. There is no -easuring rod for deter-

rence. A standard app)roach i s to c-ompute the nuimn•er of

er..e''\a deaths our forces coud infli- t if te e-emv attac ked
`irst. Potent;al enemr~v Jeavhs is 'c the same thin-' as

errence. iv relat ed, i e

deerre ;ce Iat- r (Lt 1 0,atet? Ja I ncr eaSe

A
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When the apples and oranges situation is unresolvable,

all is by no means lost. A case in point is the now, justly

famous Cost-Effectiveness type of analysis pursued h,> the

Department of Defense. Military effectiveness is not directly

comparable with dollars, and alas, you cannot simultaneously

maximize effectiveness and minimizu costs. If the budget

process sets a level beyond which you cannot spend, then

you 2an fix your attention on effectiveness, and maximize

it for the givel- budget. Conversely, if the enemy, b-, his

fvrce posture, makes a certain level of effectiveness impera-

tive, then you can seek a pos;_,-e that will achieve that

level of eff-ectiveness at least cost. Even if these two

modes are not open, you can still plot effectiveness against

cost and nine times out of ten the curve will look like

Fig. 7--thIe more you spend, the smaller returr, for an addi-

tional dollar, and somewhere in the shaded area you will

say, "[t's just not worth putting more ,onev iinto this one.

C

LU

Cost

Fig. 7



*'A 'O t e l t !i p-),e r U t oo I r rr:e a surin v a es 1,

a f fC(Ie d by Ut 1it t e')r. 1-h s is S neorv that -:rew out

'A care ful con eP-at 'o n of yam ~ oo ehxr. Many pro-

fun-diL.-I es have beený unc-overed b tlie stuccv -of gan-.bilig

and related activities: s a t is t s , the theor-y of games,

psFy%-ch o-ogica IIe ar n i in th ne or Ps o )d. de al' of econom ic !;.

T rea son i s Lha t gamblin1)behavior i vo 1ve s d e ci sio-n

maKingo in risky situations which is similar to dleci-sion,

makingy in man\, human ent'erpri ses, b-uýit, ki uch easier to

analyze. With regard to measurin.c valua s, g~zibling enters
in the following way. in a rishv-, si-,!ation_, some oucoe

can be expected only with a certain prohabiliry. ifthe

decisionmaker knows what he prefers among these uncertain,

outcomes, then the probabilities themselves give a numierilcal

scale. This is true ý,hethner the out-comes tnemselves are

numerical or not. ?~take a very simple (and noc very

realistic) example, a young man is contemplating a choice

between three love'lies of his acquaintance, Joyce, Claire,

and Mary. As matters stand he runs a risk in cloncentrating-

on any one. He can perform the following "'thought-experiment."

Suppose he could enter a lottery where he had -choice be

between Clair with certainty, and a f~ifty-fifty chance of

Joyce or Mary, that is, if he chooses the lottery ticket

he has an equal chancir of winding up with Joyce or with

Mary, Which would he prefer? if he would prefer Claire to

the lottery ticket, this presumably means he rates Claire

closer to Joyce than to Mary. If he 'prefers the lottery

ticket, then Cleire is closer to Mary. Refinements in

the imagined lottery ticket can lead to pinning the

numerical comparisons down even closer.

If the preferences of our subject are oonsistent then

t~he probabilities are a measuring stick frr "desirability."

Consistent means miainly Lhat the preferences do not go

around in a circle; hie doesn't prefer A to B, B to C, C to

B and then D to A.
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The theory of utility has clarified a number of

puzzles in human behavior. For example, most lotteries

are "unfair'" in the sense that the cost of the ticket is

greater than the expected return. Why do people buy

lottery tickets? A reasonablc answer is that the value

of a large sum. of money to the player is greater than the

numerical amount of the prize.

In practice, the theory of utility has been more useful

as a conceptual guide co the analyst to help him think

through his problem than it has been as a value-measuring

device. The reason is that present methods of obtaining

judgments of preference over very many differpnt pnosible

alternatives arc vrry cumbcr.some. But Rome wasn't built

in a day,.
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iBEAitR FUR WHOm?

Up to now I have been discussing enterprises as if

they existed alone like Robinson Crusoe on his island. and

the only problem was to find what was good for the enterprise

and devise ways of increasing that good. The conceptual

problem here has a splendid simplicity. But most enterprises

do not exist in isolation; there are compoLing firms that

are eager to increase theit share of a market; the enemy

has as muc:h to say about how a military campaign will go

as we do; th- meti~bers of a legislatmre represent constitu-

encies with difierent interests. The fate of an enterprise

will depend upon the decisions and actions of other enter-

prises. In deciding what to do, Enterprise A must take

into account the policies of Enterprise B, which must take

into account the policies of A ... and we have what is knowni

as a rat-race.

Help in this vertiginous situation has come from the

Theory of Games (6) (7) a very profound theory of what

might seem at first sight like a superficial subject. But

social games such as bridge, chess, and poker are very good

objects to study because they involve in a clear way the

elements of compettion and mutual adjustrents of strategy

that are present, but more obscure, in the serious games

of business and war.

The help consists in two basic insights--a precise

notion of stra.tLei, and a precise notion of "mutual taking

into account," A strategy is, first of all, a plan, but

equally important, it is a plan that furnishes the player

with a response,for every possible course of action open to

the other playrs. To be a strategy, the plan need not be

a gond one. just that it be complete. This might appear to

be the reverse of brilliant, in fact downrit' trian.

However, the importance of the notion arises frol1, Lhe insight

it gives into the structure of a game. In the game of tic-

tat-toe, a strategy for the first player might start out:
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T will pt my first rroqs in a corner. If the second

player puts his zero in the center, I will put my second

cross in the opposite corner, If he plays anywhere else,

I will put my cross in the center. Then if .... A little

computation shows that there are something like 10127

such strategies for the first player! This astronomical

number--it is not far from the English Astrornmmer Eddington's

estimate of the number of elementary particles in the uni-

verse--is actually tiny compared with the number of strategies

in the game of chess. Some notion of the power of the human

mind is contained in the fact that most elementary school

children have a fairly good idea of how to play tic-tac-toe

reasonably.

Since the publisher would object if I wrote down all

strategies for tic-tac-toe, `t i'• politic to use a much

simpler game as an illustration. Suppose two players A and

B each write down a number between one and three. They

simultaneously disclose their numbers, and Player A's score

is the difference between the two, except when A has written
" one'' and 3 has written "one" or "1two,"' in which case the score

is 3 and -3 respectively. This sounds a little complicated,

but it can be very neatly represented by the array in Table
I.

Table I

1] [ 2] [3]A _J LJ L

(1) 3 -3 -2

(2) 1 0 -!

(3) 2 1 0
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The score for player 9 is just tle negative of the score

for Player A.

An array like Table I is called a payoff matrix. In

general a payoff matrix for a game consists of listing all

th- strategies of one player as rows, all strategies of

the other player as columns, and for each pair of strate-

gies giving the score (w 4 nnings, payoff) of one of the

players. In the simplest games, the payoff to the other

player will be just the negative of the payoff to the first,

in which case the game is called zero-sum. This is one way

to precisely describe a game.

How should the two players play in the game of Table I?

Player A might try writing down (I) in hopes of getting the

3. But then Player B would like to write [21, getting 3

for himself. But then Player A would rather play (3), and

so it goes... Nevertheless, there is a reasonable way for

both players to play in this game. Player A can reason

thusly: If I play (1) Player B could play [2], and I

would lose three points. If I play (2), Player B could

play [l-1, and I would lose one point. If I play (3),

Player B could play [3], and I would lose zero points.

The safest strategy to play is (3), because I will get at

least zero and perhaps more. Player B, using the same line

of reasoning, would find [3] his safest strategy. The

situation is that Player A can guarantee himself at least

zero, and Player B can guarantee that he will not get more

than zero. It is reasonable to assume that this is the

best either can do.

'raking account of the ther player's tading account

is thus accomplished. A finds his best strategy by

choosing the one that guarantees the most he can get if B

is assumed always to respond with the strategy that will

do best for B and conversely B chooses assuming A will do

the same. Th-is criterion, called "minimax," is an intuitively

satisfying way to select strategies, when the criterion gives
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the same result for both players. This is rot always the

case. Consider a very simple game with c ', two strategies

described by Table II.

Table II

BA• [1] [2]

(1) -1

(2) -1

If Player A plays strategy (1) the minimum is -1. Similarly

the minimum is -1 for strategy [2], so Player A can guarantee

himself only -1. On the other hand, if Player B plays his

strategy LI], the maximum is 1, and if he plays strategy

L2 ], the maximum is LI] so player B can guarantee only that

Player A will get 1. The two are not the same.

In this case, in order for Player A to do bette, tian

-1, he must make use of a more gencral type of play called

a mixed strategy. if he tosses a coin to 3etude between

strategies (1) and (2), he will get 1 half the tim,' and --I

half the time, no matter whaL Player B does, and so his

aver,:;e ,ayoff will be zero. Conversely, if Player B tosses

a coin, he will gel I half the time and -1 the other half,

and his average wii! also be zero. With these more general
"mixed" strategies, the maxmin is again the minmax and the

game has a solution.

The fundamental theorem for finite zero-sum games,

st.aes that if mixed strategies are allowed there will

always be a solution.

'here is general agreement, that the minimax solution

of zero-Sum, two-person games is a satisfactory resolution
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of the problem. That doesn't mean, of course that it is

easy to find the good strategies for all games. On the

contrary, it is extremely difficult to find solutions to

specific games. The major reason for this is, of coirse,

the enormous numbers of strategies for interesting '-ames.

No one has attempted to write down even one strategy for

chess, and the mere thought of writing down the Tavoff

matrix is appalling. If the whole universe were the

blackboard, it just might be possible.

What progress has been made in analyzing games has

come from using every trick in the trade to reduce the

size of the matrix that must be examined. For some quite

simple games, it is possible to approximate Lhe game with

continuous quantities, which as we saw earlier, often

brings the problem into well-traveled territory. B-'- the

number of games that have been solved is still agonizingly

small.

The simple change from zerc-sum to non-zero-sum games

brings a major shift of emphasis. As long as the game is

zero-sum, there is no point in cooperation among the

players. But as soon as the game is not zero-sum, coop-

peration becomes strategically reasonable.

Consider the game in Table III, ubere the first number

in the pair gives the payoff to Player A, and the second

number to Player B

Table III

i xB [2

A , l]

i1) 2,2 0,3

(2) 3,0 1,3
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This matrix has become quite famous, under the name
"prisoner's dil-ma."* The dilema arises from the fact

that strategy 2 is uniformly better for both. If Player

A plays (2) he gets 3 rather than 2 if Player B plays [i],

and he gets 1 rather than 0 if Player B plays L2]. Thus,

if each player is selfish and plays only according to his

own narrow interests, they wind up with 1, 1. But they

could have achieved 2, 2, better for both, by cooperating

and playing (1) [1].

Thus, in non-zero-sum games, it is possible to improve

one's prospects by cooperating with other players, or as

it is usually put, by forming coalitions. Strategy now

has a new dimension, making agreements. Unfortunately no

tllory as satisfactory as the mirilmax solution exists

tor non-zero-sum games. There are a number of separate

solution concepts which appear satisfactory for certain

situations, but not for all. A theory of bargaining,

situations has been developed based on the not on of

threat. Other solution concepts make use of the iotion

of standards of behavior, or social custom. All o, these

have turned out to be useful in analyzing restricted kind.s

of social and political situations.

One solut ion concept that has turned out to have

more than dcademic interest is the Shapley value (8). In

general terms, this concept attempts to measure the value
to a player of being in a particular game. The evaluation

c.he name arises fromn the playlet Two prisoners
implicated in the same crime are Ibeing interrogateOl separately
Each is offered his freedom if he will testify against the
other, and the other doesn't confess. The only evidence
available is the statements of the prisoners. If t hey coop-
erate, and neither confesses, then they have a vood chance
of getting off, represented by. the 2, 2 a! (.) Ilf. if
one confesses and the other doesn't the informer gets 3
and the silent one gets 0. if both confess, they get
reduced sentences, 1, 1.)
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can be made by examining the role of the player in affecting

the fortunes of the various coalitions he can entE . If

he is not crucial to given coalition, i.e., the coalition

could do a., well without him, he is not credited with any

gain from that coalition. More generallv, he m~y sometimes

be crucial, and sometimes not. Rou.hil speaking, his score

is made up of the average amount that he contributes to

each coalition he can enter.

For very simple kinds of games where the question whe

whether a coalition will win depends solely on its size,

for example in voting, the Shapley value can be computed

by determi'ning the average number of times a given individual

will be pivotal in swinging a vote. This concept has turned

out to he of practical concern in the implementation of

the Supreme Court's decision for "one man-one vote" in the

reapportioniý,ent of state legi,,latures. The Court decision

could be most directly implcmented by assuring that each

member of a legislature represent precisely the same number

of voters. In practice this is difficult because it would

require "unnatural" districts, e.g., mixing together sev-

eral communities with different interest,-. One resolution

that has frequently been suggested is proportional representa

tion, keeping the natural districts, but giving the repre-

sentatives power in proportion to the population of the

districts.

This scheme, as it turns out, has certain hazards (9).

Depending on the pattern of district sizes, variations in

the actual voting power of the representatives (as measured

by the Shaplev index) can be considerable. In the extreme

case, some representatives can literally be duTnnies--have

no real effect on the outcome of votino It is not diffi-

cult to qdjust the districts so that this hazprd is overcome

and a fair, Aniform degree of puwer assi nt- to the legi s-

lators. But there is an additiin-io problem. If che Supreme

Court's decision is interpreted to apply to the voting power,
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of the individual, and not to his representative, then

even when the voting power of the legislators is uniform,

wide variations can exist in the power of the constituents.

In general, there is a bias toward the larger districts,

and roughly, the power of the individual is proportional

to the square root of the population of the district.

Thus, if one disurict is four times as large as another,

so that in the proportional scheme, the representative of

the larger district would have four votes to the smaller's

one, then an individual in the larger district will have

about twice the voting power as an individual in the

smaller district.

Despite the apparent abstractness of these considera-

tions, there iave been several court cases in which they

have been tested, ard in general the cour.ts appear to

look favorably on the Shaplev value as an ,nterpretation

of the one man-one vote criterion. The same considcrations

are playing a significant role in congressional hearings

concerning reform of the pres entiai ccorai col e.

Came theory lias extended eno.imous lv the coneptu~al

apparatus for analvsing economic, social, political, and

military situations where conflict, competition, threats,

and cooperation play crucial roles. It has 'eer hampered

in applications by the excruciating difficulty ci so1 .ving

realistic games, and by the muiltiplicitv of solution, con-

cepts in non-cero--stm: gam,).es. T,'ere solut ion:s have been

found, they have carried surprising con% irt ion.
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EXPER IMENTS WITHOUTY1 LABORATORIES

The delight of an operations analyst is a problem

where good, extensive data about the enterprise exists,

whe're a simple and compliant model can be constructed,

and where the aims of the enterprise are crystal. clear so

tha-t recommendations for new courses of action are as

obvious as 1 + 1 = 2. It is sometimes like that--but more

often not.

,'anitigs happen on- a highway'. that do lot fit the

hydrodynamic mudel discussed earlier. Collisions between

cars do not resemble collisions between molecules. Di~urnal

variations in traffic density are far from the quasi-steady

states t -hat make the liquid analogy useful .... These

obtrusive factors can be taken into account by a more

detailed description of what is happening; by recognizing

the differences bet-ween different cars and different

drivers, by examining the specific geowetry of a f,:eewav

on-rairp, by including the difference between night aiud

day. These things can be done, but in order to dc so it

Is necessarv to give up the neat succinct theory andi toy'

to something cal led si-.i,;ation.

To simulate mein:- to build -cvce'hing that sii.r

to what you sre interested i- b-ut ý;omeclhi n& thi t- is easier

t o s tud'.. There are many ways tof ,"o Thi, ircraftca

re simulated by ý,odels in a Winld LUIrmefl, and ship-- ý,

fmo(-dels in a test basin, A militar, -ampaign can be si_.U

:afO(.bv a tielkd exercise, a "war gamne." But the most

widely employed mietho)d of simulation is bv computer.

To teach a high ;Peed, clectronic coM"pulter LO Prett- Id

that it is, s.treamr of carsý a long a hi ghwav, or a set o'-

law cases being "process-d'' by the coulrt,. ,or a succcss ton

(of tel 1ephone onec tinsna ss i n. t brouý h a sw i t chi niz

cenlfra1 , n'aV M 1ee 1it tie strange, hlu- simolat ions of

tssort m-lkf up a 1 arge Part oi operations reseýarch.

T h Ctc te nI e rgh bl1)e Cal eICd t he CjnC T ,AW iC approach. As
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youi' know, a moving pict~ure does not really move. It con-

sI-Sts of - rapid series of snap-shots w~hich, w~ie n projected

as a succession of still images on a screen, gives the

illiusion of motion. For the "scenario" of the highway drama,

you furnish the computer with a list of all the cars on the

highway, their type, their spcled, and their location at a

given time (the "opening shot") and a sct of- rules saying

where c- oh car will be at the next irstant, depending on

its speed, ty~pe, kind of driver, and the traffic situation

around it. The computer goes tirough the tedius bookkeeping

of changing the description accoý,rding to the rules, and a

new shapshot is Produced. ir this fashion the computer

generates a series of "stills" that can resemble -,e move-

merit of cars in a very detailed fashion.

To heighten the drama you can introduce chance events:

cars stalling, collisions, the driver who slows down to

stare at the girl in the cýar next to him, Since chance

ev~ents, by definit-on, are unpredictable, the computer

decides 1ý:,.en one will happen by its own chance mechi-anism;

it :0omputes a ranidom number _ind com-,pares it with a proba-

bility. For example, su.ppose the scenario calls for a

new snapshot every haL.L minute, and the average [t qUency

oi. collisions is one- every two hours. The likelihood of

a co~lis.,on occurring during any snapshot is one in two

hundred and forty, A random n-mber is generated, and if

it is less than 1/240, a collision is recorded, and a

,;-eci~al set of rules describe the kind of pile-up triat

will occur. A- the random titmber is larger than 1/2940,

events proc~ee3 -is normal. Models with chance ever.Ls of

this sort in them are called Monte-Carlo. (It's hard to

escape from, the gamnbling, atmosphere where probabilities

are c:oncerned!)

In s imulat i ns lqw courts much tlho same procedure is

fOilowod, except Lhat instead of a stream of cars we have

a -~tream of "1cases 'l and instead ot moving along a highway,
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they advance through several "stages"--arrest, initial

appearance, preliminary hearing, grand jury indictment,

arraignment, and court trial (and of course, everything

moves much more slowly). Here the chance event-s couled be

the appearance of a case, its type, whethez a judge was

on vacaticn or ill, etc.

The nice thing aIbout a simulation is that it is much

like a laboratory, where experiments can be performied on
complex systems at very little expense, and with none of

the trouble of experimenting with the real situation.

Variations can be played on procedures, rules, kinds of

equipment, and the improvement (or disprovement) noted.

A modern high-speed computer can go through hurndreds of

simulated traffic days in an hour, or try a dozen arrange-

ments for an assembly line in a minute.

The Scientific Panel of the President's Commission on
Law Enforcement conducted a simulation of a District of
Colwmbia court where the primary interest was on the time

rey.irvd to process a case. A clear bottleneck showed up

ac the point of grand jury indictment. When the experiment

was performed of adding a second, part-time grand jury, the

time required for this stage was reduced from 35 days to

less than I day.

Simulation is also good when you don't have a simple,

well-balanced measure of what is good. You can experiment
with your enterprise, look at the detailed results, and

make a spot decision concerning the outcome that "looks

best."
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OPERATIONS RESEARCH AND SCIENCE

One of the marks of a young discipline is soul-

searching concerning whether it is or is not a science;

whether it has a solid and distinctive 'method"' or whether

it has the traditional virtues of empirical verification,

generality, and 13gical coherence. A glance at technical

journals in the area of psychology in the first quarter

of the century, or in sociology in the second, will reveal

an astonishing nunmber of papers devoted to agonizing on

these questions. There was some of this in the early

(fifteen years ago!) days of operations research, but it

quickly damped out. The reason is that operations research

has kept close to practical matters, Its development has

resembled the growth of engineering or medicine, more than

the development of academic science. The question has

more often been "is it useful." than "is it true--or i11'nuni-

nating?"

This is as it should be. The steam engine came long

before thermodynamics, and the telephone before information

theory. Operations research is still very much pioneering

in the areas of management technology and social engineer-

ing. In industry, operations research is steadily mounting

the organization ladder, dealing with increasingly wider

problems of executive interest. In government, the expan-

sion of systems analysis from defense to problems of urban

growth and crime can be expected to continue on to other

social issues, even, as we have seen in the case of game

theory, to Issues of the structure of government itself.

The pressures and allurements that these developments will

exert on mathematics and the social sciences will be large.

The theory will come. and long before the show is over.

The outlines of this development are shadowy at the present

time. But just as physical technology gave meaning and

direction to the physical sciences, operations research

can be expected to give orientation to tite prescriptive

sciences.
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