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Introduction

I doubtiftherehaseverbeenaperiodinhistorywhenagreaterpropor-
tionof peoplehavefoundthemselvesfranklypuzzledby the waythe
worldreactsto theirbesteffortstochangeit, ifpossibleforthebetter.
Weknockdownsomedilapidatedslumsandput up reasonablysmart
newbuildingsin theirplace,onlyto finda fewyearslaterthat the
inhabitantsoftheareaarejustasbadlyoffandlivinginasgreatsqualor
asbefore.Welendconsiderablesumsofmoneytoa tropicalcountryand
showit howtoorganizepublichealth,andevenprovideit withmedical
staffforsomeyears,andthe resultis that the levelof nutritionfalls
alarminglyandthebabiesaredyingofstarvation,insteadof theinfec-
tiousdiseasesthatkilledthembefore.If thingsgounexpectedlywrong
onceor twice,that is, onemightsayratherparadoxically,onlyto be
expected;butrecentlytheyseemtohavebeengoingwrongsooftenand
in so manydifferentcontexts,thatmanypeoplearebeginningto feel
that theymustbe thinkingin somewrongwayabouthowthe world
works.I believethat this suspicionis probablycorrect.The waysof
lookingat thingsthatwehaveinthepastacceptedascommonsense
reallydonotworkunderallcircumstances,andit isverylikelythatwe
havereacheda periodof historywhentheydonotmatchthe typeof
processeswhichare goingon in the worldat large.

Wehavebeentrainedto think,or haveacceptedascommonsense,
thatwhatgoesonarounduscanusuallybeunderstoodassomesetof
simplecausalsequencesinwhich,forinstance,a causes) andbthen
causesc, thenc causesd andsoon.Thisis onlygoodenoughwhena
causes5 but hasverylittleothereffectonanythingelse,andsimilarly
theoverwhelminglymostimportanteffectof}istocausec.Manyofour
ownindividualactionsstillhavethischaracter.That is reallybecause
theyarein somewaysrelativelyfeeblecomparedto thewholemassof
thingsandprocessesof whichtheyarea part.The changewhichhas
occurred,or is occurringnow,is thattheeffectsofhumansocietieson
theirsurroundingsarenowsopowerfulthatit isnolongeradequateto
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concentrateontheprimaryeffectsandneglectallsecondaryinfluences.
Whenmodernhealthcareis appliedto a primitivesociety,it is so
powerfulthat it is no longera questiononlyof curinga fewcasesof
illness;it drasticallylowersthe deathrate,particularlyof youngchil-
dren,so that the numbersof the populationincreaserapidlyand,of
course,demandmorefood.This effecton agricultureand imports,
whichis quitesecondary,and indeednegligiblewhenmedicinewas
fairlyinefficientandappliedonlyona smallscale,becomesofrealand
possiblydecisiveimportancewhenthe medicalworkis massiveand
effective.Wecannolongerconsiderthefieldofmedicineasisolated;we
haveto see it as linkedup in a complexwiththe numbersof the
population,thedemandforfoodstuffs,thesourcesofpayingforfood-
stuffs,anda wholelotofotherfactors.

The scaleof verymanyof the impactsof mankindon the world
surroundinghimisnowsogreatthattheygorightbelowthesurfaceof
things.At the deeperlevel,wefindthat mostaspectsof lifeand its
interactions:withits surroundingsare interconnectedintocomplexes.
No powerfulactioncan be expectedto haveonlyoneconsequence,
confinedto thethingit wasprimarilydirectedat. It isalmostboundto
affectlotsofotherthingsaswell.Ourold-fashionedcommonsensehas
nothadto facesuchsituationsbefore,andisnotwelladaptedto doing
so. We need nowadaysto be able to think not just aboutsimple
processesbut aboutcomplexsystems.Manysuggestionshavebeen
made,particularlyin the lastyearswhenthe problemshavebecome
morepressing,of differentwaysof tryingto do this.Thisbookis an
attemptto bringtogethermostoftheseproposed“ToolsforThought’.
Manyof themwereoriginallyput forwardaccompaniedby a lavish
decorationof technicaljargon.Partof thismayhavebeendueto the
genuinedifficultyof findingwaysof formulatingnewideas;partper-
hapsforthelessexcusablereasonthatit mightmaketheideaslookmore
profoundandnovelthantheyreallywere.However,anyideathat is
goingto bereallyusefulin thisconnectioncan,afteradequatetimeto
digestit,beputintoreasonablysimplelanguage.Thisbookisoneofthe
firstthathastriedto dothiswiththewholerangeofpresent-dayideas
on thinkingaboutcomplexsystems.It demandsabsolutelyno mathe-
maticsfromits readers,and | thinkthereare not morethan two
examplesofmathematicalsymbolsusedin thewholebook;andanyone
couldunderstandtheideasinvolvedevenif heskippedthose.

The ideasarein factexplainedas faraspossiblein straightforward
Englishwords.However,manypeople,includingmyself,findthatit is
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oftenusefulandenlighteningtohavevisualillustrationsofideas.This
bookisthereforeprovidedwitha largenumberofdiagrams.Theseare
not intendedto expressfactsaboutquantitiesof things,liketheusual
graphsoneseesin scientificbooks.Theyare strictlyillustrationsof
ideas,andtheirpurposeistostimulateyourimaginationtoseizethegist
ofwhatanideaisabout.Theyarethereforenotdrawnin thewaythat
has becomeconventionalfor illustrationsin technicalor mostother
intellectualbooks,but havebeenexecutedby someonewhosemain
interestsareinpaintinganddesign.YolandaSonnebandis a painter—
andthereareratherfewsuch,thoughmorethansuggestedbytheold
jibe,‘bétecommeun peintre’—whocombinestheintellectualcapacity
tograsptheideaswiththevisualimaginationtofindawayofsymboliz-
ing them in drawingswhichare alwayspleasant,and sometimes
beautiful.

AttheendI haveprovidedalist ofbooksandarticlesaboutparticular
methods,whichI hopewillbe usefulbothto thosewhowouldlikea
littleadditionalexplanationanddiscussion,andto thosewhowantan
indicationof howto enterconsiderablymoredeeplyintoparticular
thingswhichhavecaughttheirattention.SectionAandpartofSection
B of Chapter11arebasedon a reportwrittenformebyRobinRoy,
whoisnowwiththeOpenUniversity,whilehewasonmystaffat the
StateUniversityof NewYorkat Buffalo.I am gratefulto himfor
allowingmeto usethis.

Thecomplexitiesrevealedbythemorepowerfuleffectswhichhuman
societiesarenowexertingarenowonlywithincertainareas,suchasfood,
populationandsoon.Wefinallyfindourselvesdrivento realizethat
eachofthesemajorcomplexareasisinitsturnrelatedtotheothers.We
havefoundourselvesfacedbyaseriesofproblems—atomicwarfare,the
populationexploion,thefoodproblem,energy,naturalresources,pol-
lutionandsoon—eachcomplexenoughin itself,butthenit turnsout
thateachoftheseisonlyoneaspectof,asit were,a TotalProblem,in
whichallaspectsoftheworld’sworkingsareinter-related.Onewayof
beginningtoapproachit isbrieflydescribedinChapter12ofthisbook.
ThisTotalProblemissometimescalledtheWorldProblematique.

Edinburgh,Scotland C.H. Waddington
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1 Philosophies

‘ForHeaven’ssake,’you’llsay,‘justhowsystematicdoyouhaveto try
to be?Let’sskipthisandgetonto somethingthatmatters.’Okay,we
could,but you’dcomebackto it. Philosophydoesmatter.It matters
particularlyto those—the greatmajorityof mankind—whoselifeis
devotedtobringingaboutchangesofsomekindorotherintheworld
surroundingthem;evenif theseeffectsareofnomoreimportthan
sellingmoreof MessrsX’srefrigeratorsthanMessrsY succeedsin
unloadingon to the market.The onlypeoplewho,to someextent,
escapefromthedominationofa philosophywhichtheyconsciouslyor
unconsciouslybelievein are thosefew who devotethemselvesso
wholeheartedlyto researchingintonewunderstandingsof humanor
inanimatenaturethatthesheerbrutefactstheycomeacrossimpose
themselvesregardlessofthe
approached(seep. 17).And
itywhotry to do research,
whichsweepsthemofftheir

philosophicalsystemwithwhich
thereareveryfew,evenamong
whoareluckyenoughto strike
feetto thatextent.Fortherest

theywere
theminor-
a bonanza
ofus,it is

justaswelltoknowsomethingofthemainalternativephilosophies,if
onlytoseewhytheotherchapistalkingsuchnonsense,andwhyhe
simplydoesnot seemableto get the drift of whatyouare saying
yourself.It islikelytobenothisintelligence,buthisphilosophy,which
is responsible.

Philosophyusedtobeconsideredthequeenofthesciences,themost
genuineexpressionofthehumannessofman.Butrecentlyithasfallen
onbaddays.Atpresenttheconventionalwisdomofthedominantgroup
(the
tists
mon
Arts

thirty-eightstofifty-eights)uses
say:‘Allthistheorizingispurely
sense.Getdownto the bench
peoplesay:‘Allthis theorizing

twokindsofbrush-off.Thescien-
speculative.Allyouneediscom-

andmeasuresomething’,andthe
is aridlogic-choppingor rococo

linguisticelaboration:Allyouneediscommonsense.Gooutto the
arenasoflifeandfeelsomething!’

Of courseboththesestatementsare highlyphilosophical.Whatis
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F1G.1a.1

commonsenseexceptthephilosophywhichyourparentsor yourpeers
havesoakedyouinwhenyouweren’trealizingwhatyouwereabsorb-
ing?Philosophyofonekindoranothercannotbeavoidedorevadedor
givenuplikesininLent.Perhapsthemostconvincingproofofthisisto
lookatthesadfateofpeoplewhohavetriedtoprogrammecomputersto
see,or touselanguage,or eveneventuallyto thinkin wayswhichthey
hopewouldbegintoresemblethoseofthehumanspecies.Theystarted
offtheirtaskwiththeusualConventionalWisdomoftheDominant
Group* —thatwedon’thavetofussaboutphilosophy.Attheendoften
or fifteenyears,and a scoreor so millionAmericandollars(mostly

* If youwouldliketocontractthislengthyphrasetoa setofinitials,in thefashionable
way,COWDUNGis memorizable,appropriateandaccurateenough.
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drawnfromthe US DepartmentofDefense,whichmighteasilyhave
usedthemforworsepurposes),thisis justwhattheyarefindingthey
havetofussabout.Theonlywaytomakearobotanythingmorethanan
addingmachineistoprovidehimwithaphilosophy.Hecannotevensee
to anypurpose,let aloneuse language,unlessthereis builtintohis
systemsomesortofmodelofthekindsofthingsorprocessesthathe
mayexpectto encounter.

It’sonlywhensomeoneendowshimwitha philosophythata robot
beginsto getwithinsightofeventhesimplesthumancapabilities.It’s
nogoodsaying‘Okay,but I’vegotbeyondthatstage.I candowithout
one.’Youcan’t,anymorethanyoucandowithoutyourDNAgenes,

- althoughmankindhasin importantways‘gonebeyondthem’.Some
sortof philosophyis a prerequisitefor humanity.Whereyoucando
betterthanthe robotis to haveeithera betterphilosophyor moreof
them.

Philosophiesdonotneedtobedetailed.Infactiftheyaretoodetailed
theybecomecounter-productive.Theessentialfunctionofaphilosophy
is to providea mentalmachineryfor dealingwitha largevarietyof
things—electro-magneticvibrations(light),oscillationsof air density
(sound),chemicalsubstances(smells),pressures(tactilesensations)—
andinterpretingthemintosomethingwhichhas‘meaning’,i.e.some-
thingtowhichwerespondorreact(ofthelightrayspassingthroughthe
lensofoureyeat anymomentwemayrespondtosomethingbetweeno
and5 percent,butnotmuchmore).Butthereis noreasonwhywe—
andI supposeeventuallyourrobots—shouldnothaveat ourdisposal
severalalternativephilosophies,whichprovidedifferentwaysof inter-
pretingchaosintosense.Accordingto COWDUNG,if wedeignto
noticephilosophyatallweoughttochooseoneorotherofanumberof
conflictingschemes.Wewillnow
quitefrivoloustosuggestthatthe
bit—soas to havea nicerange
somethingsuitableforwhichever

discussthemain
bestthingtodois
of toolsamongst
situationyoufind

varieties,butit isnot
toadoptallofthem—a
whichyoumayfind
yourselfdealingwith.

A.NaturalPhilosophy

Let us start by consideringthe two greatphilosophicalalternatives
whichareconcernedwiththekindofintellectualpicturewehaveofthe
worldof nature—at the momentleavingon one sidequestionsof
emotions,morals,etc.,whichwewilldiscussin thenextsection.
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ThingsandProcesses

Oneviewis that the worldessentiallyconsistsof things,andthatany
changeswenoticeare reallysecondary,arisingfromthe waythings
interactwithoneanother.Thealternativeis thattheworldconsistsof
processes,andthat the thingswediscernareonlystillsout of whatis
essentiallya movie.Thesealternativesgo backto the earliestGreek
philosopherswholivedbeforeSocrates(about600—500BC).The‘thing’
viewisusuallyassociatedwiththenameofDemocritus,whoactually
usedtheword‘atom’asthenameforthebasicthings—invisiblysmall
unchangeableandunchanginglittlelumpsofsomethingwhichcouldbe
calledmatter,thoughtheywerenotquitethe sameas whata modern
chemistorphysicistwouldcallanatom.

The classicalspokesmanfor the otherviewwasHeraclitus,who
arguedthatitisanessentialfeatureofthingsthattheyarealwaysinthe
processofchange,likea flameintowhichburnablesubstancespass,are
burnt,andhotgasescomeout.Youcanneverstepintothesameriver
twice,saidHeraclitus,forthewaterisflowing,andwhenyoustepintoit
againtomorrowit willnotbethesamewaterasit waswhenyoustepped
in today.

TheDemocritean‘things’viewisthemostusualinpresent-daycom-
monsense.A greatmanyof the thingswehaveto dealwithdo not
changetheirnaturemuchoverthe periodof timewithwhichweare
concernedwiththem.Thesun,themoon,theearthanditsrocks,do,of
course,undergochanges,andwhenpressedeveryonewilladmitit.Butthe
changesaresoslowthatformostpurposesit is alrightto forgetthem.
Again,attheotherendofthescaleofsize,thechemicalatomsofiron,
carbon,oxygen,sodiumand
not changein theiressential
normallyconcernedwith.It
processesbut as things,and

therest,withwhichthechemistdeals,will
naturewithinanyperiodof timeweare

seemsmuchsimplertoregardthemnotas
to getdownto the practicalproblemof

findingouthowthesethingsinteractwithoneanother,tobringabout
theessentiallysecondaryprocessesof chemicalreaction.Thereare,
therefore,manycontextsinwhichthe‘thing’viewisthesensibleoneto
adopt.

It isjustinanintermediaterangeofsubjects,betweenastronomyand
geologyontheonehand,andchemistryandphysicsontheother,that
the weaknessesof the ‘thing’viewbecomeapparent;and frommany
pointsofviewit is justthisintermediaterangethatis the mostinter-
esting.If oneconsidersa livingcreature,for instance,onecantakea
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‘thing’view,andregarditasasetofchemicalandphysicalinteractions
goingon betweenessentiallyunchangingthings,namelythe chemical
substancesoutofwhichit isbuilt.Butthisattitudeseemslesssatisfying
whenappliedtoa livingsystemthanit doeswhenused,forinstance,in
connectionwithanindustrialplant.Althoughit mayindeedleadusto
discovera reasonablygoodaccountofhowthebodyworksasamachine
fromminutetominute,takinginfood,digestingit,excretingthewaste,
usingthe energyof substancesit absorbsto carryout variousother
processesand so on, this doesnot seemquiteenough.In fact,the
activitieswhichthebodydoesareusuallymoreinterestinginthemselves
thanon accountof the natureof the chemicalsubstancesusedto do
them.Wearemoreinterestedin thefactthatmusclescancontractto
bringaboutbodilymovementthanweareinthechemistrybywhichthe
contractionis produced.Again,to takeanotherexample,notthistime
froma livingsystem,it is muchmoreinterestingto findout whata
computercandothantoknowwhatit ismadeof—whetherit iscopper,
silver,glass,plastic,funnycompoundsofsiliconorwhathaveyou.The
‘thing’viewmaybeusefulto thepracticalengineer,butdoesnotseem
to leadatalldirectlyto thesubjectswhichareofmostgeneralinterest.

Again,concentratingonthe‘thing’aspectsofa livingsystemtendsto
leadoneto forgetthatanimalsdevelop;theystartasfertilizedeggs,go
throughan elaborateprocessof developingintoan adultform,which
usuallylastsa reasonablylongtime,butwhichisallthewhileundergo-
ing slowchanges,whichwillleadeventuallyto old ageand death.
Further,thereis a stillslowerkindof change,that involvedin the
evolutionofthespeciesfrommoreprimitiveancestors,uptothepresent
form,and presumablybeyondthis intosomethingelse.The whole-
heartedadoptionofthe‘thing’viewisa temptationtoforgettheseother
sortsof change,andto concentratemainlyon findingout howadult
bodieswork,asthoughtheywerenomoreinvolvedindevelopmentalor
evolutionarychangesthanare automobiles.Its enemiesclaimthat it
leadstoa garage-mechanicmentality.

Duringmostofthiscentury,theconventionalwisdomofthedomin-
antgroupaboutthenatureoflivingorganismshasbeena ratherexag-
geratedformofthe‘thing’view;andwhenthisisappliedtomanandhis
socialaffairs,it seems,to meat least,to fallquiteappropriatelyunder
theheadingCOWDUNG.It arguesthattheworldandeverythinginit
is constitutedfromarrangementsof essentiallyunchangingmaterial
particles,whosenature has alreadybeen largely,if not entirely,
discoveredbytheresearchesofphysicsandchemistry.Thesephysico-
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chemicalentitiesare supposedto constitutethe wholeof objective
reality.

In theearlyyearsof thecentury,thisview,whenappliedto living
things,wasknownas‘mechanism’.Thehumanbeingwasregardedasa
verycomplicatedmachine,builtup ofthesephysico-chemicalparts.A
fewrathereccentricbiologistspointedoutthattherearemanyproper-
tiesof livingthings,suchas theirdevelopment,theirevolution,their
apparentorganizationandparticularlytheirconsciousness,whenone
canbecertainthatthatoccurs,asitdoesinourselves,whicharedifficult
orimpossibletoexplainintermsofarrangementsofmaterialparticlesas
thoseareusuallydefinedbyphysicsandchemistry.It wassometimes
claimedthatlivingthingsmustinvolvesomeothertypeofprinciple,a
‘vitalforce’of somekind.The adherentsof this view,knownas
‘vitalism’,werehowevernotableto explainthenatureof thisforcein
any termsin whichit couldbe reconciledwiththe rest of human
knowledge.It remainedno morethanan inexplicablejoke.Actually
fewscientistswereevertemptedtobelieveinit wholeheartedly;butthe
fiercerbelieversin mechanismareoftentemptedto believethatthere
wasa vitalisthidingunderthebedofmanyoftheirquiterespectable,
butlessdoctrinaire,colleagues.

Thegreatadvancesin ourunderstandingoflivingthingsduringthe
firsthalfof thiscenturyis evidenceof howeffectivelythe‘thing’,
mechanistic,viewcanworkas a practicalrecipefor investigating
biologicalprocesses.It hasledto anenormousincreasein understand-
inghowthebodyworksasa physiologicalmachine,withallthereper-
cussionsofthatknowledgeonmedicine,andfinallyto thediscoveryof
the materialbasisof heredity,andits basisin DNAandthe genetic
code.Butstill,powerfulthoughthisapproachis,it hassofarreallyonly
beensuccessfulinconnectionwithsomeofthequestionswewanttoask
aboutlivingthings,notallofthem.It hasgivenuslittleunderstanding
of embryonicdevelopment;littleexceptsomeratheremptytheories
aboutevolution;andhardlyanythingat allaboutthemind.

In searchofa pointof viewwhichwillbesuccessfulin thesefields
also,veryfewscientists,if any,aretodaytemptedto gobackto the
vitalistviewwhichwasintermsofsomespecial‘lifeforce’.Insteadone
of the earliestgroupswhotriedto thinkout a newpointof view—
mainlyBritishbiologistsinthethirties(e.g.Needham,Woodger)argued
that oneshouldthinkof livingsystemsas madeup of the physico-
chemicalentities,p/uswhattheycalled‘organizingrelations’between
them.These organizingrelationswerethoughtof as complicated
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networksofinteractions,comparableto whatwouldnowadaysbecalled
cyberneticrelations(seeChapters6and7),althoughthatwordhadnot
beeninventedat the time.In the lastthirtyor fortyyears,therehas
indeedbeenprogressin understandingthe natureof the networksof
interactionwhichareinvolvedin theprocessesbywhicha collectionof
cellsbecomesorganizedintoanorganwithaunitarycharacter,orintoa
neuralsystemcapableof functioningin a coherentway.Asa develop-
mentofthisapproach,somebiologistsspokeofaprocessof‘emergence’
ofnewpropertiesat certain‘levelsofcomplexity’.Bythistheymeant
that whena mechanism,madeup out of materialphysico-chemical
parts,becomescomplicatedenough,it mightexhibita typeofbehaviour
whichdidnotandcouldnotoccurat allin theisolatedparts.To givea
crudeexample:whentheengine,propeller,wings,fuselage,landinggear
and so on are put togetherin the rightway,the complicatedset-up
becomesan aircraftwhichcanfly;but noneof thepartscanflywhen
isolated.It washopedin thiswayto accountforthefactthatalthough
man,at least,hasself-consciousness,hisultimateconstituents—if one
takesthemto bephysico-chemicalatomsandmolecules—donothave
anythingofthatkindat all.

Theideas,oftheimportanceoforganizingrelationsbetweenthebasic
entities,andof the possibilityof theemergenceofnovelpropertiesin
systemswhicharecomplicatedenough,arenowadaysprobablythemain
rivalto the‘nothingbutmaterialthingsCOWDUNG’.However,there
isanotherview,stilla minorityone,whichmakesanevenmoreradical
attackontheorthodoxy.It questionsthebasicassumptionoftheother
views,that the foundationfor our understandingof the worldis a
knowledgeofmaterialentitiessuchasphysico-chemicalatoms,andisa
returninmodernform,totheHeraclitan‘process’philosophyasopposed
to theDemocritean‘thing’view.Perhapsthefirstinfluentialexponents
ofanapproachof thiskindwereMarxandEngels,in theirattemptto
substitutea dutalecticalmaterialismfor the current mechanical
materialism.Theywere,of course,concernedmostlywiththe social—
economic—politicalarena;but Engelsin particularwrotefairlyexten-
sivelyaboutthe worldof naturalscience.Perhapsbecauseof their
overwhelminginterestin politicalstrugglesand confrontations,they
arguedthat all the interactionsinvolvedin naturalprocessescan be
thoughtof in termsof the confrontationof antagonists—a thesisop-
posedbyanantithesis,leadingtoasynthesis.Anotherauthorwho,later,
andwithlittlereferencetoMarxandEngels,developeda similarlineof
thoughtmorethoroughly,and muchmorein relationto the natural
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worldasa wholeandour knowledgeofit, wasA.N. Whitehead.
Thebasisofhisviewcanberegardedasa returntowhatpeoplehad

thoughtaboutscience,asa meansofunderstandingnature,in its very
earliestdays,wellbeforethe triumphsof Newtonianphysicsand its
laterdevelopmentsinchemistry.It arguesthatthefoundationofknow-
ledgeisnottheatom,aschemistsdescribeit, orwhateverfundamental
particlesthemostrecentphysicistsarewillingtoadmit.Insteadscience
is based on observations,which, made in a controlledand organized
way,amountto experiments.Nowan observation,or an experiment,has
to be observedby someone.It is ‘an occasionof experience’;and
involvestheexperiencingpersonaswellaswhatisexperienced.Thus
phenomenalikemind,orconsciousperception,areincludedinthevery
foundationof knowledge.COWDUNG,of both the minorityand
majoritykind,leavesmindoutofwhatit callsobjectivereality,andthen
has to try to smuggleit backthroughsomedoctrineof organizing
relations,emergenceandthelike.

Foranyviewwhichemphasizestheprocesscharacterof things,and
the importanceof the relationsbetweenthem,the boundariesof each
thingmustappearsomewhatindefinite,sincenothingcanexisttotally
for itself,withno involvementwithanythingelse.However,classical
logic,andmostofthemathematicswhichisderivedfromit, isbasedon
considerationofclearlydefinedentitieswith,asonemightput it, defi-
nitehardedges.Recently,withtheattentionbeingpaidtoHeraclitan
processideasas againstthe Democriteanatomisticones,peopleare
tryingtodevelopa mathematicsof‘fuzzy’entities;a logic,and,perhaps
moredowntoearth,acomputer-programmingsystem,whichdealswith
notionswhichcannotbepreciselydefined.Anothersimilardevelopment
is to saythat the stateof a system,whichconventionallywouldbe
representedby a pointon a graph,shouldbe representedby a point
surroundedby a ‘tolerance’region,andcanlieanywherewithinthat
region;thenonedealsnotwithaclear-cutgeometricalspace,butwitha
‘tolerancespace’.Ofcourse,manyofoureverydaystatements,andthe
mostimportantonesat that,doalreadydealwithsuchconcepts.Who
woulddareto offerprecisedefinitionsof anyof the mainwordsin
statementslike‘Lovethyneighbourasthyself’,oreven‘applesarenicer
thanpears’?Thesenewdevelopmentsinmathematicsaregenuinelynew
Toolsfor Thoughtwhich,whendeveloped,willmakeit possibleto
handlesuchmattersmoreprecisely.

Thereisnospaceherefora fulldiscussionofthealternativethingor
processpointsof view.However,thereare twopointswhichit seems
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usefultomake.Thefirstisrelativelyminorinimportance,butisneces-
saryinformationin relationto whatoneis likelyto comeacrossin
readingrecentmaterial.Thecontroversybetweenvitalismandmechan-
ism,andthedevelopmentoftheminorityviewoftheimportanceof
organizingrelationsandemergence,waslargelya Europeanpheno-
menonduringthethirtiesandforties.TheAmericansplayedlittlepart
in it, andonthewholeevennowdonotunderstandwhatyoumeanif
youspeakof vitalismandmechanism.Theybecameinterestedin the
subjectconsiderablylater,indeedmostlynotuntilthesixties,andthey
tendtouseinthisconnectiontheword‘reductionism’.Onemightthink
atfirstsightthatthiswouldindicatetheviewthatoneshouldstartfrom
theobservationor experiment,andattemptto reduceitscomplexityto
termsof the simplerentitieswhichonehasalreadycomeacrossin
physicsand chemistry;whichis just what the most radicalanti-
COWDUNGviewwouldmaintain.However,inAmericanpractice,the
wordisusedinexactlytheoppositesensetothis.‘Reductionism’1m-
pliestworatherdifferentthings.As a philosophyit meansthat the
objectiveworldconsistsofphysico-chemicalentitiesandexplicitlyde-
scribableinteractionsbetweenthem.Thisistheviewthatwehaveabove
designatedasmajorityCOWDUNG.Secondly,reductionismisa recipe
foraction:thenit isthebeliefthatifyouareconfrontedwithacomplex
situation,forinstancealivingsystem,yourbestbettogetsomesortof
pay-offorotheristolookfor
influencethephenomenonin

Treatsexassomethingin
up withthe Pill—a pretty

thephysicalorchemicalfactorswhichcan
question.
thefieldofchemistry,andyoumaycome
definiteagentwhichproducesa pretty

definiteresult.If, ontheotherhand,yourefuseeverto treatit as
anythinglesscomplexthanthefullcontentofoccasionsofsexualexperi-
ence,youmayfindthat it is evenmorecomplexthanyouthought
(owingto the unconsciousfactorsin it) andfinishup feelingyourself
boggeddownina bottomlessmorassofFreud,Jung,Reich,Laingand
therest.It is a difficultchoice.Undoubtedly,the‘thing’view‘works’,
uptoapoint;the‘reductionist’approachtosexualitycanfixit sothata
girldoesn’tproducea fertilizableovumjustwhenits presenceis not
wanted.Butthepresenceorabsenceofa fertilizableeggisnottheonly
thingofimportanceina sexualexperience.Theexperiencedoesinclude
factorswhich,onecanrecognize,Freudeta/. aretryingto talkabout,
howeverdifficulttheyfindit to dosoinanymeaningfulway.

Asanexpressionofpersonalopinion,I wouldsaythatreductionism
is lousyphilosophy(becausescienceis basedon experiments,not on
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atoms),but is a goodrecipefor makinga quick(scientific)buckby
discoveringsomeusefulpracticalinformation;but is badagainas a
methodformakingmajoradvancesin humancomprehension,suchas
thoseofDarwin,Freud,Einsteinor thequantumphysicists.

TherearetwopointsworthaddingaboutWhitehead.In hislaterlife
hedevelopedhisphilosophyintosomewhatesotericcomplexities.Few
peopleexceptprofessionalphilosopherswillwishtogointoit.However,
in theearlierstagesofhisthought,hecoinedtwophraseswhichit is
worthanyone’swhiletobeacquaintedwithandtoconsider.

The firstis the ‘BifurcationofNature’;by whichhe meantthe (to
himmistaken)ideathatit is possibleto splitnatureintotwoseparate
parts,mindonthe onehand,andmatteron theother.Thisthesisis
particularlyassociatedwiththenameofDescartes,andisalsoknownas
theCartesiandualism.Whiteheadmaintained,inoppositiontothis,that
primitivelywegettoknowabouttheworldbya processwhichinvolves
minds,whichoperatebymeansofourbodilymaterialstructures,inter-
actingwithexternalevents.Heclaimedthatanattempttomakeaclean-
cut break,betweenthe subjectivementalobserverand the objective
materialobserved,is a basicerror. They are initiallyparts of a
whole,andifonewantsforsomepurposestoseparatethem,thatcan
onlybe a matterof conveniencethat shouldbe indulgedin with
greatcaution.

The secondof his phrasesworth rememberingis ‘Fallacyof
MisplacedConcreteness’.Mostconventionalthought,heargues,recog-
nizescertainderived,andessentiallyabstract,notions,thathavebeen
inventedbymantotrytomakesenseofthesituationshecomesacross.
Examplesarephysicalatoms,orfeelingssuchasanger,orsocialnotions
suchas justice.Mantendsto acceptthesenotionsas beingconcrete
things,whichcould,asitwere,bepickedupandplacedsomewhereelse.
Whiteheadarguedthat suchnotionsare in factalwaysderivedfrom
actualoccasionsof humanexperience.Theexperiencesarethereal
things;thenotionsaresecondaryandderivative.It is dangerousto
forgetthis,andtotakethesesecondarythingsasmoreconcreteandreal
thantheyactuallyare.Thisis,ofcourse,justanother,butanilluminat-
ingway,ofputtingtheargumentagainstreductionismasa philosophy.
If weacceptthattheuniversecontainsthingswhichareindependentof
our personalselves—thenit is a fallacyto supposethat ourpresent
descriptionsof theseindependentfactorssumup the wholeof their
concretereality,leavingnothingout.‘Atomsarereal.”Okay,butwhat
sortofatoms?Allweknowaboutthemiswhatwehavesofarsucceeded
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in findingout, by analysingour experiences,and arrangingto have
experiences(experiments)whichlooklike beinginformative.The
FallacyofMisplacedConcreteness,initssimplestform(therearemany
moresubtleforms),istosupposethatwhatwehavesofardiscoveredis
thewholeofwhatiscontainedin therealityindependentofourselves.

B.MoralPhilosophy
Values

Discussionofthephilosophicalnatureoftheworldwelivein—things
orprocesses?—hasbeenunfashionablebothforacademicphilosophers
and for ordinarypeople.Discussingthe other main questionsin
philosophy,aboutvaluesandethics,hasbeeninsomewaysevenmore
pushedintothebackgroundinthelastthirtyorfortyyears.Formostof
Europeanhistory,andof thehistoryof mostotherpartsof theworld
too,thecharacteroftheGoodandtheRighthavebeencentralissuesfor
civilizedthought,fallingoutofpublicdiscussiononlyin periodswhen
there wassuch generalagreementabout them that argumentation
seemedunnecessary.Rathersuddenly,in the lasthalf-century,people
havebegunactingasthoughsuchconceptseitherhadnomeaningatall,
or, if theyhadany,thiscouldbe leftin thehandsof a fewspecialist
theologiansora dwindlingbandofmoralphilosophersnearthebottom
ofthescaleofesteemandprestigein theacademicworld.Manyofthe
youngergenerationtodaydonotagreewiththisnegligentdismissalof
suchmatters,and I do not myself.The branchof philosophywhich
dealswithmoralsandvaluesrequiresdiscussion,evenina bookwitha
methodologicalslantlikethisone;not becauseit providesToolsfor
Thought,butratherbecauseit suggestswhatkindoftoolsaregoingto
berequired.

Thereare,ofcourse,a largevarietyofopinions,andallwehavespace
forhereisto listthemwithoutattemptingtocomparetheirmerits.The
mainvarietiescanbe describedas arisingbycombiningitemschosen
fromthreepairsofalternatives:

a
b
p
q
x
y

Natureconsistsofthings;
Natureconsistsofprocesses;
Valuesareinsidenature;
Valuesareoutsidenature;
ValuesstemfromGod;
Godstemsfromvalues.
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For instance,onemightbelievethatnatureconsistsof things,and
thatthethingsarethemselvesvaluablebecauseGodcreatedthem;this
wouldbe thecombinationofa—p—x.Or onemightbelievethatnature
consistsof things,whichhavenovaluein themselves,butvaluesexist
andfromthisfactonecandeducetheexistenceofGod;thiswouldbe
a—q—y.Andsoon.Thereareeightpossiblecombinations,andnearlyall
ofthemhavebeenbelievedbysomepeoplesomewheresometime.

Therecanalsobeviewswhichrejectbothofoneormoreofthepairs
ofalternatives.Forinstance,themostextremevarietyofthe‘reduction-
ist’philosophy,whichsomepeoplewouldhaveusbelieveisthebasic
philosophyofscience,tellsusthattheworld,includingman,isnothing
butamachine;everythingismoleculesandnothingbutmolecules.This
is acceptinga, but it is rejectingthat therereallyare suchthingsas
values,andis thusturningdownbothp andgq,andx andy. Amilder
formof this,whichis theformoriginallypresentedby theearlier
philosophersofscience,suchasDescartes,didat leastofficiallyaccept
theexistenceofGod,andthatvaluesarederivedfromHim;thatistosay
it wastheviewa—q-x.

Perhaps,as a wordof guidance(orwarning)aboutthe restof this
book,I shouldsaythatmyownpersonalviewfallsundertheheadingb—
p—y;natureismadeupofprocesses,andtheprocessesinvolvevalues,
and God—if onewishesto usethat term—arises
inherentin theprocesses.

fromthe values

ThinkingandFeeling

In thelastfewyearstherehasbeena considerablerevivalofinterestin
themodeofdealingwitha worldwhichrejectsthewholeideaofan
intellectualanalysis.Theonlytypeofintellectit valuesis whatRoszak
calls‘RhapsodicIntellect’.In effectit doesnotwanttohaveanythingto
dowithanyofthealternativeslistedabove.It presentsthefeelingthat
intellectualthoughtcanneverbemorethananexplorationofrelations
betweenabstractconcepts;andanabstractconceptisbyitsverydefini-
tiononlya partialandincompletereflectionof reality.Oneof the
greatestspokesmenforthispointofviewin classicalEnglishliterature
wasWilliamBlake(‘togeneraliseistobeanidiot’).Wordsworthandthe
otherpoetsoftheRomanticmovementoftheearlynineteenthcentury

_put thesamepointofviewin a slightlylessextremeform;then,more
recently,D. H. Lawrence.Todayit is mostforcefullyexpressedby a
groupofyoungAmericanwriters,suchasCharlesReich,PhilipSlater
andTheodoreRoszak.Theserecentwritersareexplicitlywritingagainst
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somethingwhichtheytaketobecharacteristicofthedominantculture—
theCOWDUNGofthepresenttime.Theyarguethattheaffairsofthe
worldareat presentrunsolelyunderthe influenceof thehead,whose
modeofbehaviourisintermsofconceptualthought;whiletheycallfor
dealingwiththeworldthroughthebody,whosemodeofbehaviouris
throughspontaneousfeelingandaction.Theyusuallyalsoidentifythe
headanditsconceptualthinkingwithscience,andtheythereforeappear
asanti-scientists.

Thishasbeenaninfluentialsetofvaluesinrecentyears,particularly
amongstyoungpeople.In manywaysquiterightlyso,at leastinasfar
asit stressestheimportanceofotherfacultiesto thatofconceptual
thoughtalone.But it is actuallyquitewrongin its identificationof
sciencewithconceptualthought,asI shallpointoutlaterwhendiscuss-
ingthescientificmethods(p. 117).Scienceinvolvesthinkingbut does
notarisefromit; thegroundworkofscienceis observationandexperi-
ment.The generalexplorationof oursurroundingsinvolvedin asking
‘whatsort of thingsare we comingacross?’bringsthe scientistup
againstjusttherawmaterialofexperiencewhichtheanti-rationalistsare
emphasizing.Of course,sciencethen goeson to utilizeconceptual
analysis,to clarifyexperiencesandtryto makesenseofthem.Butit is
basicallywrongto supposethatsciencedoesnot includethismodeof
behaviour—althoughit mustbeadmittedthatsomescientistshavetried
to givethatimpression.

Again,I wouldarguethat it is incorrectof the anti-scientiststo
attributethe presentillsof the worldto scienceas such.Theyarise
muchmorefromthemisapplicationofscienceundertheinfluenceofa
basicallyinadequatesocialphilosophy,whichputs toomuchstress—
bothincapitalistandinCommunistcountries—onmaterialgoods.This
lastpoint,ofcourse,goeswellbeyondthefieldofmethodologieswhich
arebeingdiscussedin thisbook.

ChristianityandEnvironment

Anothertopicaldiscussionabouttheimportanceofmoralphilosophyin
the worldtodaycentresroundthe argumentthat it is becauseof the
valuesenshrinedin Westernman’sreligionofChristianity,thathehas
allowedhimselftoravagethenaturalresourcesoftheplanetandpollute
hisenvironmentwithhiswasteproducts.It isclaimedthatthesanction
forthesemalpracticesis foundin theBookofGenesis,wherethestory
oftheCreationtellsthatGodgavetheearthandtheplantsandanimals
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init tothedominionofAdamforhimtouseashesawfit.Exponentsof
thisargumentusuallydonotgoontopointoutthatwhatwasgivento
Adamat the timeof the creationwasthe Gardenof Eden,in which
man,althoughthe mostimportantof livingcreatures,livedat peace
withalltheothers.It wasonlyaftertheFallofmanandtheexpulsion
fromtheearthlyparadisethatanyquestionofexploitationoftheworld
bymanarose.

In any case,it seemsverydifficultto sustainthe argumentthat
Christianmanhas alwaysalteredthe naturalecosystemsmoredras-
ticallythanthoseofotherreligions,or that thealterationsthathe has
producedhavealwaysbeendeleterious.Allgreatcivilizations,at all
timesandwithallmannerofreligions,havemadeprofoundchangesin
naturalecology.TheMesopotamian,EgyptianandChinesecivilizations
alldependedon drainingswampylandandcontrollingthewaterwith
elaboratecanals.Prettyvigorousremodellingsof the landscapewere
necessaryto supportthemountaincivilizationsoftheIncasofPeru,or
thericecultivatorsinthehillcountriesofSouth-EastAsia,oragainthe
greatcivilizationswhichconqueredthe rainlessplainsof Ceylonby
controllingthe waterfromthe mountains.Noneof these,of course,
wereChristian.Their justificationfor imposingtheir will on the
naturallandscapecannotbe lookedforin theBookofGenesis.More-
over,someofthemproducedin thelongruneffectsevenmoredevas-
tatingthan anythingbroughtaboutso far by WesternChristianity.
Mesopotamiancivilizationseventuallyruinedthe fertilityof theirland
andreducedthecountrytodesert,byagriculturalpracticeswhichledto
thefertilesoilbeingsweptintorivers.Thepre-ChristianMediterranean
civilizationsofGreeceandRome,combinedwiththeMuslimciviliza-
tionsin the earlycenturiesof our era, succeededin devastatingthe
southernshoresof theMediterranean,whichhadbeenthegranaryof
Rome.Moreover,ontheothersideofthepicture,Christiancivilizations
cannotbe accusedof alwayswreckingtheir ecosystems.Christian
Europenotonlyconvertedthe ill-drainedtangledforestsnorthof the
Alpsintofertileagriculturalland,but foundwaysof cultivatingthis
whichhavekeptit in goodshapeforabouta thousandyears.

The real blame for the harmfuleffectswhich man is now
undoubtedlyproducingin industrializedChristianWesternEurope
andNorthAmerica,can,I think,beblamedmuchmoreontheindus-
trialcomponentsinhisculturethanontheChristian.Reallyharmful
pollution—otherthanthatcausedbytheage-oldproblemofgettingrid
of humanexcretafromlargecities,whichhasbeenmoresatisfactorily
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solvedin the industrialcountriesthan in anypreviouscivilization—
begantoarisewiththedevelopmentofheavyindustryinBritainduring
theearlyphasesoftheIndustrialRevolution.It wasduealmostentirely
toa mixtureofignoranceandlackofforesight.Peoplesimplydidnot
knowhowharmfulsomeproducts,suchas sulphurdioxide,or heavy
metalslikemercury,leadandsoon,couldbe.Andtheydidnotforesee
theenormousexpansionofindustrywhichwouldconverta fewisolated
squaremilesofpollutedregionaroundparticularindustrialtownsintoa
conditionblanketinga largeproportionofthecountry.

Theselessonswerenot learntuntilthe damagehad becomequite
considerable.However,anti-pollutionlawscameinto operationin
Britainat a relativelyearlystage.It wasin America(followedbynon-
ChristianJapan)thatpollutionrosetoreallyspectacularlevelsincertain
places,andit is in Americathattheanti-pollutionoutcryhastherefore
beenmostviolent.TheintensityofpollutioninAmericaandthefeeble-
nessofanyattempttocontrolituntilthelastfewyearsisnot,I think,
fairlyattributableto thePuritanethic.In theearlytimesin American
history,whenthe Puritanethicwasan importantforcein theirsocial
behaviour,theNewEnglanders,guidedbythismorality,werenotpar-
ticularlybad polluters;nor werethe Southerncotton-growingslave-
owners.Reallyirresponsibleexploitationand pollutionof naturegot
underwaywiththegreatinfluxofimmigrantsfromthemid-nineteenth
centuryonwards.Their behaviourwas very little influencedby a
Christianmorality,Puritanorotherwise.It wasdominatedmuchmore
by the worshipof the greatgodMolock—the dollar.Therewasoil,
gold,copperand whoknowswhatelseto be foundjust beyondthe
westernhorizon.The manwhogottherefirstcouldtakethemoutas
fastaspossible,andgoon to thenextpieceof treasuretrove,leaving
behindhimwhatmesshepleased,tobeclearedupbyanyoneunenter-
prisingenoughto be contentto try to geta second,poorercrop.It is
onlyto shirktherealissueto attributeresponsibilityto thesemalprac-
ticeseitherto Christianity,or forthatmatterto science.Theyarethe
responsibilityofunmitigatedmaterialism—andyoudon’tseemtomake
it allthatmuchbetter,in thisconnection,bybeingdialecticalaboutit.
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2 Complexity

A. The Natureof Complexity

Relations,Instructionsand the Mind

Thisbook
complexity.
wayswhich
standingof
to startby

is abouttheproblemsinvolvedin tryingto geta graspon
Thefollowingchapterswilldescribea numberofdifferent
makeit nottoodifficulttobegintogetsomesortofunder-
complexsystems.Butsomepeoplemayfeelthatoneought
definingwhatweshallbediscussing.However,noonehas

yetsucceededingivingadefinitionof‘complexity’whichismeaningful
enoughtoenableonetomeasureexactlyhowcomplexa givensystemis.
Obviouslyit issomethingtodowiththenumberofelementswhichcan
beseparatelyidentifiedin thesystem,andwiththenumberofwaysin
whichtheyare related;but it is oftena matterof choicehowmany
elementsonewishestodistinguish,andhowfaronewantsto followup
theramificationsoftheirrelationshipsandinterconnections.

It isworthpointingout,though,thathoweveronemighttrytodefine
complexity,it tendsto increasefasterthan the numberof elements
involved.Considera verysimplecase:a numberofpeople,allofwhom
getto knoweachotherin pairs—andwewillnotpursuetheirinter-
relationsbeyondthe pairwise.If thereare twopeople,thereare two
pairwiserelations—a’srelationwithb, andb’srelationwitha, which
maynotbequitethesame.If therearetenpeopleeachindividualhas
nineotherstoknow,sothereare10x g = gorelations;iftherearefifty
people,thereare50 x 49= 2,450relationsandsoon(Fig.2a.1).

Roughlyspeaking,therelationsofthissortgoupasthesquareofthe
numberof elementsin a system.This means,for instance,that the
difficultyof runningsomethinglikea telephoneexchangeincreases
not in proportionto the numberof subscribers,but morenearlyin
proportionto the squareof the number—hencethe installationof
electronicswitchingapparatusin placeof the villagepostmistress.
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FIG.24.1

Somethingof the samesorthappenswiththe interferencewithyour
drivingby othercarson the roads,or evenmoregenerally,withthe
advantagesand disadvantagesof livingin a placeof highpopulation
density.Two’scompany,three’sacrowdandfiveorsixisgettingtobe
a shambles.

Theincreasein thecomplexityofrelationswhenthereisanincrease
in thenumberofthingstoberelatedmayseemalarmingenough,butit
is slightin comparisonwithwhathappenswhenweconsider,notrela-
tionsbetweenthings,butcombinationsofinstructions.Thereareonlya
verysmallnumberofrulesformoveswhichcanbemadeinchess,but
thenumberofdifferentpositionsofthepiecesontheboardwhichcan
resultwhenthesefewrulesareimplementedalternatelybytwoplayers
istrulyimmense.Evenwhenthereisonlyone‘player’,anda setofrules
whichitselfspecifieswhichruleistobeoperatedat thenextmove,the
resultswhicharegeneratedmaybeofincalculablecomplexity(though
sometimestheycanalsobe verysimple);someexamplesof thisare
describedinChapter9,whichdealswithinstructions(seepp. 145-160).
In suchcircumstancesthereseemsto benogeneraldefinitionofcom-
plexitywhichwouldbemeaningful.It makesmoresensetogivespecial
definitionsof whatonemeansin anyparticularcontext,to makeclear
whatoneis talkingaboutat thetime.

Thereis,however,onegeneralpointtobearinmind.Man’sattempts
todealwithcomplexsituationshavetobecarriedoutwithinthelimita-
tionsset by the capacitiesof his brain.Theselimitationsare rather
severe.Evenin well-trainedpeople,the humannervoussystemcan
processinformationonlyat therateof250—1,000wordsperminute(in



comparison,electronicequipment,usingsuchmethodsas microfilm,
canstoreandretrieveup to 700,000wordsperminute;andthisrateis
beingrapidlyincreased).Ifoneconsidersman’scapacityofconsidering
itemssimultaneously,thenumberhecandealwithistiny.Forinstance,
if heis subjectedto a numberofincomingstimulito hisvarioussense
organs,ingeneralhecandiscriminateandrecognizeonlyaboutsevenor
eightat once.Again,thisis aboutthenumberof itemsthata mancan
simultaneouslybringtomind,outofallthosestoredinhismemory,and
takeintoconsiderationat oneand the sametimewhencomingto a
decisionaboutsomething.Thisisaremarkablysmall‘channelcapacity’,
to usetheelectricalengineers’term.

The sevenor eightideasthatcanbe broughtintoimmediatecon-
sciousnessneednotbe itemsofspecificdetailedinformation.Someof
themmaybe complexideasor theoriessynthesizingintoa singlecon-
cepta massofminutedetails.Theprocessofformulatingtheoretical
concepts(suchasatom,gene,Oedipuscomplex,Hamletandthelike)is
theonlydevicethatmanhasat hisdisposalto helphimdealwiththe
highlycomplexworld.Thisis theessentialjustificationforthepursuit
ofpurescience,high-browliteratureandart.Withouttheassistanceof
thesymbolicconceptsformulatedbytheseapparentlyluxuryactivities,
manwouldbereducedeithertotakingdecisionsin thelightonlyof
sevenor eightparticularfacts,or to turningthewholethingoverto a
computer(which,ofcourse,hewouldhavehadto programmewithout
theaidofappropriategeneralconcepts).

B.ComplexityofInformationintheModernWorld

It is impossibleto giveanythinglikea completeor accuratepictureof
thecomplexityof themodernworld,whichmanhasto try to handle
withthesesomewhatimperfectinstruments.However,onecangetsome
ideaofatleastpartoftheproblembyconsideringstudieswhichhave
beenmadeofthegrowthofscientificinformationinthelasttwocen-
turies.Eventhiscanbeestimatedonlyindirectly,byfigureswhichgive
indicationsof trendsratherthan anythingmoreprecise.One such
indicationis thenumberofscientificjournalspublished.Thefirsttwo
journalsdevotedwhollyto science—ThePhilosophicalTransactionsof
theRoyalSocietyofLondon,andtheFrenchJournaldesScavants—were
bothstartedin 1665.A numbermorewerebegunat regularintervals
duringthe nextcentury.The processreallygotunderwayin earnest
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around1760;andsincethenthenumberofnewjournalsestablishedhas
doubledeveryfifteenyears(orincreasedten-foldeveryfiftyyears).By
nowwellover100,000scientificjournalshavebeenfounded.Not all
havepersisted,andnobodyknowsquitehowmanyjournalsarebeing
publishedatthepresenttime.Aslongagoas1938,Bernalestimatedthat
thereweresome33,000currentscientificpublications.Anotherestimate
in thelate1960sputthenumberat 50,000,containingabout1million
separatescientificpapersperyear.

Oneattempttohandlethismassofmaterialhasbeenthefoundation
ofsecondaryjournals,whosefunctionis to summarizeandabstractthe
paperspublishedintheprimaryjournals.Thefirstoftheseappearedas
longagoas1714inGermany.Bythetimetherewereenoughofthemto
forma representativesample,theyalsostartedto multiply,at thesame
exponentialrate as the primaryjournals,doublingin numberevery
fifteenyears,andreachingatotalof1,900bythemid1960s.Bythistime
therehad beendevelopeda tertiarylevelof periodicalpublications,
givinginformationabouttheabstractingjournals.Atpresentthereisa
planforaWorldScienceInformationSystem,undertheauspicesofthe
UnitedNations(UNISIST),whichcontemplatescentralcomputer
storageof allscientificinformation,witha suitablyelaborateretrieval
system.

It isveryobviousthatnosinglemancan‘know’allofthisinforma-
tion,orevenhaveveryreadyaccesstoit;buthemaybeabletofindany
particularitem,if hesearcheshardenoughforit. Theconsequenceof
thismaybethatit becomeseasiertorediscovera factratherthantofind
outwhethersomebodyelsehasalreadydiscoveredanddescribedit.One
getsthe impressionthatin somebranchesof science,suchaspartsof
biologywhicharestillflounderingaboutin searchof firmtheoretical
framework,a gooddealof currentresearchis alreadyof thiskind:an
earnestyoungworkercomingup withwhatseemsto him a novel
discovery,whichin factwaswellknownaboutfiftyyearspreviously,
althoughforgottenorneglectedintheinterim.This‘rediscoverypheno-
menon’maywellbecomeoneof themajorfactorslimitingtherateof
advanceofscience.

Anothereffectofthemassofscientificinformationis thatit encour-
agesspecialization.Thereis no evidencethat the manof todaycan
remember,andhaveat hisfingertips,manymoreitemsthancouldhis
predecessortwocenturiesago,when1,000fewerjournalswerebeing
published.Hehasperforcetonarrowtherangeoftopicsonwhichheis
wellinformed,thoughnotnecessarilybya factorof 1,000,since,aswe
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sawbefore,thedevelopmentoftheoreticalinsightmakesit possibleto
sumuplargemassesofinformationundertheheadingofa singlecon-
cept.Nevertheless,thenarrowingofrangemustbequiteconsiderable.

Attemptsto overcomethisdifficultyby inter-disciplinaryor trans-
disciplinaryteachingcanonlybesuccessfuluptoapoint.If,asseemsto
be necessary,oneassumesthatroughlyspeakingtheamountthatany
onepersoncanknowis approximatelyfixed,thereis no usethinking
thatbyteachingastudenttwoorthreesubjectsonecangethimtoknow
as muchaboutthesesubjectsas do specialistswhostudyonlyoneof
them.Thepurposeof inter-disciplinaryteachingis bestconsideredas
theproductionofadifferentmixofinterestswhichseemsparticularly
relevantto importantproblemsofthetime,ratherthantheimpossible
taskofaddingoneexistingspecialismtoanother.

Oneofthemostimportanteffectsoftherapidincreaseinthevolume
of informationis thatinformationisveryrapidlyrenderedobsoleteby
thediscoveryofnewfacts.DeSollaPricehasdiscussedthisintermsof
‘acoefficientofimmediacy’.Thisistheratiooftheincreaseinavariable
(suchasinformation)overaperiod,toitsvalueattheendofthatperiod.
For instance,if theamountof informationdoublesin fifteenyears,it
wouldbeAat thebeginningofthatperiodand2Aattheendofit.The

increasein A andthecoefficientof immediacyis a 4, That is to
2

say,that at the endof the fifteenyears,50per centof the available
informationwillhavebeendiscoveredduringthatperioditself.

Thereisanother,perhapslessflattering,wayoflookingat thissitua-
tion,whichis veryrelevantto peoplewhoareundergoingcoursesof
formaleducation.Supposesomebody’sschoolingfinishedin the year
thefifteen-yearperiodmentionedabovebegan,thenfifteenyearslater
50percentof theavailableinformationwouldnothavebeenin exis-
tencewhenhe ceasedhis coursesof study.Unlesshe had goneon
learninginthemeantime,hecouldberegardedas50percentobsoles-
cent.Overa workinglifeof forty-fiveyears,a personin thissituation
wouldbecome87:5percentobsolescent.In someveryrapidlyadvanc-
ingfields,suchascomputerscience,thedoublingperiodisnotfifteen
years,butmorelikefouryears,andinsuchcircumstancesobsolescence
reaches98percentinonlytwenty-fouryears.

Thesearetheoreticalfigures,butthereissomeactualevidenceabout
therateatwhichuniversityinstructiongoesoutofdateincertainfields.
AstudyhasbeenmadebyZelikoff(1968)ofsome7,000undergraduate
and graduatecoursesin engineeringsciencesgivenat fivemajor
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Americanuniversities.He tookthe numberof coursesofferedat the
start of a givenperiodas representingthe ‘amount’of information
availableat that time.The quantityof ‘newknowledge’accumulated
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Fromthesefigures,hecouldcalculatetherateatwhichapersonwho
graduatedina givenyearwouldbecomeobsolescentifheceasedlearn-
ingintheyearheleftcollege.Thefiguresareprettyalarmingtoanyone
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whothinksallyouhaveto do is to learna certainnumberof factsat
universityandtheywilllastyoutherestofyourlife.Evenpeoplewho
graduatedin 1955(thelastyearin whichtherewasanythinglikesuffi-
cientfactualevidence)wouldbe about30 per cent obsolescentfive
yearsaftergraduation,andnearly60percentafterfifteen.If oneex-
trapolatesthefigurestothepresenttime,engineerswhoceasedlearning
anythingin 1970wouldbegetting50percentoutofdateinaslittleas
fiveyears.

19501960 1970 1980
Yearofgraduation

1990 2000

FIG.2b.3

Thismethodis,ofcourse,onlya veryroughtwayofestimatingthe
rateat whichnewknowledgeis beingaddedto theoldstock,andthe
figuresofratesofobsolescenceshouldclearlynotbetakenasaccurate.
Theyare theoreticalandindicativeonly;but theyareprobablyright
enoughasordersofmagnitude,andinsuggestingthatitonlytakesafew
yearsfora considerablefractionofmostpeople’sstoreofknowledgeto
getoutofdate.Perhapsthisis especiallysoin science,in whichinfor-
mationisveryactivelysought,andis recordedforotherpeopleto use.
Buteveninlessformalizedintellectualfields,suchastheunderstanding
ofpeoples,societiesandpoliticalsystems,thesamesortofobsolescence
ofpointsofview,opinionsandunderstandingalsooccurs,thoughpos-
siblyat a slowerrate.

It wouldbeoptimisticto thinkthatanyonereallyknowshowto deal
withthe situation.The solutionliespresumablyin somemixof (a)
teachinggeneralprincipleswhichwillgooutofdateonlyslowly,and(b)
teachingmethodsforfindingoutrapidlyandfairlycomprehensivelythe
up-to-datefactualinformationwhichwillputfleshonthesebarebones
atanytimewhenit becomesnecessarytoapplythe(c)teachingmethods
ofclassifyinginformationintoahierarchyofcategories,sothattheitems
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relevantto a particularcontextcan be rapidlyfilteredout, and (d)
instillingmotivationfor continuingself-educationafterthe periodof
formaleducationhasceased.Butexactlywhatthismixshouldbeand
howtoachievetheseendsstillremainstobeworkedout(andshouldbe
thesubjectofmuchmorevigorousdebatethanit usuallyis).
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3 ComplexShapes

Perhapsthe simplestexamplesof complexthingswhichone comes
acrossarecomplexshapes;in them,nothingischanging,andnothingis
engagedinactiveinteractionwithanythingelse.Evenso,theyarequite
difficultto graspordescribe.

A.SymmetryandOrderedShapes

Oneofthefirststepswecommonlytaketotrytomakesenseofa shape
is to lookforsymmetryin it. Thederivationof thewordsymmetry—
fromtwoGreekwordsmeaning‘with,oraccompanying’and‘measure’
—givesit theverygeneralmeaningofreferringtopartswithsimilar
geometricalproperties;and,of course,manyof the thingswecome
acrossdohavepartswithsimilarproperties.Humanbeingshavea right
sidewhichisverysimilartotheirleftside;catsanddogshavefourvery
similarlegs,insectshavesix,spiderseightandcentipedesmany;andthe
legsarenotonlyverysimilarbutarearrangedinanorderlyway.It isan
orderlinessinthearrangementofsimilarpartswhichisusuallymeant
by the wordsymmetry.Thereis no doubtthata shapewhichwecan
describeasanorderlysymmetricalarrangementofsimilarpartsismuch
morecomprehensibleandgraspablebythemindthanit wouldbe if it
doesnotcontainanysimilarsub-parts,or if thosepartswerejustscat-
teredhiggledy-piggledy,withoutanyrationalprinciplesofarrangement.

However,thedegreeto whichonecanunderstanda complexsystem
byfindinganddescribingasymmetryofitsshapesisreallyverylimited.
It turnsoutthatthereareonlya fewwaysin whichsymmetrycanbe
produced,and this meansthereare relativelyfewpossibletypesof
symmetry.Considerfirsthowonecouldproducesymmetry.Startwitha
singleasymmetricalshape,suchas a hookdrawnona sheetofpaper,
whichbends,say,to theright.Therearebasicallythreewaysin which
wecanarrangeotherhooksin somesortof symmetricalrelationto it.
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~tetation

FIG.3a.1

Oneis to produceitsmirrorimage;if thehookis reflectedin a mirror
set at right anglesto the planeof the paper,a newhookwillbe
produced,this timebendingto the left. Anotherwayof producing
symmetryisto imaginethatthereisa lineperpendiculartotheplaneof
the paper,andthat the hookis rotatedaroundthisas an axis.If the
revolutiongoesthe wholewayround,360°,it of coursereturnsto
whereit wasbefore,butifthewholeturniscompletedintwosteps,the
firsthalf-turnof 180°wouldproduceanotherhook.Andonecouldalso
producesymmetricalarrangementsbymakingthewholeturnin three,
four,fiveor sixsteps.Allthehooksproducedwill,ofcourseberight-
handhooksliketheoriginalone;butonecancombinetheserotational
symmetrieswithmirrorsymmetries,andsoobtainarrangementscon-
tainingbothright-andleft-handhooks.Thereisa thirdwayofproduc-
ingsymmetry,simplybydisplacingtheoriginalhook,througha certain
distance,withouteitherrotatingor mirroringit. Thesethreetypesof
changedeterminethe onlythreebasictypesof symmetrythereare—
reflectional,rotationalandtranslational.

Therearealsoonlya relativelysmallnumberofwaysin whichthese
symmetriescanbecombinedwithoneanother.If oneisconcernedwith
flatpatterns,whichcanbe drawnonaplain sheetofpaper,thereare
onlyseventeenpossiblearrangementsofcombinedsymmetriesthatwill
producea patternthatdoesnot haveemptygapsin it. For instance,
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FIG.3a.3

pentagonsproducedby five-steprotationscannotbe packedtogether
withoutgaps,thoughhexagonscan.Theproofthatthereareonlyseven-
teenpossiblearrangementsisquitedifficultandwillnotbegivenhere,
but thedrawing3a.2showsthemall.

Themostperfectexamplesofsymmetryonecomesacrossin thereal
worldarethearrangementsofatomsandmoleculesin crystals.These
cannot,ofcourse,beseenwiththenakedeyeorevenwithanordinary
microscope;but the positionsandarrangementsof the atomscanbe
discoveredbytheuseofX-rays.Sincetheyarearrangedinsolidthree-
dimensionalstructuresthereare morepossibilitiesof symmetrythan
thereareinthetwodimensionsofaplane.Thereareinfactexactly230,
but thereis littlepointin anyonebut a chemistor crystallographer
workinghiswaythroughthewholelist.In mostof themoreordinary
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FIG.3a.4

affairsoflifeoneismuchmorelikelytocomeacrossthingswhichshow
onlysomepartialdegreeofsymmetry,ratherthanfollowingcompletely
anyof the preciselyspecifiedpatterns.In manyculturesartistshave
usedpatternsymmetryas a methodfor introducinga certaindefinite
butnotoverwhelmingsenseoforderintotheirproductions.

However,symmetry,in thestrictsenseinwhichwehavebeenusing
the wordhere,is certainlynot the onlypropertywhichcanimparta
degreeof visualunityto a shape.Thereare otherarrangements,in
whichthepartsarerelatedin somespecificmathematicalways,which
the mindcan acceptas orderly,evenwhenit cannotimmediately
expresstheprecisearrangementunderliningtheorder.For instance,a
recentartist,MaxBill,hasmademanyexplorationsof twoarrange-
mentswhichmostpeoplefindto havea strongapparentorder.Oneis
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basedon the arithmeticalfactthat 1+24+3+4+5+6+ 7+8
adduptothirty-six.Billtakesasquarewitheachsidesixunitsinlength
anddividesitintothirty-sixsmallsquares;inthesehearrangesdifferent
tonesorcolours,eachcharacterizingoneoftheseriesof 1,2,4;4,55°,
7,8.Eachgroupissymmetricallyarranged,butthewholearrangement
of themwithinthe thirty-sixsquaresis not symmetricalin anystrict
formofsense,andyetisveryorderly.

B.Shapes,neitherSymmetricalnorOrdered

Many,probablymost,naturalcomplexshapesexhibitlittlesymmetry.
Howcantheybedealtwith?Theconventionalprocedureis to thinkof
them in terms of their outline(let us confineourselvesto two-
dimensionalflatshapes,forthesakeofsimplicity).Butthisisnotvery
satisfactory.Theoutlineisprobablyverydifficulttodescribe;moreover,
ifwearedealingwitha livingthingsuchasa fish,wormortadpole,the
outlinewillchangedrasticallyas theanimalwriggles,yetclearlyin the
samesensetheshaperemainsthesameor almostthesame.Finally,if
onethinksonlyof theoutline,canweevensayjustwheretheshapeis
located?

Anotherwayoftreatingcomplexshapes,developedbyHarryBlum,
considerstheshapeasmadeupofa numberofoverlappingcircles,the
largestthatcanbefittedintotheshape.Thecentresofthesecircleswill
lieona lineora setoflines.Sucha lineisknownasthe‘medialaxis’or
‘symmetryaxis’,sinceit expressesa propertyof theshaperelatedto a
verygeneralizedconceptof symmetry.This is illustratedbelowwith
respecttoa shapetakenfroma paintedreliefbyArp(3b.1).

Fic. 3b.1
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Nowwecansaythatthelocationoftheshapeisgivenbytheposition
ofthecentreofthelargestinscribedcircle.Andwecanaltertheshape
slightly,whileretainingits basicform,by flexingthe symmetryaxis
whileretainingthesamesetofcirculardisks(3b.2).

FIG.3b.2

To describea shapein theseterms,onehasto knownotonlythe
symmetryaxis,butalsothesizeofthecircleswhicharetobecentredon
it (3b.3).

Fic. 3b.3

Oneofthesimplestwaystoprovidethisinformationisto regardthe
circlesasbasesofconeswithsomestandardangleofslope(3b.4).Then
theapicesoftheseconeswilllieona lineinthethree-dimensionalspace
abovetheshape,andtheheightofanyparticularapexwillbeprecisely

Fic.3b.4
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relatedtotheradiusofthecirclefromwhichit arises.Thewholeshape
is thendescribedbythisone‘ridgeline’in three-dimensionalspace.

The symmetry-axisdescriptioncan be usedveryconvenientlyin
connectionwithsomesortsofgrowthprocesses.Allweneedtodoisto
giverulesfor the waythe sizesof the variouscircles,or the timesat
whichtheyareinitiated,changeastimepasses.Forinstance,in3b.5we
haveassumeda branchedsymmetryaxis,withcirclesbeinginitiatedata
constantratefromthetopdownwards,and,wheninitiated,growingout
at a constantspeed;the‘contourlines’givetheoutlineoftheresulting
shapeatsuccessiveintervalsoftime.Thiswayofrepresentingtheresult
is sometimesspokenofasa ‘grass-fire’:it is whatwouldhappenifone
starteda firein a fieldof dry grass,whichspreadfasteralongthe
symmetryaxisandmoreslowlyoutwardsuntilitmetsomeotheralready
burntarea.

Fic. 3b.5
Thedrawingsin3b.6showsuccessivestagesofasysteminwhichthe

circlesareallinitiatedat thesametime,butgrowfasternearthelower
endoftheaxis,whiletheaxisitselfbecomescurvedmorerapidlyatthe
other,slow-growingend.Clearlytherearea greatmanychangingand
growingshapeswhichcanbedescribedin thismanner.

FIG.3.b.6
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Thestrengthsandweaknessesof methodslikethiscanonlybe ap-
preciatedwhenonetriesto usethem.Hereis an examplein which
Blum’smethodhasbeenfounduseful.Peoplewhotrytoreconstructthe
evolutionof manfromhis ape-likeancestorshaveto workfromthe
comparativelyfewrarefossilsof theintermediateforms—the‘missing
links’—thathavesofarbeenturnedup.Someofthesebones,including
someof the mostimportantof them,havecomplexshapeswhichare
difficulttograsp.Thereis,forinstance,a famousbonewhichwasfound
at SterkfonteininSouthAfrica,andisclearlypartofthepelvisofsome
creaturewhichbearsresemblancesbothto the greatapesand to the
humanspecies.It is a puzzlingsortof shapeto geta holdof. In fact
althoughmanybonesin the bodyhavebeengiventechnicalnames,
basedonrecognizableformswhichtheysuggest,thisboneistechnically
knownas ‘theinnominate’,that is to saythe unnamed,presumably
becauseit doesnotreallysuggestanythinginparticular.However,it is
oneof the partsof the skeletonthat has to get modifiedduringthe
evolutionfromrunningonallfoursto walkingupright,anditschanges
in shapearethereforeveryimportantin connectionwiththeevolution
oftheuprightpositionofman.

Therehasalwaysbeenconsiderablecontroversyamongstudentsof
thesematters,whetherit reallyshowsmoreresemblanceto thesimilar
bonein the apesor in the humas.Onecanseetheirdifficultiesby
lookingat thedrawingsin3b.7and3b.8whichshow,fromtwodifferent
pointsofview,theinnominatebonesofthechimpanzee,modernman,a
modernpygmyofsmallstatureandtheSterkfonteinfossil.Mostcom-
parisonsthathavebeenmadehaveinvolvedextremelyelaboratemeas-
urementsoftheoutlines,andcomplicatedstatisticalanalyses,resulting
in tablesoffigureswhicharenotveryeasyto grasp.However,Charles
OxnardhasappliedtheBlumtechniqueof‘medialaxistransformation’,
bywhichtheshapeofthecomplexoutlineistransformedintosomewhat
simplershapesof internalmediallines.Thismakesit easyto seethat
fromsomepointsofview,forinstancethatfromwhichit wasdrawnin
3b.7,the fossilhas strongresemblancesto the human;whilefrom
anotherpointofview,suchasthatusedin3b.8,it ismuchlesslikethe
humanandmorelikethechimpanzee.Thusthemethodmakesit fairly
easytovisualizethebroadoutlinesoftheresemblancesanddifferences
betweentheseforms.It doesnot;however,easilyresultinnumericalor
quantitativeestimatesof resemblance.Moreover,it is undoubtedlya
weaknessthattheanalysishastobemadeona seriesoftwo-dimensional
outlines,whereasreally,of course,one is tryingto comparethree-
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dimensionalsolidstructures.However,it isalwaysdifficult,exceptfora
fewexceptionalpeople,to visualizesolidstructuresveryclearly,and
mostpeoplehaveto be contentwithseeingwhatthree-dimensional
shapeslooklikeintwo-dimensionalprojections,aswehavedonehere.

Chimpanzee

i Modernmarr

|

Sterkfortcir Pygmy Fic.3b.7

Chimpanzee

ie
AgSterkfontein Pygmy Fic.3b.8
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4 TheStructureofComplexSystems

Ashape,howevercomplex,canonlybea descriptionofanappearance;
but to beginto understanda thingor a system,wehaveto findout
aboutitsstructure.Thiswillbethesubjectofthischapter;in laterones
weshallgoonto discussthechangesandoperationsofstructures.

Perhapsthesimplestkindofstructureacomplexsystemcanhaveisa
hierarchicalchainof command,suchas onefindsin an armywithits
generalat the top, its battalioncommanders,companycommanders,
platooncommandersandso on downto the commonsoldier.If one
makesa diagramwitha dot for eachindividual,then theycan be
arrangedin a tree-likeorder,correspondingto thechainof command
andresponsibility.

This is, of course,a very
whenwearedealingwithan
on thisprincipleit is usually
hierarchyanypersonbelongs

simpletypeof organizedstructure,and
organizationofhumanrelationshipsbased
quiteeasyto discoverwhichlevelof the

to.Buthemaybelongtodifferentlevelsin
differenthierarchies.Someonewhoisaprivatesoldierinanarmymay
atthesametimebeamemberofParliament,orapriestinanorganized
church,andthereforeoccupymuchhigherlevelsin thosehierarchies.

A. Hierarchies

Theconceptofa hierarchyisaverybasiconeinconsideringtheorgan-
izationof a complexentity.Weare so usedto it that whenwefind
ourselvesin a socialset-upwhichwedon’tunderstandour firstten-
dencyistoask‘whoisbossaroundhere?’Andwhenwetrytoorganize
a socialsystemofsomeotherkind,perhapsmoredemocraticandmore
pluralistic,thereisoftenagreattendencyforitgraduallytoturnitself
intoa hierarchicalsystemofthetraditionalkindin whicha fewpeople
bosstherest.

It isaprincipleoforganizationwhichhasbeenfoundveryconvenient
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Colonels

Captains

A SimpleHierarchy

FIG.4a.1

in dealingwithmanyorganizedsystemsapartfromthoseinvolvedin
man’ssociallife. For instancein biologyit is convenient,in fact
probablyessential,to distinguishbetweendifferentlevelsofoperation
whichcanbeconsideredaslevelsina hierarchicalsystem;forinstance,
theecologicallevel,whichincludesallthelivingthingsandthenatural
resourcesavailableinacertainregion;theleveloftheindividualanimal,
e.g.a rabbit;the levelof its organs,its liver,kidneysandsoon;the
cellularlevel;andthenseveraldifferentsub-cellularlevels.

The stillonlypartiallysolvedproblemis:whenis onetempted,or
whenis it justified,to analysea complicatedsystemintoa hierarchical
structureinvolvingdifferentlevels?The bestanswerthatseemsto be
availableis thatwedothiswhen,havinganalysedthecomplexintoa
numberofmoreelementaryunits,welookat therelationshipsofthese
unitsandfindthattheinter-relationsfallintoa fewseparateclasseswith
fewintermediates.Forinstance,theremaybea numberofquitestrong
interactionsanda numberofweakerones,but fewin between;or the
activitiesgoingoninthesystemmaybeclassifiedintoveryfastonesand
veryslowones,againwithfewintermediates.If youfoundyourself
confrontedwithanarmywitha strangeuniform,whoseinsigniaofrank
youdidnotunderstand,youwouldfind,ifyouwereallowedtoobserve
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things,that therewassomeindividualwhowouldspendfiveminutes
decidingthatB companywouldadvancealongthatroad,accompanied
byXbatteryofartillery;andBcompanyandXbatterywouldspendthe
nextcoupleofhourstryingto doso;whilethispersonhadgoneonin
thenextfiveminutesto saythata squadronoffighterbomberswould
carryouta raidlastingforfourhoursonsomeothertargetand,long
beforetheyhaddonethat,wouldorderthetankstodosomethingelse.
Hewouldbeactingona timescalemuchfasterthanthatofthepeople
hewasinteractingwith.Thiswouldbegoodgroundsforsayingthathe
washigherup on thehierarchy,at a levelabove,capableof andem-
poweredtogiveorderstoanddelegateresponsibilitiesto,thepeopleat
thelevelsbelow.

The differentclassesof interactionsneednot alwaysbe connected
withtimescale.Ifyoulookatallthecellsinthebodyofananimal,you
findthattheyfallintogroupswithstronginteractionsbetweenthosein
thesamegroup(forinstanceallthekidneycellsinthekidney,orallthe
livercellsin the liver),andmuchlessinteraction,thoughstillsome,
betweenthekidneyandthelivercells.Youcouldthensaythatthecells
werearrangedina hierarchicalorganization,withorganssuchaskidney
and liverforminga higherlevel,and the cellsgroupedunderthese
variousorgansmakingup the levelbelow.If onewantsto ask,for
instance,isacityahierarchicalorganization?,onewouldhavetolookto
seeif onecoulddetectimportantactivitiesandinteractionswhichfall
intocontrastinggroupsofintensityortimeconstants(I doubtifone
wouldfindmany;I donotthinkthatcitiesare
in theiractivities,thoughtheymayoftenbe
apparatus).

It is essentialto rememberthathierarchies,
beendiscussedhere,are onlydescriptionsof

hierarchicallyorganized
in theiradministrative

in the sensetheyhave
structure;theydo not

implythat‘lowerlevels’inthehierarchyare‘lower’inallthepossible
sensesofthatword.Forinstance,it isclearthatsomespecialfunctions
maybedelegatedtomembersofa fairlylowlevelin thehierarchy(e.g.
toa coloneloracaptaininanarmy),andhemaythenhavefullrespon-
sibilityfor that particulartask.Again,membersof a lowlevel(e.g.
dustmenorworkersinasewageplant)maycarryoutfunctionsonwhich
allthehigherlevelsarequitedependent.Thewholesubjectofhowa
hierarchicallyorganizedhumanassociationworks—whatisitsstrategy,
whatitstactics,andwhogivesordersaboutwhat?—isoneofthemajor
preoccupationsoftheimportantsubjectofManagementScience.

Simonhasbroughtoutoneof the reasonswhyorganizationintoa
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hierarchyis bothsousefulandsousual;he putsit in a parableabout
twowatch-makers,HoraandTempus,bothof whomproducedvery
fine,accuratewatches.But Horahad designedhis on a hierarchical
scheme;he couldput togetherten componentsinto a stablesub-
assembly,whichhe couldleaveasidefor a time;then he couldput
togethertendifferentsub-assembliesintoa majorpart;andfinallyten
majorpartsintothewholewatch.Tempushadn’tplannedit thatway.
Hiswatchhada thousandparts,justasHora’sdid.Buthe hadto get
themassembledall at onetime;if he hadgotonlyhalfof themput
together,butthenhadtostopworkfora bit,theyrapidlyfellapart.And,
of course,producingsuchgoodwatches,theywerebothveryoften
calledon by customers,andhadto stopwhattheyweredoingat the
moment,to servethemortakeorders.SoHorafoundtheinterruptions
a bitofa nuisance,but theyneversethimbackmorethana ten-stage
operation;butpoorTempusfoundit practicallyimpossibletocomplete
a watchat all;hemighthavegotit tostage950,whenthetelephoneor —
thedoorbellrang,andbythetimehecouldgetthecustomeroutofhis
hairwithoutlosinghiscustom,thewatchmighthavefallenapartdown
to stage250or evenworse.

Thisis,ofcourse,nomorethantherationaleonwhichHenryFordI
madehis fortune,andsaddledthe modernworldwiththe materially
enrichingbut humanlybrutalizinghierarchicallyorganizedassembly
linesofmassproduction.It isa methodthatworks;butitspriceisa bit
stifferthanyoumightguessat firstsight.Buthierarchicalorganization
has,in fact,beenadoptedby an extraordinarilywiderangeof natural
systems.

B.OtherTypesofOrder

Therearemanytypesoforganizationin whichthecomponentelemen-
taryunitsarenotrelatedtooneanotherinastrictly hierarchicalorder,
but in some more complicatedway. The structurecannot be
representedby a simplehierarchicaltree diagramas in the drawing
4a.1;but,asweshallsee,onecanoftenshowit asa somewhatmodified
tree.Therearealsootherwaysofmakingdiagramsofthesestructures
whichlookratheroddat firstsightto olderpeople,althoughyoung
childrenarenowoftentaughtaboutthemin elementaryschoolswhich
teachthe‘NewMaths’.

It willbewelltobeginbyconsideringanorganizedstructurewhichis
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notchanging;neitherthestructureasa whole,noritscomponentparts,
alterastimepasses;buttheunitshavecertainrelationswitheachother,
andwewantto expressthesein a waywhichmakesit easyto geta
generalgraspof howthe wholethingis put together.Takeas an
exampleanorganizedcomplexmadeupoffiveelementaryunits,a, ), c,
d ande, whichmaybe anythingfrom,say,individualpeoplewhoare
relatedbybondsoffriendshipat variousdegreesofintimacy,or towns
at variousdistancesfrom each other, all the way up to such complex
factorsaspopulation,food,pollution,naturalresources,capitalinvest-
ment,etc.,whoserelationswitheachotherconstitutethe‘organization’
oftheWorldProblem. |

Obviouslywecannotsaymuchaboutthestructureof theorganiza-
tionunlessweknowsomethingaboutthestrengthoftherelationsorthe
interactionsbetweenthe units.Obviouslyalso,we shallneverknow
enoughaboutthesestrengths.Weshallalways,oratleastshouldalways,
betryingtodiscovermore.Whatweareconcernedwithhere,however,
is themostconvenientwayofexpressingwhateverwedoknowat the
presenttime.

Themostcompletewayof expressingthisinformationis to listthe
fivecomponentsa, 5, c, d ande alonga horizontallineandalsover-
tically,andat eachsquarewheresaythe4columninterceptsthecrow,
writedownsomefigureindicatingthe strengthof the interactionbe-
tween/ andc(wherethe4columnmeetsthe/ row,wecaninsertsome
signindicatingidentity).Thiswillgivea tableor‘matrix’,madeupofa
lot of figures,likethe chartsof distancesbetweentowns,e.g.in the
AutomobileAssociationhandbook.
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Fic. 4b.1

It isdifficultforanyonewhoisnotanarithmeticalgeniustogetmuch
senseoutof it merelybyinspection.Onefirststepto makingit more
comprehensibleistoforgetaboutbeingreallyaccurateandtogroupthe
figuresintoa fewclasses.Sometimesit isgoodenoughtosimplifyreally
drastically,andsimplysaythata givenpaireitherdoesinteractenough
to countor doesnotintereactenoughto count.Or onemightbea bit
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moreinformative,and say that it interactsstrongly,or it interacts
weakly,or doesnot interact;or one can haveastill moredetailed
classificationincludingidentity(5),strong(4),moderate(3),weak(2)
andveryfeeble(1)interactions.Thenthetableaboveturnsinto:

a

a
b
c
d
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It isclearthatalthoughthesesimplificationsmaymakethesystemsa
biteasiertocomprehend,it willinvolvemakingthepicturelessaccur-
ate.Wearelosinginformationin orderto gaincomprehensibility.

Thenextsteptomakingthepicturemoreeasytograspistorearrange
thingsto bringout anynaturalgroupstheremaybe in the system.
Thereareseveralwaysofdoingthis,eachwithitsownadvantagesand
disadvantages,andsomewithmorevisualimpactthanothers.

Onevisuallyappealingwayis to representthe strengthsof interac-
tionsbytones,orsizesofdots,insteadofnumbers.Thusonecouldturn
the tableabove(whichclassifiesrelationsin fiveways)to a patternof
tonesorspotslikethefigures4b.3or4b.4.Thisin itselfdoesnotseem
to makethepicturemuchmoreeasyto understand.

However,wecouldthentry to rearrangethe rowsandcolumnsin
sucha wayastoproducea morecomprehensiblepattern.Forinstance,



therearrangementin 4b.5or 4b.6producesa darkareaat thetopleft
occupiedby the threemembers,A, E, D, andanotherat the bottom
rightwherethereis stronginteractionbetweenthemembersB andC.
Forinstance,ifA,B,C,D andE werepeopleallacquaintedwitheach
otherA,E andD wouldbeonegroupofspeciallyclosefriends,andB
andC another.Thetroubleaboutthisprocedureisthatit isnotalways
obvioushowto rearrangethe rowsandcolumnsto producethe most
clear-cutpatterns.
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Anotherwayto exhibittherelationsina visualformis to turnthem
intoa ‘treediagram’or‘dendrogram’.Thishastheeffectofshowingthe
structureas a modifiedhierarchy,withsomegapsandjumps.To do
this,the fivecomponentsarewrittenin a lineat the bottomandthe
appropriateonesareconnectedtogetherat successivelyhigherlevels,
indicatinginteractions,of strengths4, 3, 2 and 1.Againthe diagram
wouldbesimplerifonecouldfinda suitablearrangementintowhichto
placethe elementsin the lowestline. It is usuallybest to start by
groupingtogetherthosewhichinteractmoststrongly(4b.7).In this
example,a and d, d and e, and b and ¢, all interactat strength4.
Furthermorewemaynoticethatd interactsmorestronglywithb andc
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thana ande do.It isfairlysimple,therefore,in thiscasetoseethatthe
bestarrangementwillbeputtoa, e andd inonegroupandb andc in
another,andtohaved nexttob andc.Thusagoodordertotrywillbe
a,e,d,b,c.Nowinthelineabove,representingLevel4,wecanconnect
a andd, e andd, andb andc.AtthenextLevel,3,wehavetomakea
channelof communicationbetweena ande (thisin the diagramalso
makesanotherroundaboutconnectionbetweene andd, butasthereis
alreadya shorterconnectionbetweenthemat Level4, thisdoesnot
signify).AtthisLevelwealsohaveto connectb andc withd. Atthe
nextLevel,2, theonlynewconnectionsto makearebetweenb anda
ande.FinallyatLevel1wewillhavetoestablishaconnectionbetween
c anda ande.

Thewaytousesuchadiagramisasfollows:ifwewanttoknowwhat
istherelationbetweenb andsayd,wehavetodiscovertowhatLevelin
thetreewehavetogobeforewefinda bridgetogetacrossfromoneto
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theother.In thiscaseit isatLevel3. If wewanttogetfromb toa ore
wehaveto goup toLevel2.

Anotherwayofdrawingexactlythesameinformationasthereis ina
treediagramistomakewhatiscalledaVenndiagram.In thiscompon-
entsarewrittendownnotina line,butinsomesuitablearrangementon
the page.Thenoutlinesaredrawnenclosingthe oneswhichinteract
together,the heavinessof the line correspondingto the strengthof the
interaction.So we shalldraw heavylinesaround the pairs A and D, E
andB, andB andC. Nextwedrawa thinnerlineroundthe groups
whichinteractwithstrength3 or more.Thisgivesthetwogroups,A,
D,EandB,C,D.ThenwithastillthinnerlinewesurroundA,B,D,E,
whichinteractwithstrength2 ormore.Andfinallywitha thinnerline
stillwebringinC whichincludesinteractionsat strength1(4b.8).

Fic.4b.8
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Thesemethodsofmakingdiagramsof
sofarastheystimulatetheimagination,
forthesituationwhichwillallowoneto

The diagramsarestillobviouslyvery

therelationshipsareusefulin
andhelponeto geta ‘feeling’
seehowto gofurtherintoit.
complicated.Theonlywayto

preventthisistoleaveoutsomemoreoftheinformationintheoriginal
table.For instance,insteadof usingfourcategoriesto measurethe
strengthof interaction(strong,moderate,weakand veryweak),we
mightuseonlythree,lumpingtheveryweakalongwiththeweak.We
shouldthensimplifyourtreediagramandVenndiagramto 4b.9and
4b.10.

If wewentdowntoonlytwoclasses(strongandweak),nowlumping
themoderateoneswiththestrongones,weshouldgetthefigures4b.11
or4b.12.Thesearegettingquiteeasyto understand,butunfortunately
theydonottellusverymuchaboutthesystemin detail.

Level |

Level2

Level3

Fic.4b.11 ~~Fic.4b.12
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Anotherwayof forminga mentalimageof the system,whichis
stimulatingto theimaginationofpeoplewholiketo thinkof solid
structures,istoregardthelinesintheVenndiagramascontourlineson
a map,andusethemtobuildupa ‘mountain’,whosethree-dimensional
shapewouldthen incorporatethe informationin the.Venndiagram.
This can be donequitestraightforwardlyif we haveuseda lot of
simplificationto geta treediagramlike4b.11,anda Venndiagramon
whichtheloopsat anyoneleveldonotintercept.

a d 2 b C

FIG.4b.13

If wehaveusedlesssimplification,andVenn
interceptone another,we haveto be content
makingthemountain.Witha bitoffiddlingit is
a three-dimensionalstructure,whichgivesquite

loopsofa givenlevel
withlessprecisionin
oftenpossibletomodel
a goodoverallpicture

ofrelationships(4b.14isanattempttovisualize4b.10asamountain).
There is still anotherdifferentwayof givingvisualformto the

relationshipssuchasthosesetoutinthetablewestartedwith.Thisisto



writedownthefiveelements,a, b, c, d ande onthepageratherasone
did for the Venndiagram,thendrawlinesbetweenthosewhichare
relatedtooneanother.If weareusingseveralgradesofrelationship,we
canusethickerlinesforstrongrelationshipsandthinnerlinesforweaker
ones.We then get what is calledan associationgraph,4b.15,a
methodologicaltoolwhichhasbeenmuchusedbythoseplanningbuild-
ingsor cities.

Fic.4b.15

It wouldbe particularlyusefulif onecould‘scale’suchdiagrams.
Thatistosay,arrangethefivepointssothatthedistancesbetweenthem
areinverselyproportionalto thestrengthsoftheirrelationships,sothat
thecloselyrelatedonesareneartogetherandtheweaklyrelatedones
fartherapart.Thisis justwhatanarchitectwouldliketo dowhen
planninga groupofbuildings.Anothergroupofworkerswhowouldbe
veryinterestedtodevelopsuchmethodsarepeoplestudyingthenatural
grouping(species,genera,etc.)of animalsand plantsbasedon the
characteristicsof the organisms,rather than on their supposed
evolutionaryhistory.

Unfortunatelyit isnotalwayspossibleto carryoutanaccuratescal-
ing.Forinstanceifyouhaveonlythreeelements,a,b andc,it mightbe
thattherelationshipbetweenaandb willbesay2,andbetweenaandc,
3,butbetweenb andc,perhaps20.Thismightbeso,forinstance,ifa
wasa centralcity,b andc suburbsandyouweremeasuringthetimeof
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travelbetweenthem.Clearlyonecannotplacethreepointsonaplaneso
thatthedistancesbetweenthemare2,3 and30.Youcannothavea
triangleunlessthelengthofthelongestsideis lessthanthesumofthe
lengthsof the othertwosides.Sometimesonecan get out of such
difficultiesbychangingthecharacteroneismeasuring.In thiscasethe
interestingrelationbetweenthe cityand the twosuburbsmightbe
broughtoutsufficientlyifwemeasurenotlengthsoftimeoftravel,but
the numberof tripspeopleactuallymadebetweenthe threepairsof
points.Youwouldpresumablyfinda lotbetweena andb, andbetween
a andc, andquitefewbetweenb andc, andit mightbepossiblethat
thesefigurescouldbeplottedonto a properlyscaleddiagram.

Proceduresforscaling,ortryingtoscale,setsofrelationsmaybecome
rathercomplicated.I willdiscussthema littlemore,but I wouldadvise
thosewhohavenosenseofmathematicsthattheywillnotlosemuchif
theyskiptherestofthissection.

It isnotpossibleto
ofinteractionswehave
e,weretobesetapart
thedistanceshouldbe

scale,accurately,theassociationgraphoftheset
beenusingasanexample.If thepointsa,b,c,d,
bythereciprocaloftheclosenessofinteractions,
asin 4b.16.

a

e 4/3

b
c

2
4

d

Fic. 4b.16

e

I

4

d

=. 43
4/3

b

I

It is quiteeasyto arrangea, d ande at therightdistancesapart
(4b.17).Thenb andc shouldbe oneunitapart,somewherealongthe
circlebed,whichisdefinedbytheirdistancefromd;butthenb should
alsobeoncircleabtogettherightdistancefroma,andalsooncircleeb
to berightwithregardto e;andit cannotbeboth.Onewouldhaveto
acceptsomecompromise,puttingb perhapsatB’,a bittoonearaanda
bittoofarfrome.Thereareevenworsedifficultiesaboutc. It shouldbe
fourunitsawayfrombotha ande, andthiswouldtakeit rightoffthe
diagram.Thebestonecandoistoputit asfaraspossiblebeyondtheab
andebcircles,withoutlettingit gettoofarawayfromd.

In general,however,onesimplyhastoacceptthatinanycomplicated
situationcompletelyaccuratescalingislikelytobeimpossible.Various
methodshavebeenworkedout forestimatingthedegreeofdistortion
whichanygivenscaleddiagramimposesontheactualdata.Thereare
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Fic.4b.17

alsomethodsforusinga computertocalculatethebestpossiblescaling
thatcanbemadefroma givensetofdataonto,say,aflatsheetofpaper,
or possiblyas a three-dimensionalmodel.However,this is onlyfor
reallyprofessionalpurposeswherea highdegreeofquantitativeaccur-
acy is required.Fairlyroughand readyscaledassociationgraphs
preparedwithnothingmoreelaboratethancommonsenseanda bitof
trialanderroroftengiveonequitea goodmentalpictureof a com-
plicatedsetofrelationships.

To givean exampleI'll quoteone givenby PhilipTabor.This
showedthe relationshipsbetweentwenty-onedepartmentsin a fairly
largetownhall,therelationshipsbeingmeasuredbythenumberoftrips
andmessagesthatpassedbetweenthem.Theactualfiguresaregivenin
4b.18.Fromtheseyoucanmakea scaledassociationgraphwhichisnot
toobadlydistortedandwhichcomesoutlookinglike4b.19.
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|

Thisshowsclearlytheparticularlycloserelationshipbetween1and8
and 1 and2; whilebetween2 and8 it wasratherless,but stillquite
strong(1 wasthe TownClerk,2 wastheTreasurerand8 the Estate
Surveyor).

Finally,onecanusesucha scaledassociationgraphasa basisfora
Venndiagramifonemakesasimpleonewithnon-overlappingcontours.
It comesoutlookinglike4b.20,andthatcanbeturnedintothemoun-
tain4b.21.



5 ProcessesinComplexSystems

Wehaveso far beenconsideringthe structureof systemsin which,
althoughthingsaregoingon,thesystemitselfremainsthesameastime
passes.Wenowhaveto considersystemswhichalterwiththelapseof
time.

Timeisoffundamentalimportanceintwoways.Foronething,it isan
essentialpart of reality.Everythingreal lastssomelengthof time,
changingmore,lessor inappreciably,astimepasses.Aninstantaneous
momentis an abstractnotion,sometimesusefulbut neverreal.As
Whiteheadremarked,thepresentis reallythefringeofmemorytinged
withanticipation.Then,again,anyattempttoinfluencetheworldhasto
actontheprocesseswhicharegoingon.Temporalchangeisthebasic
mediumof allactivity,includingourown.For boththesereasons,an
understandingmerelyof the structureof a complexsystemis not
enough;wemusttrytounderstandit asaninter-relatedsetofprocesses.

A.OpenandClosedSystems

A firstimportantdistinctionis betweenclosedand opensystems.A
closedsystem,as the nameimplies,is onethat is entirelycontained
withinsomeenvelopethroughwhichnothingpasseseitherinwardsor
outwards.Allchangesgoonwithinthebagwhichinsulatesthesystem
fromtherestoftheworld.In anopensystem,in contrast,thingspass
intothesystemfromtheoutside,areprocessed,andsomethingelseis
extrudedoutwardsagain.

The conventionalmechanicaldynamicswhichareusuallytaughtin
school—ballsrollingdowninclinedplanes,levers,cog-wheels,bodies
collidingwitheachother,orbilliardballsbouncingoffcushions,andall
the restof ‘Newtonianmechanics’—reallyappliesto closedsystems
only.Thegreatlaws,oftheImpossibilityofPerpetual-Motion,andthe
SecondLawof Thermodynamics,that thingsalwaystendto become
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lesswellordered,arelawsofclosedsystems.Butnearlyallthesystems
onehastodealwithintherealworldareopensystems,becausetheyare
reallypart-systems.Theonlycompletelyclosedsystemis theuniverse
asa whole,andit isonlya fewastronomerswhohavetothinkseriously
aboutthat.

It is quitedifficultto thinkof naturalexamplesof smallerclosed
systems,butperhapsa barrelofwinewhichisgraduallymaturing,ora
cheesewhichis ripeninginsidean airproofcontainer,wouldbe
examples.Sinceanysortof changerequiressomeenergy,the closed
systemcanonlyundergochangeifit includesa stockofenergy-yielding
materialwhichcanbe graduallyutilized.It is the sugarin thegrape
juicewhichsuppliesenergyforthefermentationprocessesinthematur-
ingwine.Even‘Space-ShipEarth’,whichweareoftenadvisedtothink
ofasabodycompletelyisolatedinspace,dependentonlyonitsstoresof
enclosedenergy,is actuallyall the timereceivinga veryconsiderable
supplyofenergyfromtheradiationofthesun.Animals,plants,human
society,ecosystemsandso on areobviouslyopensystems,sincethey
alwaysreceiveinputsoffoodorothersourcesofenergy,andrawmater-
ialsofvariouskinds;andproducevariouskindsofwastesandartefacts.

B. Growth

Theword‘growth’isoftenappliedto almostanythingwhichincreases
in sizewiththepassageof time;andwehaveonlyto admitthepossi-
bilityofde-growthornegativegrowthtoapplyit alsotosystemswhich
getsmallerastimepasses.Changeofsizewithtimeis sucha common
phenomenoninhuman,socialoreconomicaffairsthatit isnecessaryto
havesomenotionofthewaysinwhichitcanbedescribed.Thesecanbe
mostpreciselyandneatlyexpressedin mathematicallanguage;but the
basicideasarequitesimple,andcanalsobe expressedwithoutmuch
difficultyin ordinaryEnglish;it willbecomeapparentthatthemathe-
maticalsymbols,whichat firstsightscareoffsomepeoplewhohave
gotintotheirheadsthefoolishnotionthatmathematicsis toodifficult
forthem,arereallyquitesimpletounderstand.

Growingthingsmaybe of twokinds.Theymaybe populations,
whosesizecanbeestimatedbycountingthenumberof individualsin
them;for instance,peoplein a nation,or bacteriaor othercellsin a
culture.What increases,then, is the total numberof countable
individuals.Alternativelythe growingsystemmaybe a continuous
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mass,whosesizehastobeestimatedbyweighingit ormeasuringit; in
thiscasethe thingthat increasesis the numberof unitsof weightor
unitsofmeasurement.In discussingthebasicideasaboutgrowththere
isusuallynoneedto makethisdistinctionexplicitly.Weshallreferto
boththesemeasuresofthegrowingsystemasmeasuresofitssize.

Thesimplestformofgrowthisoneinwhichthesystemincreasesby
acertainamountineachunitintime.Thatistosay,therateofgrowthis
constant.If,forinstance,atthebeginningoftheprocesswetakethesize
ofthesystemasXp,thenafteratimef,itssizewillbex. + &t,wherekisthe
amountaddedineachunittime.Thisiswhathappenswhenaseries of
equal-sizeddropsofwaterfallfromaleakytapintoabucketplacedbelowit.

In livingsystemsgrowthof this sort is ratherrare. Instead,the
amountofnewgrowthisusuallyverymuchdependentontheamount
of thegrowingsystemwhichis alreadyin existence.For instance,the
numberof childrenbornin a populationdependsin someway(not
alwaysa verysimpleway)on thenumberof existingindividualswho
canactasparents.Thesimplestsituationof thiskindis onein which
therateofgrowth(i.e.theamountaddedinunittime)dependsdirectly
onthesizeofthesystemalreadythere.Thiswouldbesoif ina human
populationeveryonegotmarried,andeachpairof parentsalways
produceda certainnumber
maturityto becomeparents
fatteningcalfwhichalways
weightduringthecourseof

ofchildren(sayfour),allofwhomlivedto
in theirturn.Anotherexamplewouldbea
putona givenfractionofitsexistingbody
thenexttwenty-fourhours.

ExponentialGrowth
Thissortof growthis knownas exponentialgrowth.Anotherwayof
expressingit istosaythattheabsolutesizeincreasesexponentially.This
nameis derivedfromthemathematicalexpressionof the situation.If
the sizeof the systemis.calledx, and the rateof increasein sizeis

writteneitheraso
t

(i.e.thedifferencein x whichoccursovera very

shorttimedt) or somethingevenmoreshortlyas x. If this rate of
es aeincreaseisdirectlyproportionaltothesizeweshallhavetheequatione

t

= kx,where&istheconstantofproportionality.Fromthisequationit
followsmathematically(thoughwedonotneedheretogointowhythis
isso)thatat anygiventime,¢,thesizex = xye*’wherexyistheinitial
sizefromwhichthesystembegan.Thewordexponentialreferstothefact
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Fic. 5b.1

inasa powerofthenumber,e,as2
thelineintheexpression.”.
ratherremarkableproperties,which
a graphoftherelationbetweensize

%
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thatin thisformulatime,¢,comes
comesinasa powerwrittenabove

This typeof growthhassome
canmosteasilybeseenbydrawing
andtime.

Drawing5b.1showsthe growthof a simpleexponentialsystem.It
startswithoneunitat timet,; at timet, it addssomethingofthesame
sizeitself,i.e.it adds1,ordoublesitself.Bytimet, it addsonanother
pieceat the samesizeas it is, i.e.doublesitselfagain.Thusit grows
from1to 2 to 4 to 8, 16,32.Theamountsaddedin eachintervalget
largeras thesystemitselfgetslarger.It willbe seenthattheabsolute
sizeseemstobegettinglargerat a fasterandfasterrate.Thisisneces-
sarilysosincetherateat whichit increasesis proportionalto thesize
itself,sothatifthatgetsbiggertherateofincreasemustalsogetbigger.

Onepeculiarconsequenceof thisis that,oncetheprocesshasbeen
goingonforsometime,therateofincreasesbecomessofastthatit only
takesa shortperiodfor the systemto add on to itselfas muchas
everythingit hadcontainedinthepast.Considerforinstancea popula-
tionofanannualplantin whichat theendofeachseasoneachplant
producestwo seedswhichgivetwoplantsin the followingseason.
Startingfromoneplantthenumbersinthepopulationgo1,2,4,8, 16,

67



32,64,128... If youcaretoadduptothetotalnumberofplantsthat
hadeverbeenin existenceup to andincludinganyparticulargenera-
tion,saythatinwhichtherewere128individuals,youwillfindthatthe
totalofthepreviousgenerationsamountto 127.Thusinsucha system
youcouldalwayssaythatofalltheplantstherehaveeverbeen,more
thanhalfarealiveat thepresenttime.Thissortofargumentis often
used,eitherto spreadalarmand despondency,or alternativelyin a
boastfulway, about situationsin human populations(of all the scien-
tists,or artists,or houses,or automobiles,or crimesof violence,etc.,
etc.,thattherehaveeverbeen,morethanhalfhappenedinourlifetime).
Thisisa simpleconsequenceofexponentialgrowth—ifexponential
growthreallyoccursforverylong,whichweshallseeisverydoubtful.

CompoundInterestandDiscountingtheFuture

Oneofthemostwidelyknownexamplesofexponentialgrowthismoney
putoutatcompoundinterest.Youlend{100at6percentinterest,and
attheendofthefirstyearyouhavegot£106;attheendofthenextyear
youget6percentnotonthe£100buton£106,andsoon.Areasonably
accurateformulaforwhatwilleventuallyhappenisthe‘SeventyLaw’.If
therateofinterestisX percent,thesumyouhaveinvestedwillhave
doubledin70/Xyears.At10percentitwillhavedoubledinsevenyears;at6
percentitwillhavedoubledinsomewhatundertwelveyears;anditwillgo
ondoublingagaineverysevenortwelveyearsasthecasemaybe.

Thisisfineifit isyourownmoney.Ifyoucanlaydown£100andget
a steady6 percentonit, in 100yearsthiswillhavedoubleda bitover
eighttimesandwillbegettingonfor£26,000.Anicelittlenest-eggfor
yourgreat-grandchildren.

It isprobablymoreimportanttoappreciatehowthesystemworksin
reverse,as it were.Somebodystartsbuildinga factory,or undertakes
someotherlong-termexercise,whichin,say,thirtyyearsisgoingtobe
causingpollutiontowhichsocietyhasbythattimewokenup,andwhich
it willwantto control.Sayit wouldcost£100,000to installtheextra
mechanismsrequiredto dealwiththedangerofpollution.If thefirm
buildingthefactoryisnotgoingtobeobligedlegally,orbysomeother
socialpressure,to providethispurificationplantuntilsometimeabout
thirtyyearsin thefuture,it can’tpossiblyafford(instraightfinancial
terms)tobuildit intotheplantfromthebeginning.Thirtyyearshence,
£100,000willrepresentonlyabout£20,000now,at say6 per cent
compoundinterest;andthatis clearlynotnearlyenoughto buildthe
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requiredmachinery.If, insteadof spendingthe £100,000on building
thepurificationplantintothe factory,whereit won’tbe demandedof
youforthirtyyears,youinvestedit in somethingelseat 6 percent,it
wouldhavedoubledmorethantwiceand be worthnearly£500,000
beforeyouwerecalleduponto providetheanti-pollutionfacility.The
financialsystemis suchthatpeoplearecompelledto discount(i.e.
neglect)the future,at a rate whichis an inverseof an exponential
growthrate.It forcesoneveryoneaveryshort-termpointofview.This
hasbeenoneofthemainreasonswhyourtechnologicaladvanceshave
landedussofarinthesoup;andit presentsoneofthemajordifficulties
in seeinghowwecanplanmoresensiblyfora reasonablylong-term
future.

AcceleratedExponentialGrowth

Thisissimpleexponentialgrowth;buttherecanbe,andoftenare,even
moreacceleratedtypesof growth,whichone mightcallsecond-or
third-ordertypes.Onesortofsecond-ordergrowthwouldbeif the
fractionof the existingsystemaddedon after each intervalitself
increased,asforinstanceina humanpopulationinwhichhealthcondi-
tionswereimprovingsothatmoreof thebabiesbornsurvived.In the
exampledrawnin 5b.2,it hasbeenassumedthatthefactorofincrease
aftereachintervalincreasesby$ateachstep,sothattheygo2,23,3,34
... Thisresultsinthenumbersinthesystembeing1,2,5, 15,525..
insteadof 1,2, 4, 8, 16... as theywouldbe withsimpleexponential
growth.

Fic. 5b.2
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Anothertypeofsecond-orderaccelerationisproducedifeachunitin
thesystemisgrowinglargeratthesametimeasthesystemisgrowingin
numbers;forinstance,eachpersonin a populationis demandingmore
and moreof something,suchas steel,as timepasses.In 5b.3,the
numbersin thepopulationgrowina standardexponentialway,1,2,4,
8, 16... but eachindividual’ssizeis enlargedby 50percentat each
step,goingI, 1°5,2°25,3°375...

Fic. 5b.3

Ofcourse,ifoneputstwosecond-orderexponentialgrowthstogether,
togeta third-ordersystem,itgrowswithenormousacceleration—thisis
whatishappening,forinstance,indemandsonresources,inmanyparts
oftheworldtoday.

Limitsto Growth

Another

7O

verydramaticresultof exponentialgrowthoccurswhenit



happensin somesystemwhichhasnaturallimitsthat willeventually
bringit toastop.Thereisa well-knownstoryofafarmerwhonoticeda
water-lilyonhispond,whichdoubleditssizeeveryday.To startwith,
ofcourse,itcoveredonlyaverysmallareaofthepond,andthefarmer
saidto hellwithit. Eventuallyit gotquitebig,andcovereda fairly
sizeablearea,butthefarmersaid,‘Ohwell,I won’tdoanythingaboutit
untilit covershalfthepond.’Butwhenit didcoverhalfthepond,how
longhadhegottocopewithit?—exactlyoneday,ofcourse.Thecrunch
comesveryfastundersuchcircumstances.It comesevenfasterin the
stillmorerealisticsituationinwhichthegrowingsystemremovessome-
thingnecessaryforitsgrowthfromtheenvironment,sothattheenvir-
onmentiseffectivelygettingsmallerasthesystemisgrowing.Thenthe
crunchbetweentherisingsizeofthesystemandthedecreasingsizeof
itscontainercomesevenfaster.Thisisthekindofsituationwhichsome
peoplehavesupposedtoapplytoman’suseofthelimitedrawmaterials
ofhisSpace-ShipEarth.

Drawing5b.4showsa situationin whicha populationis growing
exponentially,andusingup naturalresourcesfroma fixedstockat a
constantrateperperson.Obviously,eventuallytheywillhaveusedup
all the resourcesthereare;the onlysurprisingpointto noteis how
rapidlythesituationdeterioratestowardstheend.

Fic. 5b.4
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Clearlyifresourcesaregivenonceandforall,theymusteventuallybe
usedup, howeverslowlytheyare consumed.It is onlypossibleto
achievea stablesystemwhichcancarryonindefinitelyifnewresources
canbeproducedandaddedcontinuouslyto theinitialstock.Thenthe
systemcanbecomestablewhenresourcesareusedat thesamerateas
theyareproduced.Drawing5b.5showsanexampleofwhatwillhappen
if a populationusesup its initialstockof resourcesmuchfasterthan
theycanbe replaced.Therewillbean upsurgeof numberswhilethe

Piwaehepato
¥Ve Ra

pee

initialstockisbeingused,followedbyarapidfallbacktothenumbers
whichthecontinuousproductionofresourcecansupport.

Asimpliedbythe lasttwoexamples,exponentialgrowthcangoon
indefinitelyonlywhenthereareinfinitespaceandrawmaterialsavail-
ableforit. Thisis neverthecasein therealworld.Growthhasbeen
mostfullystudiedinbiologicalsystemsconsistingofcellsofanimalsor
plants.Thesimplesituationofexponentialgrowthisan idealwhichis
reallyverydifficultto achievein practice.It is notonlythatgrowing
systemssoonbegintobelimitedbythesizeofthecontainer—thatis,
theamountofspaceandrawmaterialsavailabletoit—buttherearetwo
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otherfactors.Thesystemisboundtoproduceacertainamountofwaste
productswhichit cannotitselfutilize,andwhichinfactarelikelytobe
harmfultoit.Thenagain,themechanismsofgrowth,bywhichthenew
materialsarebroughtintobeing,tendto wearoutandbecomeless
efficientastimegoeson.

If welookat the actualgrowththat oneis likelyto findin a real
biologicalsystem,whatweseeisa curvemuchmorelike56.6.Thereis
oftena shortperiodat thebeginning,knownasthelagphase,inwhich

FIG.5b.6 Time

thesystemisadaptingitselfto itsnewsurroundings.Thenit maygrow
fora timeexponentially.This periodis commonlyknownas the log
phase,becauseit is a mathematicalconsequenceof the exponential
formula,that the logarithmof the size appearsas a straightline
whenit is plottedasa graphagainstthe time.Thishasbeendonein
5b.7,andthelogphaseisquiterecognizableasthestraightlinepart,on
theleft.Buteventuallytherateofgrowthbeginstoslacken,thecurveof
sizebeginsto riselesssteeply,andthenturnsoverandbecomesflat.If
it hadgoneonindefinitelyin exponentialgrowththegraphofthesize
wouldhavebeenJ-shaped.In practiceit is nearlyalwaysS-shaped,
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Time

FIG.5b.7

becauseifthesystemisinanyfinitecontainerit isboundtogenerate
forceswhichwillslowup thegrowthandpreventit fromgoingon to
infinity.

These forcesmayunder somecircumstancesact, as it were,gently,to
producea smoothtransitionfromtheexponentialrateintoa slowerrate
andaneventualstationarysituation.Quiteoften,however,theywillact
inawaywhichonemightconsiderlesswellbalanced.Asystemmayfor
a timegrowbiggerthantheenvironmentcancontinueto sustain,and
willthenundergoa periodofrathervigorousde-growth(see5b.8);there
mayin factbe severaloscillations,of periodsof growthfollowedby
periodsof de-growth,beforeit settlesdownto a stablesizewhichthe
resourcesoftheenvironmentcanmaintainindefinitely.It is thepossi-
bilityofsuchtransientoscillationswhichhasbeenoneofthemainsub-
jectsof studyby Meadows,Meadows,Randers,andBehrewin their
bookTheLimitstoGrowthfor theClubofRome.

Therehavebeenmanyattemptsto finda suitablemathematicalfor-
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mulato expressthe S-shapedcurve;but althoughthe turningoverof
thecurveat thetoprightisalwaysproducedbysomesortoflimitation
in theenvironment,orbya gradualwearingoutofthegrowthmachin-
ery,iNpracticeit takessomanydifferentformsthatnooneformulais
appropriateinallcases.It isperhapsworthmentioningjustoneofthe
bestknownof theseformulae,whichis derivedfromtheideathatthe
growingsystemdependson a storeof somenaturalresourcewhichit
usesupata rateproportionalto itsownsize.Thisiswhatiscalledthe
‘logistic’formofgrowth,whichgivesanS-shapedcurvewiththerather

I dxcomplicatedformula =a —bx. It oftenprovidesquitea good
xXat

descriptionofmanybiologicalsystems,butbynomeansallofthem.

DifferentialGrowth

Wehavesofarspokenasifthegrowingsystemwerehomogeneous,that

75



=

is to say,allofonekind.Butmostgrowingsystemshavea numberof
differentparts,andthesepartsmaygrowatdifferentrates.Forinstance,
differentsectionsor groupsin a humanpopulationmayhavedifferent
reproductiveratesor deathrates.The numbersof peoplein different
typesof employmentmaygrowat differentrates,dependingon the
developmentofindustryandsoon.Thereisnopointin goingintoall
the complexitiesthat mayarise;but there is one relativelysimple
system,whichoftenhappensin biologicalentitiesandmayhavesome
applicationinhumanaffairsalso.Thisisonein whichthegrowthrate
ofonepartisamoreorlessconstantmultipleofthegrowthrateofsome
otherpart,orofthewhole.Thisproduceswhatisknownas‘hetero-
gonic’growth.It occurs,for instance,in an animalwhichpossesses
particularorganswhichgrowfasterthantherestofthebody(e.g.5b.9).

Fic. 5b.9

Theantlersofdeerareoftencitedasexamples;thebiggerthebodyof
thedeer,thedisproportionatelybiggerwillbe theantlers.A fewmil-
lenniaagotherewasa giantelkinhabitingIreland.Itsevolutionseemsto
havebeenin the directionof becominga largerand largeranimal,
possiblybecausethemalesfoughtwithoneanothertocapturefemales.
Bythetimeit becameextinctanddisappearedfromthescene,thefully-
grownanimalshadbecomeverylarge;andthismeantthattheirantlers,
whichgrewinaheterogonicrelationtotherestofthebody,hadbecome
reallygigantic.It isoftensuggestedthatit wastheoverdevelopmentof
theseantlers,whosesizerenderedthema genuinehandicap,thatledto
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the extinctionof thisspecies.Perhapsweareseeingsomethingrather
similarin the developmentof motorwaysand parkingplacesin the
centreofcities;theyareincreasinginareasomuchfasterthantherest
ofthecitythattheyseemto beindangerofusurpingthewholespace,
leavingnowhereforthehousesandofficestogo.

Whendifferentpartsofa biologicalorganismgrowat differentrates,
thesituationisoftenbetterdescribed,notbydissectingtheanimalinto
separateorgansandconsideringthe growthrateof eachoneof these
separately,butratherbysayingthatthereareoneorseveralgradientsof
growth.Whena humanbabyisbornitsheadisdisproportionatelylarge
anditslegsdisproportionatelysmall,comparedtotherelativesizesthey
willhavewhenthechildisanadult.Duringchildhood,however,there
is a generalgradientof growth,so that the lowerend (the legs)is
growingfastest,andtheupperend,thehead,is growingslowest,and
thereforetheproportionsofthebodygraduallychange(5b.10).

Whenonecomparesthe adultformsof closelyrelatedspecies,one
oftenfindsthattheshapeofonecouldbechangedintotheshapeofthe
other,ifonewereto supposethatdifferentsystemsofgrowthgradients
hadbeeninvolvedinthedevelopmentoftheanimal.Onewayofexhib-
itingthisistodrawtheoutlineofoneoftheanimalsinastraightforward
rectangulargrid;then,if thisgridisstretchedor bentasthoughit had
beendrawnona sheetofrubber,it canoftenbeconvertedintoanother
grid into whichthe shapeof the other specieswouldfit. This is
sometimesa usefulwayof comparingcomplexshapes,as in 5b.11,to
supplementtheothermethodsdiscussedin Chapter3.
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In thelastfewparagraphswehaveconsideredgrowingthingsconsist-
ing of differentparts,whichmaygrowat differentrates.When
biologistshavereallytriedto getdowntoconsideringthegrowthofan
animalor plantin detail,theyhavehad to realizethat the growing
systemisalwaysheterogeneousina muchfiner-grainedwaythanthese
considerationsofoverallshapeandtotalweightimply.Forinstancethe
humanswhoare drawnin 5b.10in outlinereallyconsistof bones,
muscle,intestinesanda wholelotofotherparts;andeachoftheseparts
ismadeofinnumerablecellsofdifferentkinds.Somecellsmaygrowby
actuallyincreasingthe amountof livingsubstance;but othersmay
increasein sizebylayingdowndepositsofmineralsubstances,suchas
the calciumcarbonateof bones.Or again,theymayswellmerelyby
absorbingwater.

Anydiscussiononoverallgrowthsimplyobscurestheseactualdetails
of whatis happening.If onewantsforsomereasonto talkof overall
growth,thenonemustbe contentwithsomemoreor lessarbitrarily
chosenindex,in whichthe variousdetailedcomponentsare com-
poundedin a reasonablysatisfyingway.For instance,onemaytalkof
the increasein dry weight;in this the complexitiesdue to absorbed
waterareavoided,buttheindexwillincludedepositednon-livingmin-
eralmateriallikecalciumcarbonatein bonesor shells.

A verysimilarproblemariseswhenwetalkof the growthof the
economy.Thebestonecando,togiveanoverallindexofit, istoadopt
somearbitraryformulainwhichallthecomponentsarecompoundedin
somewaythat seemssensiblefor the purposesin hand.The Gross
NationalProductis the formulausuallyadopted,but, likethe dry
weightofananimal,it takesintoaccountcertainaspectsofthesituation
butleavesoutothers;andthequestionmustalwaysbeaskedwhetherit
reflectsadequatelythe factorsin whichwe are mostinterestedin a
particularcontext.
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6 Feed-backinSystems

A.Sequences

In mostoftheopensystemsinwhichoneis likelyto beinterested,the
enteringmaterials(theinputs)areprocessedthroughanumberofstages
beforetheyfinallyemergeagainasproductionor waste(theoutputs).
Themostimportantideasweneedforthinkingaboutcomplexsystems
arenotionsconcernedwithsuchprocessesandtheirinteractions.

Tostartwiththesimplestcase:considera systeminwhichthereis
onlyoneinput,andthisisoperatedonina sequenceofstepsfrom,say,
AtoB,toC,toD, toE,untilit finallycomesoutofthesystemagainas
a productF. Evensucha simplesequenceofprocesseshassomequite
interestingproperties.Onecanperhapsmosteasilypicturethemby
usingtheanalogyofwaterflowingintothesystemthrougha pipeintoa
containerAfromwhichit canflowoutagainthroughanotherpipeinto
acontainerB,thenonthroughaseries ofpipesintocontainersC,D and
E, wherethereis thefinalpipeleadingto F (6a.1).

TheamountthatflowsperminutefromcontainerCintocontainerD
dependsbothonthediameterofthepipeconnectingCwithD,andalso
ontheheadofwaterinC.Supposethatwehaveaset-upwithaseriesof
containersconnectedby pipesof differentdiameters,anda certain
inflowintoAto startwith.It isclearthat,providedthecontainersare
tallenough,theywilleachfilluptoa givenlevelwhichisjustsufficient
to pushincomingwateroutagain,throughtheoutletpipe;thesmaller
theoutletpipe,the highertheheadof waterwillhaveto be.Whena
systemhasbeenrunningforsometime(and,assaidbefore,providedthe
containersaretallenough),thewholethingwillhavesettleddownat
appropriatelevelsin eachcontainerwhichwillnot alter thereafter
providedtheinputremainsthesame.

If theinputintoAisincreasedordecreasedthen,ofcourse,levelsin
allthecontainerswouldhavetoalterinanappropriatewaytomaintain
the steadyflow.Whenthe systemhassettleddownto dealwithany
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particularrateof inputintoA, it is saidto havereacheda stationary
state.It isnot,ofcourse,stationaryinthesensethatnothingishappen-
ing—thewaterisflowingthroughit;butit isstationaryinthesensethat
thelevelineachofthecontainersremainsthesameaslongastheinput
is unchanged.

It is interestingto considerwhatwouldhappenif we suddenly
throttleddownoneofthepipes,saythatbetweenCandD (6a.2).What
willeventuallyhappenisclearenough:thewaterinCwillriseuntilit is
highenoughto pushtherateofflowthroughthenarrowerpipeintoD
sothatit deliversthesameamountperminuteasit didbefore.Thusif
theinflowremainsconstant,theoutflowF willagainbethesameasit
originallywas,andallthatwillhavechangedwillbethelevelofwaterin
containerC.

Thissituationisa simpleexampleofa phenomenonoftenreferredto
as ‘buffering’(a pieceof technicaljargondrawnfromchemistry).In
steady-stateconditionsthe rateof outflowfromF is bufferedagainst
changesin thediametersof thepipesconnectingthevariousvessels—
unless,ofcourse,onepipeissonarrowthattheheadofwaterrequired
tomaketheflowgofastenoughthroughit ishigherthanthecontainerit
leadsoutof,in whichcasethesystemwilleventuallybreakdownand
thiscontainerwilloverflowunlesstheinitialinputatAisreduced.This
characterof“beingbufferedagainstcertaintypesofchange’isoneofthe
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mostinterestingpropertiesofsystemsandprocesses.Fromthepractical
pointofview,someofthemostimportantpropertiesofsystems,aswe
dealwiththemin reallife,arethekindsandlimitationsofstabilityin
theirbehaviour.

Notethatthebufferingwehaveconsideredsofarconcernsthecondi-
tionreachedwhenthesystemcomesbackagainintoa stationarystate
afteradisturbancesuchasanarrowingofoneoftheconnectingpipes.A
numberofchangesmaygoon,someofthemratherunexpected,before
the newstationarystate is reached.These changesare knownas ‘trans-
ients’.In practicalaffairstheyalsomaybeveryimportant,particularly
whenoneisdealingwithlong-lifesystems,suchashumanpopulations.

PositiveFeed-back
Theanalogy,or model,ofwaterflowingthrougha systemwhichcon-
sistsoffixedtanksandpipesis,ofcourse,muchtoosimpletorepresent
mostreallivingsystems,inthebiologicalorhumanorsocialworlds.In
livingthingswhatwehavecomparedto tanksandpipesarethemselves
manufacturedwithinthesystem.Someoftheinitialinputisusedto
makethetanks,andthecontrollingpipesconnectingthem,whichother
portionsof the inputflowthrough.Ina livingcell,for instance,part
of the nutrients,oxygenand so on, takenin fromits surroundings,
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FIG.6a.3

isconvertedintoenzymeswhichcontroltheratesat whichanotherpart
of the inputis convertedintosubstanceA, thenB, C, D andsoon.
These enzymesthereforecorrespondto the pipesin our previous
analogy(6a.3).

Sincethese‘pipes’aremadewithinthe system,thecellis perfectly
abletobringaboutforitselfachangeina particularrateofflow,sothat
an alterationcorrespondingto whatwespokeof as ‘throttlingdowna
particularpipe’canbe producedinternally,and doesnot haveto be
imposedfromoutside.It is a verygeneralobservation,in all systems
fromcellsthroughindividualstosocieties,thatsuchinternallyproduced
changesoftenoccur.

Theydosoin twodifferentwayswhichhaveoppositeeffects.In one
way,themorethereisofa particularcomponent,sayD, thefasterD is
produced;D affectstheearlierstagesinthesequencetoincreasetherate
offlowthroughthem.Thisisknownaspositivefeed-back(6a.4),andisa
reinforcingtype of action.It is clearlycloselyrelatedto the self-
stimulatingtypeofprocesswhichresultsin exponential,or accelerated
exponential,growth(p.66),suchas the situationin whichthe more
youngadultsthereareina population,themorebabiesgetaddedto it.
Buthereweareconsideringtheratherdifferentcase,in whichthe
amountofsomeconstituentinasequenceaffectssomeearlierstepinthe
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sequence,whichmayinvolvethingsof quitea differentkind.For
instance,afterthenumberof peoplein a regionof theearth’ssurface
growsbeyonda certainpoint,therecanbesomewhoaresurplusto the
requirementforagriculturalworkto producefood;andtheycanstart
buildingcities,anddiggingirrigationsystems,andsettingupwindmills,
anda wholelotof thingswhichwilleventually,througha numberof
steps,leadtoanincreaseintherateofgrowthofthehumanpopulation.
Wherepositivefeed-backdiffersfromexponentialgrowthisthatin the
formerwearedealingwithsequencesofdifferentsteps,andinthelatter
withonlya singlestep.

ChainReactions

Anotherrelatedconceptisthe‘chainreaction’.Theideaisaverysimple
one;so simplethat it wouldhavetemptedSherlockHolmesto say
‘Elementary,mydearWatson.’Soyoumightask,whygiveit special
discussion?TheansweristhatI thinkmostpeople,muchtoooften,just
tendto forgetit or leaveit outofaccount.It isactuallyoneofthemost
dangerous,or, if youplayit right,oneof themostrewarding,of the
processes,dealingwithwhichyouhaveto spendyourlife.

Achainreactionisonewhichcanoccurwhenthereisa sequenceof
steps;a goestob,andb goestoc,andc tod,anddtoeandsoonandon.
Thephrase‘chainreaction’isusedwhenthereisa sortofmultiplication
at eachstep;a slightincreasein a producesa biggerincreasein 5,and
thatastillbiggeroneinc,andthata reallyheftyjumpind.Eachstepin
the seriescan(perhapsonlyafterit getsabovesomethresholdvalue)
opena gate,orturnona valve,whichreallyletsthenextstepgetgoing
in a bigway.
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It’snota newidea.Theclassicalstatementofit,asfarasmyreading
goes,wasbyBenjaminFranklin(inthepre-automobileera):

For
For
For
For

want
want
want
loss

ofa nailtheshoewaslost,
ofa shoe,thehorsewaslost,
ofa horse,thebattlewaslost,

ofa battle,thekingdomwaslost.

But,thoughit isbothsimpleandold,theideaisofkeyimportance.
And,remember,it worksin bothdirections.Neverneglectto consider
that whatyouare goingto do nowmaysparkoff a chainreaction
towardsUtopia(I wouldn’tbettooheavilyonactuallyfindingyouget
there),or triggerthefirstfusefora successionofevermoredevastating
disasters(buta littlebitofsensealongthewaycanprotectyoubetter
againstfinishingupinabsolutehellthanitcanguaranteeyouasmooth
progressto absoluteheaven).

NegativeFeed-back

Butveryoftenrestraininginfluencesalsoarisewithinthesystem.It is
bynomeansalwaysthecasethatthepresenceofa lotofD encourages
theformationofmoreD. Perhapsmoreoftenlivingthingsbehavein a
waywhichmaybe called‘satiation’or ‘enough’sas goodas a feast’.
That is to say, after some
slowernewD is formed.

point is reached,

\gorerses

p>

the more D there is, the
This is a negativefeed-back(6a.5).

flow

It is a

rate

>
FIG.6a.5

restrainingtypeofaction,andisthebasicprocessthatlivingthingsrely
onto seethatnooneoftheirinternalprocessesrunsawayandgetsout
ofhand.It isalsothekindofprocessincorporatedintomanyman-made
controllingdevices.If thecentralheatingpushesupthetemperatureof
a roomtoo far, the thermostatcomesintoplayand shutsdownthe
centralheating,and reducesthe inputof heatintoa roomuntilthe
temperaturegetsbackto theappropriatelevel.
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Biologistsmakea distinctionbetweentwotypesof negativefeed-
back;and in socialaffairsthereare analogiesto thesetwokindsof
processwhichoriginallydescribedthelevelofcellsandenzymes(6a.6).

Fic.6a.6

Thefirst,andin
whichthepresence
waytoslowupthe
to C, by as it were

somewaysthemilder,formoffeed-backis onein
ofonecomponentinachain,suchasD,actsinsome
flowthroughanearlierstepinthechain,sayfromB
throttlingdownthatpipeto someextent.This is

knownas‘inhibition’—andsincewecanconsiderDtheendproductin
thesequencewearetalkingabout,itisoftencalled‘end-productinhibi-
tion’.

The secondandmoredrasticformof negativefeed-backoccursin
livingsystemsinwhichthelinkbetweenBandC(the ‘pipe’,or,inmore
realterms,the enzymewhichbringsaboutthis chemicalchange)is
actuallymanufacturedwithinthesystemoutofsomeoftheincoming
materials.The secondtypeof feed-backdoesnot merelyreducethe
efficiencyof the enzymebetweenB and C, but actuallyabolishesits
production,at leastuntilthelevelofD dropslowenoughagain.‘Thisis
‘end-productrepression’.

If a factoryworksveryefficientlyandproducesa largeoutput(of
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automobiles,say),andtheworkersconcludethatthefirmismakingtoo
largea profit,so theygo on strikefor morepayor shorterworking
hours,that wouldbeend-productinhibition.Butif,instead,theystaged
a revolution,sackedthe managementor destroyedthe machine-tools,
thatwouldbeend-productrepressionbecausetheywouldbenotmerely
slowingtheproductionprocessbutrepressingthemachineryofproduc-
tion.Similarly,ifpupilsinaschoolthoughttheywereaskedtolearntoo
muchanddecidedto workslowly,that wouldbe inhibition;if they
attackedtheteachers,orburnttheirbooks,thatwouldberepression.

Inhibitionusuallyproducesits effectsmuchfasterthanrepression
does.Forinstance,ifthereisaveryhighconcentrationoftrafficusinga
certainroad,thetrafficflowwillbesloweddownbyaninhibitionwhich
operatesalmostimmediately.Repressionwouldcorrespond
tioninwhich,bysomesystemofsignalling,thetrafficdensity
theflowintothatroad,forinstancebydivertingsomealong
routes.This mightbe moreefficientin the longrun, but
wouldtakelongerto produceitseffect.

toa situa-
controlled
alternative
obviously

B. Networks

Onewayin whichthemodelwehavebeenusingsofaris overlysim-
plified,to representthesystemswemeetin the realworld,is thatwe
havebeentalkingabouta singleinputwhichis processedthrougha
seriesofchangesintoa singleoutput.Ofcourse,inmostsystems,such
asourownbodies,inputisofseveraldifferentkinds—foodconsistsof
proteins,fats,carbohydrates,mineralsandwhathaveyou,andtheout-
putisalsoofmanykinds—moremuscle,morekidney,moreliver,more
nerve,moreexcreta.Thenextstepinmakinga morerealisticpictureis
to thinkintermsofsomethinglikea treediagramordendrogram,such
asweconsideredonp. 54.Thatis to say,theinputgetsparcelledout
intoa numberofdifferentbrancheswhichgooff,dividinganddividing
again,intoa largenumberofdifferentendresults(6b.1).

But in mostactualsystemsthe inputdoesnot simplyget splitup
alongawholesetofdivergentpathways,likethebranchesandtwigsofa
tree.Thesebranchesandtwigsarein generalnotwhollyindependent
evenaftertheyhavesplitapartfromeachother.Pathwaysalongwhich
thingsareprocessedmayhaveas theirmajorcharacteristica tree-like
character,branchingdownfroma maintrunkto mainlimbs,to main
branches,to twigsandsoon;butalongwiththis,andsometimesmore

87



Fic. 6b.1

important,are interconnectionsbetweenthe branchesandtwigs.The
pathwaysforma network,ratherthana simpletree-likepattern(6b.2).

Withinsuchnetworkstherewillbethesametypeoftendenciestode-
stabilizethe behaviour(by positivefeed-back)or to stabilizeit (by
negativefeed-back),aswesawin thesimpleunbranchedsequences.If
in sucha networkone of the channelsof communicationsbecomes
constricted,the flowwilljust go roundit, alongoneor moreof the
alternativepathwaysthenetworkprovides.Inasingle-channelsequence
thereisacertainbufferingofthefinalthroughput(p.54);inanetwork
thismayworkevenmoreefficiently,andwithoutrequiringanyvery
largechangesin thelevelofstoragein theearlystoragetanksalongthe
way.Again,the levelof somefinaloutputmayactasa negativefeed-
back,repressingor eveninhibitingsomeotherlinkin the network,
whichneednotbedirectlyonthesequenceleadingto it.

Forinstance,ina citythepresenceoftoomanycarsontheroaddoes
notoperatedirectlyto inhibittheproductionof newcars,or evento
repressautomobilemanufacturein general,but ratherto inhibitsome
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—— eeotherpartofthenetwork,suchasthetendencyofpeopletomovetheir’
housesout of the centralcitiesinto the suburbs.To giveanother
example;in an ecosystemtheexistenceof toomanyrabbits—abovea
certainlimit—tendsto reducetheirrateofreproduction,becausethey
getin eachother’swayandthefemalesreadyto bearyoungarealways
gettingdisturbedbyaggressivemales,andtendtoabortornotlookafter
theiryoungadequately.Butina realecosystem,longbeforethesedirect
effectsbegintobeimportant,it ismuchmorelikelythatthepresenceof
sucha largenumberofrabbitsgivesa fielddayto thefoxesandother
animalsthatliveontherabbits,sothattheyincreaseenoughinnumber
to keepthe rabbitpopulationdownto a reasonablesize.The indirect
negativefeed-backloop,numberofrabbitsthroughnumberoffoxesto
reductionof rabbitpopulation,is likelyto be moreeffectivethanthe
directloop,toomanyrabbitsinterferingwitheachother’sreproduction.
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Thereis in factwhatmightbe calleda sortof ‘inherentnetwork-
buffering’.The morecomplexa networkis andthe moreit is inter-
connected,the moreindifferentit is to the severingof anyparticular
link.This is, however,onlya veryroughrule.The generaltheoryof
stabilityofnetworksisactuallyverylittleunderstood.

ModellingNetworks

Ideally,onewouldaimat specifyingall the reactionsgoingon in a
network,measuringtheirrateandthestrengthsof theinteractionsbe-
tweenthem,and then puttingthesedata togetherinto a systemof
equationsfromwhichonecouldcalculatetheresponseofthesystemto
anygivendisturbance.Usually,inpractice,it isimpossibletomakesuch
a completeanalysis.Thedifficultiesarelikelytobepartlyinmeasuring
the ratesof reactionsandinteractions,andpartlythat the sheercom-
plexityof thesystemmaymaketheequationsimpossibleto handleby
normalmathematicalmethods.The adventof computershas largely
overcomethe latterdifficulty,sincewiththeirgreatspeedat doing
simplearithmetic,theycan be programmedto solveeventhe most
formidablesetofequationsin a reasonablyshorttime.

Butthedifficultyofestimatingtheparameters(ratesofreactionsand
interactions)canusuallyonlybecircumventedin ratherunsatisfactory
ways.Onecanstartbyusingthebestestimatesandinformedguesses
that areavailable,bothaboutthesevaluesandaboutthe structureof
linkageswithinthenetwork.Thenonecantryouttheresponseof the
system,ascalculatedbythecomputer,againstanydataabouttheactual
responsewhichcanbecollected.In thesituationsmostfavourablefor
analysis,it maybepossibletoapplyknowndisturbancesto thesystem,
andtoobserveandmeasureitsresponses;if theyarenotquitewhatthe
computerpredicts,onewouldhavetochangeeitherthestructureofthe
model,or someofthevaluesfedintoit, orboth,tilltherewasa better
agreementbetweenthecomputedandactualbehaviour.

Another,usuallylessinformative,wayoftestinga model,is to com-
pareitsresultswiththepasthistoryofthesystem,ifonehasgooddata
aboutthis. For instance,in a modelof an economicsystem,whose
historyhasbeenrecordedin goodstatistics,onemightusethe past
twentyyearsofhistorytoworkout,bygradualapproximations,a model
andsetof valueswhichpredicttheactualbehaviouroverthatperiod;
andonewouldhavesomedegreeof confidencethat the samemodel
mightforetellhowthe systemwouldbehavein the nextfewyears.

go



However,evenina fieldlikeeconomics,in whichthereareverygood
statisticscoveringquitelongperiods,ithasprovedverydifficulttomake
modelswhichpredictaccuratelyformorethana veryshorttimeahead.

Oneofthemainresultsofsuchstudiessofarhasinfactbeentoshow
thatcomplexnetworksystemsbehavein veryunexpectedways.Their
behaviourhasbeendescribedas‘counter-intuitive’,in thesensethatif
onemakessomechangestothesystemwiththeintentionofproducinga
certaineffect,theactualresponseoftenturnsouttobesomethingquite
unanticipated.Sometimesthesecounter-intuitiveresultsoccuronlyin
the shortrun; theymaybe causedby somepartsof the systemap-
proachinga newequilibriumbyanoscillatorypathinsteadofa smooth
path(seeFig.6b.2),or by someother transientphenomenonof that
kind.Butsometimestheyareduetoa breakdowninsomeapparently
unrelatedbut fragilepartofthesystem.To giveanexcessivelysimple
example,a throttlingdownofoneofthetapsinFig.6a.2mightraisethe
waterlevelinoneofthetanksearlierinthesystemtothelevelat which
it overflowed.

It is, perhaps,in the revealingof theseunexpectedandstilllittle-
understoodtypesof behaviourof systemsthat the computermodels
havebeenmostusefulsofar;butonemayhopethattheywillgradually
beimproveduntiltheyaremorereliablein predictingactualdetailsof
behaviourratherthanmerelyindicatingtypesof responsewhichone
mustbeonthelook-outfor.Chapter12isconcernedwithattemptsto
buildup thiskindofmodelofthewholeworldsystem.

Meanwhile,oneusuallyhastobecontent,inhandlingmanysystems,
withmuchcrudermethodsandideas.

SoftSpots

In mostnetworks,alterationsat someplacesare likelyto havemore
profoundeffectson thesystemthanalterationsat others;movingone
particularitemfroma houseofcardsmaybringthewholethingtumb-
lingdown,whereasremovingmanyotheritemsmayhavemuchless
effect.If oneis tryingtoaltera systemwhichhassomeinbuiltbuffer-
ing,oneoftheimportantfirststepsisto tryto locatethese‘softspots’.
Therehasbeenagooddealoftheoreticaldiscussionabouthowtolocate
them,or preferablyhowto measurethe sensitivityof eachparticular
linkin the network.The mostimportantresultto emergeis that the
sensitivityof a particularlinkis not a fixedcharacteristicof it, but
dependsonthestateoftherestof thenetwork.In somestatesof the
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system,thesoftspotwillbeinoneplace;andina differentstateit may
besomewhereelse.Forinstance,in providinghousingin a cityoneis
dealingwithasystemwhichinvolvesmanycomponents.Insomecircum-
stancesit maybe that the practicalissueis to providenewsitesfor
housingindesiredlocations;inothersit maybetheprovisionofcapital,
orsuitablelabourandsoon.Thecontributionofeachparticularitemto
the stabilityor changeablenessof the systemchangesas the systemitself
changes.

C.Lock-in,SchismogenesisandDouble-bind

Onemayfindoneselfconfrontedwithsystemswhichhavenoobvious
softspots.Theyseemlikeanironring,oraviciouscircle,fromwhichit
is impossibleto escape.Therearesomerecentlyintroducedideasand
phraseswhichareoftenusefulin thisconnection.

Thefirstis‘lock-in’.Alock-inisasituationinwhichinthebeginning
componenta interactswithanumberofothercomponents,b,c,d, etc.,
buttheinteractionwithoneofthese,sayc, setsoffa reactionwhichin
somewaytendsto confinea’sattentionto c; so thatas the situation
develops,a comesto be reactingonlywithc, all his otherreactions
havingpeteredout,a is‘lockedin’.(Thelock-inloopneednothaveonly
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twomembers,aandc;itmaybea lock-intothegroupa,c,e (6c.1);the
pointis that the interactionsbecomelimitedto a smallnumberof all
thosepossible.)One oftenmeetssuch a situationin discussions;a gen-
eralpoliticaldiscussionmaygetlockedin to a disputeaboutthemerits
ofthedoctrinesofLenin,TrotskyandStalin.Asthisexamplesuggests,
lock-insusuallygetnowhere;theymayengenderalot ofheatbutlittle
light,or they

The next
psychologist
mogenesis’,a

mayfadeoutin a paralysisofboredom.
notion,whichwas introducedby the anthropologist-
GregoryBateson,has the ratherdauntingname‘schis-
wordwhichmeansthedevelopmentofa chasmor cleft.

Basicallyit involvestwoparties,a andb,andit isa situationinwhich
whatonepartydoesprovokestheothertogofurtherinthebehaviourto
whichthefirstpartyisreacting.Therearetwovarietiesofit. Inone,the
twopartiesare behavingto eachotherin essentiallythe sameway.
Competingfor keepingup withthe Joneses,purchasingeverbetter,
moresplendidautomobilesor otherarticlesof competitivedisplay,
wouldbea goodexample.Anarmsracebetweentwoopposingnations
isanotherinstance.Thisissymmetricalschismogenesis;a takesa stepina
certaindirectionandthisprovokesb to takea longerstepin thesame
direction,whichprovokesa to gostillfurther,andsoonandon(6c.2).

FIG.6c.2

In theotherkind,thetwocomponentsactin oppositeways.Arela-
tionofauthorityandsubservienceisanexample.Thedominantpartner
assumesasomewhatbullyingattitude,andtheotherpersonacceptsit so
humblythat this provokesthe dominantone to becomeevenmore
masterful,whichagainincreasesthesubservienceoftheotherandsoon.
Thisis complementaryschismogenesis(6c:3).
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A third notion,alsolargelydue to Bateson,is the ‘double-bind’.Here
threecomponentsareinvolvedinsucha mannerthatthewayin which
a reactswithb inevitablyhastheresultofmakingit moredifficultfor
himtoreactproperlywithc.It iscommoninpsycho-socialsituations.
Ifachildloveshismotherenough,thisistakenbyhisfatherasdisloyalty
to him; so he increaseshis efforts to attract the child’saffection;and
thenthemotherredoubleshers.Ora childmaybetoldhehasto meet
twoincompatiblegoals—beingalwayspoliteandalwayssayingexactly
whathethinks;andassoonashedoesone,heisremindedthatheshould
bedoingtheother.Ora townsmanwantstogetbacktonature,butthe
morehelivesin a countrifiedsuburb,themorehehasto commuteby
carandthelesshecanwalk(6c.4).
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The lock-inandschismogenesissituationsarecloselyconnected,in
logicalstructure,withsomeofthenon-zero-sumgameswediscusslater,
such as ‘Prisoner’sDilemma’(p. 167)and the “Tragedyof the
Commons’.An amusingexampleof a locked-insymmetricalschis-
mogenesisin the formof a gameis ‘Auction-A-Dollar’,inventedby
MartinShubik(seeJohnPlatt,SocialTraps).Theauctioneerdrawsup
therules,whicharethatbiddingis to startat fivecents;thebidsmust
increasebyat leastfivecentsat a time;and,sinceit seemsat firstsight
thatsomeonemightgetthedollarreallycheap,helaysit downthatheis
to begiventhetwohighestbids,althoughonlytheonehighestbidder
willreceivethedollar.Whatwillhappen?It isallplainsailinguntilthe
biddinggetsto forty-fivecents,andthentofiftycents.Fromthispoint
if it goesanyhigher,to fifty-fivecents,the auctioneeris goingto get
morethanhisdollarback.Butif it doesnotgohigher,thentheman
whobidforty-fivecentsisgoingtogiveit overandgetnothingback;so
heraiseshisbid.Bythetimethebiddinggetstoa dollar,themanwho
bidninety-fivecentsisinanevennastiersituation;ifheraisesto$1.05
hewilllosemoneyevenifhegetsthedollaratthatprice;buthewilllose
a lotmoreif he letsthebiddingstop;soup hegoes.JohnPlattwarns
thatit isa dangerousgametoplay;thelock-inescalationissotightthat
it maywreckfriendships,perhapspermanently.Thewayto escape,of
course,wouldbe fortheplayersto makesomeside-arrangement,out-
sidetherulesof thegame,suchthattheywouldstopbiddingat some
earlystage,belowfiftycents,andwouldagreetosplitthedollarbetween
thetwohighestbidders;thenbothwouldhavemadea profit.Weshall
seelater,in discussingPrisoner’sDilemma,that communicationand
agreementbetweenplayersis oneofthemosteffectivewaysofescape
frommanysuchsituations.

Thereseemto be onlytwoways,apartfromcollaborationbetween
someof the participants,of dealingwith these vicious-circle-type
systems,whichhavenoobvioussoftspots.Onewayistotrytoalterall
thelinksinthenetworkofcauseandeffectsimultaneously.Theotheris
to lookat thewidercontextin whichthevicious-circlesystemis em-
bedded,andtrywithinthattodiscoversomeothersystemwhichcanbe
broughtinto such powerfuloperation,that the contributionof the
viciouscircleto thewholeset-upbecomesofreducedimportance,so
that it can be forgottenand left to witherawaywithlapseof time.
Perhapsthe onlypossiblesolutionto the schismogenicarmsracebe-
tweentheUS andtheUSSRwillemergebythetransference,byboth
of them,of theirmainintereststo a quitedifferenttopic—the issues
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of environment,
Problematique.

pollution,naturalresourcesand the wholeWorld

Thischapterhasdescribedtheimportanttypesofinteractionbe-
tweendifferentcomponentsincomplexsystems.Someoftheseinterac-
tions,likepositivefeed-back,or schismogenesis,tendto reinforceor
speedupprocessesofchange,andtheythereforeareliableto‘runaway’
andgetout of control.Otherinteractions,likethe differentkindsof
negativefeed-back,or networkbuffering,or lock-ins,tend to slow
thingsup andthusto controlthem.If weregardcomplexsystemsas
thingswewouldliketo manage,thesecontrollingactivitiesarepar-
ticularlyimportant,especiallythosewhichdonotnecessarilyinvolvea
narrowingof the fieldof interaction,as lock-insdo.Thenextchapter
willbedevotedtothevariousformsthecontrolofcomplexsystemsmay
take.
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StabilizationinComplexSystems
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Thelastbutonechapter,abouttheprocessesincomplexsystems,may
haveleftsomeofthemorefaint-heartedreaderswiththefeelingthatall
suchsystemsareboundjusttogetintoamess,andstaythatway.But
actuallyonehasonlyto lookat, say,themovementsofa balletdancer,
or evena reasonablyhealthypersonwalkingabout,to realizethat
systemswhichwouldappearenormouslycomplicatedif examinedin
detail,canbehavewithconsiderableoverallsimplicity.Messagesare
goingalongmanydifferentnerves,fromthebrainto themuscles,and
fromthelimbsbacktothebrain;subtleactsofbalancearebeingcarried
outcontinuously;dozensofmusclesin thelegsandarmsarecontract-
ing,andotherdozensrelaxing,at everystep.Butalltheseactionsare
balancedoutagainsteachother,sothatthesystemasawholebehavesin
a ‘sensible’,unitaryway,whichwe can call ‘walking’,or evena
beautifullycoordinatedwaywecall‘dancing’.Thischapterwilltry to
describesomeof the generalprinciplesby whichcomplexsystems
becomeorganizedsothatthecomplexitydoesnotobtrudeandthereis
an overallunityof action.The ideasinvolvedare,of course,rather
generalones.It ismucheasierto graspparticulardetailsthanto com-
prehendthewaythosedetailsmergetogetherto giveriseto theorgan-
izationof the system.I warnedthat this bookwouldprovidesome
challengestotheimaginationofitsreaders;thischapterhasitsfullshare
ofthem.

Thestudyoftheprocessesdiscussedhereisoftenreferredto bythe
namecybernetics,andtheadjective‘cybernetic’describesthecharacter
of theprocesses.Thisis a verygeneralterm,andto getmuchunder-
standingofthesituationonehasto gointoit in a bitmoredetail.

Weneedto distinguishfirstbetweensystemswhichcometo some
sort of end-statein whichtheyremainconstantor go on repeating
themselvesindefinitely,andon the otherhandsystemswhichgo on
changingaslongasonecarestoobservethem.Theformercanbecalled
terminatingsystems,andthelatterprogressivesystems.
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A.TerminatingSystemsandStableStates

Wehavealreadymentionedthepossibilitythata situationfinallygets
intoasteadystate,andpointedoutthatthisdoesnotmeanthatnothing
ishappening,butmerelythatsomesortofflowisgoingsteadilythrough
the system.Whatremainsstationaryis the patternof this flow.Any
end-statewhicha systemattains,or movestowards,is sometimes
referredto asa ‘goal’;but thatisa ratheranthropomorphicusage.

Thereare,however,severalothertypesofterminalstates.In thefirst
place,the systemmaybe onewhichreallyholdsconstantsomepar-
ticularcomponent,asa thermostatholdsconstantthetemperatureofa
room.Therearemanycomponentsinananimal’sbodywhichareheld
constantin a similarway.Anexampleis thecarbondioxidecontentof
one’sblood.Whenyoutakea lotofexercise,thefueluseduptopower
themusclesreleasescarbondioxideinsolutionintotheblood.Various
partsofthebodymechanismthenchangeinrate(heartbeat,breathing,
etc.)insucha wayastocleartheexcesscarbondioxideoutoftheblood
andbringitsconcentrationbackto thenormallevel.Theconstancyof
theCO,levelintheblood,orthetemperatureina roomcontrolledbya
thermostat,areexamplesof steadystates.The technicalwordforthe
processofreturningto a steady-statesystemafterit hasbeendisturbed
is‘homeostasis’(fromtwoGreekwords,meaning‘thesame’and‘state’).

In well-organizedsystemssuchasthehumanbodytherearehomeo-
staticmechanismswhichcancontrolseveralvariablesat once.In the
blood,it is notonlytheconcentrationofCO,whichis keptconstant,
butalsotheacidity,thelevelofoxygen,thelevelofseveralsaltsandso
on.Thinkingabout,orvisualizing,thingswhichinvolvemanycompon-
entssimultaneouslyis,ofcourse,noteasyto do,but thisis oneof the
maintaskswhichonehasto attemptwhentryingto comprehendcom-
plexsystems.It can be doneaccuratelyin termsof fairlyelaborate
mathematics;butonecangetsomesortofa generalimaginativepicture
ofthesituation,ifoneiswillingtousea littleimagination,anddoesnot
demandtoomuchlogicalprecision.

Everyoneknowsthat one of the standardmathematicalwaysto
expressa relationbetweentwothings,x andy, is to makea graphof
them.Agraphofxagainstycanbedrawnona flatsheetofpaper,with
thevalueofx measuredofffromthepointoforiginfromleftto right,
andthe valueof y measuredverticallyupwards.If youwereto take
accountofanothervariable,z,youhavetoadda thirdaxisat right-
anglesto the othertwo,andthe pointrepresentingthe simultaneous
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Nowif youwereto try to picturea homeostaticmechanism,which
restorestheconcentrationsofx andy andz to someparticularvalues
afterthesystemhasbeendisturbed,howcouldyoudoit?Onecouldsay
that the homeostaticmechanismproducessomesort of controlling
activitieswhichhavetheresultthatif thex, y, z is displacedfromits
normalpositiontheactivitiespushit backthereagain.Onecanvisualize
thesecontrollingactivitiesintheformofanimaginary‘attractorsurface’
in theshapeofa cone,itspointdownwardsandlocatedat thenormal
positionofx,yandz. If thex,yandz pointispushedupwardsinto
someotherposition,it is firstattractedbackon to this surface(as
thoughthe surfacewasa magnetwhichpulledin a littleiron ball
correspondingtothedisplacedpoint);andonceit hasgotontothecone
it runsdownit to thebottomandfindsitselfbackat itsnormalposition
(72.2).

Thelanguageofmathematicsissuchthatit isquiteeasyto dealnot
onlywitha pointrepresentingthreevariables,whichcan be in real
three-dimensionalspace,but alsowitha pointrepresentingverymany
variables,whichwouldhaveto belocatedina multi-dimensionalspace
that is impossiblefor the humanmindto visualize.However,even
withoutmathematics,bythinkingin termsofattractorsurfacesinthree
dimensions,wecangetsomenotionsaboutthetypesofstabilitywhich
maybeexhibitedbysystemsin whichtherearemanymorethanthree
variablesbeingcontrolledsimultaneously.We shalluse this typeof
imagerywhenwegoontodiscussmorecomplexsystems.Beforedoing
that, it is necessaryto mentionsomeothertypesof end-stateswhich
terminatingsystemsmayeventuallyreach.
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Perhapsthemoststrikingothertypeofend-stateisoneinwhichthe
systemcontinuestooscillateregularlybetweentwoextremes.Thepat-
ternofthesystemneversettlesdownandstaysput,butin itsend-state
it is stillsubjectto a ‘swingof the pendulum’phenomenon.Wecan
drawthiseitherasanunendingwavylinewhichgoesonandonastime
passes(7a.3),or onecandrawacircular loopconnectingthe twoex-
tremes,andsaythatthesystemgoesroundandroundthisloop,which
is referredtoasa ‘limitcycle’(74.4).

FIG.7a.3

FIG.74.4

Anothervarietyofend-state,whichcouldperhapsbethoughtofasa
progressiveratherthana terminatingsystem,isoneinwhichthesystem
tendstowardsa stationarystatebut neverquitegets there.If, for
instance,somemeasureofa variablein a system,saythenumbersin a
population,growsalongan S-shapedcurve,it will,duringthesecond
part,be increasingmoreand moreslowly;the rate of increasemay
finallybecomealmostimperceptible,butifexaminedsufficientlyclosely
thepopulationwouldstillbegrowing.If onehasgoodenoughmeasure-
ments,onecancalculatethelimitit wouldgetto if it wasleftto grow
foraninfinitetime;thisisknownastheasymptote(74.5).
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Othersystemsmayapproachtheasymptotenotsteadily,ormoreand
moreslowly,butbyswingingaboveandbelowit atcontinuallydecreas-
ingintervals.Thisisanoscillatoryapproachto thefinalvalue.Another
waytopictureit istoletthé'systemgetalmostintoa limitcycle,butone
in whichthe radiusof the circlegraduallygetssmaller,so that the
systemis ineffectspirallinggraduallyinwards(72.6).

nacenlge Time

FIG.7a.6

Transient

Charge

FIG.7a.7

102

| Tine——s>



B.ProgressiveSystemsandStableFlows

Considerationofthewayterminatingsystems
leadsontoadiscussionofprogressivesystems,
anend-state,orat leastaresofarawayfromit
Probablymostsystemsthat wehaveto deal

approachtheirend-state
whicheitherdonothave
thatit canbeneglected.
within the humanand

socialworldareofthiskind,eitherbecausetheyinvolvetime-intervals
whichare verylongin humanterms(suchas the growthof human
populations),or becausetheyaresmallpartsof ecosystemswhichare
alsochanging,so that the inputsinto the smallersystemwillhave
alteredbeforeit hasbeenableto reachitsend-state.

Anyinitialsetofinputsintoa progressivesystemwillproducea
sequenceofchanges;buttheseareverydifficultto decideprecisely.
Thisisoneofthefieldsinwhichmodernmathematics,powerfulthough
it is,remainsratherhelpless.It isoftenpossible,ifoneknowssufficient
abouta system,to calculatewhatits end-statewillbe, but it is very
muchmoredifficulttogetanyprecisepictureofthechangesthatwillgo
onasit getsthere.

Thoughprecisemathematicsmaynotbeableto solvetheequations
whichshowthe pathsalongwhichthe systemswillchange,wecan
sometimesgetanindicationofthembyexploitingthefantasticrapidity
withwhichthecomputercancarryoutarithmeticalcalculations.If, for
instance,wehavea systemwithfivecomponents,a,b,c,d ande,andif
weknowthevaluesofthemeasurementsofthesecomponents,andalso
the strengthof the interactionbetweeneachcomponentand all the
others,andhowthoseinteractionswillchangeasthewholestateofthe
systemchanges(asthesoftspotschanged,aswediscussonp. 105),we
couldwritedownsystemsof equationswhichwoulddescribethe way
thesystemwouldalter.Andevenif wecouldnotsolvetheseequations
byalgebra(asweusuallycan’t),a computercouldhammerouta solu-
tionstepbystep,usingthe firstsetofvaluesto calculatethevaluesa
smalltimelater,thenthoseagainto calculatethenextstep,andsoon.
ThisistheprocedurewhichhasbeenusedbytheClubofRometeam,
at MIT, to investigatethe‘WorldSystem’(seeChapter12).

The cautionswhichweshallhaveto expresswhenwediscussthis
workbringoutthedangersin theapplicationofmethodsofthiskind.
The mainsnagsarethese.Evenif wehavegotreliablefiguresforthe
presentmeasurementsof the componentsinto whichthe systemis
analysed,we usuallyhave only quite unreliableestimatesof the
strengthsoftheirinteractions.Andweusuallyhavealmostnonotionof
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howthesestrengthsof interactionsaregoingto changeas the system
itselfchanges.In suchcircumstancesit is quiteunsafeto acceptthe
resultsofthecomputercalculationsasanythinglikereliablepredictions
ofwhatthesystemwillinfactdo.Thebestwecanreallyhopeforisthat
the computerwill illustratetypesof behaviour
intuitivelythoughtofasbeinglikely.

This in fact is what it often does. It shows

whichwe had

that if we change

not

some
aspectofasystemofthiskind,thefirstresultwilloftenbea lotofother
changeswherewedidn’texpectthem,althoughif the systemis left
alonelongenough,it mightsettledowntoa terminal,ormoreorless
terminal,stage,whichhadsomethinglikethecharacterwewereaiming
at whenwemadethealterationinthefirstplace.It isratherasthough,
‘inthemodelofwaterflowingthrougha systemofcontainers,whichwe
discussedon p.80, youfoundthat if yousuddenlythrewan extra
bucketofwaterintooneofthecontainersalltheotherswentthrougha
seriesofunexpectedrisingsandfallings,beforetheysettleddownto
theirnewvalues.

Theseimmediateresponsestochangesinthesystemvariablesmaybe
consideredas‘transients’.Givena longenoughtimeafterthechangein
the system,transientchangeswillbe smoothedout into somenew,
perhapsonlyslightlyaltered,patternofrelationshipsbetweenthevalues
ofthecomponents.However,whenwearedealingwithsystemswhose
responsestakea longtimeintermsofhumanlifetime,suchastheworld
systemof humanpopulations,foodproductionand so on, transients
mightlastforperiodsofmanydecades,andmightinvolvechangesin
variablesasimportantasthetotalnumbersofthepopulation.

Computerresultshaveinfactmadetheimportantpointthatthefirst
transientresponsesofasystemtoachangeinthemeasureofoneofits
components,or a changeofthecoefficientofinteractionbetweencom-
ponents,willoftenbeofa kindthatonewasnotexpectingatall:it may
be ‘counter-intuitive’.So far therehasbeenverylittlestudyof these
counter-intuitivetransients,andagreatdealmoreworkisneededbefore
wecanfeelwehaveagraspofhowthesystemislikelytorespondtoany
givenchange.

In manysystemswecomeacross,sometypeofstabilityhasbeenan
importantproperty.A naturallivingsystemhasusuallyacquiredsome
degreeofstabilityby naturalselection(it wouldhavefallenapartand
diedoutif it wasn’tstableenough);inartificialsystemsmancommonly
designsa seriesof checksandcounter-checksto ensurestability.An
importantpointto note,however,is thatthestabilitymaynotbecon-
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cernedto preservethemeasureofsomecomponentof thesystemat a
constantvalue,as in the homeostaticsystemsmentionedearlier.The
stabilizationofa progressivesystemactsto ensurethatthesystemgoes
onalteringinthesamesortofwaythatithasbeenalteringinthepast.
Whereastheprocessofkeepingsomethingat a stable,or stationary,
valueiscalledhomeostasis,ensuringthecontinuationofa giventypeof
changecalledhomeorhesis,a wordwhichmeanspreservinga flow.

Onecanpicturea homeorheticsystemintermsofanattractorsurface
(whichagainis locatedin a multidimensionalspace,sothatoneagain
hasto formratheran intuitivepictureof it, ratherthana precisede-
lineation).In thiscasethesurfacecannotbea coneleadingto a point.
Whatthecontrolmechanismsarebringingaboutisa continualchange
alonga certainpathway.Thesurfacehas,therefore,to bemoreor less
theshapeofa valley;thestabilizedpathwayofchangeis likea stream
bedrunningalongthebottomofthevalley.Thepointwhichrepresents
themeasurementsofthecomponentsat anygiventimewillbe,asit
were,a littleballrollingdownthevalleybottom,whichhasreacheda
certainplace(A)at the timein question.If thensomethingis done
whichdisplacesthisballtoA’,it willin thefirstplacebeattractedback
to the attractorsurface,and hit the hillsidesomewhereup the sideof the
valley(B).Sinceit willhavebeenrollingdownthevalleybottom,it will
havesomemomentumto carryon travellingin thatdirection.It will,
therefore,notrunstraightdownthehillsideto thenearestplaceonthe
valleybottom,but willrun downat a slant,reachingthe bottom(C)
somewhereaheadofwhereit started(7b.1).
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Thisisthesortofbehaviouroneveryoftenseesindevelopingsystems.
If, for instance,injuryis madeto an embryoat an earlystagein its
development,it is oftenfoundthat eventuallya normallaterembryo
develops;the systemcan‘regulate’andrestoreitselfto normality,and
carryontothenormalendresult.However,afterinjury,it doesnotjust
gobacktowhereit wasat thetimeofdamage,andcarryonfromthere;
it getsitselfgraduallybackoncourse,sothatthedamageisnotrestored
untiltheembryohasdevelopedto a laterstagethanthatat whichthe
damagewasfirstdone.

ChreodsandEpigeneticLandscapes

Anotherphraseusedtodescribesuchsystems,istosaythatthepathway
of changeis canalized.For the pathwayitselfonecanusethe name
chreod,a wordderivedfromGreek,whichmeans‘necessarypath’.
Manytypesof changegoingon in societyhavea moreor lesswell-
developedchreodiccharacter;oncetheyhavegotwellstartedin a cer-
taindirection,it is verydifficulttodivertthem.

Differentcanalizedpathwaysor chreodsmayhaveratherdifferent
typesofstabilitybuiltintothem.Thesecanbepicturedintermsofthe
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cross-sectionofthevalley.Youmay,forinstance,havea valleywitha
verynarrowchasmrunningalongthebottom,whilethefartherup the
hillsideyougo,thelesssteeptheslope;withsucha configurationofthe
attractorsurface,it needsa verystrongpushofsomekindto diverta
streamawayfromthebottomofthechasm(7b.z2).If thesystemisacted

Fic.7b.2
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on by onlyratherminordisturbances,it is likelyalwaysto stayvery
closetothebottomofthevalley.Ifonecancompareseveralexamplesof
sucha system,therewillbe verylittledifferencebetweenthem,and
theywilllookveryinvariable.In contrast,wehavea valleywhichhasa
veryflatbottom,andthehillsidegetssteeperandsteeperasyougoaway
fromthe centralstream(7b.3).Then,minordisturbancescan easily
shuntthestreamfromonesideoftheflatvalleybottomto theother;it
wouldberathera matterofchancewherein thewater-meadowsin the
valleybottomit flows.If onelooksata numberofexamplesofa system
withthis typeof stability,therewillbe a lot of small-scalevariation
betweenthem.
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Asanexampleofwhattheideaofchreods,orcanalization,meansin
aneverydaycontext,considertheaccumulationofwealthinacommun-
ity.Anyindividualreceivessomeincomeandhassomeoutgoings;his
wealthgrowsor diminishesaccordingto thedifferencebetweenthese.
In thewell-knownwordsofDickens’(pre-decimalization)characterMr
Micawber:‘Annualincome£20,annualexpenditure£19.19.6., result
happiness.Annualincome£20, annualexpenditure£20.0.6., result
misery.’

Translatingintoa visualrepresentation,andaddinga bit ofmathe-
maticaljargon,wecandrawa diagramwithwealthmeasuredupwards
fromthebase-line,andtimeflowingfromlefttoright.Anindividualat
anygiventimehasa certainwealth,andthisis representedbya corre-
spondingpoint;buthiscurrentbankbalanceis affectedbyhisincome
andhisoutgoings,andastimepassesit willmovealonga line,horizon-
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tallyifhekeepsthemexactlyinbalance,upwardsifheisgettingricher,
downwardsifheisgettingpoorer.Suchlinesareknownasvectors,and
thewholeareaofthediagramisa vector-field(7b.4).
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is unfortunatelycommonexperiencethat in our society,and in
likeit, therichtendto getricher,andthepoorpoorer.Soif we

witha populationof peoplewithvariedincomes,thevector-field
to looklikethis(7b.5):

Fic. 7b. 5 Vectorfieldformanypersons

Atendencytowardscanalization,ortheformationofchreodsinsuch
a system,wouldoccurif therewereforcesat worktendingto limitthe
steepestincreases,or the mostdrasticreductions,in the wealthof
individuals.In practicewedohavesuchforcesin Britain,e.g.steeply
risingsurtaxoflargeincomesandwelfarebenefitsaddedtolowones.In
theirsimplestform,suchforcesmightacttoproducea ‘rich,butnottoo
rich,chreod’,anda ‘poor,butnottoopoor’one(7b.6(A)).Actually,the
controllingforcesaremorecomplex,andtendtoresultinseveralrather
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thanonlytwowealthclasses(B).Wewouldlike,ofcourse,to putinto
operationforcesactingwithinthevector-fieldinsucha waythatnoone
actuallyevergetsanypoorer(C).Andthen,a furtherstep,provisions
that makeit reasonablyeasyfor individualsto moveoverfromone
chreodtoanother,preferablysteppingupratherthandown(D).Or,of
course,wemighttry to setup a non-chreodicsystem,whichdidnot
tendto producedistinctclassesat all,but at thesametimeprevented
grossdifferencesin wealth,andanoverallupwardtrend.

In progressivebiologicalsystems,suchas developingembryosor
plants,oneis usuallyconfrontedwitha systemwhichcannotbe fully
describedin termsof a singlechreod,or evencollectionsof roughly
parallelchreods,as is seenin the wealthdiagrams.Whenan eggis
developing,differentpartsofit willfollowdifferentcoursesofdevelop-
ment,and eventuallyfinishup formingdifferentpartsof the final
animal:somepartsbecomingmuscle,somebecomingnerveandsoon.
Thiscanbe picturedin termsof an ‘epigeneticlandscape’,in which
whentheprocessstartsthereis a singlevalley,butthislaterbranches
intotwoormore,andthesebranchessplitupagainandagain,untilthey
haveformeda numberofseparatevalleyscorrespondingtotheseparate
partsoftheadultanimal(7b.7).

Manyprogressivesystemsin fieldsotherthanbiologybehavein a
similarway.Forinstance,whena townisbeginningtogrowintoacity,
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Fic.7b.7
at firstit is likelythatit willallbefollowingoneandthesamepathof
change,relatedto a singlecitycentre.Lateronsomesub-centreswill
develop,or suburbswillbefounded,andthesinglepathwayofchange
willhavebecomediversifiedintoa numberofsubsidiarypaths.

Again,considerthehistoricaldevelopmentofsometypeofthinking,
suchasChristianityorMarxism.It startswitha singlelineofdevelop-
ment,andlatersplitsup intoa numberofmoreor lessdivergentpaths
of change,suchas theOrthodoxandCatholicchurches,or Leninism,
StalinismandMaoism.Eachof thesenotonlygoeson developingas
timepasses,butmayinitsturnsplitupintofurthersub-divisions.And
eachdivisionhasquitea lotofcanalization,orchreodiccharacter,inthe
sensethatsomeonewhostartsofftryingto bea heretic,standingmid-
waybetweenMaoismandLeninismperhaps,findsthattherearestrong
pullstryingto draghimintooneorotheroftheorthodoxies.

In suchanepigeneticlandscape,therearebranchingpointsat which
a valleysplitsupintotwoorpossiblymorebranches.Whatcanonesay
aboutthem?Andwhatcanonesayaboutthequestionofwhetherthe
systemasa wholegoesdownonebranchortheother,orbreaksupand
partgoesdowneach?Takethe secondquestionfirst.Sometimesone
knowsthatthereisa branchpointaheadofthesystem,andthatifone
cangivethesystema pushat therighttime,it canbedivertedintoone
orotherofthealternativesinfrontofit.Thepointtonoticehereisthat
it is in generalnousegivingthepushtooearly:if youdo,thesystem
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willhavegotbacktothemiddleofthevalleyagainbeforeit reachesthe
fork,andtheeffectof thepushwillhavebeendissipated.Theperiod
justbeforethebranchingpoint,duringwhichapushwillbeeffectivein
divertingthesystemintooneor otherpath,is knownin biologyasthe
periodof‘competence’.It isnousetryingtoactonthesystemtodivert
it intoa particularbranchuntilit hasbecomecompetenttorespond,by
goingdownthevalleytowardswhichyouhavepushedit. Equally,of
course,it is not advisableto leavethe pushuntiltoo late.Oncethe
systemhasstartedtogodownoneofthebranchvalleys,ifyoustillwant
todivertitintotheotheryouhavetopushitrightoverthehillbetween
them.Effectiverevolutionaries,likeLenin,havebeenbrilliantinchoos-
ingjusttherighttimetogivea pushtoa societycominguptoa branch
pointin itsstabilitysystem.

The questionofhowthebranchpointscometo be thereat allis a
difficultone.Rememberthatthe shapeof thevalley(theslopeof the
hillsides)representsthenetresultofa wholelotofcontrollingactions,
eachofwhichisbroughtaboutbynetworkeffects,or feed-backsofthe
kindweconsiderin Chapter6. Nowthe strengthof thesefeed-backs
and controlswoulddependontheamountsofthevariouscomponents
presentinthesystem.Therefore,asthesystemprogressivelychangesas
timepasses,thestrengthsofthecontrolswillalsoalter.Assomecom-
ponentsofthesystemincreaseinmagnitudeandotherscontract,con-
trollinginteractionswhichwereat first of minorimportancemay
becomemuchmoresignificant,andviceversa.Eventuallythe system
hasalteredsomuchthatitscontrolscannolongerensurethestabilityof
the formerpathway.It maythenbreakdownintoa generalchaotic
turmoil,or it mayundergoa branchingintotwoalternativenewpaths,
eachwith its ownstability.It is perhapsrathersurprisingthat so
manysystemswecomeacrossseemtobehavein thesecondway,rather
thanthefirst;andI donotknowthatthereisanygoodexplanationyet
whythisshouldbeso.Thetheoryofsuchbreakdownsofstabilityis in
ratheranearlystageofdevelopment.It isknownascatastrophetheory.
It seemslikelyto beoneofthemostinteresting—andquitelikelythe
mostimportant—typesofmathematicalthoughtin thenearfuture.

Onecanagainusethe ideaof an attractorsurfaceto helpvisualize
whatis goingon.To simplifythemodelletus forgetaboutproviding
slopingsidesto a valleyto representthecanalizationofa chreod,but
insteadindicatethisbydrawingarrowsontheattractorsurface,indicat-
ingthatthingsgetpushedintowardsthelinerepresentingthepathway
ofchange.Wecanstartwitha moreor lessflatattractorsurface,witha
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lineonit, andarrowspointingtowardstheline.Thechangesthatare
goingon in thecontrolsystemsas timepassescanbe representedby
bendingtheattractorsurface.Abranchpoint,orcatastrophe,occursas
soonasthisbendingresultsin therebeinga foldwhichbringsonepart
of the attractorsurfaceverticallyundersomeotherpart (see7b.8).
Considerthenwhatwillhappenifa disturbancepushesthesysteminto
an abnormalpositionsuchas thoseshownin A or B. The displaced
pointwillfirstfallbackontheattractorsurfaceandthenrunalongthe
surfacetotheattractorline.If,ata latertime,it getsdisplacedtoA’or
B’,it alldependswhetherit fallsonthetopsurfaceofthefold,whenthe
arrowswillpushit backintothetopchreod;butifit hasbeendisplaced
toB’it willfalldownontothelowersurface,andthearrowsonthatwill
bringit intothelowerchreod.

bo

Fic.7b.8

Perhapsthevisualmodelgivesonesomeintuitiveunderstandingwhy
systemswhichreachthelimitoftheirinitialstabilityareoftensplitup
intotwostablepathwaysratherthanresultingincompleteturmoil.The
formationof suchfoldsin a surfaceis the kindof thingonecould
reasonablyexpectif the surfacehad a certainsolidarityor strength.
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Completebreakdownintochaoswouldhaveto berepresentedbytotal
disruptionoftheattractorsurface,whichonemightguesswaslesslikely
to happen.

Exploringa Landscape

An importantquestionaboutthe epigeneticlandscapeandbranching
pathwaysis this:Whenweareconfrontedwithan unknownsystem,
howdowefindoutwhattheshapeofthelandscapeis?Insuchpartsof
biologyas the studyof embryonicdevelopment,wecanstudya large
numberofindividualeggsofthesamespecies,doa lotofexperiments
onthem,andexploretheirstabilitybyseeinghowfartheycangetback
tonormalityaftervarioussortsofdisturbance.In manymoreimportant
systems,suchasthosewemeetin humanandsociallife,thereis only
oneexampleofthesystem,andwecannotusethiswayofexploringit.

Onesuggestion,due to the RussianmathematiciansGel’fandand
Tsetlin,istoproceedasfollows.Wefindourselvesdoingsomethingtoa
systemwhichwe believehas certainstabilitycharacteristics,which
couldbe describedby an epigeneticlandscape;but wehaveno idea
whereweareon thelandscapewhenwefirststarttryingto affectthe
system.Sowhatweshouldtrytodoistoalterit,slightly,inasmany
waysaspossible,and
resistssometypesof
quicklyafterchanges
our actionsas going
everydirectionfrom

observeitsreactions.Wewillfindthatthesystem
changemorethanothers,or restoresitselfmore
insomedirectionsthaninothers.Wecanthinkof
out intothe landscapefor the samedistancein
wherewestand,thusdescribinga circle.Butthe

reactionsofthesystemwillbedifferentindifferentdirections,sinceit
willbe harderto pushthe system‘uphill’than‘downhill’.Thus its
responsewill be a distortedcircle.From the directionsof these
distortions,wecandeducethemainslopeofthepartoftheepigenetic
landscapewherewehavefoundourselves.Wethenmovedownthis
slope—operatingin the directionin whichthe systemis mosteasily
altered—takingquitesmallsteps,untilwebegintofinda mounting
resistance:thenweimmediatelywithdrawabit, andarepresumablyon,
orat leastverynear,thebottomofa valley.

Wethenrememberwherewestartedandfromthatpointtakequitea
largejump—muchbiggerthanthestepsbywhichwedescendedthe
slope—notin thedirectionofdownhilloruphill,oralongthecontour,
wherethereactionsofthesystemwereequalin responseto thrustsof
oppositedirection,but in somedirectionintermediatebetweenthis
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contourandthe downhilldirection.This largejumpmayperhapsbe
expectedto carryusonto theoppositehillsidelowerdownthevalley,
anda localexplorationaroundthatspotmayshowustheslopegoingin
theoppositedirection.Wecanagaindescendthisto thevalleybottom,
andthustracethecourseofthevalleywearein.Thatin itselfwillbe
quiteusefulinformationbut,at somepoint,wehaveto makeanother
big step, largeenoughto carryus out of this first valley,overa
watershedintooneoftheothervalleysofthelandscape,whichagainwe
haveto explorein thesamesortofway.

AsGel’fandandTsetlinput it, weneedbytrialanderrorto fixthe
lengthofthelongstepssothatwe‘skirthighhillsandstepoversmall
watersheds’.Onecan’t,ofcourse,giveanygeneralrulesfordoingthis.
It hasgottobelargelya methodof‘suckit andsee’.Apointofgeneral
principleis thatinexploringsucha landscapeit wouldtaketoolongto
walkalloverit stepbystepwithpacesof evenlength.It is betterto
alternatebetween(a)localexplorationfollowedbyexploitingthedirec-
tionof theeasiestchange,untilthechangebeginsto getdifficult(1.e.
opportunistreformism);and(b)a jumpin the darkto try to change
somequitedifferentaspectofthesituation,followedbyanotherperiod
of opportunistreformaroundthat subject,and keepingin minda
readinessto abandonthis attemptif it turnsout to be a flop.The
procedureis,theRussianssuggest,a judiciousmixtureofmildreforms
inonearea,followedbylettingthatarealie,whenit ceasesto respond,
andstartinganotherprogrammeof mildreformsin a quitedifferent
context.This,theyargueis thebestwaytogetanideaofhowthe
behaviourof the wholesystemis organized,whichis an essential
preliminarybeforeonecandealwiththe wholethingin an effective
way.

C.TheEpigeneticLandscapeofHumanSociety

Whatcouldone sensiblymeanby ‘stabilizing’or ‘controlling’the
humansituationin the worldof todayor tomorrow?The type of
behaviourofprogressivesystemswhichwehavejustbeendiscussing—a
tendencytoleadratherfirmlyinasmallishnumberofalternativedirec-
tions—isfoundnotonlyinmaterialsystems,butinpsychologicaland
culturalones.ChristopherZeemanhasusedthisterminologytodescribe
thewayin whichmanyanimalsseemto switchsuddenlybetweentwo
differenttypesof behaviour,sayaggressionor fear;it is oftensome

114



minorfactorwhichdecideswhether.a dog behavesin the ‘attack
chreod’,andbitesyou,or in the ‘frightenedchreod’,andrunsaway.
Manyotherstudentsofanimalbehaviourhavedescribedsimilarpheno-
mena,whenit istouchandgowhethera maleandfemalefightormate;
thoughtheymostlydonotyetusethelanguageofchreodsandcatas-
tropheswhichhasbeendescribedhere,but speakin moreparticular
andlessgeneralterms.

In the worldof today,manypeoplefearthat the situationmaybe
gettingout of hand,andsoonmayrun awaywithitself,andus, into
somesortof chaos.Mostconventionaldiscussionsof ‘stabilization’or
‘control’ofhumansituationsarein termsofsimplequantitativemeas-
ures.Forinstance,it ispointedoutthatpopulationnumbers,consump-
tionofpower,etc.,etc.,areincreasingwithtimeaccordingtoanexpon-
entiallaw,sothatplottedagainsttimetheygiveaJ-shapedcurve.It is
arguedthat we needto introducesomenegativefeed-backcontrol
system,whichwillconverttheJ-shapedcurveintoanS-shapedcurve.

Thefirstpointto noteis thatat presentwearefacedwithJ-shaped
curvesif we plot againsttimenot just populationnumbers,power
consumption,etc.,but theirrateofchange.Wehaveto dealnotwith
exponentialvelocities,butwithacceleratedexponential(seep. 66).We
are concernedwith the stabilization/controlnot of things but of
processes;withhomeorhesis,nothomeostasis.

Wearealsoina phaseofincreasingdiversificationordifferentiation.
Whereasa fewdecadesagomankindcouldbe classifiedinto blue-
collaredworkers,white-collaredworkers,professionalsandaristocracy
or plutocracy,thereisnowanenormouslyricherdiversityoflife-styles
andclassidentifications(ifwestillusetheconceptofclass).Boththese
pointshavebeenextensivelydocumentedbyAlvinTofflerin hisbook,
FutureShock.

Tofflerseemsto contemplateboththesetendenciescontinuingmore
or lessunchecked—everythinggoingfasterandfasterat anaccelerating
rate,anddifferentiationbetweensocialrolesandlife-stylesbecoming
evermorediversified,tothepointthatanyoneindividualwillswitch
styles(includingmarriagepartners,friends,etc.)everyfewyears.

Merelyto try to bringtheseprocessesto a haltwould,in the first
place,probablybeimpossible;andsecondlywouldproducea condition
ofstagnationandultimatelydeterioration.Ontheotherhand,I confess
to somesortof (perhapsold-fashioned)intuitionthat if uncontrolled,
theywouldleadto a situationof totalincoherenceor turbulence.But
whatsortofstabilization/controlisconceivable?It isnotgoodenoughto
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talkaboutimprovinghomeorhesisor bufferingof particularchreods,
sincethiswouldeliminatefurtherdiversification.It couldamounttothe
authoritarianimpositionof uniformity,evenif this wasimposedby
impersonalsocialforcesratherthanbyanindividualdictatorlikeHitler
or Stalin.Diversificationdemandsthatthebranchingofchreods,catas-
trophesinthesensewediscussedabove,beallowedtocontinue.I think
whatweareconcernedwithcanbe looselyput by sayingwewantto
designa systemin whichthecatastrophesarelittleones,notbigones.
That is to say,whenwe makea switchin life-style(froma junior
advertisingexecutivetoapopgroup/lyricwriter,orfromanexperimen-
talbiologistto a futurologist,philosopheror artcritic),peopledowant
thestylestobereallydifferent,genuinelyalternativechoices,notjustthe
mixtureasbeforewitha triflemoreora triflelessbittersinthecocktail;
but surelywhatwewantto aimat is a ‘system’whichallowsus to do
thiswithouttoomuchdangerofourwholepersonalitybeingtorninto
shredsin theprocessoftransition.

Onevisualillustrationwouldbetheveryfinaledgebetweentheland
andtheseaina greatriverdeltalikethoseoftheMississippiandtheNile
—therearealmostinnumerablelittleseparaterivuletsofthefreshwater
runningdownto the sea,separatedquitedefinitelybut onlyby low
banksofmud.Thiswouldbe an ‘epigeneticlandscape’of lowprofile.
Oronemightsuggestamusicalanalogy.Wedonotwanttolistentothe
confrontationofmarkedlydifferentthemesasinaWagnerianopera,but
to therunningthroughofa gamutofslightvariationsononeor a few
alliedthemes,asin muchofBachor boogie-woogie.

Or wecouldput it anotherway.Usingthemodelofa chreodasan
attractorsurfacein a multi-dimensionalspace,a catastrophecorre-
spondsto an overlappingfoldin thissurface(792).The stabilization/
controlwearelookingforcorrespondsto onein whichtherearemany
overlappingfolds;but thetopandbottomsurfacesofthefoldsarenot
widelyseparated;a crumpledsurfacewith manylittle crumplings,
ratherthana fewlargeimpressivefolds.
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8 AnalysingSystems

A. The ClassicalScientificMethod

Manyofthesystemswhichweunderstandbest,andinparticularmost
ofthesystemsaboutwhichourunderstandinghasbeenincreasingmost
rapidly,arethosein whichimaginativeinsightintothestructureofthe
generalcharactersoftheprocessesinvolvedhasbeenreinforcedbythe
applicationofthescientificmethodofanalysis.Thismethodhasproved
fantasticallypowerfulin producingbothunderstandingof,andthe
powertocontrol,nearlyeverytypeofsystemwehavecomeacrossinthe
physicaland chemicalworld.Evenin suchunpromisingand messy-
lookingthingsastarsandgumsandgeneralgunk,chemistryhasbeen
ableto unravelwhattheyaremadeof,andhowtheyareput together,
andteachus howto makea greatvarietyof plastics,adhesivesandso
on,whichareusefulinonewayoranother.Inmany—thoughnotyetall
—aspectsof biologicalsystems,the scientificmethodhas,in the last
coupleof centuries,and in particularwithinthe last fifty years,
producedenormouslymoreunderstandingofphenomenasuchasher-
edityor physiologythanmanhadacquiredthroughallthemilleniain
whichhe hasbeenlivingwithhisownbody,but nottryingto under-
standit inthisparticularsortofway.

Whatthenis the scientificmethod?Or onemayevenask,is there
reallyany singlemethodof studywhichis responsiblefor all the
increasesofunderstandingwhichcontributeto sciencein somanydif-
ferentfields?Asa matteroffact,sciencehasbythistimebecomesucha
generalprofessionthatpeoplewhoarecalledscientistsareasdiversea
bunchasthosewhomightbecalledwriters,whorangeallthewayfrom
advertisementcopywriters,journalists,pornographers,popmagazineor
sci-fi fictioneers,to seriouscritics, essayists,scholars,novelists,
dramatists,poetsandindeedscientists.Perhapsworkersin scienceare,
afterall,notquitesucha motleycrowd;butmanyofthemhardlyever,
ifatall,usetherigorous,andusuallyverydifficultmethodwhichcanbe
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regardedastheclassicalfullydevelopedmethodofscience.Theywill,of
course,allhavebeentaughtit at schooloruniversity,justasallwriters
willhavebeentaughtthe principlesof Englishgrammarandhowto
constructa decentsentence,but it is at leastas rareto comeacrossa
scientistwhoconsistentlyappliesthe truescientificmethodas it is to
finda writerwithan impeccablylucidprosestyle.Somuchis thisthe
casethatJohnPlatthassuggestedthatit isconfusingtogoonreferring
to theordinaryprocedureofscientistsas‘thescientificmethod’,which
impliesthatonewillfinda decentexampleofit in anyscientificpaper
onelikesto open.He suggeststhat weshouldcharacterizethe true
scientificmethodmorespecifically,bynamingit ‘themethodofstrong
inference’.

ThemethodofstronginferencewastheinventionoftheRenaissance.
Themostfamousearlydescriptionofit, whichstillremainsoneofthe
best,wasbyFrancisBaconinhisbookNovumOrganum(1620).The
crux
may
clear
John

ofthemethodistomakea numberofhypothesesastohowthings
be working,andthento designan experimentwhichwillgivea
leadwhetheranyofthesehypothesesaretrueor false.
Plattdescribestheprocedurein moredetailasfollows:

Stronginferenceconsistsofapplyingthefollowingstepsto a problemin
science,formallyandexplicitlyandregularly:(1)devisingalternativehypo-
theses;(2)devisinga crucialexperiment(or severalof them)withalternative
possibleoutcomes,eachofwhichwill,asnearlyaspossible,excludeoneormore
ofthehypotheses;(3)carryingouttheexperimentsoastogetacleanresult;and
recyclingthe procedure,makingsubhypothesesor sequentialhypothesesto
definethepossibilitiesthatremain;andsoon.

NoticethatJohnPlattwritesofapplyingthesestepstoproblemsin
science.Thisisactuallynotaslimitinga conditionasit sounds.Science,
in factcanbedefinedasallthoseproblemsto whichthisprocedurehas
beensuccessfullyapplied.If youcan applystronginferenceto any
problemat all,youwillhaveconvertedthatproblemintosomething
withintheprovinceofscience.

Thisdoesnotimplythatallefficientquestionshavetobeintermsof
physicalor chemicalentities—atoms,moleculesandso on.Mendel’s
questions,in termsof ‘hereditaryfactors’,laterreferredto as ‘genes’,
wereperfectlygoodscience,longbeforeanyonecouldgivea definite
physico-chemicalmeaningto them.By now,of course,weknowso
muchaboutthephysico-chemicalmake-upoftheworldthatwerea-
sonablyexpectthatmostproblemscanbemostprofitablyformulatedin
theseterms,but that is not essential.Thereare stillsomeproblems,
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whichcanbesuccessfullyanalysedbysciencewhichcannotyetbeput
into simplematerialterms(e.g. the appearanceof patterns
development,or sequencesoforactionsin animalbehaviour).

during

Verification,RefutationorGettinga Likeness?

NoticealsothatPlattrecommendsdevisingexperimentswhichaimat
excludingoneof the alternativehypotheses—provingit wrongand
untenable.Thisis at presentthefashionableviewaboutthenatureof
scientificprocedures.Personally,I thinkthattheessentialpointabouta
scientificexperimentisthatit shouldgiveaclearyes-or-noanswer,and
I remainunconvincedthatthe ‘no’answersaremoreconvincingthan
the‘yes’ones.Severalpeoplehavearguedinfavourof‘no’answers,but
theyhavedonesofordifferentreasons.FrancisBacon,writingthefirst
descriptionofthescientificmethod,statedthatit ‘mustanalysenature
byproperrejectionandexclusions;andthen,aftera sufficientnumber
ofnegatives,cometo a conclusionontheaffirmativeinstances’.Atthe
timehewaswriting,empiricalandrationalsciencehadhardlybegun.
Manhadmanybeliefsaboutthenatureofthephysicalworldandabout
livingthings,but theseweredeductionsfromtheHolyScripturesor
fromclassicalauthorssuchasAristotle,notbasedonobservations,let
aloneonexperiments.Thefirstnecessityundersuchcircumstanceswas
indeedto debunktheunfoundedmythswhichformedthegreaterpart
ofacceptedwisdomaboutthenatureofthesubjectswhichsciencehad
toinvestigate.Emphasisonrejectionsandexclusionsoftheconventional
wisdomofthedominantgroupwasveryrightandproper:thingswere
not,in fact,accordingto COWDUNG.

For mostof theperiodduringwhichsciencewasdeveloping,from
thetimeofFrancisBacontoaboutthemiddleofthiscentury,theorists
ofsciencespokemuchlessofexcludinghypotheses.Theideacameinto
fashionagainquiterecently,forquiteadifferentreasonfromthatwhich
appealedto Bacon.Tryingto proveideaswrongcameto the topasa
reactionagainstanover-emphasisonprovingthemright.Inthe1920s,a
groupofthinkers,mainlycentredinVienna,begana movementwhich
becameoneof the dominantinfluencesin modernphilosophy.Their
thesiswasthatallargumentationandthinkingabouttheworldhasto
treatit asconsistingofstatements,formulatedin somelanguage.Some
ofthesestatementsarepurelylogical,butothersaresupposedtoconvey
informationaboutrealaffairs.Thefirstgroupofthinkersofthiskind—
whoareoftencollectivelyreferredtoas‘LinguisticPhilosophers’a term
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whichincludesnotonlytheearlyadherentsoftheidea,butmanylater
developmentsfromthem—werea groupknownasLogicalPositivists;
theymaintainedthat the meaningof a factualstatementwasnothing
morenorlessthanthewayinwhichthestatementcouldbeverifiedor
provedcorrect;and if a statementcannotbe provedcorrectby any
conceivableprocedure,theyarguedthatit hadnomeaningat all.

It wouldnot be to the point here to pursue the ramificationsof this
prettyradicalphilosophicalnotion,whichclearsoutof thewayat one
strokeallpoetry,metaphysics,rhetoric,commands,metaphorandsoon.
Therelevantpointisthatthesephilosophers,whowereextremelyfash-
ionablethroughouttheworldinthe1930s,demandedverification.How-
ever,moreconventionalphilosophers,
thisattack,pulledtheirlogicalforces
onecanhave100percentverification
maycallforit. Supposeyouhavea

afterrecoveringfromtheshockof
together,andthenstatedthatno
ofanystatement,howeverloudhe
statementor hypothesisthat if p

happensqwillfollow.Youdoanexperiment,inwhichyouproducep,
andobservethat q doesfollow.Youstillhavenotprovedthe initial
statement‘ifp thenq’,becauseq mighthaveappearedinyourexperi-
mentnotbecauseof thepresenceof p at all,but asa consequenceof
someothercondition,sayk,whichyouhadneverthoughtof,butwhich
youhappenedto produceat thesametimeasyouproducedp. If you
makethehypothesisthatifyousayyourprayerstonight,thesunwill
risetomorrow;andyousayyourprayersandit doesrise,clearlyyou
havenotprovedyourhypothesis.

Butif theverificationargumenthastobegivenup,perhapsonecan
do betterwithits opposite.KarlPopperpointedout that,giventhe
statement‘Ifp thenq’,andyoudop andq doesnotfollow,thenyou
havedisprovedthe statement;andhe arguedthat the realmethodof
scienceis not to try to verifystatements,but to disprovethem.A
surprisingnumberof scientists,includingverysuccessfulones,have
expressedagreementwithhim.ButPopper’sargumentonlyholdsinthe
abstractworldofpurelogic,inwhichthestatement‘Ifp thenq’implies
thatq willalwaysfollowp, whateveralltheothercircumstancesare,so
thatwearenotallowedtobringinsomeotherdisturbingfactor,likethe
k in theargumentaboutverification.Buttheworldwhichsciencetries
toanalyseisnotthepureworldoflogic;it istheroughanduntidyworld
ofactualhappenings.Supposewehavea hypothesislike‘Ifa matchis
puttotwigs(p)a firestarts(q).’Quiteoften,whenonedoesthis(p),the
fireactuallydoesstart(q);butaswesawabove,onecannotprovethe
statementabsolutely—foronethingonecannotdoit oftenenough.But
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again,sometimesthefiredoesnotstart,thetwigsarewet,orsomething;
andthisdoesnotcompletelydisprovethesuggestionthatmatcheshave
somethingtodowithstartingfires.In therealworldofscience,onecan
neverhavestatementswhichare100percenttrueinallcircumstances
or 100percentuntrueinallcircumstances.Themistakemadebyboth
setsof philosophers—thosewhoaskedforverificationandthosewho
wouldsettlefor falsification—is that theydemandroopercentcer-
tainty;andthatissomethingwecanneverhaveabouttherealworld.All
sciencecan do is to showthat somethingsare verylikely,others
unlikely.Its pictureof the worldis morelikea portraitdrawnby a
painterthanlikea precisetheoremin logic.

Inpractice,asfarasI canseefromthehistoryofscientificdiscoveries
in my ownfieldof biology,and frommy ownexperience,it has
sometimespaidofftotrytodisproveahypothesis,andatothertimesto
try to proveone.For instance,whenMendeldiscoveredhis lawsof
heredityhewasnottryingtodisproveanything,butwasrathertryingto
verifya hypothesiswhichhe had formulatedon the basisthat each
organismhastwoparents.Again,MorganandBridgesusednondisjunc-
tion (unusualbehaviourof chromosomes)to givepositiveproofthat
hereditaryfactorsliein thechromosomes.AndMillerdiscoveredthat
X-rayscaninducegenemutations,not to disproveanything,but to
confirmhishunchthatrayswhichcanpenetrateintoa cellandchange
chemicalconstituentsmaysometimeschangeheredities.In myown
experimentalwork, I have sometimesdesignedan experimentto
producewhatmightbe calleda disproof.For instance,Spemann
discovereda partofanearlyembryoof thenewt,whichhecalledthe
organizationcentre,becauseit inducedtheformationofthebodyofthe
embryoaroundit; andhe supposedthat thisactiondependedon its
livingactivities.I thoughtthatit didnot,andI provedinanexperiment
that thecentrecouldproducemuchthesameeffectafterit hadbeen
killed.Thiscouldbe regardedas an experimentdesignedto exclude
Spemann’shypothesis;but onecouldequallywelldescribeit as an
experimentdesignedto showthe positivefactthat the actionof the
organizerdependsonsomethinglikea hormone.

Theessentialpointabouttheeffectiveuseofthescientificmethodis
notthatyoutrytoproveordisprovehypotheses,whichmayoftenbeno
morethanamatterofhowdoyouchoosetodescribethesituation,asin
the lastinstance;it is whetheronecandiscoverhowto askimportant
questions,and, in relationto eachquestion,candeviseexperiments
whichgiveclear-cutanswersonewayortheother.Thereare,therefore,
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twodifferentbutcloselyrelatedessentialfeatures.Firstly,thequestions
askedmustbeofakindtowhichclear-cutanswersarepossible.It isnot
goodenough‘toseewhathappens’ifweraisethetemperature,or raise
theacidity,or messaboutwiththeconditionsin onewayor another.
Onewantsquestionsoftheform‘isit a orisit b?’;andpreferablya and
bmustbesuchthattheanswershouldbeclearlya or4,andnot‘abitof
both’.Buta clearquestionisnouseinitselfifthereisnoavailableway
ofansweringit. It wasnouseaskingperfectlyclearanddefiniteques-
tionsabouttheconsistencyofthemoon’ssurfaceuntiltherewassome
wayofsendingeithera manora probeup thereto obtaintheanswer.
Similarly,therearemanyquestionsabouthistoryandevolutionwhich
canbe verydefinitelystated,
unanswerable.

It istheabilitytoformulate
noanswers,whereatechnique
answers,whichseparatesthe

but whichwillprobablyalwaysremain

clear-cutquestionswhichinviteyes-and-
exists,orcanbeinvented,toobtainthese

successfulscientistfromthemerelycom-
petentprofessional.Theevidenceofthepowerofthemethodis all
aroundus, fromtelevision,theatombomb,or theconquestof tuber-
culosisor malariato suchintellectualtriumphsasthetheoryofevolu-
tionoroftheatomorofspaceandtime.

StrongInference

The argumentthat the fundamentalmethodof sciencedependson
provingthatideasarewrong,andthenrejectingthem,tendstoreinforce
thebeliefwhichhasbeencomingintofashionamongstyoungerpeople
in thelastfewyearsthatscienceisa heartlessandinhumanaffair,and
scientistsunpleasantcharacterswhomnodecentpersonwouldwishto
resemble.Thisissucha travestyofthefactsthatit isworthlookingat
thesituationabitmoreclosely.Plattreferstotheadvancesinmolecular
biologyas an exampleof the extraordinarysuccesswhichcan be
achievedbyconsistentandregularapplicationofstronginference.After
pointingout that crucialexperimentscanbe foundin everyfieldof
sciencehegoeson:

Therealdifferenceinmolecularbiologyisthatformalinductiveinferenceis
sosystematicallypractisedandtaught.Onanygivenmorningat theLaboratory
ofMolecularBiologyin Cambridge,England,theblackboardsofFrancisCrick
andSidneyBrennerwillcommonlybefoundcoveredwithlogicaltrees.Onthe
toplinewillbeahotnewresultjustupfromthelaboratoryorjustinbyletteror
rumour.Onthenextlinewillbetwoorthreealternativeexplanations,ora little
listof‘whathedidwrong’.Underneathwillbeaseriesofsuggestedexperiments
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orcontrolsthatcanreducethenumberofpossibilities,andsoon.Atreegrows
duringthedayasonemanoranothercomesinandarguesaboutwhyoneofthe
experimentswon’twork,or howit shouldbechanged.

Thisisa fairenoughaccountasfarasit goes.CertainlyFrancisCrick
and SidneyBrennerare men witha greatabilityto makecogent
criticisms—I havehad someof my ownideasgiventhe worksin
conversationwiththemoftenenoughto knowthat—but theirgreat
scientificachievementscomefromsomethinga gooddealmoreimpor-
tantanddifficultthanjustchalkingup‘whathedidwrong’.Thesecret
is reallyin thoseotherphrasesPlattuses;thinkingup ‘twoor three
alternativeexplanations’andwritingdown‘aseriesofsuggestedexperi-
ments’.Crickand Brennercan both seeas quicklyas anyonealive
wherean argumentbreaksdown,or needsre-phrasingif it is to hold
water.Whatis moreimportant,theycanrecognizea newideawhenit
turnsup, or eventhe germof onewhenits originatorhasnot quite
masteredit andis developingin thewrongway;andmostofthegreat
advancesin molecularbiologyhavecomenot fromprovinganybody
wrong,butfromhavingquitenewideaswhichhavebeenprovedto be
rightornearlyright.BeforeCrickandWatsonadvancedthehypothesis
of the doublehelicalstructureof DNA,no onehad consideredthe
possibilitythatgeneticmaterialmightnothavea unitarystructure,but
mightbe madeof twocomplementaryparts.This wasa quitenovel
idea,whichledtoextraordinarydevelopments.Again,theideathatthe
proteinswhosestructureiscontrolledbythegenesarenotconstructed
actuallyat thesiteof thegenesthemselves,but somewhereelsein the
cell,so that the geneshaveto passtheirinstructionsto this protein
factoryby meansof a ‘messenger’,wasnot justa refutationof some
previousnotion,butwasa novelidea—andSidneyBrennerwasdeeply
involvedin thinkingit out,anddesigningandcarryingouttheexperi-
‘mentswhichmadeit seemworthyofacceptance.It couldonlybewith
hindsight,andforthepurposeofmeetingsomephilosopher’sdescrip-
tion,thatonecouldwithdifficultyre-tellthestoryofthediscoveriesof
molecularbiologyin termsof refutinghypothesesandrejectingthem.
Thesimplewaytotellthestoryisintermsofhavingideas,andproving
themrightbymeansofexperimentswhichwillstanduptothetoughest
criticism.

Sofar,I havenotsaidanythingaboutwhatsortofquestionsarelikely
to evokeyes-or-noanswers,withthe appropriatemethodsof finding
them.Actually,thereareprobablyseveraldifferentkindsofquestions
whichqualifyaspotential‘scientificquestions’;andpeopleat different
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periodsin thehistoryofsciencehavesometimesbeenmoreimpressed
by onekind,at othertimesby another.Thispointhasrecentlybeen
particularlyemphasizedby the Americanscience-philosopherThomas
Kuhn.In hisbookTheStructureofScientificRevolutions(1962),Kuhn
arguesthat,formostof thetime,people,andscientists,seetheworld
throughoneparticularset of spectacles—accordingto oneparticular
paradigm,as he putsit —andfindthat questionsandanswersput in
termsofthatparadigmaremoreclear-cutandmoredefinitelyyes—no,
becausetheyappearwithcleareredgesthroughthatsortofspectacles.
Butsometimes,occasionally,andimportantly,weput downonesetof
spectaclesandpickup another.Westopthinkingofspaceandtimeas
separateandtotally‘obvious’,andwestartfeelingthat relativityand
space-timegivesa deeperinsightwhichwecannotavoidpursuing—
evenif,asKuhnclaims,at firstthisnewideasolveda fewoutstanding
puzzlesonlyat theexpenseof throwingawaysomepreviouslyaccept-
ablesolutionsofothers.Orwegiveupthinkingofatomsasindivisible,
andattachableto eachotheronlybya fewspecific‘valencies’—which
wasthewayI wastaughtchemistry—andwestartthinkingofatomsas
verydynamiccentresofactivity,definitelydivisible,intomanydifferent
components,andableto combinewithoneanotherin severaldifferent
ways.Orwemayevenagreeto lookat onetypeofprocessthroughone
setof spectaclesforcertainpurposesandthrougha quitedifferentset
for another;as whenweregardlightas eithercontinuouswavesor
discreteparticles,or the‘material’physicalelementsaseither“elemen-
taryparticles’or‘wavemechanicalentities’.

Allof thisapparenttotalconfusioncomesbackto the basicpoints
thatweremadein thefirstchapterofthisbook.Allourknowledgeof
theworldis basedonourexperienceofit —or,if youinsistonprofes-
sionalizingit, onexperiments.Andwecanneverdescribeinwordsthe
totalcontentofanyexperienceor experiment.Likea portraitpainter,
wecancapturesomeaspectsofour‘subject’—it is symptomaticofthe
confusionofphilosophicallanguagethatthethingthepainterrefersto
ashissubjectis whatthephilosopherscalltheobject.Andsometimes,
weliketo seetheportraitofnaturepaintedin onestyle,sometimesin
another.

Thischapteris aboutthe methodof science,ratherthanaboutthe
philosophyof it, so I shallnot enteron anyfull discussionof this
Kuhnianview.I shallonlyremarkthat it hascertainlybecomevery
fashionable.Butonehastorememberthatwecannotpickjustanything
wepleaseasa usefulandapplicablepointofview.Theworldwelivein
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hasa structure,andeventhoughtheremaybeseveraldifferentwaysof
lookingat it, eachprovidingsomeinsights,theywouldall haveto
respectthatstructure,whichis as‘real’asthepersonwhoseportraita
painterisdoing.

Hard

|

Workand Skill

TheinsistencebyKuhnthatthedirectioninwhichsciencemovesisnot
dictatedonlyby impersonallogic,but is alsoa matterof whatpeople
findthemselvesinterestedin or convincedby,perhapsprovidesa suit-
ablecontextin whichto mentiontwopointswhichseemimportantto
mostactivescientists,but whichrarelygetmentionedby the profes-
sionalphilosophersofscience.

Thefirstis thatunearthingthestructureoftheworldwelivein isa
time-consumingpastime.Talkingabout‘thescientificmethod’maygive
enticingopportunitiesfor brilliantintellectualrecitatives,duets or
cadenzas;actuallyusingthe scientificmethodalmostalwaysinvolves
longboringperiodsof waitingfor somethingto boil,or the eggsto
developto the rightstagefor theexperiment(inmyexperience,they
nearlyalwaysinsiston doingso at 2.00am)or findingsomewayof
fillingthe intervalbetweenthefirstexperimentalinterventionandthe
nextone,whichhastobejusttwoanda halfhourslater.Andthen,it is
notjustdoingoneexperiment;nothinglessthanten,or twentyoreven
more,repetitionswillbe at allconvincing,particularlywhentheyare
difficultto pulloff,andonlyonein halfa dozenor moreis likelyto
workat all.The scientificmethod,forallthephilosophicalsophistica-
tionyouliketo put intoit, involvesaboutasmuchsheerbloodyfoot-
sloggingassculpturewitha chiselagainstmarble.

Andthatraisesthesecondpoint.Thescientificmethod,in practice,
callsforskillandcraftsmanship.Thiswasveryobviousin the science
withwhichI started,cuttinglittlepieces(one-thirdmillimetreacross)
out of one embryonewtor chickand placingthem,to fit, into a
preparedholein anotherembryo.WhatI firstpridedmyselfon,as a
scientist,wasthat I couldoperatewitha precisionlimitedonlybythe
ultimatelimitation,thatthereis a (tiny)pulseat thetip of yourfore-
finger,whichgivesanyinstrumentyouholda slightjerkeverytimethe
heartbeats.Butevenin modernautomatedsuper-mechanizedexperi-
mentation,usinginstrumentsdesignedby the laboratoryinstrument
industryto besoldat fantasticprices,I havewatchedyoungermenin
thelaboratoryofwhichI amDirector,settingup experimentswhichI
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couldnotdo at all,andI haveseenhowwithX, handlingsomething
whichis supposedto be automatedso it is justa matterof pressing
buttons,everythinggoesperfectlysmoothlyandit allworksasthebook
says,andeveryrepeatgivesan almostidenticalresult,whilewithY,
poorchap,nothinggoesright,hehastotryfivetimesbeforetheprepar-
ationsevenbegintolookright,andthen,whenheattemptsa repetition,
the resultscomeoutquitedifferentfromthefirsttime.Thescientific
method,evenaftertheinstrumentmakershavegotontoit,stillremains
a craftskill—whichwescientistsenjoybutphilosophersusuallyfeelto
bebeneaththeirnotice.

TheLimitsofScience

Undoubtedlywhenconfrontedwitha complexsystemyouwillobtain
moreeffectiveunderstandingofit ifyoucanapplythescientificmethod
thaninanyotherway.Butthefactthatscienceisbasedonclearanswers
to specificquestionsis notonlythesourceof its strength,but alsoto
someextenta limitation.Sciencedoesnot—notyet,andinsomesenses,

not ever—tellus all abouteverything.It is a systematizationof the

answersto thosequestionswhichhavebeensuccessfullyput to experi-
mentaltesting;andnotallquestionshaveyetbeenthoughtof,andeven
fewerhavebeentestedin wayswhichgivereasonablyclearanswers.
Thereare largeareasof humanconcern,particularlyproblemsabout
man’sownnature,andthatofhissocieties,in whichit hasbeenvery

difficultto formulatequestionswhichcanbe givenclearanswersin

experimentswhichit ispracticalordesirabletocarryout.In theseareas,
scienceis weak;and non-scientificmethodsof study, relyingon
hunches,or experience,or intuition,or insight,or empathyor what-
have-you,maybethebestguideonehasavailable.Itcanneverbeasgooda

guideasscientificknowledgewouldbe.Thisischieflybecausethereisno

wayforMrJohnSmithtojudgetherivalmeritsoftheinsightorwisdomof
StatesmanXandProphetY.It isultimatelyanarbitrarychoicewhichhe
willfollow;andalthoughhemaytrytobuildontheworkofhispredeces-
sors,hecanneverbesurethattheyprovidea firmfoundation.

Therearetwoothermajordifficultiesthatstandin thewayofapply-
ingthescientificmethodofstronginferencetoeachandallthesystems
we comeacross.The first is that in manycaseswe havenot yet

discoveredthe rightsystemofconceptsin whichclear-cuthypotheses
canbestatedandthereforetested.Thisis soparticularlyin systemsin
whichtheentitieswecanmosteasilyidentifyreactwitheachotherin
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verymanycomplexways,andseemto behavedifferentlyaccordingto
theparticularcontextthattheyarein at a giventime.

Themethodhassofarbeenmostsuccessfullyappliedto systemsin
whichtheseconstituententitiesareof not verynumerouskinds,and
theirpropertiesremainmoreor lessconstant.Thereareonlya certain
numberofdifferentkindsofatomswithwhichchemistryhastodeal;
the mass
developed
thereare
withone
molecular

andphysicaldimensionsof the bodiesaboutwhichNewton
hisphysicsremainthesamewhereverthebodieswere;and

notmanywaysin whichseparatephysicalbodiescaninteract
another.Althoughthegenesandotherbodiesdealtwithby
biologyare complexbuilt-upthings,the propertiesof the

entitiesremainfixed,orchangeonlyindefinitewaysastheresultofa
smallnumberofdefiniteprocesses.Theseareexamplesofthekindsof
situationin whichstronginferenceworksbest.

Butthereareotherfieldsof biologyin whichthe sub-units—or at
leastthe sub-unitswenormallyuseat present—do not seemto have
suchclear-cutproperties.Wethinkofthebrainasmadeup ofa large
numberofcells,butitisnotatallclearthataparticularcelldoes,orcan’
onlydo,oneor twothings.Forinstance,whenquitelargepartsofthe
brainare damagedor removed,the remaindermaycarryout all the
functionswhichthecompletebrainoriginallydid,andthismustinvolve
othercellscarryingouttheactivitieswhichwerepreviouslyperformed
bythecellsinthepartwhichisdestroyed.Thescientistsworkingonthe
functioningofthebrain—theneuro-physiologistsandothers—areno
lesscleverand hard-workingthan the molecularbiologists,but they
havemadefarlessspectacularprogress;possibly—evenprobably—this
isbecausetheyhavenotyetdiscoveredtherightsub-unitsofthebrain’s
functioningmachinery,aboutwhichtheycouldaskpreciseandexperi-
mentallyanswerablequestions.Probablyit isa mistaketoanalysethe
brainintoindividualcells;theentitiesoneoughttobeaskingquestions
aboutmaybe somethingelse—possiblycircuitsof electriccurrents,
whichmayretainsomeimportantcharacteristicfeatureswhateverpar-
ticularcellstheyhappento passthrough.Oneof thepointsaboutthe
discussionsinotherchaptersofthisbook,aboutwaysinwhichunitscan
be organizedintosystems,thekindsof behaviourwhichsystemsmay
exhibit,and the sortsof questionsit maybe profitableto askabout
them,isthattheseideasmayhelpusto reachclear-cutandappropriate
notionswhichcan be usedto askdefinitebut answerablequestions
aboutsuchthingsasthebrain,or humansociety,whichsciencehasso
farnotbeenverysuccessfulin tackling.
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The otherreason,or reasons,whythe scientificmethodof strong
inferenceis not the beginningandendingof wisdomin dealingwith
complexsituations,is that thereare somethingsfor whichit is not
appropriate.In thefirstplace,therearesomethingsaboutsuchsitua-
tionsthat wemayneedto measure,andscienceis not fundamentally
concernedwithquantities.In viewofwhatoneisusuallytold,thismay
seema perverseandparadoxicalstatement.It is truethatmanyscien-
tistsspendmuchoftheirtimein measuringthings,suchas thequan-
titiesofsubstanceinacompound,orthespeedoflight,thefrequencyof
agiventypeofvibrationandsoon.Someworld-famousscientistsofthe
not toodistantpast—mostlyVictorianphysicists—
onehadmeasuredsomething,andturnedit intoa
dealingonlywithgossip.Butactuallysciencedeals
but withlogicalrelations.It is founded,as wehave

claimed
number,
notwith
said,on

thatuntil
onewas
numbers
clear-cut

questionswhichcanbegivendefiniteyes-or-noanswers.Theseanswers
may,ofcourse,involvetheintegers.Anatomofironmaybecombined
withtwootheratoms,orwiththreeotheratomsorconceivablyfour,five
or sixorsomeotherintegralnumber;butsuchrelationsdonotinvolve
numberslike10:5763or 21:0274.Whena chemist,forinstance,meas-
urestheamountofoxygenwhichiscombinedwitha givenamountof
ironinacertaincompound,hedoesthisasthesimplestwayofdiscover-
ingwhichof thevariouscompoundsof
with,andeachof thesecompoundswill
etc.)atomsofiron,andsimilarnumbers
urementsonlyneedtobepreciseenough
clear-cutalternativeshehasgotholdof.

ironandoxygenhe is dealing
involvea few(one,two,three,
ofatomsofoxygen.Themeas-
tomakeit clearwhichofthese

However,therearemanycontextsinwhichwedohavetomeasure
quantities,for practicalpurposes.Thesetasks
nology,engineeringor agricultureratherthan
bacteriologicalscientistmaywanttoknowhowto
formsofgerms;butit isthesanitaryengineerwho
manyofthemtherearepermillilitreinthetown

belongreallyto tech-
to scienceitself.The
distinguishthevarious
needstomeasurehow
watersupply.

Oneofthefirstgroupsofpracticalpeoplewhofeltthenecessityfor
developingbettermethodsofmeasuringquantitiesincomplexsituations
weretheagriculturalists.If youwantto testa varietyoftypesofseed,
andtheeffectsonthemofapplyingdifferentmixturesoffertilizers,you
havea complicatedjobarrangingto getcomparablemeasurementsof
the finalcropwhichwillallowyouto evaluatethe effectsof different
combinationsofseedandfertilizertreatments.Clearly,forinstance,it
won’tbegoodenoughto haveonlyoneplot,withonlya certainvariety
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givena certaintreatment,becauseit maybeona patchofbadsoil,or
exposedto thewind,or in theshade,or somethingofthatkind.Thus
themeasurementhasto be repeatedon severalsimilardifferentplots.
Howmanyshouldtherebe,andhowshouldtheybe arrangedandso
on?Thisisallanelaboratedevelopmentofthemethodsofstatistics;and
thisparticularbranchof the subjectbecameknownas the ‘Designof
Experiments’.

I rememberthe timein the 1930swhenthesubjectbecamehighly
fashionable,andChairsofit wereestablishedinsomeoftheoldestand
mostorthodoxuniversities.Ataboutthattime,I wentto visitandget
someadvicefromProfessorDavidKeilin,the famousbiochemist,a
Polishrefugeein Britain,whodiscoveredmanyof themajorenzymes
concernedwithoxidationin biologicalsystems.Afterdealingwiththe
immediatebusinessinhand,heaskedmehowI wasgettingonwiththe
biologicalresearchwhichI wasonlyjustbeginning.I saidI haddone
thefirstexperimentwhichhadgonequitewell,but I washavingdiffi-
cultyinthinkingjustwhattodonext.I wonderedwhetherI shoulddo
somereadingin thisnewstudy,the ‘DesignofExperiments’.Keilin’s
verysoft and gentlevoiceroseseveraltonesin horror.‘Myyoung
friend,’he said,‘thereis onlyoneprinciplein designingexperiments;
the restis statistics,leavethat to theengineers.If oneof myexperi-
mentscannotbeinterpretedwithoutstatistics,I leaveit andthinkofa
betterexperiment.’Andheturnedaway,asthoughtheconversationwas
finished.“Well,yes,Keilin,’I said,‘butwhatis the oneprincipleof
designingexperiments?’Heturnedback.‘Theoneprinciple,myfriend,
is to designthemsothattheygiveananswer.’

So,ifyouhavetounderstanda complexsystemina waysuitablefor
carryingoutoperationsonit ofa technologicalorengineeringkind,then
youmayhaveto measurevariousaspectsofit asaccuratelyasyoucan,
andyoumayhaveto relyonstatistics;butthiswillnotbescience,and
themethodsofstronginferencewillnotbeapplicable.

Finally,ofcourse,onemaywanttodealwithasystemina waywhich
is neitherscientificnor technological,but, say,aesthetic,ethicalor
religious.Thereare largeandveryimportanttypesof experiencefor
whichlanguageitselfis inappropriate,let alonestronginference—
music,painting,poetry,danceanddrama.Thesemodesofbeinghave
theirownproceduresandmethods,but I shallnotattemptto describe
themordiscussthemin thisbook.
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B. Statistics

Statisticsis obviouslyoneof the importantwaysofanalysingcomplex
systems.In fact,somepeople,whenreadingthetitleofthisbook,may
expectto findit mainlyaboutstatistics.However,statisticsisonlyone
oftheToolsforThought,anda verytrickyoneto use.

Statisticsis thenamefora numberofmethodsofanalysiswhichare
appropriateto usewhenoneis studying,nota singleindividualthing,
buta populationofsimilarthings.Thisis actuallythecasemoreoften
thanonemightthinkat firstsight.Obviously,if oneis interestedin
somethinglikethebirth-rateinIndia,orthenumberofFrenchmenwho
ownTVsets,or trafficaccidents,onewillhavetodealwithpopulations
containingmanyindividualexamples,andwillhavetofindsomewayof
takingaccountof thedifferencesbetweenthemas wellas thesimilar-
ities.Butevenwhenonemighthopeonecouldconcentrateona single
thing,it oftenturnsoutthatonecannot.Thisis particularlysoif one
wantsto measureanything.Whatdoesthissuitcaseweigh?Well,you
weighit. But howsensitiveis yourbalance?Unlessyouhavesome
otherknowledgeofitsaccuracy,allyoucandois to weighthesuitcase
again,andseeif yougetthesameanswer.Youarenowdealingwitha
populationof weight-measurements(withso far onlytwomembers).
Butifyouaretryingtobeaccurate,youwillalmostcertainlyfindthatif
youweighit a secondtimeyougetaresultwhichisnearlybutnotquite
thesameasthefirst.Youmaybecontenttoaccepttheweightwhichis
repeatedeverytimeasaccurateenough;butyoucangoa bit furtherif
youwillweighitseveraltimes,andprovideyourselfwitha‘population
ofweight-measurements’witha fairnumberofmembers.

Statisticscontainsa fewgeneralideasaboutpopulationswhichare
importantenoughto be wortheverybody’swhileto understand.They
areprobablyeasierto graspfromvisualdiagramsthanfromwordsor
mathematicalsymbols.Butwordsandsymbolshaveto beusedto deal
withtheotherpartofstatistics,whichisa setofrulesaboutthearith-
meticnecessarytohandlemeasurementsorcountsmadeonpopulations.
Thesestatisticalproceduresarequitedifficultto understandcorrectly,
andaretrickyto use.Fortunatelytheyarerarelycalledforin ordinary
life,becauseinsituationsinwhichit maybeimportanttomeasuresome
factabouta population—say,the frequencyof accidentson different
typesofroads—thecostofputtingintooperationanynewknowledge
thatmightemerge,e.g.byimprovingcertainroads,areusuallysolarge
thatit wouldnotbesensibletoundertakeit unlessthedifferencesareso
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greatthattheyleaptotheeyewithoutanyneedforelaboratestatistical
arithmetic.But if, foryourpurposes,youneeddetailedandaccurate
estimatesbasedonstatistics,ca//inanexpertstatistician;thisisaToolfor
Thoughtwhichcanonlybeusedpreciselyaftertraining.

Populations

Statisticsstartswitha set of measurementson the individualsin a
population;as an example,the heightsin inchesof the childrenin a
school.Onecan’tdomuchwiththem,ofcourse,untiltheyhavebeen
put intosomesort of order.The firststepis to arrangetheminto
groups,bringingtogetherallthemeasurementswhichfallbetweencer-
tainlimits.Wemightmakethe limitstwoinchesapart(oranyother
intervalsuitableforthepurposewehaveinmind).If wetaketwo-inch
intervals,thenweputtogetherallthemeasurementsbetween,say,4 ft
(14cm)and4 ft 2 in.(19cm)(48and50in.),andbetween50and52
ins(19and24cm),52and54ins(24and29cm),etc.,allthewayupto
thelargestmeasurementwehave.Thenwecountthenumbersineach
group;andwecallthenumberofmeasurementsinthegroupbetween,say,
54and56,thefrequencyofmeasurementsinthatinterval.Sowehaveatable
offrequencies,somethinglikethetable4b.1;orwecanmakeadiagramin
whichweplotthefrequencyofmeasurementsineachinterval.Thisgivesus
a steppedoutline;andwecan,tomakethingsprettier(andmoreeasyto
handlemathematically),drawa smoothcurvewhichremovesthejag-
gedness.Thetypeofgraphwhichgivesa steppedoutlineisknownasa
histogram,andthesmoothcurveisafrequencycurve(8b.1).

AsI havesaid,thereis an elaboratemathematicsof statistics.This
providesa formulawhichfixestheshapeofa ‘normal’frequencycurve.
By‘normal’,it meansthefrequencyofvarianttypesofindividualsina
populationwhenthosevariationsareproducedbypurechance.If you
nowpersistinasking,whatdoyoumeanby‘purechance’,theansweris
notatalleasy,andthereareseveralschoolsofthoughtabouthowchance
is bestdefined.Butforallpracticalpurposes,onecananswerthatwe
saysomethingistheresultofchancewhenwebelievethatit isaffected
bysucha largenumberoffactors,eachwithonlyslighteffects,thatit
wouldbehopelessto try to discoverexactlywhatcombinationofcir-
cumstanceshadbroughtabouttheresultweobserve.(Theword‘ran-
dom’isoftenusedin thesamesenseas‘chance’.)

This ‘normalfrequencycurveof chancevariations’is highestfor
middlevalues,andtailsofftowardseachextreme.It isoftendescribed
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as ‘bell-shaped’.The mostimportantpropertiesofanyactualexample
ofsucha curve,whichdescribesthefrequencydistributionofvariants
insomerealpopulation,canbecharacterizedbytwonumbers.Thefirst
statesthe positionof the mid-pointof the curve;this is the average
measurement,otherwiseknownasthemean.Theseconddescribeshow
widelythe measurementsarescatteredaroundthe mean.Therearea
numberofpossiblewaysofdescribingthis.Onemightsimplycalculate
howmucheachindividualmeasurementdiffersfromthemean,oraver-
age,andthentakethemeanofthesedifferences.Statisticians,whoseem
veryconsciousof thevalueof jargonin addinganairofprofundityto
simpleideas,usuallyspeakof the measurementsdeviatingfromthe
mean,so this calculationwouldgivethe ‘meandeviationfromthe
mean’.Butthissimplemeasureturnsoutto haveawkwardmathe-
maticalproperties.Onegetsan indexof scatterwhichis moreeasily
handledifonedealswiththemeanofthesquaresofthedeviations.This
is a much-usedindex—the meansquareddeviationfromthe mean,
oftencalledthe‘variance’.Butalthoughthishasusefulpropertieswhen
it comesto moreelaboratearithmetic,it givesrathera falseimpression
at firstsight,becausewearenotusedto havingto dealsimultaneously
withbothanordinarynumber,in themean,anda squarednumber,in
theindexofscatter.Soit hasbecomeconventionaltoquotetheindexof
scatterasthesquarerootofthemeansquareddeviation.Thisisknown
asthe‘standarddeviation’.It givesanimmediatelygraspableideaofthe
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variabilityorscatterofthemeasurements.Forinstance,ifwemeasured
themilkyieldofa herdofcows,wemightfindthatitsmeanwasgoo
gallons.Thevariability,expressedasvariance,or meansquareddevia-
tion,mightbe22,500squaregallons—andit isnotveryeasytogather
muchimpressionfromthat,unlessyouareusedto thissortofgame.
Butthesamevariability,expressedas‘standarddeviation’,wouldbethe
squarerootofthat,i.e.150gallons.Thissoundsmucheasiertounder-
stand.Togetsomedefiniteideafromit,allweneedtoknowiswhatthe
standarddeviationcorrespondsto in termsof numbersof measure-
ments.Thishasbeenworkedoutin detail.Actuallyjustovertwo
thirdsof all measurementswillfallbetweenonestandarddeviation
belowandoneabovethemean,i.e.between750and1,050gallons,while
justover95percentwillbe withintwostandarddeviationsoneither
sideofthemean.
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Of course,not all populationshave their variants‘normally
distributed’,in themannerjustdescribed(8b.2).Thefrequencycurve
mayhaveashapewhichis‘toofat’,or‘toothin’,incomparisonwiththe
normalcurve.Oritmaybeasymmetrical;thenthemostfrequenttypeis
notexactlythesameastheaverage,ormean,andisgiventhetechnical
nameof the ‘mode’(ormodaltype).Sometimes,the populationmay
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havetwo,or evenmore,verycommontypes,whenthe populationis
called‘bi-modal’,or ‘multi-modal’.Thesedeviationsfromnormality
ariseusuallybecausethecausesproducingthevariationsdonotcom-
pletelyfulfilthe definitionwe gaveof randomness,i.e. of beingso
numerousandeachofsuchslighteffectthattheycannotinpracticebe
separated.Non-normaldistributionsareusuallya signthatthepopula-
tion is beingaffectedby a fewfactorswhichare considerablymore
effectivethanalltheothers.Thekindofnon-normalitymaygivehints
howto identifythesefactors,but this becomesa verytechnicaljob
whichweshallnotpursuehere.

Samples
Sofarthisaccounthasimplicitlyassumedthatonecouldmeasureevery
individualin thepopulationbeingstudied.In practicethisisoftennot
thecase.It shouldbepossibletotaketheheightofeverygirlatRonald
Searle’sfamousStTrinian’s,although,ifwebelievewhatwereadabout
thatschool,theremightbepracticaldifficultieseventhere.Onecould
certainlynot expectto measurethe heightof everyonein Londonor
NewYork;infactonecouldn’tevendetermineexactlywhoareeveryone
in Londonor NewYork,becausethey are changingall the time,
althoughonecanattachameaningwhichisdefiniteenoughtobeuseful:
to theexpression‘thepopulationofNewYork’.Whatonehastodoin
suchcasesistotakeasampleofthepopulation(8b.3).Agooddealofthe
mostpracticallyimportantstatisticalideasareconcernedwiththetheory
ofsampling.

Fig: SU
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The firstthingto realizeis that a samplecannotbe expectedto
providea completelyaccuraterepresentationofthewholepopulation.

Thiswillbetrueevenifit isa ‘fair’sample;thatis,say,oneinwhich
anyindividualisaslikelyasanyotherto beincluded.Clearlyyouwill
notgeta goodpictureoftheheightsofthegirlsofSt Trinian’s,ifyou
measureonlya quarterofthem,andchoosethetallestonesyoucansee.
It isoftennecessarytotakegreatcaretoseethatthesamplebeingused
isanunbiassedone—a‘random’sample,it isoftencalled.Thisisoneof
thequestionsit paystoask,whensomeoneistryingtopersuadeyouof
somestatisticalargument;is he usinga trulyrandomsample?If that
pointisallright,thenitisobvioustheaccuracywillincreaseifwemake
thesamplelarger,i.e.nearerto takingin thecompletepopulation.But
inpracticaltermsthequestionwearelikelytobeinterestediniseither,
howaccurateapicturecanweexpectfromthesamplewehavebeenable
to getholdof,or, howlargea samplewillwehaveto taketo attaina
certaindegreeofaccuracy?

The best wayto understandhowtheseproblemshavebeenap-
proachedis to do a ‘think-experiment’(8b.4).Supposeyoutookone
sample,say,ofn individuals,andworkedoutanestimateofthepopula-
tionaverageandstandarddeviationsfromthat;andthentookanother
similarsample,and another,and another,and workedout estimates
fromthemalso.Youwouldnowhavea populationof estimates.This
wouldhaveanaverageofalltheestimatesoftheaverage,andalsohavea
standarddeviationofthat‘averageofaverages’(whichhastobearrived
at bya slightlydifferentformula;but weneednotgointothatrefine-
menthere).Asbefore,anyparticularestimateof the averagederived
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fromonesamplewillfallmorethanonedeviationawayfromthetrue
averagein onlyabouta thirdof cases,andmorethantwodeviations
awayinlessthanonecaseintwenty.In thisway,onecanworkouthow
reliablethe picturegivenby onesampleshouldbe consideredto be.
Unfortunately,there cannotbe a simplerule sayinghow many
individualsthereshouldbetomakea reliablesample,becausethismust
dependonhowmuchvariationthereisbetweentheindividuals,aswell
asontheirnumber.Butanaveragebasedona sampleshouldalwaysbe
givenas a numberfollowedby an estimateof its reliability,whichis
normallywrittenasplus-or-minusanothernumberwhichgiveswhatI
referredtoaboveastheestimateofthe‘standarddeviationoftheaver-
ageof averages’—whichis moreconventionallycalled‘thestandard
error oftheestimatedaverage.

The pointof describingthis rathermurkyand technicalpieceof
argumentis not that everybodyneedsto followeverystep in the
argument.Theydon’t;I havealreadysaidthatthesensiblethingstodo
withstatisticsiseithertobecomeanexpertat them,orjustskimoffthe
basicideas.Andthebasicideahereisthatanaverage,oranestimateof
anythingelse,isverylittleuseunlessonehassomeideaofhowreliable
it is.Distrustanyfiguresquotedtoyou,withoutanyindicationoftheir
reliability.

Ofcourse,if theyarebasedonmeasuringsomethingin a complete
population,theywillnot sufferthe statisticaluncertainties;but they
maysufferothers.Forinstance,considera figurelikethenumbersof
unemployed;theyarebasedona totalcountofallthoseregisteredin
someofficialwayorotherasunemployed;but,perhapsparticularlyin
connectionwithwomen,onemaydoubtwhetherbeingunemployedis
quitethe samethingas beingregisteredas unemployed.The uncer-
taintyhereisoneofthedefinitionsused.

Again,considerthe numberof peoplekilledin caraccidentson a
BankHolidayweek-end;it shouldbepossibletogeta reasonablyaccur-
ate totalcount,thougha fewmaydie laterfromlonger-termcon-
sequences.But usuallysuchfiguresare wantedin connectionwith
argumentsaboutwhethertheroadsaregettingsaferormoredangerous.
Sooneiswantingtocompareoneyearwithanother.And,ofcourse,the
firstuncertaintyisthatmaybemorepeoplegotkilledthisyearthanlast
becausemorepeoplewereout,orweregoingfarther;becausecarown-
ershiphadgoneup;ortheweatherwasbetter;orwhathaveyou.Soone
wantsfiguresof‘deathspermile’(orpossibly‘deathsperhourofroad
use’?;it is notabsolutelyeasyto besurewhichwouldbe moreinfor-
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mative).If theseuncertaintieswereovercomereasonablysatisfactorily,
we are approachingthe problemareawhichis statistics’ownback
garden.Supposetheholidayweek-enddeathratewasonlyforty-eight
permillionmilesthisyear,whileit wasfifty-threelastyear.Howmuch
comfortcanwetakeinthisapparent10percentreduction?Actuallyone
canhavenoideawhetherit meansanythingoflong-lastingsignificance
(it’sobviouslygoodat thetime),untilit canbefittedintosomesortof
populationofmeasurements.Whatwasit theyearbeforelast,andthe
yearbeforethatandsoon?Wewanta populationofdeathrates,from
whichwecanworkout a measureof variation,andthenwecansee
whetherthisparticularmeasurement,thisyear,islikelytobelongtothe
samepopulation,or looksratheras thoughit doesnot fit in withthe
earlierones,whichwouldindicatethatsomerealchangehadoccurredin
thegeneralsituation(8b.5).

Ofcourse,estimateswhicharedefinitelybasedonsamplesshouldbe
easierto‘place’inthisrespect,becausetheyshould(and dviceisto

FIG.8b.5

insistonthis)comewithanestimateoftheir‘probableerror’.Asa very
roughruleof thumb,onecansaythat if wearepresentedwithtwo
estimatesof something,eachwiththeirprobableerror(say,theaver-
ages,overthe samefive-yearperiod,of the percentageof students
enteringthe Facultiesof Sciencein twouniversities,whograduated
B.Sc.intheminimumprescribedperiod),andifweask,dothesefigures
suggestthatthe twouniversitieshavedifferentstandardsor practices,
weshouldlookat thedifferencebetweentheaverages,andif thisisless
thantwicethelargerof thetwoprobableerrors,wecanconcludethat
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thereisnotmuchchance(onlyaboutoneintwenty,or 5percent)that
thereis anydifferencebetweenthemin thisconnection.Notea point
here:whatmoststatisticsisabout—andthemostrewardingquestionto
be askingyourself—is veryoftenof the form:are thesetwothings
different?Andthat,ofcourse,willleadonto:if so,whyso?

Theonlygeneralprincipleaboutassessingthereliabilityofmeasure-
mentsor estimatesis thattheycanneverbe 100percentreliable.All
that the mostelaboratestatisticscan do is giveyousomethinglike
bettingoddsfororagainstthehypothesisthatsomethingisso,orisnot
so;andit leavesyoutodecidewhethertobet,andhowmuchtoputon.
Onecanusuallygeta goodenoughideaoftheoddsintuitively,if one
canpresentthedataina forminwhichone’sintuitioncangetto work
onthem.Formostpeople,a visualpresentationiseasiertograspthana
numericalone.

Correlations

Anotherimportantpartofstatisticsisconcernedwithfindingouthow
closelytwodifferentsetsofthingsareconnectedwitheachother,or,as
the jargonhas it, are ‘correlated’.Hereagaina simplediagramwill
probablymakeit easyto deduceanythingthat is worthknowingfor
practicalpurposes.Makea graph,plottingonethingagainsttheother—
say,heightverticallyandweighthorizontally(8b.6).Probablyonewill
findthat,inthepopulationyouarestudying,thetallerpeopleareonthe
wholeheavier.It maybe possibleto drawa straightline,sloping
upwardstotherightaroundwhichallthepointsaregrouped.Thisline
expressesthe correlationbetweenthe twovariables,and its slopeis
calledthecorrelationcoefficient.Thereareelaboratemathematicaltech-
niquesfordoingthisas accuratelyas possible,but doingit a eyeis
likelytobegoodenoughinmostcases.

Moreover,lookingat a graphmakesit easyto seesomeofthesnags
thatmayarise.In thegraph8b.7,ifyoujustputthefiguresthroughan
arithmeticalmill,withoutcarefullythinkingaboutthem,youmight
comeout witha strongrelationbetweenthe twovariables,suchas
indicatedbythedashedline.Butlookingatthedrawingoneimmediately
seesthatthisismainlydependentonthetwomostextrememeasure-
ments,indicatedbycrosses.Anythingdependentononlytwo
mentsis not likelyto be veryreliable.If the largestand
measurementswereneglected,therewouldbenoverystrong
of a correlationbetweenthe variablesoverthe restof their
variation;onecoulddrawanumberofdashedlines,allequally

measure-
smallest
evidence
rangeof
plausible
\
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and equallyunconvincing.Or perhapsthe relationbetweenthe two
thingsisnottoberepresentedbya straightlineat all,butshouldbein
theformofa curve;andif so,themathematicaltechniquesforfinding
thecurveareveryclumsyandtroublesome,littlebetterthandoingit by
eye.

It is importantto realizewhata correlationbetweentwovariables
means,andin particular,whatit doesnotmean.It meansthat,in the
populationstudied(notnecessarilyin allpopulations),thereis a ten-
dency,whosestrengthisexpressedinthecorrelationcoefficient,forthe
measurementsof the twocorrelatedcharacteristicson the samein-
dividual(say,its heightand weight)to varytogether;the moreone
measurementdepartsfromtheaverage,the moretheotherwilldo so
too.Thisdoesnotmeanthatonecharacteristiccausestheother;it may
doso,butthefactthattheyarecorrelatedisnotgoodenoughevidence
to reachthatconclusion.Theycanbothbecausedby somethingelse,
andhavenoessentialcausalrelationto eachother.Thisisa verybasic
pointofwarningaboutthemisuseofstatistics.It isusuallyenshrinedin
anoldparable,knownasthe‘TopHatFallacy’—andthefactthatit is
outofdatesartoriallyshouldnotmakeyouforgetthatit isstillbang-on
in whatit implies.I quoteit in thewordsofa formerPresidentofthe
RoyalSociety,in his memorandumabout howto do operational
research:‘Statisticalinvestigationofthepopulationofmanycitieswould
showthatthewearersof tophatsaresignificantlytallerthantheaver-
age.The missingcausallyeffectivevariablehereis clearlythe higher
averageincomeofthetop-hat-wearinggroup.’
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g CommunicationinSystems

A.InformationTheory

Muchof the discussionin earlierchaptershasbeenconcernedwith
subjectslikestructuresor organizedsystemsofcontrol.Thesearenot
materialthings.Mostof the restof this bookwillmoveevenmore
definitelyoutofold-fashionedmaterialismintotherealmof ideasand
concepts.Oneof themostinfluentialstrandsin recentthinkingabout
the complexitiesof the worldwelivein hasbeenthe ideathat the
specificcharacterofthingsmaysometimesbemoreimportantthanthe
chemicalnatureof the substancestheyaremadeof or theirphysical
propertiesofmass,acceleration,positionandsoon.Ina ratherprimitive
form,thisisanoldideainbiology,wherethedifferencebetweena cat
anda dogis notsomucha matterof theirchemicalconstruction,let
alonetheirphysicalsize,weightor positionin space,but dependson
theircharacteristicformsandbehaviours.Whenthissortof notionis
broadenedtoapplytotheworldingeneral,includingnon-livingpartsof
‘it,andwhenit isdefinedmoreprecisely,theconceptof‘specificcharac-
ter’hasusuallybeentranslatedintotheterm‘information’.Thisword
hasbeengivena verydefinitemeaningin a bodyofthoughtknownas
‘InformationTheory’,andwhenit isusedinanythingotherthancasual
conversation,it shouldbeusedinaccordancewiththatdefinition,soit
is as wellto knowwhatthat is. Unfortunately,as weshallsee,the
definition,althoughprecise,isalsoverylimiting,andexcludesmostof
what we are reallyinterestedin. The worlddoes not workby
‘Information’;whenit operatesinanyway,it doessoby‘instruction’or
‘programs’,whichinvolvesomethingmore than can be accom-
modatedwithin‘Information’.

Althoughoneor twomathematiciansandtheoreticalphysicistshad
hintedat sucha developmentratherearlier,theformaltheoryofinfor-
mationismainlybasedontheworkofacommunicationsengineeratthe
BellTelephoneLaboratories,ClaudShannon,whowassoonjoinedbya
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mathematician,WarrenWeaver.Shannonand Weavertook:astheir
startingpointthe ideaof somethingwhichgivesout a message,and
somethingwhichreceivesit.Butthosetwoitemsalonedonotmakeup
thewholeofaneffectivesystem.Wereallyneedfouritems,andthereis
a fifthwhichwecannotavoid.Aswellas the ‘InformationSource’,
whichoriginatesa message,weneeda transmitter,whichfirsttranslates
themessageintotheformofsignalwhichcanbetransmitted(‘codes’it,
e.g.fromlettersintothedot-dashMorsecode)andthentransmitsit
alongsomechannel,suchasa wireorbyradiowaves;thentherehasto
beareceiver,whichacceptsthemessageanddecodesit backintoaform
understandableby the fourthitem,the destination.And the fifth,
unwantedbut unavoidable,itemis a seriesofactivitieswhichtendto
disrupt,or distortor otherwiseinterferewiththe messageduringits
transmission.Allthesedisturbinginfluencesarereferredtoasnoise.

ForShannon,thecommunicationsengineer,thecrucialproblemwas:
howfaristhemessagereceivedbyitsfinaldestinationa faithfulrender-
ingofthemessageasit wasoriginatedbyitssource?Heproposedto
studythisbymeasuringtheamountof‘information’containedinthe
originatedmessage,andcomparingitwiththeamountofidenticalinfor-
mationin themessageat itsdestination.But,howto measure‘amount
of information’?Let us, to makeit simpler,forgetabouttransmitters
havingto codethemessage,andreceiversdecodeit, andsupposethat
wearedealingwithmessageswrittenina sequenceoflettersof the
Englishalphabet,andthatthe transmitterhasa wayofsendingthese
downthetransmissionchannelata ratewhichthechannelhascapacity
enoughto handlewithoutlossor distortion,andthereceivera wayof
pickingthemup at theotherend.Supposewehavea message,CAT.
Forthefirstletter,therearetwenty-sixlettersavailablein thealphabet;
andwehaveto chooseoneof them,namelyC, andsoforthesecond,
third,etc.,lettersofthemessage,wehavetochooseoneparticularletter
outofa possiblesetoftwenty-six.Theamountofinformation,Shannon
argued,canbemeasuredastheamountofchoice.

Andherenotea first,andveryimportant,limitationonthegenerality
of thetheory.It dealswithchoiceoutofa definedsetofpossibles.If we
weredealingwiththeRussianalphabet,withthirty-oneletters,choosing
thecinvolvesmorechoice,thusmoreinformation,thanchoosingcfrom
theEnglishalphabetwithonlytwenty-sixletters.FormalInformation
Theorycanonlybe appliedwithina defineduniverseof possibilities,
whoseboundariesareknown.Mostoftheworldisnotlikethat.

Pursuinghislineofthought,ShannonpointedoutthatintheEnglish
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language,somelettersoccurmuchmoreoftenthanothers:e is more
frequentthanqorx,forinstance:Soifyouexertednochoiceaboutthe
nextletterto gointoyourmessage,but leftit to chance,it wouldbe
morelikelyto turn out to be an e thana g. Whenhe tookthis into
account,andworkedouta methodof estimatinghowmuchchoiceis
reallyinvolvedin writingdownonesequenceof lettersratherthan
another,hecameupwitha certainalgebraicformula.Theargumentis
notverydifficulttoanyonewiththerudimentsofa mathematicaltrain-
ing,butasthisbookisaddressedto peoplewhodonothave,andmay
beallergicto,eventherudimentsofmathematics,I shallnotgiveithere
(seeShannon’sownpaper,1962).

Shannonmeasuredinformationin unitscalled‘bits’;andonecan
definea ‘bit’,wellenoughforourpurposes,astheinformationinvolved
in givingthe answerto a singlequestionwhoseanswercanonlybe
eitheryesorno.TheimportantpointisthatShannonfoundthatthe
formulaforestimatingthenumberofbitsin a complexpieceofinfor-
mationisidenticalwithoneofthemostimportantformulasinthephysical
sciences,thatwhichembodiestheSecondLawofThermodynamics.This
SecondLawis,C. P. Snowclaimed,theshibbolethbywhichonecan
distinguishtheTwoCultures;membersof theScientificCultureknow
whatit means,membersof the Non-Scientific(Humanities?Arts?)
Culturedo not. It is becauseShannon’sInformationTheoryran
straightintothe famousSecondLawthat peoplethoughtit mustbe
basicallyimportantat a veryfundamentallevel.

Sowehaveto lookat theSecondLaw.It is simplecommonsense;
and no onewouldhavethe slightestdifficultyaboutit, exceptthat,
unfortunately,theofficialwayofexpressingit strikesmostpeopleas
beingupsidedown.Whatit statesis that,usuallyandexceptin special
circumstances,anyorderlinesstheremaybeina situationtendsto get
less.If youstartbysettingupsomewell-drilledtroopsintoanorderly
square,withall the rowsstrictlylinedup by the right,andthe files
preciselyonebehindtheother,andleavethemtherefora fewhours,
youwillalmostinevitablyfindthatattheendoftheperiodtherowsare
not so neatand the filesare a bit wrigglyon the ground.Thereis
nothingunexpectedin that.It probablyis fairto saythatthistypeof
behaviourisoneofthemostbasicandfundamentalcharacteristicsofthe
physicalworld.Nobodywouldhavemuchdifficultyinunderstandingit,
andacceptingit,exceptthatthephysicistshavechosentoexpressitina
waywhichseemsto floutour intuition.Mostpeopleseemto havea
feelingthat orderis positive,andwhenit breaksdownandbecomes
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dissipated,somethingis reduced.Physicaltheoryputsit theotherway
round. It has a word, not for order, but for disorder, which it calls
entropy;andit expressestheSecondLawbysayingthatentropytendsto
increase,insteadofsayingthatordertendsto decrease.

This turningof the naturalwayof thingsupsidedownisa fairly
trivialmatter,whichanyonewithafewwitsathisdisposalcouldtakein
his stride.But when we start to look into its connectionwith
InformationTheory,theconfusiongetsworseconfounded.

InformationTheory,as Shannondevelopedit, cameout withan
algebraicexpressionwhichclearlymeantit hadto havesomelinkwith
theSecondLawandentropy.Butwhatlink?Shannonatfirstthought
oneway;thenhe—orwasit WarrenWeaver?—thoughtanother,almost
theexactopposite.

Shannonstartedby askinghimself,howmuchinformationcanthe
InformationSourceput out?Clearly,if all it coulddo is something
totallyorderly,likesayingAAAA...indefinitely,or runningthrough
itsABC... andwhenitgottoZstartingagain,thenitcouldnotbethe
sourceformanydifferentmessages.Hethereforeatfirstarguedthatthe
‘informationcapacity’ofa sourceismeasuredbythedegreetowhichit
isnotorderly;thatistosay,byitsentropy;themoreentropy,themore
information.

Butthenthereweresecondthoughts.Whatwearereallyinterestedin
is notsomuch,howmanydifferentmessagescanthesourceproduce,
butrather,howmuchinformationisthereinthismessagewhichweare
tryingnowtogetthroughtoitsdestination?Nowifthesourcewasina
stateofhighentropy,or disorder,themessagewouldjustemergeasa
randomsequenceofletters,eachsuccessiveletterchosenbythethrow
of a dice—whichmightbe biassedto correspondto the average
frequencyoftheletterinnormalEnglish,sothateturnedupmoreoften
thang.Buttheinformationcontainedinanyparticularmessagecanonly
bedependentonthedegreeto whichthesequenceoflettersspellingit
outis notdeterminedbychance,butactuallyspellssomething.Sothe
amountofinformationisthedegreeofchoice,notchance;thedegreeof
order,notofdisorder.In fact,themoreinformation,the/essentropy;
theprecisenegativeofthepreviousconclusion.

It is this secondviewthat hasbecomefashionable.So muchthe
vogueindeed,thataspecialwordhasbeencoinedtomean‘entropywith
a minussignin frontof it’, whichis called‘negentropy’.Thiscan,
roughlybutadequatelyforourpurposes,beinterpretedas‘order’.And
sincelivingsystems(includingsocieties)tendto be ratherorderlyas
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thingsgointheworldingeneral,andtendtoincorporateanythingthey
take up into the orderlinessof their existingstructures,you will
frequentlycomeacross,frompeoplewhowanttoexhibittheirmastery
ofwith-itjargon,phraseslike‘Lifelivesonnegentropy’,andthelike.

I hopeI haveexpoundedthe situationenoughfor youto seethe
reasonsformyadvice:BEONYOURGUARD!

The genuineimportanceof InformationTheoryis that it brought
homethecrucialpointthatthereismoretotheworldthanthephysical
factorsofposition,mass,accelerationandsoon,orthechemicalfactors
of atomicandmolecularcomposition.It pointedoutthatthereis
anotherrealmof fundamentallyimportantfactors,whichwe might,
non-committally,call‘specificityof character’.Its weaknessis that it
triedtodefinethisspecificityin essentiallynon-activeterms.‘Toquote
WarrenWeaver’sclassicalpaper(1962,p. 116):‘Anengineeringcom-
municationtheoryis justlikea veryproperanddiscreetgirlaccepting
yourtelegram.Shepaysnoattentionto themeaning,whetherit issad,
or joyousor embarrassing.Butshemustbe preparedto dealwithall
thatcomesto herdesk.’

If yourtelegramreadsMEETHIGHMARKETTWELVETEN,
or instead is MEAT HIGH MARKETTWELVETON, for
InformationTheorythedifferencerestson/yin the lettersthirdfrom
thebeginningandsecondfromtheend.It measuresthisdifferencein
termsofthelikelihoodthata throwofdicewouldputanE oranAin
thefirstplace,oranE oranO inthelatter.Thefactthatthefirstisan
arrangementfora meetingat thejunctionofHighSt andMarketSt,
andtheseconda messagefroma meatimportertoa wholesalerthathe
hadbetterunloadtwelvetonsofdoubtfulstuffas soonaspossible,is
nothingwhateverto do withthe Theory—it fallsrightoutsideits
province,and is not, and cannotbe, measuredby it. But of course,it 1s
justthismeaningwhichis therealpoint,bothto usasconsciousactors
intheworld,andtoalllivingthingscarryingontheirbusinessofliving,
whethertheyareconsciousornot.

In InformationTheory,oncea messagecontaininga certainquantity
ofinformationhasbeengivenoutbythesource,theonlychangeinthat
quantitycanbea reduction,bysomethinggettinglostor swampedby
noise.In particular,thequantityof informationcannotincrease,until
thesourcegivesoutsomemore.Thisis anotherofthefeaturesofthe
theorywhichmakeit inappropriateto mostcontextsinvolvingliving
things.Afertilizedegg,forinstance,obviouslygetsmorecomplex(and
thuscomesto containmoreinformation)asit develops.In a society,a

144



simplesmallamountofinformation—a declarationofwar,forinstance
—maygraduallyproduceveryfar-reachingchangeswhichwouldneeda
greatdealof ‘Information’to describe.This is becausesystemslike
livingorganismsorsocietiesare,inmostoftheiractivities,operatingnot
ona basisof information,but of instructions.Theydoindeeddepend
on‘specificity’,asInformationTheoryemphasized;butnotspecificity
definedasmeaningless‘information’(ornegentropy);butratherspecifi-
citywhichis in the formof instructions,or programfor action(or
‘algorithms’,if youmusthavean impressive-soundingjargonword).
Unfortunately,theTheoryofInstructionisfarlessfullyworkedoutand
watertightthantheTheoryof Information,asweshallfindoutin the
nextsection.It seemsalwaysto be easierto makea GoodTheoryof
somethingwhichisbesidethepointandboringthanofanythingwhich
goesto theheartofthematter.Theworldmaybea platefulofoysters,
but it isonlytheemptyoysterswhichopenat alleasily.

B.InstructionsandPrograms*

Onegetsa betterideaof the realnatureof the complexsystemswe
actuallycomeacrossif onethinksof them,not in statictermsof the
amountof informationtheycontain,but by askingthe moredynamic
question,howmuchinstructionwasnecessarytoproducethem,orwhat
instructionsdotheytendto imposeontheirsurroundings?TheTheory
ofInstructions,andoftheresultsofsetsofseveralinstructions,whichare
knownas‘programs’,ismuchmoredifficultandlesswellunderstoodthan
thatof Information.Onesoongetsinvolvedwiththewholeproblemof
programmingtocomputers.Thisiseasyenoughtodowhenit isonlya
questionoftellingthecomputertocarryoutsomesimpletask,perhapsin
arithmetic;it ismuchmoredifficulttodiscoverthebestwaytogivemore
complexinstructions;andnoonecanyetforetellalltheconsequencesofan
untriedprogramof instructions.Thisbookis notconcernedwiththe
technicaldetailsofsuchthingsascomputerprogramming.

However,to lookat somethingin termsof instructionsinsteadof
informationusuallygivesa verydifferent,and oftenverysurprising
pictureof it. Onewayto illustratethisis to considerthecomplexities,
bothofpatternandbehaviour,whichcanresultfromverysimpleinstruc-

* Notethat, in thiscontext,this is not justan Americanspellingof a wordwhich,in
English,iswritten‘programme’.Theword‘program’hasbeenadoptedasa technicalterm
in the languageofcomputerscienceandrelatedtopics,to referto anorganizedsequence
of instructions.
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tionswhicharecarriedoutoverandoveragain.Someof thesimplest
examplesarepatternswhichcanbeproducedonachequerboardofsquares.
Thefollowinggameisoneinstance.Asquaremaybeemptyorshadedor
black.Itsstatedependsonthefoursquareswhichshareaside withit.The
instructionsare:(a)anemptysquarewhichadjoinsone,butonlyone,side
ofafull(shadedorblack)squarebecomesblack(‘anewindividualisborn’);
(b)allthenewblacksquaresinapatternappearsimultaneously(makinga
‘move’in the game);(c) in the nextmoveafterit is black,a square
remainsfullbutbecomesshaded,andinthefollowingmoveit becomes
emptyagain.Thefirstfourmoves,startingfroma singlesquare,are
shownbelow,andthedrawingat thebottom(gb.1)showsthecomplex
butorderlypatternwhichappearsat theforty-fifthmove.

Cl
O

Fic.gb.1
It isnottoosurprising,whenonethinksaboutit, thattheapplication

ofsimplerulescanproduceresultsofgreatcomplexity,aswehavejust
seen.It is perhapsmoreunexpectedto findthat ruleswhichseemto
takeintoaccountonlylocalcircumstancescangiveresultswhichshow
an overall,and not merelylocal,orderliness.Here is a verysimple
example.Stringtogetherin a linethethreelettersa, bandc.Therule
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foraddinganewletterattheendofthelineis:comparethelastletter
andthelastletterbutone(inthestringabbcba,thesewouldbea and¢);
if theyaredifferent(ashere)addtheotherletter,i.e.b;if theyarethe
Samerepeatthatletter(i.e.inbabaddanotherJ).

Youwillfindthatifyoustartwithanygroupofthreeletters(except
therepetitionsaaa,bbbandccc,whichgoonindefinitely),youwillcome
tooneoranotherofthreesequencesofeightletters,aabchbac,aachccab
or bbcaccba,whichwillthengoon beingrepeatedindefinitely.If you
makeamistake,puttingdownacwhereyoushouldhaveputaJ, allthat
willhappenis thatyouswitchfromoneofthesesequencesto another.

Onecangetequallyunexpectedresultsofstability,ortheproduction
ofspecificend-results,fromthegamesonchequerboards.Supposewe
allowthesquarestohaveonlytwostates:black(full)orwhite(empty);
supposethat againtheypayattentiononlyto the foursquaresalong
theirsides;thengivetheinstructions(a)a cellwithanevennumber(0,
2 or 4)ofblackneighboursitselfbecomesor remainswhite,(b)a cell
withanoddnumberofblackneighbours(1or 3)becomesor remains
black.Thenonegetssucha surprisingresultasthatshowningb.2,in
whicha patternofthreespotsproducesfourrepeatsofitselfat the
secondmoveandasmanyassixteenat thesixth.

Fic.gb.2

TheSameRulesandDifferentStarts
Probablythe mostastonishingresultsin sucha gameof instructions
havebeenproducedbya setofrulesproposedbytheCambridgemathe-
matician,J. H. Conway(fora gamewhichhecalls‘life’,andit seemsto
justifythetitle).In thisthesquaresareagaineitherblackorwhite,but
theypayattentionto all eightsquareswhichtouchthem,including
thoseat thecorners.Theinstructionsare(a)everyblacksquarewhich
hastwoorthreeblackneighboursremainsblack(‘survival’);everyblack
squarewithfouror moreblackneighboursbecomeswhite(‘diesof
overcrowding’);(b)everyblacksquarewithonlyoneornoblackneigh-
bourbecomeswhite(‘diesof isolation’);(c)anywhitecellwhichhas
three,nomoreandnoless,blackneighboursbecomesblack(‘abirth’).
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Nothingveryexcitinghappensif onestartsofffroma setof three
adjoiningblacks;of the fivepossiblestartingpatterns,threedie out
immediately,and the othertwostabilizeas an inactiveblockor an
oscillationwithperiodtwo(9b.3).

Oo
MOVES

1 2

BLOCK
STABLE)

PERIOD

FIG.9b.3
Thingsarenotmuchmoreexcitingif onebeginswithfourblacks,

althoughonepatterndevelopsforsometimebeforeit settlesdownto
oscillatebetweentwomoreelaboratearrangementsinthelasttwodraw-
ingsintherow(9b.4).

It is whenwestartwithfiveblacksthat wecometo realizehow
characterfulandunexpectedtheresultsofthesesimpleinstructionscan
be.Forinstance,onepatternproducesa ‘glider’,which,in fourmoves,
shiftsitselfonecolumnofsquaresoverto theright,andgoesondoing
soindefinitely(9b.5).Anotherquitesimplegroupoffive(9b.6)under-
goesextraordinarydevelopments.Itsfateisnotyetknown.Conwayhas
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BEEHIVE

BEEHIVE

FIG.9b.5

FIG.9b.6

trackedit for460moves.Bythenit hasthrownoffanumberofgliders.
Conwayremarks:

It haslefta lotofmiscellaneousjunkstagnatingaround,andhasonlya few
smallactiveregions,soit is notat allobviousthatit willcontinueindefinitely.
After48 movesit hasbecomea figureof sevencounterson the leftand two
symmetricregionsontherightwhich,ifundisturbed,wouldgrowintoa honey
farm(fourbeehives)andtrafficlights.However,the oney farmgetseateninto
prettyquicklyandthefourblinkersformingtheerate lightsdisappearoneby
oneintotherestofa ratherblotchypopulation.

Forlong-livedpopulationssuchasthisoneConwaysometimesuses
a PDP7computerwitha screenonwhichhecanobservethechanges.
TheprogramwaswrittenbyM.J. T. GuyandS.R.Bourne.Without
its helpsomediscoveriesaboutthegamewouldhavebeendifficultto
make.

Morecomplexstartingarrangementsproduceevenmorebizarre
results.Atthetopleftingb.7isa ‘glidergun’offorty-sixblacks,which

149



FIG.9b.7
throwsoffa newglidereverythirtymoves,whileat thebottomrightis
anarrangementwhich‘eats’gliders.

Thesegamesillustratethe unexpectednessof the behaviourwhich
canarisewhensystemsfollowquitesimpleinstructions.Theyare a
warningthattherearea lotofthingsin theworldto whichonecannot
applytheInformationTheoryargumentwhichsupposesthatifwestart
witha certainquantityofinformation,whichmeasurestheamountof
detailthereis in the system,the onlythingthat canhappenin the
naturalcourseofeventsisthatsomeofthisgetslost.Onthecontrary,if
westartwithsimpleinstructions,the amountof detailmaynotonly
increaseindefinitelyinsomecases,butit maybecomearrangedinvery
orderlyways.Unfortunately,onecannotdomuchmorethanillustrate
thispoint,becauseverylittledefinitetheoryhasbeenworkedoutaboutit.

DifferentRulesandtheSameStart
Thisgameof ‘life’givessomeprettyexamplesof the complexitiesof
shapeand behaviourwhichcan arisefromfollowinga fewsimple
instructions,andtheenormousvarietywhichcanbeengenderedsimply
bystartingfromdifferent,thoughallquitesimple,initialconfigurations.
It is worthglancingat the differentresultswhichcan comeabout
startingalwaysfromthe same,simplestpossiblebeginning,a single

150



point,but followingslightlydifferent,but againsimple,programsof
instructions.

This game,generallyknownas ‘worms’,seemsto haveoriginated
whenoneof the better-knownresearcherson the possible‘intelligent
behaviour’ofcomputers(SeymourPappertofMIT)hadtheideathata
goodwaytogetquiteyoungelementary-schoolchildrentofindit funto
playaboutwithmathematicswasto letthemprogramcomputers.Sohe
builta mechanical‘turtle’,whichcanmovein a straightline,andthen
turnthroughsomedefiniteangleandgooffina newdirection;andit is
quitesimpleto programa computerto tellit whento turn andwhat
angletoturnthrough;andthecomputerwillgotirelesslyongivingthe
ordersoutagainandagain,andtheindefatigableturtlewillcarrythem
out.Andwhathappens?

The simplestpossibleinstructionsare: (1) Go forwardone unit
length;(2)turnrightthrougha rightangle(go°);(3)advanceoneunit:
gobackto instruction(1)andrepeatuntilyoucometo placeyouhave
beenbefore,then(4)stop.Ofcoursetheturtlejustwalksouta square
(9b.8,left).Soto makeit a bitmoreinteresting,put in onemorestep;
after order (2) turn right, put in a new order, (3) go two units forward;
then go backto instruction(1) and repeat.This just goesrounda
rectangle,andstopsverysoon(9b.8,right).Webeginto getsomething

Pee ee

FIG.9b.8
interestingwhenweputina longersequenceofdistancestheturtlehas
togobeforestartingoveragainwithinstruction(1);thatis,wesay:go1;
go1,then2;go1,then2, then3;go1,then2,then3,then4;andsoon
(turningrightanglesaftereachstep).Thepatternsoftheturtle’swalk,
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uptotheprogramwherewehaveputineightstepsofthesequence,are
shownin 9b.9.Theyare,as yousee,beginningto getquiteamusing.
(Notethat the programswithfoursteps,andwitheightsteps,never
stop,butgoonforever.)Theyarenoteasyto foreseewithoutactually
gettingtheturtletodoit (or,witha programassimpleasthis,onecan
doit withpencilandpaper).

1 5

Dea

]

fp

LU

dl aEg

ae
Fic.9b.9

Thenonemighttryputtingin someleftturns,insteadofrightones.
Whowouldhaveguessedthat if wewenton to the nextstagein the
sequenceabove,thatwithninestepswithgo°turns,whicharealwaysto
therightexceptthatwetelltheturtletoturnleftafterithastakensix
steps,it wouldwalkouta patternlikegb.10?
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Thesepatternsarenotverysimple,but theyarestillratherboring.
Muchmoreinterestingthingshavebeenproducedbya programwhich
isonlyslightlymorecomplicated.It involves,notrightturns,butturns
at60°or120°—toplotthemoutwithpencilandpaper,it iseasiestto
getholdofoneofthespecialtypesofgraphpaper,knownas‘isometric
paper’,whichis ruledwiththreesetsof linesat 60°to eachother,
makinga set of equilateraltrianglesinsteadof the usualsquares.We
alwaysstartatonepoint;butnowweconsiderthatwhatwearestarting
isa ‘worm’,whichcanonlylivebyeatingitswayalonga line.(Infact,
thewholeofthisideastartedbypeopletryingtounderstandsomevery
funnypatternsofgroovesonthesurfaceofancientmudswhichhaveby
nowturnedintorocks;theymustbefossiltracksoffeedingworms,but
howdidthewormsbehavetoproducetheseoddpatterns?(SeeScience,
21November1969,if you’reintrigued.)

Whena wormstartsoffandeatsitswayalonga line,it willsooncome
to an intersection,whereits linemeetsfiveotherlines.If its program
tellsit togostraighton,it justdoesgostraightonindefinitely,makinga
veryboringstraightline.Soit’sonlyinterestingiftheprogramtellsit to
turn;therearetwolineson eachsideintowhichit couldturn,either
‘gently’(turningonly60°offtrack),or ‘sharp’(turning120°);and,of
courseeitherleftor right.Then,whenit doesthissortofthing,it may
finditselfcomingup to an intersectionat whichit hasbeenbefore,so
that someof the lineshavealreadybeeneatenup, andit hasa more
restrictedrangeofchoices.Forexampleingb.11thesolidlinesshowa
wormwhicheatsalongthelinesaccordingtotheinstructions;(1)atan
intersectionwithfiveopenlines,turnsharpright;(2)at anintersection
withsomelinesalreadyused(e.g.afterstep3),gostraighton.Thissoon
leadsto a placewhereallthe lineshavebeeneatenoutandtheworm
dies.Thedottedlines,startingafterstep2,showa wormprogrammed
to:(1)doonesharprightturn,thentwosharpleftturns,thentwosharp
rightandsoon alternately,evenat intersectionswithsomelinesused
up;in thefewstepsshown,thewormhasnotyetmeta situationwhich
callsforfurtherinstructions.

If youworkit out(ortakethesimplewayoutoflookingit up in the
ScientificAmerican,November1973),youwillfindthatthenumberof
choicesforwhichthewormmayhavetobegiveninstructionsarereally
quitefew.Whena wormsetsoff,he willfirstcometo an intersection
whereheisconfrontedbyfivelines;ifweruleoutthathegoesstraight
ahead,becausethat givesjust a boringstraightline,thereare two
choicesto bemade:turnleftor right;turngentlyor sharply.Then,at
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Fic.9b.11

laterstages,thewormmaycometopointswhereone,or two,or three,
orfour,ofthelineshavebeenalreadyusedup(ifallfivehave,theworm
willhavetodie).It turnsout(I won’tgointothedetails),thatifoneline
has gone,thereare four possiblechoices,and the wormhas to be
instructedwhichto take;whentwolineshavegone,onecansaythat
therearefourpatternsthewormmaymeet,andforeachpatternhehas
threechoicesastohowhereacts—a totaloftwelveinstructionshasto
be given.Andif threelineshavegone,thereareonlytwoto choose
between;andwithfourgone,nochoiceis left.Sowitha maximumof
2+4+ 12+ 2 = 20 instructions,anywormcan be fullycluedup
whatto doin anypossiblecircumstances.Ofcourse,manywormswill
nevercomeacrossmorethana fewof theconceivablypossiblesitua-
tions,andcanliveouta fulllifewithmanyfewerthantwentyinstruc-
tions,likethosedescribedabove.

The pointto noticehereis that eventhis fairlysmallnumberof
possiblechoices(twentyasamaximum)generateanextraordinarynum-
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FIG.gb.12

ber of astonishinglycomplexand differentpatterns.Someareopen,
goingonforever,like9b.12.Othersare‘closed’,andeventuallycometo
anend.Someof theseclosedpatternshavea lotofsymmetry(9b.13),

Fic.9b.13
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whichdiffersfromthe openone(gb.12)in onlyoneof the twenty
instructions.Otherclosedpathsshowverylittlesymmetry(gb.13).And
themostcomplexclosedpathsofarworkedout—therearequitea lotof
programswhoseend-results,ifany,havenotyetbeendiscovered—isa
prettysurprisingmixtureof symmetryand apparentdisorderin the
middle(gb.14).

Fic.9b.14

Thepointofthesegamesisnotmerelythattheyareratherpretty,if
youlikethatsortofthing.Muchmoreimportantisthattheyshowthat
thehumanmindsimplyisnot,at thispointinevolutionarytime,setup
tobeofanyuseinforetellingwhatwillbethefinaloutcomeoffollowing
somequitesimpleprogramofbehaviour.Norcanweforeseehowthe
overallappearanceof the systemwill changeas its development
proceeds.Thefigure9b.15representsa fewstagesina program(coded
as5007byMichaelBeeler,whostudiedit).After50moves,it isquitea
compact,ratherverticalshape;but that soonchanges;at step 100it
slopesdowntotheright;at 200it isa trianglepointingdown;after500
it hasa generalhorizontaldispositionandhassomeholesin it;bystep
1,726,whenit hastravelleddownwardsas faras it willevergo,it is
lookingmuchmoreragged,withseveral‘teeth’juttingouton the left
side;but by step2,373,whenit comesto a suddenandratherunex-
pectedend,mostoftheseteethhavebeenmoreor lesscoveredupand
smoothedover,thoughthewholeshapehasstillsomeholesin it, and
looksmuchlessneatandwellorganizedthanit didat step50.

Manyof the thingswefindmostimportantin lifearebiologicalor
socio-biologicalsystemswhichoperateon the basisof programsof
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Step 50

Step

Step100

200

Step 1726

Step500

Step

(worm

2373

dies )

Fic.9b.15

instructions.Thesegamesare strikingwarningsaboutthe kindsof
behaviourwehavetoexpectduringthehistoryofsocieties,oreconomic
systems,ormenprogrammedbytheirgenes;theiroverallconfiguration
maychangeinveryunexpectedwaysasfurtherandfurtherstepsin the
programsbecomerealized,eveniftherearenochangesin theprograms
themselves.Onecannotexpectit to be easyto foretellthe resultof
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carryingonwithoneandthesameeconomicsystem,letaloneforecast
whatwillhappenifoneintroducesanalterationoftherules.Andwhat
is thesensein discussinggeneticallylimiteddifferencesin IQ between
racesor otherhumangroups,whenwehaveno ideawhethertheir
geneticprogramsare‘terminating’ones,orneverreachafinal state;and
alsohavenowayofknowinghowfarvariouspeoplearealongthepath
of workingout theirprogram?Myguess—it canbe no morethana
guess—isthatnoone—Einstein,Plato,Leonardo—haseveryethadthe
opportunitytodevelophismentalgeneticprogramtothepointwhereit
reachesterminationandsetsa limitonhiscapacities.I stronglysuspect
that mostgroupsof the humanracearequitea shortwayintotheir
development;perhapsformostofhistorytheyhavebeenabletogettoa
fairlycomfortableearlystageratherlikethatof program5007at step
50,oreven500,andnowwemaybeinsomethinglikethemore‘messy’
stagesofgrowthwhichthatprogramgoesthroughlater.

Nobodyreallyunderstandsthesesystemsyet;eventhoughanyone
mustacknowledgethattheyaresimplyveryelementaryexamplesofthe
waymuchof the worldmustwork.MichaelBeeler,whois ‘playing’
withthem,wrotemeina letter:

oneinterestingaspectisthat,ifa wormhasgrowna large,complicatedtangle
ofpathsegments,theremust(easilydemonstratedmathematically)alwaysbea
trailofuneatensegmentsleadingfromwhereveritnowisbackintotheoriginal
startingpoint.For large,densetangles,thesetrailsresemblea channel,likea
canalforbarges—andit isintriguingtowatchthewormwinditselfaroundand
aroundthetangledblob,eachtimemissingthechanneluntilfinallyit happens
to fallintothechannelandisthenforcedto followit backto theoriginanddie.

Civilization,workingout successivesteps in a programof power,
energy,competition,buildsup a tangledskeinof complexities,which
always,atstepn,looksasthoughyoudon’tneedtobotheraboutanything
buthowto getto stepm+ 1—andthenit hitsa situation—theatom
bomb?—theRevoltagainstReason?—and,asin thegameSnakesand
Ladders,can’tstoptillit’sbackatSquareOne,thePaleolithic,butthis
timewithallthecream,theeasilyexploitednaturalresources,already
skimmedoff the milk.Perhapsthesefunnymathematicalwormsare
simplyputtingintoup-stageintellectualtermsthepointBlakemade:

O ROSE,thouart sick!
Theinvisibleworm
Thatfliesinthenight,
In thehowlingstorm,
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Perhaps,as wehaveseenin othersectionsof thisbook,the actual
constraintsofthefieldsofactioninhumansociety,andtheexistenceof
rules more subtle than simplechoices(involvingfeed-backsfor
instance),tendto limitthe effectsof ourprogramsto somethingless
outlandish.Whatwehavebeenillustratingin this sectionmightbe
called‘runaway’results.It’saswellto knowwhattheycanbe,justto
realizethat in reallifewe do not oftencomeacrossthem—actual
processesarenearlyalwayshomeorhetic,orchreodic.
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10 HandlingSystems

A.TheTheoryofGames

In thecomplexsystemsthatonefindsonehasto dealwithinpractice,
someofthemostimportantcomponentsmayveotherpeople.If oneis
tryingtochangethesystemina particulardirection,onehastotakeinto
accountwhatstepstheseotherpeoplearealsogoingto taketoalterthe
system.It wouldbeniceiftherewasa rationaltheoryofhowtobehave
insituationsinwhichoneisinconflictorinteractionwithotheractively
operatingpersons.In 1944theAmericansJonvonNeumannandOskar
Morgensternproduceda bookcalledTheTheoryofGamesandEconomic
Behaviourwhichpromisedtofillthisneed.ForsometimetheTheoryof
Gamesbecamea very fashionablesubject.More recently,it has
graduallybeenrealizedthatit candoverylittleinthewayofgiving
practicalrecipesof howto act withinconflictsor games.It certainly
doesnot provideanyinfalliblerulesfor winningat chess,bridgeor
poker,let alonegameswheremovesrequirephysicalskill,likegolfor
tennis.Atoneperiodit wasextensivelyusedbytheAmericanmilitary
in planningtheirstrategyin theKoreanandVietnamwars—notper-
hapsverypersuasivetestimonyto its value.However,it doesprovide
someinterestingsuggestionsabouthowtoanalysesituationsofconflict,
sufficientlytogetaninsightintothetypeofthinkingthatismostlikely
to leadto a usefulresult.Someoftheseideasshouldbepartofevery-
one’smentalequipment.

TheTheoryis expressedin termsofgamesratherthanofconflicts,
thedifferencebeingthatin a conflict,e.g.a dog-fight,eithersidemay
do anythingat anymoment,whereasin a game(e.g.chess)thereare
onlya certainnumberofmovesthatanyplayermaylegitimatelymake.
Thesepossiblemovesmaybespecifiedbytherulesofthegame,as in
chess;ortheymaybeaconsequenceofthepracticalitiesofthesituation;
for instance,an armycommandercannotinstantaneouslyredistribute
hisforceson the battlefield;he hasto choosebetweenthealternatives
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whichhistransportarrangementsandsoonmakepossible.
To get holdof the mostusefulideaswhichhavecomeup in the

attemptto developa TheoryofGames,it isonlynecessarytoconsider
quitesimplegamesinvolvingonlytwosides(‘two-persongames’).The
mostimportantwaysofclassifyingtwo-persongamesareto ask:is this
gameofperfectorimperfectinformation?andisthisazero-sumornon-
zero-sumgame?In a gameofperfectinformation,eachplayerseesthe
wholesituationandeachknowsasmuchaboutit asdoeshisopponent.
Thesecanbeverysimplegameslikenoughtsandcrosses(tick-tack-toe
inAmerican)ormorecomplicatedgameslikechess.Inagameofimper-
fectinformation,eachplayerknowshisownhandbutcanonlyguessat
whatresourceshisopponenthas,asinmostcardgames,suchasbridge
or poker.A zero-sumgameis onein whichthesumof thelossesand
gainsofthetwoplayersaddsup tozero;thatis to say,whatAwinsB
mustlose,andviceversa.In a non-zero-sumgamethisisnotso.Both
sidesmaywinor bothsidesmaylose,oronesidemaywinmuchmore
thantheotheroneloses;inanycasethesumofthegainsandlossesdoes
not cancelout to zero.This is an extremelyimportantdistinctionto
havein mind,sincemanypeopleseeminstinctivelyto thinkthat all
situationsofconflictareofthezero-sumtype,whereasin realitymany
ofthemmaynotbe.

It is perhapsworthillustratingthis distinctionin a verygeneral
context,whichisrelevanttomanyofthesubjectsdiscussedinthisbook.
In a recentnumberof Sciencetherewasan exchangeof lettersabout
‘theusesofknowledge’,betweena leadingevolutionarygeneticist,R.C.
Lewontin,andanengineer,HarveyBrooks,whohasforlongbeenvery
concernedwithsciencepolicy(Science177,4 August1972,p. 386).
Lewontinwrote:‘InhisarticleCanScienceSurviveintheModernAge?,
HarveyBrooksdescribes“an extremeview”,whicharguesthat new
knowledgecanalwaysbemorereadilyusedbythosewithpoliticaland
economicpower,thereforeknowledgeinevitablyleadsto concentration
ofpowerandisthusinherentlyevil,at leastinthepresentarrangements
ofSociety.”Lewontingoesontosaythatheacceptsthispropositionas
self-evident.However,
self-evidentlyabsurd.

Brooksreplies that he rejects the argumentas

Implicitin Lewontin’sletteris the assumptionthat weare dealingwitha
zero-sumgameinwhicheveryscientificadvanceincreasesthepower,freedom,
or wealthofonegroupat theexpenseofothers.Myownviewis thatthe
principaleffectoftheScientificRevolution,especiallyin the2othCentury,has
beentochangethenatureofthesocialandeconomicgamefromazero-sumone
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toasituationwheremanycanbenefitwithoutcosttoothers.Wearegradually
movingfroman economyof scarcity,inevitablybasedon exploitationof the
manyby the few,to a societyof abundance,in whichfor the mostpart the
exploitationofonegroupbyanotherdoesnotpay,evenfortheexploiter.

Zero-SumGames

Beforeconsideringnon-zero-sumgamesin a moreformalway,let us
firstdealwiththe simplersituationof zero-sumgames.The simplest
situationisazero-sumgameofperfectinformation.Theprocedurehere
is to drawupa pay-offtable(orpay-off‘matrix’)forthe nextmove,
listingalongthetopthepossiblemovesopentoa anddownthesidethe
movesopentoJ, andineachsquarethepay-offtoa forthatparticular
combinationof moves.Sincethisis a zero-sumgamethepay-offto 5
willbe the samefigureswiththe signsreversed.Rapoport(Scientific
American,December1962,vol.207,p. 108)givesan exampleof two
companies,CastorandPollux.Theyaretryingtodecidewhethertogo
intoan advertisementcampaignor not, but Polluxis tryingto put
CastoroutofbusinessandisthereforeconcernedmainlytomakeCastor
losemoney(thismakesit a zero-sumgameinwhichCastor’slossesare
Pollux’sgains).Sincethereareonlytwopossiblemovesforeachside(to
advertiseor notto advertise),thereareonlyfourvaluesin thepay-off
table(104.1).

ThemaincontentoftheTheoryofGamesisthento tellyouhowto
playsafein situationsof thiskind.The strategyit recommendsis to
ensurethatyourlossesareassmallaspossible,whatevertheotherman
maydo.FromCastor’spointof viewit mightlosethreeif it didnot
advertisebutPolluxdoes;on theotherhandit wouldloseonlyoneif
bothadvertised;andthereforeit willadvertise.Again,Pollux,whichis
tryingto makeCastorlosemoney,willcertainlysettleforadvertising.
Forbothsidesthesensible,thatistosaytheleastrisky,moveisclear.It
isthemovewhichmakesthepossiblelossassmallasit canbe.Another
wayofputtingthisis thatit makestheminimumgainaslargeasit can
be,forthatreasonit isoftenknownasthe‘Minimax’solution;it isthe
movethatmaximizestheminimumgain.

Castor’sPay-OffTable
Castorgainsifit

Pollux advertise
not advertise

advertises
—J
+2

doesnot
advertise

—
oO3



Pollux’sPay-OffTable

Pollux
gains

advertise
notadvertise

ifCastor

advertises
+1
—2

doesnot
advertise

+3
Oo

Thesituationisdifferentina gameofimperfectinformation.Oneof
theplayers,a, candrawup hisownpay-offtable,showingthewayhe
ratesthegainsandlossesto himthatwouldoccurinvariouscombina-
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tionsofhisnextmoveandofhisopponent’smove;buthecan’tknowif
his opponentratesthe valueof the movesequally,andhe therefore
cannotdeduceexactlywhathisopponentislikelytodo.In sucha case
thereis no singlebestmove,whichis guaranteedto maximizehis
minimumgainorminimizehismaximumloss.Thebesthecandoisto
workouttheoptimumstrategytoemploy,supposingthesamesituation
occurredagainandagainor,toputthesamethinganotherway,hecan
workouttheoddsthatoneofhistwomoveswillturnouttobethebest
hecouldhavedone.

Thewayto dothiscanbedescribedin termsofimaginaryexample.
Considera ‘game’betweena planner,whois to builda newsuburb
containingsomeflatsandsomehouses,but hasnowayoffindingout
thepreferencesofthepeoplewhoaregoingtoliveinit;andoneofthe
futurecitizens,whowantsto puthisnamedownfora dwellinggiving
flatsandhousesprioritieswhichwillpartlyexpresshisownwishes,and
alsomakesurethatheis successfulin gettingsomething.Theplanner
candrawupa pay-offtableonthebasisofwhathewould‘win’if he
builteitherallflatsor allhouses,andif thecitizenswantedeitherall
flatsor allhouses(10a.2).Let us supposethattheflatsarecheaperto
build,orotherwiseinsomewaymoredesirablefromtheplanner’spoint
ofview.If hebuiltallflatsandthecitizenswantedallflats,hewould
standto win,say30,butif hebuiltallflatsandthecitizenswantedall
housesthismightreallyhaveto beregardedasa lossof —10.Onthe
otherhand,if he builtallhousesandthecitizenswantedallflats,he
mightloseevenmore,sincethehousesaremoreexpensivetobuild;so
let’ssayhislossis —15.If hebuildsallhousesandthecitizenswantall
houses,hewinsagain,butnotasmuchashedidinthesituationwhen
bothsidesgoforflats,sincehousesaremoreexpensive;weratehiswin
thereforeat +5.

Planners’Pay-OffTable
plannergainsifhe

builds

citizenswant

FIG. 104.2

all flats
allhouses

all flats allhouses

+30 "aM
—10 +5

Thesimplestwayhecanfindouthowtoplaysafeistomakeagraph,
showingtheresultstohimofthepossiblechoicesofthecitizen.In 10.1,if
thecitizenswantflats,theplannereithergains30if hebuildsflats,or
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loses15ifhebuildsonlyhouses.Ifhedoesamixtureofthetwohisgain
willlieat thecorrespondingpointonline1connectingthesetwopoints
onthegraph.Similarly,if thecitizenoptsforhousestheplanner’sgain
willliesomewhereonline2. If theplannerhasnowayoffindingout
beforehandwhichchoicethecitizenisgoingtomake,hissafestbetisto
buildthemixofflatsandhousesindicatedbythepointwherethesetwo
linescross;thatis tosay2/3housesand1/3flats.If hebuiltmoreflats
hemight,ofcourse,gainmore,buthe vouldwinevenlessif thecitizen
choosesthewrongway;similarlyif hebuildsmorehouses.

Whathappensif weturn roundandlookat thesituationfromthe
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citizen’spointof view?Whenhe triesto drawup hispay-offtablehe
willtakeaccountnotonlyofhisownwishes,butalsooftheknowledge
thatflatsarelikelyto besomewhatcheaper.Letussupposeinfactthat
thiscitizenprefersaflatanywayand,consideringitscheapness,prefersit
verymuch.Indeedto makethe mattersimple,let us assumethathe
drawsupapay-offtableofexactlythesamevaluesastheplanner’spay-
offtable(10a.3).Butthento discoverhisoptimumstrategy,thatis to
saythesafestprioritiesto giveto housesandflatswhenheputsin his
application,he hasto drawa differentdiagram(10a.2).Hehasto con-
siderwhatwouldbethegainstoAimaccordingtothevariousmovesthe
plannermightmake.Again,toplaysafeheshouldexpressapriorityfor
flatsofthedegreecorrespondingto theplacewherethetwolinescross.
Thisturnsouttobegivingtheflatsa ratingof3andhousesaratingof1
(i.e.75percentforflatsand25percentforhouses).

Citizen'sPay-OffTable(104.3)

citizengainsif
heasksfor

flats
houses

plannerbuilds
allflats
+30
—10

allhouses
—15
+5

The figuresin thisexamplehavebeenchosenso that if bothsides
playsafeneithersidegainsanythingor losesanything.Butthisisjusta
chanceresultofchoosingtheseparticularfigures.Thegeneralprinciples
ofdrawingup thepay-offmatrices,andseeingwhatwillhappenwhen
anOpponentcountersanyparticularmoveyoumake,remainsvalideven
ifthisconditiondoesnothold,orevenifthepay-offtablesdrawnupby
bothsidesarequitedifferent.However,thewholebusinessofdrawing
uppay-offmatricesofthiskind,andthensearchingfortheMinimax,or
safeststrategy,isallobviouslyfairlyartificialin relationtosituationsin
reallife.Forinstanceit leavesoutthewholebusinessofbluffingandall
theotherprofessionalskillsofreal-gamesplayers.

Non-Zero-SumGames

Wewillnowturnjusttosketchwhatismeantbyanon-zero-sumgame.
Theclassicalexampleofsucha game,whichisquotedinallthebooks,
isa somewhatunlikelysituationwhichis referredto as‘ThePrisoner’s
Dilemma’.Thestory,whichis supposedto takeplacein someslightly
sinisterdagopartoftheworld,suchasanimaginaryCentralAmerican
republic,is this:Twosuspects,Pedroand Carlo,werecapturedandare
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beingheldinseparatecellsaccusedofthesamecrime.Theyareaskedto
giveevidenceagainsteachother;and theyare told that if onegives
evidenceagainsttheother,theevidencewillbeaccepted,theaccuserset
freeandgivena reward,andtheaccusedwillbeexecuted;but if they
bothaccuseeachother,theywillbothbeconsideredpartiallyguilty,and
both condemnedto a longsentence.On the otherhand,if neither
accusesthe other,the casewilleventuallybe givenup for lackof
evidence,andbothwilleventuallygofree,thoughofcoursenotwitha
reward.

Whatarethepay-offtables?ForPedrotheymightlooklikethis:

Pedro’sPay-OffTable(Prisoner’sDilemma)

Pedrogains
ifhe

Carlo

accusesP
—20

—100
accusesC
doesnotaccuseC

doesnot
accuseP

+20
+5

Nowif thiswasa zero-sumgame,whateverPedrogainedCarlowould
lose,andviceversa.In thatcase,Carlo’spay-offtablewouldbeexactly
thesameasPedro’sbutwiththesignsreversed.

Carlo’sPay-OffTable(Zero-Sum)

Pedro :

Carlogainsifhe

accusesP
doesnot
accuseP

+20 —20
+100 —5

accusesC
doesnotaccuseC

However,thisisnotzero-sum,butPrisoner’sDilemma,andaccord-
ingto therulesofthatgame,Carlo’stableisdifferentasfollows:

Carlo’sPay-OffTable(Prisoner’sDilemma)
Carlogainsifhe

doesnot

Pedro

accuses P accuse P

accusesC —20 —100
doesnotaccuseC +20 +5

Thesetwotablesbringoutapoint,whichisfairlyobvious,evenwhen
thestoryisfirsttold,namelythatifneitherPedronorCarloaccused
eachothertheywouldbothbefairlywelloff.However,theirdifficultyis
thatneithercanbe certain,sincetheyhaveno wayofcommunicating
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witheachother,thattheothermanwouldseeit thisway.It wouldbe
fatalforPedroto refrainfromaccusingCarloifCarlodidnotchooseto
playthe gamethe sameway,but set aboutaccusingPedro;andvice
versa.Sobothsidesarelikelytoplaytheaccusationmove,andbothwill
sufferreasonablybadly.

Therearea greatmanyreal-lifesituationsinwhichtheessentiallogic
isthesameasinthissimplestory.Forinstance,disarmament.It would
obviouslybetotheadvantageofbothsidesinanarmsrace,iftheycould
bothdisarm;insteadeachsidecanonlydo thisif theycanbecertain
that the otherpartyare goingto playthe gamethe sameway.As
Prisoner’sDilemmasuggests,the mostimportantfactorin enabling
themtoreachthesensibledecisioniscommunication.Solongasagame
of this kindremainsa ‘gameof imperfectinformation’,the solution
whichwouldbe bestfor bothpartiesin the longrun canneverbe
reached.

Anotherpressingsituationwhichfallsin the Prisoner’sDilemma
categoryisthe‘urbanauto’.It wouldbebetterallroundifeveryone(or
at leastmany)usedpublictransport;butinthemeantimeit isbetterfor
eachindividualto usehisowncar.

Anotherimportantnon-zero-sumgameis whatGarrettHardinhas
called“TheTragedyoftheCommons’.Supposeacommunitypossesses
a pieceofcommonland,onwhichanyoneisfreetograzehiscattle—as
wasusualin medievalEngland.Anygivenpersonwillalwaysgetmore
outofthesystemthemorecattlehecanputouttograze;andthiswill
remaintrueevenwhenthereareso manythat the commonis over-
grazedandtheanimalsbegintodobadly.Themovewhichwouldthen
benefiteverybodywouldbeforthenumberofcattleto bereducedto
thecarryingcapacityoftheland;butit willneverpayanyindividualto
reducehisstockunlesseveryoneelsedoessotoo.Wearealreadyseeing
thisproblem,onaworldscale,intheexploitationofnaturalresourcesof
manydifferentkinds.

Afinaltypeofgame-resultworthnoticingisonewhichI havecalled
‘hittingthe jackpot’(or ‘producinga new archetype’),and have
discussedparticularlyinconnectionwithevolution.It happenswhen,in
an attemptto meetsomefairlymodestshort-termgoal,the player
stumblesona movewhichgiveshimenormouslymorereturnthanhe
expected(or perhapsknowswhatto do with).Aboutthe simplest
examplewouldbea spongysortofanimal,orgroupofcells,floatingon
thesurfaceofsomewater,protectedfromthewavesbythreestiffrods
connectedby twojointsintoa longerassembly,flexibleat the joints.
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Theprotectionwouldbeimprovedifthe jointsbecamestiffer,andthe
wholeassemblylessflexible;orif therodsbecamelonger.Butwhenthe
twoshortestrodshaveincreasedtillthe sumoftheirlengthsis longer
thanthatofthelongestrod,thewholeassemblycanforma triangle,and
itsstrengthgoesupenormously.Thesystemhashita jackpot;or it has
founda newarchetype(thetriangle)fromwhichit canstartagainto
elaboratea newsetofdevelopmentsto meeta newandmuchtougher
setofrequirements.

Therehasbeena gooddealofjackpot-hittingin recenthumanhis-
tory.Thediscoveryofthemethodofdiscovery,asWhiteheadcalledit—
the Renaissanceinventionof the controlledexperimentas a wayof
findingoutaboutcausalrelationsin thenaturalworld—unexpectedly
tappedthewholejackpotoftechnology;andwestillhavelittleideahow
to handleourwinnings.Evenhumanlanguageitselfmayhaveevolved
by the jackpotmechanism.Possiblyall that our earlyancestorswere
afterwassomewayformembersof a huntingbandto communicate
moredefinitelythancanbe donewithinarticulateshoutsandgrunts;
maybeit wasusefulto beableto say‘It’snot in thatbush,it’sin the
clumpofreeds;andit isn’ta lion,it’sa buffalo.’If thatwasthewayit
went,theycouldscarcelyhaveforeseenthatthesolutiontheyhitonfor
thatpracticalproblemwouldgivethema language,whichwasboundto
produceHomer,Aeschylus,Shakespeareor theirequivalents.

Real Games

AlthoughGamesTheoryprovidessomeinterestingconceptsandTools
forThought,I donotthinkthatbyitselfit isaveryeffectivetoolfor
actuallydealingwithcomplexsituations.Myowndeepestinvolvement
in handlingcomplexpracticalaffairswasin OperationalResearch(the
Aircraftversusthe U-Boatgame)in WorldWarII, andin breeding
dairycattlein theyearsimmediatelythereafter.GamesTheoryhadn’t
beeninventedat thattime;but,thinkingback,I findit difficultto find
anyproblemwhereit wouldhaveenabledustodomuchbetterthanwe

. did without.And I noticethat somepeoplewhostartedas fervent
advocates,forinstanceof itsapplicationin planningtheUnitedStates
warstrategiesin KoreaandIndo-China,havebeenled,by the,let us
say,not glamorouslysuccessfulresults,to soundwarningsaboutits
limitations(e.g.A. Rapoport,StrategyandConscience).

Thereareseveralreasons,whichcanbeexpressedin generalterms,
for foreseeingdifficultiesin gettingin practiceall the benefitswhich
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seempossiblein theory.In the firstplace,in anyreallycomplicated
game,it maystillbepossibletoseehowtoworkouta completepay-off
tablein theory,and howto selectthe bestmoveout of it; but the
computationsinvolvedmayjustbetoovoluminoustobepractical,even
withthebestofmoderncomputers.Forinstance,inchesstherearefirm
rulesgoverningthetypeofmovethatcanbemadebythevariouspieces,
and in theoryonecouldworkout the bestmoveto make,fromany
initialset-up,byworkingoutallthepossiblevariantsofthenextten,or
twenty,or thirtymoves;butinpracticethenumberofpossiblevariants
soonbecomessofantasticallylargethatonecanonlyworkthemoutfor
quiteafewmovesahead,toofewtobereallyusefulinguidingthegame.
Thatiswhychess-playingcomputershavesofarjustgotintothegood
amateurclass,but notbeyondit. Theyrequiresomenewstrategyfor
searchingthevastarrayoffuturepossibilitiestofindtheoptimum(orat
least,a near-optimum,‘satisfying’)move.

Again,inreal-lifesituationstowhichonemightwanttoapplyGames
Theoryto getpracticallyusefulanswers,onewillusuallybe tryingto
improvesomealreadyongoingprocedure.Any changein such a
procedureusuallycarriesquitea price-tag;it maymeanre-equipping,
or re-trainingoperatives,oralteringadministrativeorganization,andso
on.In mywartimeRAFexperience,whentherewasenormouspressure
togetresults,andtogetthemfast(wardoesn’twait),it waspractically
neverworthmakinganychangeunlessit lookedlikebringingin an
improvementof50percentormore—chieflybecausemostchanges
requiredeitherre-training,or complicationof maintenanceorganiza-
tion,andsuchthings,whichbothtooktimeanddivertedproduction
effort.Thelimitationwouldnotbesostringentinpeacetimeoperations,
whereyoucanaffordtothinkinyearsratherthaninmonths,andwhere
reallyminutedifferencesin efficiency,of fractionsofa percentreturn
onexpenditure,mayhavetimetomountuptorealimportance.Butthe
generalprincipleremains;a practicalpay-offtableshouldshow,not
merelywhatmovesarepossible,andwhatthereturnsonthemwillbe
consideringwhattheotherchapmaydo;but,also,howmuchwillitcost
youto makeeachofthetheoreticallypossiblemoves.

In mostreal-lifegames,addingto yourinformationaboutthesitua-
tion is probablyevenmoreimportantthan carefullythinkingout a
detailedpay-offtable.Fromthispointofviewonecouldclassifygames
intotwotypes:thosein whichyouareplayingagainstan impersonal
opponent(a farmerplanningthe plantingof his crops,not knowing
whattheweatheris goingto do)or againstsuchnumerousopponents
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that theyhaveto be treatedas an impersonalstatisticalforce(e.g.
playingthestockmarket);or,ontheotherhand,gamesinwhichyouare
playingagainsta singleintelligentopponent(asthegeneralstaffofthe
USAandUSSRareplayingagainsteachotherin thenucleararms
race).

In thefirsttype,it wouldobviouslybeveryimportanttothefarmerif
therewerereliablelong-rangeweatherforecasts;andthe stockbroker
hastopickupanyhintshecanastohowthemarketis likelytomove.
In theperson-to-persongames,tryingtofindoutwhattheotherchapis
uptomaybeworthalmostasmucheffortasmakingtheactualmovesof
the gameitself.For instance,in the RAFCoastalCommandgame
againsttheGermanU-boatsit wasabsolutelyessentialtodiscoversuch
thingsas whethera U-boatcouldlistento the radarwhichwewere
usingto findthem,andwhether,whentheydiscovereda convoyand
attackedit,eachU-boatwasactingmoreorlessindependently,orused
someorganization;sayoneU-boatshadowingtheconvoyclosein,sig-
nallingtherestofthepackofU-boatstogetintoappropriatepositions
to interceptit lateronin itscourse.Theanswersto suchquestionsdo
not comeout of GamesTheory,but rathertheydemandoperational
researchofthekinddiscussedonpp.189-197.In thenucleararmament
race,discoveringwhattheothersideisupto isabsolutelythekernelof
theproblem,showingonewhatproblemsonemayhaveto tackle,and
also,in morefavourablecircumstances,givingreasonsto believethata
threatthatmightbeanticipatedisnotactuallylikelytoarise.Inallthese
situations,investigationsbymethodssuchasoperationalresearch,orby
spying,orphotographicreconnaissanceoranyothersuitabletechnique,
hasa lotmoreto offerin practicethantheabstractTheoryofGames
has.

B.TimeBudgeting

Thereis onegroupofmethods,developedmainlyin connectionwith
industrialoperationsandusuallyinvolvingsomerathermilddegreeof
technologicalforecasting,whichit isquiteusefultobecomeacquainted
with.Supposeyouwantto carryout someprojectwhichessentially
involvesbringingtofruitionquitea largenumberofsub-projects.How
doyouorganizethesequenceinwhichtotacklethevariousstepsinthe
overallprocedure?Reallycomplicatedsituationsof thiskindarise,for
instance,inorganizingamoonshot—or ina farlesscomplicatedbutstill
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formidablescale,intheopeningofa theatricalperformance.Everything
hasgotto be readyon thenight,andsomeof thosethingsmayhave
takenmonths,orevenyears,togetready,othersonlyweeksordays.It
wouldbesillyto startoffbyfixingsomethingwhichonlytakesa few
days,whensomeotheressentialpartof thewholescenariois goingto
taketwoyears(bywhichtimethefew-dayitemwillprobablyhavegone
outofdate).

Theprincipletofollowhas,asusual,beengivenasuitablyimpressive
jargonizedname—‘CriticalPathAnalysis’—and,asusual,is basically
extremelysimple in conception.Supposethat there are, in a
relativelysimplecase,twelvedifferentthingsthat haveto be done.
Writethemall downandnumberthemfromoneto twelve.It will
be obviousthat someof the projectscannotbe starteduntil some
othershavebeencompleted.If youaregoingto put ona play,it is
no useworryingaboutthe lightingbeforeyouhavedecidedin which
theatreit’s goingto be, and haveworkedout at leastthe general
notionofwhatsortofsceneryistobeprovided.Theprincipleofcritical
pathanalysisis to decidewhatis the unavoidably/ongestsequenceof
stepswhichwillhaveto betaken;andthento usethisasa framework
intowhichyoucanfitalltheotheressential,butnotsotime-demanding,
sub-projects.

It willbe easierto see whatthis meansin termsof a concrete
example.Djerassi—a professorat theUniversityofCaliforniaandalso
the Presidentof SyntexCorporation,a ‘hightechnology’outfitthat
madetheinitialbreakthroughwhichproducedcheapandmassivesup-
pliesofthesexhormonesrequiredforthepresent-daycontraceptivepill
—hasconsideredwhatwouldbe involvedin the productionof any
radicallynewcontraceptiveagent.Heistalkingaboutsomethingwhich
isnotjusta minorvariationonwhatwehavealready,butwhichworks
onsomedifferentprinciple,givinganeffectofa moreacceptablekind;
forinstance,amorning-afterpill,oranagentwhichcouldbeaddedtoa
staplefoodsuchasbreadorsalt,sterilizingeverybodyuntiltheytookan
antidoteto it. Djerassipointsoutthattherearenotonlya lotofscien-
tifictechnicalproblemsto besolvedbeforeanysuchtotallynewcon-
traceptivecouldbeproduced,butlegislationin theUnitedStates(and
inmostotheradvancedcountries)stipulatesthata wholeseriesoftests
haveto be carriedout, on the toxicity(poisonousness),teratological
effects(damageto the foetusesof pregnantwomen)and othersuch
biologicalside-effects,beforethedrugcouldbeput on themarket.It
wouldbenecessaryto workoutthebestwayofcompoundingthenew
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drugwithothersubstances,andhowto incorporateit intoa suitable
tablet—shouldit beonewhichisabsorbedrapidly,orgraduallyovera
muchlongerperiod?

Djerassi’scriticalpathanalysisforthisprojectisshownin10b.1.Of
allthevariousthingswhichhaveto bedone,thereis onesequenceof
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steps,ofwhichthelateronescouldnotbebegununtiltheearlierones
werefinished,whichdictatestheminimumoveralltimetheprojectis
boundto take.Otherthingsthathaveto be donewouldtakeshorter
times,andcouldbefittedinwhilethemosttime-demandingstepswere
beinggonethrough.

Estimatingthe timerequiredfor variousstepsinvolvesa certain
amountof forecasting,but thereare somestepswhichcouldnot be
shortened.Forinstance,therearelegalobligationstotestthesubstance,
administeredto a groupof animalssuchas mice,not onlyon their
children,but on their grandchildren;it takesjust so muchtimeto
producethosegrandchildren.Ontheotherhand,somestepsmaytake
longerin practicethantheyneedto do in theory,if somethinggoes
wrongduringthecourseofexperiments.However,inspiteoftheuncer-
taintiesofforecasting,inpracticalsituationsit isoftenpossibletogeta
verygoodideaof whichparticularsequenceof stepsis goingto be
limitingin time,and shouldthereforebe pressedon withas fastas
possible.Thissequenceis the‘CriticalPath’.

A lookat the timebudgetwhichDjerassiprovides(andat thecost
estimateshe makesfor the varioussteps)showsthat developingany
reallyradicallynewcontraceptiveagentis a majorundertaking.The
claimhas beenmadethat underthe PublicHealthconstraintsand
testingprocedureslaiddownin theUnitedStates(andin mostof the
rich westernizedcountries)manyof our standardmedicaments(e.g.
aspirin)wouldneverhaveemergedas commercialprojectsif these
regulationsforprotectingthepublichadbeenenforcedat thetimethey
wereinvented.It isclearthatnoonewithabrightideaforanewuseful
drugcan hopeto
backingto go on
numberof years.
powerof initiative
firms.Possiblythe

get it off the groundunlesshe can findfinancial
testingfor conceivableharmfuleffectsfor quitea
This protectsthe public,but alsoputs the whole
into the handsof the majorrich pharmaceutical
futureof the developmentof reallynoveltypesof

medicalagents—contraceptiveorother—willshiftintocountriessuch
asBrazil,or India,whosebiologicalproblemsaresopressingthatthey
willbemoreinterestedinfindingsomethingwhichwilldoanimmediate
importantjobthantohave1,000percentageassurancethatit willnever
haveanypossibleharmfuleffectsatlongterm—justastheyprefertoget
ridofmalariabyusingDDT,evenif themostaggressivepredatorsin
thelocalfauna,suchaseaglesandvultures,sufferabitinconsequence.

Thereis anotherformof time-budgeting,in whichsomeexternal
agencylaysdownthe minimumtimewhichhasto be spentand the
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problemis howbestto fit side-issuesin. This
universitystudents.Theycannotgettheirdegree
years,or(Honours)underfour.Theirproblemis
allocatetimeto variousinterestswithina three-

Theproblemsthatariseare:

is the problemfacing
(ordinary)underthree
therefore,howdothey
or four-yearperiod.

(a)Withinthisminimumperiodlaiddownbytheregulations,what
hurdlesaretherethatwillhaveto besurmounted,e.g.variouscritical
examsat particulartimes.

(b)Atwhatleveldoyouaimtogetoverthesehurdles?GettingFirsts
orDistinctionsallthewaythrough?Orpullingupsharplywitha sprint
at theend,andgettingaFirstonlyinthefinals.Orjustgettingthrough.

(c)In the lightof this,howmuchtimewillyouprobablyhaveto
spendto achievethelevelyouareaimingat?Maybeyoualreadyknow
enoughchemistryto geta goodpassin yearsoneandtwo,or canbe
prettyconfidentof writingan acceptableessayon Wordsworthor
Shelley.Butmaybeyouwanttotakesomecoursewhereyouwillhaveto
startrightat thebeginninganddevotea lotoftimetoyourlectures,
readingor labwork.If so,in whichyearwillthe realpressurecome?
Budgetingyourtimelikethis,youmayreckonthatin thesecondyear,
forinstance,youmightreallyhavesometimetostudysomethinginter-
estingevenif it doesn’tcontributedirectlyto yourdegree.Lifebeing
whatit is, it probablywon’tworkoutlikethat—it mayturnoutthat
yoursecondyear,whenyouthoughtyoumightbefreeforintellectual
development,willactuallyinvolvea loveaffairwhichwillnotonlymop
up allyoursupposedfreetime,but carveintothehoursyouhadput
asideforsurmountingtheessentialhurdles.Butevenif thebesttime-
budgetingfor the futuredoesn’talwaysworkout roo per cent,the
exerciseoftryingtodoit islikelytoforceyoutorealizewhatisactually
goingonin yourlife,ofwhichyoucouldotherwiseremaincompletely
unaware.

C.MeetingConflictingRequirements

In the worldas it is, weare nearlyalwaysoperatingin situationsin
whichwewouldliketo achieveseveralquitedifferentgoals.Weare
playinggameswithoureyesnotononlyone,butonquitea numberof
pay-offtables.Theconventionalwayofhandlingthishasbeentobreak
ourtotalaspirationsdownintoa collectionofsub-goals,andtoconcen-
trateoneachoneoftheseindependently.Wewanttransport;sowego
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forbetterandfastertransport.Wewantlotsofmanufacturedarticles;so
weinventlabour-savingwaysof gettingthemcheap.Wewantliving
accommodation;sowebuildasmanyflatsor housesas wecan,foras
littlecapitaloutlayaspossible,whereverwecanfindlandtoput them.
WheneverwecanrecognizeANEED,wetrytosatisfyTHATNEED,
withoutreferencetoanythingelse.

Thejargonnameforthisstrategyis ‘sub-optimization’—whichdoes
notmean(asit mightdo)lookingforsomethingbelowtheoptimum,but
isusedtodenoteapolicyofoptimizingeachsub-goalseparately.

It worksreasonablywellwhenthewholesocietyoreconomicsystem
is growingfastoverall.If we pushthe sub-goalof transportto its
practicallimit,andthishassomeunfortunateconsequenceselsewhere,
suchas splittingup farmingunits,or residentialdistricts,by moreor
lessuncrossableroadsor railways—well,thatdoesnotmattermuchif
the farmsor suburbsarethemselvesmakinga lotofprogressin some
otherdirectionontheirown.Thesnagscomewhentheoverallsituation
getstight.Then sub-optimizationtendsto put us into the classical
situationof ‘robbingPeterto payPaul’.Andthatis, in manypeople’s
opinion,thesortofsituationwefaceinmostofmankind’saffairstoday.
Speedupcartransportintowns—butwecannotanylongerassumethat
theamenitiesofdecenthousingcanabsorbtheimpact;saveevenmore
labourin manufactureandtrade—andmaybetherearenotanyother
worthwhilejobsfortakingup the redundantman-power.Wehaveto
thinkhowto playour handbestin the lightof pay-offtableswhich
genuinelydoconflict.

Theory

Of courseonecannotgive,in a fewparagraphs,hardand fastrules
whichwillshowthebestwayof makingsuchdecisionsin allcircum-
stances.WhatI shallattempthereis to suggestoneofthemorerecent
waysofthinkingaboutsuchproblemsofstrategy.Theideasinvolved
arequitedifficult;andthisisoneofthesectionsin thisbookwhichno
oneneedfeelashamedofskipping.

Tosimplifythesituation,supposetherearetwopossiblestrategiesof
action,A andB, andtwodemands,P andQ; andsupposeA is very
effectivein dealingwithdemandP, andB in dealingwithdemandQ.
The problemis to decidethe rightmixof A andB to copewitha
situationwhichpresentsthesetwodemandsin somecombinationor
other. (E.g. supposemankindconsistedof only two majortypes,
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thinkersanddoers,andtheworldpresentedonlytwomajordemands,to
understandsomequestion,andto dosomethingaboutit.)

Wefirstmakea drawingrepresentingeffectivenessof actions.Plot
effectiveness-in-solving-Phorizontally,and effectiveness-in-solving-Q_
vertically,anddrawa curveshowingthebestthatcanbedonebyany
possiblecombinationofAandB(10c.1and1oc.z2).If it isacombination
withnegligibleeffectivenessindealingwithP it islikelytobenotmuch
betteratcopingwithQ, sothecurvewillcomedowntotheoriginpoint;
peoplewhocan hardlythinkcannotdo mucheither.But a strategy
whichis allA willbe maximallyeffectivein dealingwithP anda bit
effective,thoughperhapsnotmuch,incopingwithQ; andtheopposite
strategy,allB, willbe viceversa.Sothecurvewillbe somethinglike
thosedrawn.

Thereis an importantdifferencebetweenthesetwocurves.It is
relatedtothedegreeofantagonismbetweenthetwotypesofspecializa-
tion.Thedrawingontheleft(10c.1)showsasituationinwhichthepure
strategyA,adaptedtosolvingproblemP, alsodoesnotdotoobadlyin
copingwithQ;;andthebestavailablewayofdealingwithQis nottoo
helplesswhenfacedwithP.Thetwobestavailablestrategiesarenottoo
drasticallyspecialized.In thedrawingthat follows(10c.2)theyare;to
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doverywellatdealingwithP,youhavetobeprettybadatQ, andvice
versa.Theresultisthat,inthedrawingontheleft(generalistswithabit
ofspecialization),thepartofthecurvebetween1and2isconvex;while
ontheright(specialistswithonlya littlegeneralcapacity)it isconcave.

Thedifferenceisthat,ontheleft,thebestthinkersarenottoobadas
doers,the bestdoerscanthinka bit forthemselves,andonecanfind
peoplewhoarequitegoodat bothtasks.On the right,goodthinkers
breakeverythingtheylaytheirhandson,andpracticalmenareprac-
ticallymorons,whilepeoplewhotrytodoa bitofboth(ontheconcave
partofthecurve)arenotmuchgoodat either.

Nowwe haveto marryup thesecurvesof possibleaction-effec-
tivenesswithsomeothercurvesexpressingthedemandsmadeby the
actualsituation.Sowewillmakesomeothergraphs,showingdemands
forP anddemandsforQ.If thesituationcallsonlyforP, thiswillgivea
linewhichisparallelto theP axis;if forQ, it willbeparallelto theQ
axis(10c.3and 1oc.4).If thereis a mixtureofP andQ, which1sthe
interestingsituation,onehasto ask;whatsortofa mixture?It maybe
‘fine-grained’;demandforP changestodemandforQ, andbackagain,
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quitequickly.Therewillbean intellectualproblemto besolvedbya
thinkerinJune,butthenwewillwantadoerforJulyandAugust.Orit
canbe ‘coarse-grained’;therewillbe enoughintellectualproblemsto
occupythewholelifetimeofa thinker,andalsoenoughpracticalprob-
lemsto keepsomeotherpeople,doers,doingtheirstuffthewholeof
their lifetimes.

If thedemandsareafine-grainedmixtureofP andQ, wecanexpress
thembyastraight linewhoseslopedependson theproportionof the
two demands(10c.3and t1oc.4).The best strategywhenthe effec-
tivenesscurveisconvexwillthenbesomeintermediatebetweenpureA
andpureB;forexampletoproducepeoplewhoarequitegoodthinkers
andquitegooddoers—moderategeneralistsinfact;or totakedecisions
whichare compromisesbetweenthe twodemands.However,if the
effectivenesscurveis concave,thegeneralistsor compromisesarejust
tooineffective,andthebestthatcanbedoneistosettleforeitherpure
Aor pureB,dependingonwhichdemandismostfrequent.

Ifthedemandsarecoarse-grained,thismayberepresentedbycurved
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linesinsteadofstraightones(10c.5)(I willnotgointotheexplanationof
this,whichis rathercomplicated).Again,witha convexeffectiveness
curve,thebeststrategywillbea generalistor setofcompromises.But
withaconcavecurve,thebeststrategymaynowbea mixtureofAand
B.TheoveralleffectivenessofmixturesofAandBwillberepresented
bythelinejoiningthepoints1and2,andthebestproportioninwhich
tousethemwillbegivenbytheplacewherethedemandcurvetouches
thisline.

DemocraticPractice

Finally,a wordshouldbesaidaboutthemostcomplextaskof‘meeting
conflictingrequirements’—it is complex,but it is exceedinglycommon
in reallife.It is the problemof howto makeit moreprobablethat
somethingsatisfactorywillbedonewhen,atthebeginning,onedoesnot
knowwhattheconflictingrequirementsare.Thisisthesituationwhich
faces
many
want?
maker
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everyonewhois tryingto improveor altera conditionin which
otherpeopleareinvolved;howis oneto knowwhattheyreally
The oldconventionalanswerwasthatsomeone—thedecision-
—toldthemwhatwouldbegoodforthem.Wearetoocommitted
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to democraticideasto findthat satisfactory.The nextstepis for the
decision-maker—say,theplannerofa newtown—to drawup a blue-
print,orevenafewalternativeblueprints—andgivethepeoplewhowill
bedisplacedbytheslumclearance,orwhowillliveinthenewtown,an
opportunitytovoteonthem.Butvotescannottakeplaceoftenenough.
‘Toomuchgetsdone—hastobedone—betweenonevoteandthenext;
and anywayall the ‘people’get is an opportunityto chooseoneor
anotherfixedmenu,whenwhattheywouldlikewouldbe to pickand
choose4 /a carte.

Newwaysof organizingdecision-making,so as to allowthe emer-
genceintoeffectivenessof themultipleandusuallyinitiallyconflicting
requirementsof manyaffectedindividualpersons,arebeingexplored
bothintheoryandpractice.Thereisspacetomentiononlyoneofthese
attemptstosystematize‘participatorydecision-making’.Oneofthemost
fullyworkedout is describedin thebookTheRSVPCycles:Creative
ProcessesintheHumanEnvironmentbytheCalifornianarchitect-planner
LawrenceHalprin—he is marriedto a moderndance-choreographer
whousesmuchthesamemethodstoputonherperformanceashedoes
to developanareaofthecountry.

Hisbasicnotionisthatofthe‘score’.TheBritisheye,comingonthis
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wordin thecontextofGamesTheory,is likelyto thinkofthetallyof
runsat cricket,or goalsat soccer.WhatHalprinis alludingto is more
likea musicalscore.Aprintedscoreofa pieceofBachorMozartisnot
a blueprintwhichhasto be followedexactly,sothatwhatthevarious
performersdo—Rubinstein,RostropovichorRichter—isjustaquestion
ofhowcompetenteachofthemisinplacingeverybrickin itsprecisely
definedposition.Thescoreis anindication,a suggestedlineofaction,
whichwillhaveno body,no actuality,untilthe actorsor performers
workoutandactuallydotheactionsintowhichtheythinkit shouldbe
interpreted.In modernmusicor dance,the scoresleavemuchmore
freedomto theinterpreter—performerthantheoldones,whichallowed
himto decide:a pianoor harpsichord?anda bit to dowithtempoand
stress,andthatwasaboutall.

In LarryHalprin’sscheme,therefore,if youfindyourselfplayinga
‘same’ofthissort,youshouldnotmakea definitemove;youshould
drafta score,tailoredto fitanyexternalconstraints,but requiringa lot
of inputfromthe peopleaffected(theperformers)to turn it intoa
blueprintspecificenoughto enableanyoneactuallyto startassembling
bricksandmortar.

It istheinteractionoftheperformerwiththescorethathecallsthe
RSVPcycle.RSVP—asHalprinsays‘acommunicationsideameaning
“respond”’; to theEuropean,a well-knownFrenchcontraction,com-
monat theendof lettersor formalinvitations,for‘repondez,s’ilvous
plait’.In hisinterpretationtheystandfor:

R_

S
V_

P

resourceswhicharewhatyouhavetoworkwith(theoppositeofthe
constraintsmentionedabove);

scores,whichdescribetheprocessleadingto theperformance;
valuation,whichanalysesthe resultsof the action.The term is

coinedto suggestthe action-orientedas wellas the decision-
orientedaspectsofV in thecycle;

performance,whichistheresultantofscoresandisthe‘style’ofthe
process.

Halprinarguesthat thesephasesconstitutea cycle,whichcan be
enteredat anypoint.The planner/decision-maker,whousedto be so
authoritarian,entersat S, witha score;but afterthe performershave
put a valuationonit leadingto a performance,thecirclecomesround
again.It turnsout that thereare resources,for instanceof personal
effort,whichtheplannerdidnotknowof at the start,but whichthe
performancehasbroughttolight;andthescorehastoberewritten.And

184



Soon,severaltimesround,as thewholeenterprisegraduallycomesto
fruitionorganically,withtheparticipationofeveryoneinvolvedinit.

Forinstance,in a projectto improvesomerun-downpartofa city,
onewouldtry to gettogethera numberof thepeoplelivingthere,or
whomightlaterlivethere.Theywouldneedthe helpof a ‘process
leader’,whowouldsuggestsomeinitialscores—whichmightbewalks
alongcertainroutes,on whicheveryonewouldsee the samecross-
sectionoftheplace,butprobablydrawdifferentconclusionsfromit;or
it mightbetoestimatehoweasythehouseholdshoppingwouldbefrom
variousplacesifyouweregettinga bitoldandshakyonyourpinsand
hadn’ta car.Thentherewouldhaveto be a ‘recorder’,whojustput
down,withouteditingorexpurgatingit, thegistofwhatthemembersof
thegrouphadtosayabouttheirexperiencesinfollowingoutthescores.
Andfromtheserecordsthe processleaderwouldhaveto leadinto
anothersetofprocesses,withanotherbunchofscores,andsoon,tillas
muchagreementhadbeenreachedasseemedpossible,giventheinher-
enttendencyofindividualsto resistbeingsuckedintoanysortofcon-
sensus.

Thesystem,asdescribedina coupleofpages,soundsa bitUtopian.
Butit isoneexample,outofmany,ofthewaysinwhichGamesTheory,
or “DecisionTheory’—thosejargonizedpachydermsoftheintellectual
ecosystemofourtimes—mightbetamedforhumanuseina democratic
society.

D. DealingWithanUnpredictableFuture

In practice,whatwewantto dowitha complexsystemofteninvolves
not merelythe difficultenoughtaskof reconcilingdifferenttypesof
requirement,whichwehavejustdiscussed;weconfrontwhatat first
sightseemsan evenmoredauntingchallenge,namelyto planhowto
adaptthe systemto the future,evenwhenwerealizethat wecannot
possiblytellwhatthe futurewillbe.Manypeopleseemto thinkthat
thisis obviouslyimpossible.In fact,oneof theconventionalresponses
toanytalkofplanningforthefutureistosaythattheonlythingcertain
aboutthefutureis thatit willnotturnoutas it wasexpectedto be—
fromwhichtheconclusionis drawnthatplanningto dealwithit is a
wasteoftime,andthatweshouldstopeventryingtothinkaboutit.But
in fact,findingsomewayof copingwithan unpredictablefuturehas
beenthe mainchallengewhichlivingthingshavebeenfacedby,and
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havedonea reasonablygoodjobof meeting,throughouttheirwhole
evolutionaryhistory,fromthe earliestorganismswhichemergedfrom
theprimordialsoup,rightup to thepresentday.

Theorganismswhichhavebeenevolutionarilysuccessful,thatistosay
whichhaveleftoffspringto formlatergenerations,arejustthosewhich
havefoundsomewayofsurmountingunforeseenchangesinthecircum-
stancesoftheirlife;perhapsa newIceAge,ora newvirusdisease,ora
newpredatorlikea lionor tiger.Many,of course,havefailedon the
way.Comparativelyfewthousandyearsagotherewasa veryrichfauna
oflargeanimalsontheAmericancontinent,thenthatmostdangerousof
allpredators—man—got intothecontinenttowardstheendoftheIce
Age,overthefrozenBeringStraits;andashegraduallyadvancedsouth-
wardsthroughNorthAmericaintoSouthAmerica,he seemsto have
indulgedin thepolicyof ‘over-kill’,eliminatingmanyspeciesentirely
anddecimatingsomeothers,untiltheywereveryfewandfarbetween.
Onlycertainofthepreviouslyexistingspecies,suchasthebuffaloanda
fewothers,foundthemselvesequippedwithmeansofdealingwiththis
newandunforeseeableattack.

A capacityto be ableto dealwithchangedcircumstancesrequires
thattheagentshallbeabletoalterhisowncourseofbehaviour.More-
over,if the typeof changein circumstancethat willoccurcannotbe
foreseen,thentheactingagentneedstohaveat hisdisposala consider-
ablerangeofbehaviours,andwillbeableto getawaywithit ifoneat
leastoftheseis reasonablyappropriate.Beingableto doseveraldiffer-
ent thingsalmostinevitablyinvolvessomesacrificeof theveryhighest
levelsof performanceat the normaltask.Biologicalsystemsduring
theirevolutionhaveproducedsomeveryingeniouswaysof retaining
flexibilityto meetunforeseendemandswithoutsacrificingtoomuchin
immediateefficiencywhendealingwiththenormalprevailingcircum-
stances.Theyhavedoneconsiderablybetterthanevolvinginto‘aJack
ofalltrades,whoisa masterofnone’.Whatwehavelearnedaboutthe
biologicalworldsuggeststhatthemostsuccessfulstrategyistobecome,
notsomuchanall-rounderwhocanat a moment’snoticedoanyofa
largenumberofthingsquitereasonablywell,butrathertodevelopinto
a beingwhonormallydoesonethinganddoesit extremelywell,buthas
hiddenawayandnotnormallyinuseanumberofotherpotentialitiesfor
doingquitedifferentthings,whichcanat a pinchbecalleduponand,
perhapsaftersomeintervalofpreparation,beput intooperation.

Biologicalorganismshavetomeetunforeseenfuturesontwodifferent
time-scales.Firstly,withinthe courseof a normallifetime,situations
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maychangeratherradicallyandbedealtwithbyappropriatemodifica-
tions.Extremeexamplesare,forinstance,someplantswhichmaygrow
in a pondsothatpartof thestemsandleavesareunderwater,while
anotherpartliftsupabovethewater’ssurfaceandgrowsinair;oragain,
aswithmanyinsects,onepartof thelifecyclemaybespent,say,asa.
caterpillar,eatingthe leavesof plants,andanotherpart of the same
individual’slifeas a butterfly,flittingaboutfromflowerto flower.In
boththesecaseswefindthatoneandthe sameorganismmayswitch
completelyfromoneappearanceandtypeofbehaviourtoanotherwhen
thecircumstanceschange.In theplant,theleavesgrowingunderwater
mayhavequitea differentshapefromthosegrowingin theair;and,of
course,thecaterpillarisa verydifferent-lookingcreaturefromthebut-
terfly.

Of course,in neitherof thesecasesis it reallytrueto saythat the
changedcircumstancesareunpredictable.It isprobablyfairtosaythat
thecaterpillaritselfdoesnotforeseethechange;but a similarchange
hashappenedto verymanyofitsancestors,andthecapacityto switch
fromcaterpillartobutterflyhasbeengraduallyevolvedovera verylong
courseofgenerations.Veryfewanimalshavethecapacitytomakesuch
radicalchangesinresponsetoalteredcircumstances,unlessthosealtera-
tionshavehappenedto theirancestorsandevolutionhasbeenableto
graduallyproducethenecessaryapparatus.Someofthehigheranimals
canreactfairlyfastto somechanges,suchas,forinstance,theseagulls
whichadoptanewmethodoffeedingwhenpeoplestartploughingfields
nearthe sea-coast.On the whole,however,it is onlymanwhohas
developedthecapacitytorespondrapidlytoverydrasticchangesduring
hisindividuallifetime.Manypeople,particularlyin recentgenerations,
haveacquiredahabitof,ifnota tastefor,radicaldiscontinuouschanges
oflife-style,sayfromanadvertisingexecutiveto a drop-outina com-
mune,andthenontoa universitystudentreadingfora degree,or toa
lorrydriver.Whensucha personis in oneofhislife-styles,theother
potentiallife-stylesareusuallyratherdeeplyburiedwithinhimanddo
littleto interferewithwhatheisdoingat themoment(seep. 27).This
is a verydifferenttypeofstrategyfromthatof justbeinga goodall-
rounder.

Thenon-humanlivingworldisbetterindealingwiththeunforesee-
ablefuturein termsof evolutionratherthanindividualdevelopment.
The thingthat evolvesis, of course,a populationof animalsexisting
througha numberofgenerations.Astimegoeson,somethingisalmost
certainto happenwhichhasneveroccurredin thepast,suchasa new
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diseaseor predator,or theappearanceofa newpossiblefoodstuff.All
thehigherorganisms—that is to say,everylivingthingexceptbacteria
andviruses—haveadopteda veryremarkablestrategyfordealingwith
thissituation.Theynormallycarrytwoofeachtypeofhereditaryfactor,
oneobtainedfromtheirfatherandonefromtheirmother.Thesetwo
are veryfrequentlyslightlydifferent.Sinceanygivenorganismhas
somethinglike100,000differenthereditaryfactors(and,wehaveseen,
tworepresentativesofeach),thewholepopulationofmillionsoforgan-
ismscontainsan enormousandvariedassemblageof them,whichis
knownas its ‘genepool’.Everyindividualin the populationcanbe
regardedasasample—ahandfulasitwere—ofgenestakenoutofthis
genepool.Now,the remarkablethingis that by no meansall the
differentgenesin an organismcometo expressionunder.normalcir-
cumstances.Thedevelopmentoforganismstendstobecanalizedinthe
waydiscussedin Chapter7. Developmentalprocessesleadingto the
formationof,say,a liverora hand,goalonga canalizedchannel,anda
normalliver,carryingouttheproperfunctionsindigestion,oranormal
handwithfivefingers,nearlyalwaysappearswhateversampleofgenes
thatindividualhappenstohavegotoutofthegenepool.

Manyoftheminorvariantsbetweenthegenesareinfactbufferedout
ofexpression,andifonejustlooksat thenormalanimalsin thenormal
circumstancesonewouldnotrealizethattheywerethereat all.How-
ever,theyarestillpresentinthepopulation,andthisiswhatgivesthe
populationasawholesuchanabilitytoadaptitselftoanextraordinarily
widerangeofcircumstancesthatmayturnup.If anewdiseaseappears,
or if somebodystartssprayinga populationoffliesor mosquitoeswith
DDT, it is verylikelythat somewherewithinthe enormousrangeof
genesin thepopulation’sgenepooltherewouldbe someunexpressed
hereditaryfactorwhichcouldconfergreaterdiseaseresistanceorability
to withstandtheDDTpoison.Suchgenesmaybequiterare,butin a
veryfew individualstheywillcometo expression,and if DDT is
presentin theenvironmentthoseindividualswhichshowtheeffectof
thishereditaryfactorandareresistantto DDTwillsurvivebetterand
leavemoreoffspringthanthosewhocannot,sothe frequencyof that
factorwillincrease.Afterquitea shortintervalasevolutiongoes—ten,
twentyorthirtygenerationsorso—thegreatmajorityofthepopulation
wouldbecomposedofindividualswhichareresistant;aswehavefound
to ourcostwhentryingto getridofthemalariamosquitoandvarious
otherinsectpestsof manandhiscrops.This is a mechanismwhich
confersverygreatpowersofadaptationtounforeseencircumstances,at
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verylittlecostinloweringefficiencyatnormaltasks,sincetheflexibility
isduetothepresenceofgeneswhoseeffectsarenormallysuppressedby
thebufferingofdevelopment.

It is not easyto seehowmancanmakeincreaseduseforhisown
progressin theimmediatefutureoftheevolutionarymechanismwe
havejust described.It is important,however,that he shouldnot do
anythingtoweakenthisbiologicalmechanismwithwhichevolutionhas
endowedhim,as it hasendowedallotherspecies.Man’sflexibilityto
meetunforeseencircumstancesthatwillcertainlyarisein thelong-term
futuredependson the presencewithinhis populationof manyher-
editarypotentialitieswhicharenotusedat present,butwhichcouldbe
usedif theywerecalledfor.It is mostimportantthatmanshouldnot
trytoobtainuniformityofhereditarypotentialsat thecostofeliminat-
ingtheseunusedpotentialities,which,whentheydocomethroughto
expressionat the presenttime,resultin peoplewhomayseemabit
eccentricorunconventional. 3

However,evenifmancannotdomuchin theshorttermto improve
this evolutionarypotentialityadaptationin his ownspecies,it seems
likelythathemightuseit asa valuableguidein designingsomeofthe
self-controllingandadaptablemachineswhosepossibilitieshe willbe
exploringintheworldofautomationandcomputerization.Thestrategy
ofaimingfora systemwhichswitchesbetweendifferentalternatives,
ratherthanonethatdoesa bitofeverythingallatonce,isa lessonwhich
natureteaches;andit seemsworthlearning.

E.OperationalResearch

It is not enoughto understandcomplexsystems.Oftenone has to
operateon themin someway.Arethereanygeneralprincipleswhich
canhelponedecidehow?Thistopicis oftenreferredto nowadaysas
‘DecisionTheory’.But like severalother newlyinvented,alleged
branchesof science,withgrandiosetitles,this theorysuffersfroman
over-elaborationoflanguageandaninappropriatesimplicityofideas.

In practice,thebestproceduresfortakingexecutivedecisionswhich
willleadto actiondependcruciallyonthespeedwithwhichthingsare
happening,andthelengthoftimeforwhichoneexpectstobeinvolved.
If thingsarehappeningveryfast—thepersonontheothersideofthe
tennisnethasjustshotoverhisbestcannonballservice—thereisnothing
to dobut to playbyear,or eye,andhopeforthebest;practicallythe
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onlyconsciousdecisionto betakenis whetherto goalloutfora quick
winorwhethertoplaysafeandkeepinthegameandaimatwearingthe
otherfellowout.

If thingsarehappeningrathermoreslowly,andifoneexpectstohave
togoondealingwiththesituationfora fairlyextendedperiodoftime,
thereis muchmoreopportunityto improveon one’sfirstoff-the-cuff
decisionastohowtodealwithit.Themostimportantstepisenshrined
in theclassicalanswergivento thelittleboywhoaskedhisfatherif the
orangesweresweet:‘Suckit andsee.’Notethatthisadvicecontainstwo
parts:actonthesystemin someway—suck it;andthen‘see’whatthe
resultis,andmodifyyouractionsaccordingly.Polysyllabilizing—apply
somedefinedinputtothesystem,andmonitortheresultssoastoobtain
informationalfeed-backofits reactions.

Thissoundssimpleadvice;but therearetwocrucialpointsto note
aboutit. In the firstplaceit is astonishinghowoftenin conventional
practicethesecondstepofascertainingtheactualresultsproducedby
thefirstsetofactionsis neglected.For instance,GreatBritainstarted
buildingnewtownsonafairly largescaleshortlyaftertheendofWorld
War II; but no arrangementsweremadeto discoverwhatactually
happenedinthenewtownsaftertheywerebuilt.Sinceitsinceptionthe
new-townpolicyhasundergoneseveralconsiderablechanges,so that
peoplespeakof threeor fourgenerationsof towns,designedin rather
differentways.Thesechangeswerenottheresultsofcarefullycollected
factsaboutthesocialstructureswhichactuallygrewupinnewtownsor
theresponsesofpeopleto them,but werebasedonlyonmuchvaguer
hunchesandcasuallyformedopinions.Asecondpointisthatthisadvice
essentiallydeniestheargumentthatisveryoftenadvanced,namelyone
cannotdoanythinginthissituationuntiltherehasbeenmoreresearch.
Orrather,the‘suckit andsee’pointofviewimpliesthatwhatisneeded
isrealexperimentalresearch,in whichthesituationischangedandthe
resultof thechangeascertained,ratherthan‘research’in thenon-
experimentalsenseof collectingmoreinformation,ascertainingmore
opinions,and comparingthe analysedsituationwithwhichyouare
tryingtodealwithotherunanalysedsituationswhichotherpeoplehave
dealtwithelsewhere,andat othertimes.

Probablythe mostconsistent,thorough-goingand comprehensive
attempttoapplythe‘suckit andsee’principletoactualdecision-making
wasdevelopedin theformof OperationalResearchSections,par-
ticularlythoseattachedto theRoyalAirForceduringWorldWarII.
Theseweregroupsof scientists,drawnfrommanydisciplines,who
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attemptedtoassisttheCommanderinChiefoftheForcetoimprovehis
decisionsbyscientificstudyoftheresultsofoperationswhichhadbeen
carriedoutin accordancewithhispreviousexecutiveorders.Thetype
ofscienceinvolvedisneitherpuresciencenorappliedscience,asthese
terms are conventionallyemployed.From the standpointof the
executive,purescienceiswellawayinthebackground.Acertainpartof
theAirForcemaybefightingitsbattlebydroppingdepthchargesonto
submarines;but itsCommanderinChiefwillnotbeat allimmediately
concernedwith the pure scienceof underwaterexplosionsand the
peculiarbehaviourofthegasbubblenearthesurface.Appliedscience
willtakethat fundamentaltheory,anduseit to designandproducea
depthcharge;andagaintheCommanderinChiefwillhardlywanttogo
intogreatdetailin hisknowledgeofit. The immediateproblem,ashe
seesit, iswhetherheis sinkingasmanysubmarinesashemight.What
hasbeencalledtheoperationalresearchlevelof scienceis to takethis
problemin itsentirety,justasit arisesat theCommander’sstaffmeet-
ing,andto applyscientificanalysisto it.

Theaimofthisanalysismustbeto findoutwhatis,in practice,the
limitingfactoronefficiency,andif thereareany‘softspots’(seep. 91).
Ofcourse,biggerbombswouldmakebiggerexplosions;but ingeneral
anaircraftthatcarriesbiggerbombsmustcarryfewerofthem,andwill
theincreaseinsizeofexplosionbeworththereductioninnumber?Oris
thecruxofthemattersomewherequitedifferent?Perhapsnoincreasein
sizeornumberofbombswillbringanyimprovementunlesstheaccur-
acyof aimingcanbe increased.Or it maybe that bombsare being
droppedtooclosetogether,or set to explodeat toogreata depthto
injuresubmarinessufficientlynearthesurfacetoprovidea goodaiming
mark.Theoperationalresearchworkermustattemptto assessallthese
possiblefactors.Andas a resultof his analysishe shouldbe ableto
advisethe Commanderwhetherhe shouldapplyto an appliedoptics
scientistfor an improvedsight,or to the explosiveslaboratoriesfor
betterbombs,or to thepsychologistsforbettermethodsoftrainingor
selectingair crew,or to instrumentmakersfor betteraltimetersto
enableaircrafttoflylowerwithoutdanger,ortoanyoftheotherapplied

~scienceestablishmentswhichhe has to fall backon.
Operationalresearchanalysisis likelyto be the morevaluable,the

moretheproblemunderinvestigationis a newoneandin a freshand
comparativelylittle-understoodfield.In a problemwhichhasbeencon-
siderablyworkedon,manyofthefactorsarelikelytohaveemergedand
evenbeenquantitativelyestimated,withouta systematicoperational

IQI



researchapproach.To takeanexample,theauthoritieswillhavefound
outforthemselveswhatproportionoftrafficaccidentsareduetodefec-
tiveequipment,whatproportionarebetweenvehiclesofdifferentspeed
characteristics,whethersegregatingslow and fast trafficstreams
increasesor decreasesdanger,and so on. Evenin sucha field,war
experiencesuggeststhat systematicoperationalresearchwouldgive
results.But it is morecalledfor in newerfieldsofendeavour,suchas the
developmentof backwardor colonialcountries.If one sets out to raise
the standardof lifeof a region,is the cruciallimitationoneof defi-
ciencyindiet,orofendemicdisease?If it isamatteroffood,shouldthis
be locallyproduced,or importedagainstsomecommoditywhichthe
regioncouldexport?Mustthe inhabitantsfirstbe taughtto readand
writebeforetheycanbetterthemselvesappreciably;andif so, is the
cruxtheprovisionofschoolteachers,or perhapsthesupplyofbarbed
wireto fencein the cattleand relievethe childrenof the workof
herding?Wouldthefieldsbemoreproductiveif thepeoplegrewother
crops,oristhefirstrequisitemorewater,ormorefertilizer,ora system
ofcroprotation,ora changeinthelegalbasisoflandtenure?Arethere
sourcesofpoweravailable,andcouldtheybe used;or musttransport
firstbeprovidedin andabouttheregionbeforepowerisofanyuse?It
is questionsof thiskindwhichconfrontthe executiveresponsiblefor
carryingout a schemeof regionalimprovement;and it is withthe
analysisandestimationoffactorsofthiskindthatoperationalresearchis
concerned. ;

Letusexaminethestepswhichwouldactuallybetakenbyanoper-
ationalresearchworkerconfrontedwitha newproblem.Supposethe
executiveauthorityforwhomheis workinghas,in effect,saidto him,
‘WhatoughttobedoneaboutX?’Considerablepracticalexperiencehas
taughtmethat the firstthingthe scientisthasto do in suchcircum-
stancesisto faceup toa problemwhichmaysoundratherparadoxical;
hehasto discoverwhatit is thatheoughtto try to findout.Beforehe
startsinvestigatinganything,heshouldarriveatsomeopinionofwhatis
worthinvestigating.It is surprisinghowoftenthe importanceof this
stageis forgottenbythosewhohavehadlittleexperienceofdelivering
thescientificgoodsto anoverworkedpracticalman.

It is alsosurprisinghowdifficultthe problemmaybe to solve.It
mustbe tackledfromtwoangles.Firstly,one mayask,in a rather
abstractway,whatis the objectivewhichthe executiveis tryingto
achieve?Again,in myexperience,it is scarcelyeversimpleto answer
this,at leastintermswhicharesufficientlydown-to-earthtoleadontoa
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usefulanalysis.Eveninwarit wasnoteasy,althoughweallhadinfront
ofusthestraightforwardoverallobjectiveofwinningthewar.Butwas
CoastalCommandtryingtopreventU-Boatssinkingourships,or itself
tosinkU-Boats?WasBomberCommandtryingtodisruptindustrial
productionor transport,or to obliteratelivingaccommodation,or to
attracttheenemy’smilitaryeffortsawayfromthefrontsintotheinterior
of the country?In peace-time,eventhe overallaim maybe more
obscure.Is a modernAgriculturalAdministrationin a developing
countrytryingtoraiseproductionforsubsistenceliving,ortoproducea
surplus,exportablelocallyoroverseas,topreservetheoldwaysoflifeor
tofacilitatethearisingofamodernindustrialsociety?

Often,perhapsusuallyinpeace-time,theobjectivesaremultiple;and
one is trying to do severalthingsat once.And the answermaydepend,
partlyat least,onpoliticalconsiderationswhichthescientistisnotlikely
to be in a goodpositionto assess.Butit is surprisinghowoftenthe
decisiononobjectivesinvolvesquantitativeorevenmathematicalcon-
siderations,wherethescientificanalysismaybeof realassistance.To
takea simplecase,it waseasyto workoutmathematicallywhatwould
happen if CoastalCommandconcentratedon merelyprotectingships
againstU-Boatsandnotonsinkingthem:thenumberofU-Boatsavail-
ableto theenemywouldincreaseat a roughlyknownrate,andcorre-
spondinglythetaskofdefendingconvoysagainstthemwouldcallfor
moreaircraft;anda littlefiguring,evenif it wasonlyveryroughly
accurate,sufficedto showthatsucha policycouldnotworkoutin the
long run. !

Onecanmakea similarapproachin otherproblems.Mylaboratory
wasstartedafterthewar,partof it beingfinancedbytheAgricultural
ResearchCouncilwiththegeneralaimofstudyingthescientificbasisof
animalbreeding.Amongmy staffweretwoof my old Operational
Researchcolleagues.Thefirstthingtheydidwastotrytomakeclearto
themselveswhatanimalbreeders,andinparticulardairycattlebreeders,
are tryingto do. Arethey,for instance,tryingto breedcowswhich
producemoremilkper lactation,or cattlewhichlivelongerandgo
throughmorelactations?Theysetup a longalgebraicformula,which
hadontheonesidelettersrepresentingthevariousitemsofcosts,such
asoverheads,maintenancerations,productionrations,rearingcostsfor
replacements,etc.;andon theotheritemsof income,fromthesaleof
milkor ofmalecalvesor surplusheifers.Thensomeratherroughand
readyfiguresweresubstitutedfor the lettersandthe conclusionim-
mediatelystoodout that the practicallypossibleincreasesin milk
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productionperlactationweremuchmoreeconomicallyimportantthan
anyprobableincreasesin lengthof life.(It mustbe rememberedthat
thisconclusionrelatesto dairycattlein GreatBritainin recentyears;
whetherit is alsotrueelsewhereis anotherstory.)Accordingto their
figures,anadditionofoneextralactationto theaverageproductivelife
ofa cowwasequivalentinprofitsto thefarmerofan increaseinyield
perlactationofonlythirty-fivegallons.

Thisexampleoftryingtodefineanobjectiveinvolvedfindingquan-
titativeestimatesforsomeofthefactorsconcerned,suchasthevarious
itemsofcostandincome.It shows,therefore,howtheattempttoclarify
the aimof the executiveis in practiceinextricablyinvolvedwiththe
secondapproachwhich,asI saidabove,thescientisthastomaketohis
primarytaskof discoveringwhathe oughtto investigate.Thisother
approach,whichI haveseparatedfromthefirstandplacedsecond,more
forconvenienceof expositionthanbecauseit is lessimportant,is to
obtaina broad,general,but as faras possiblequantitative,pictureof
whatthe situationis at the presenttime.Veryoften,as soonas one
startstoputdowninhardfigureswhatisgoingon,somethingorother
leapsto theeyeasrequiringattention.

I willagaingiveanexamplefromourworkondairycattle.Wewere
in thisprojectactuallyconfrontedto beginwithby anotherproblem
whichmostoperationalresearchworkersare,onehopes,luckyenough
to escape;namelyto decide,not onlywhatour executiveauthority
wantedto do, but whohe was.Werewe servingthe Ministry,or
individualfarmers,orwhom?Withoutattemptinganyfinalsolution,we
tookitthatsomeofthemostimportantexecutivesinthefieldarethose
whorunArtificialInseminationCentres,andthat
bytryingtobehelpfulto themintheirattempts
improvementofthecattleserved.Thereforethe
lastparagraphconsistedin forminga broadbut

wemightaswellstart
tobringaboutgenetic
stepconsideredin the
quantitativepictureof

whatsortofsuccesstheywerehavinginthisendeavouratthetime.As
soonasthefigureswerecollected,it becameapparentthatthesuccess
waslessthan had beenhoped;and an importantproblemtherefore
immediatelypresenteditself.

Thecollectionofthefigureswasnotentirelyeasy.Wehadin some
casestoprovideourownmantoensurethatthenecessaryrecordswere
kept.Thisbringsonetothesecondmajorfactorinoperationalresearch.
Afterdecidingwhatyouwishtofindout,insistongettinghardfactual
evidence,in theformofobjectivemeasurementsor records,andrefuse
tobeputoffwithguessesorjudgementsevenbythemostexperienced.
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DuringthewarI rememberthefiercestcontroversies
cersof the AirForceas to the accuracywithwhich
aimedat submarines;it wasthescientistswhoinsisted
must be fittedwith cameraswhichwouldrecord

amongstaffoffi-
bombscouldbe
thattheaircraft

objectivelywhat
actuallyhappens,anditwasbymeansoftheserecordsthatenormously
improvedbombingprocedureswereworkedout.

It is,perhaps,in thisinsistenceongettingholdofobjective,detailed
factsaboutwhatis happeningthat operationalresearchdiffersmost
profoundlyfromthemethodsofnon-scientificadministration.It istrue
thatmostenterprisesrecordsomefactsaboutthemselves,butinthefirst
placesuchfactsareoftenconfinedtotheobviouslyfinancial,whichare
onlya smallpartofthedatawhichmaybeimportant.It isonlyin the
last few years, for instance, that more than a small fractionof dairy
farmershavetroubledtorecordthemilkyieldsoftheirindividualcows.
And,secondly,factsevenif recordedmaybeleftunused.Theyarenot
onlylaboriousto collect,but it is oftenan evenmoretime-consuming
andboringtaskto analysethemandextractanygeneralmeaningfrom
themassofdetail.Sometimesthecollectionofdatacanbesimplifiedby
usingsomesystemofsampling,butevenso,a hardcoreofdrudgeryis
almostcertainto remain,as it doesin all scientificwork.Operational
researchworkersmustnotbeafraidto tackleit.

Havingdecidedwhatto investigate,andsketchedouta generalpic-
ture of the existingsituation,the nextstepis to try to findwaysof
improvingpresentpractice.Broadlyspeaking,thereare twodifferent
methodsofsettingaboutthe task;theywerefirstclearlydistinguished
byBlackettin a paperwrittenfortheguidanceofoperationalresearch
workersduringthewar.Thefirsthecalledthe‘model’method.Onecan
tryto formulatea theorywhichtakesaccountofalltherelevantfactors;
and,in termsofthattheory,oneshouldbeabletodeducewhatarethe
optimumresultsonecanhopeforwiththemethodsavailable,andwhat
wouldbetheeffectofdifferentalterationsin theexistingpractice.

To continuewithourexampleofdairycattle:onecanworkouthow
largea proportionofcowsina herdmustbebredfromifnumbersare
tobekeptconstant(supposingthatnonearebroughtinfromelsewhere,
becauseweare reallyinterestedin the totalpopulationin the whole
country);onecanfindout, frommeasurementsof the existingvaria-
bility,howmuchthesebreedingcowscanbebetterthantheaverage;one
canestimate,bythemethodsofquantitativegenetics,howmuchoftheir
superiorityis likelyto behereditaryratherthantheresultofa favour-
ableenvironment;andperforminganothersimilarsetofcalculationsfor
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thesmallnumberofcowsselectedtobreedbulls,onecanfinishupwith
anestimate(notveryaccurate,butserviceable)ofthemaximumrateof
geneticimprovementwhichcanbe madein a closedherdof cattleif
theirnumbersare keptup and theirmortalityrates,etc.,are those
reigningtodayinBritain.Thisgivesa definitequantitativepicturefrom
whichonecanseeif thereare any‘softspots’,wheresomepractical
procedurecouldproducelargeresults.Asmightbe expected,it is the
comparativelyintenseselectionwhichcanbeexertedonthecowsused
to breedbullswhichturnsout to be the keypointto attack;andthe
introductionofartificialinseminationoffersthepossibilitynotonlyof
usinga smallnumberof bulls,bredfromevenmorehighlyselected
dams,but of progeny-testingthem adequatelybeforeusingthem
widely,sothatonecanmitigatetheuncertaintyastohowmuchoftheir
dam’ssuperioritywasreallygenetic.

Manypracticalsituationsare,however,toocomplicatedtobereduced
to anysort of usefulformula;or theymayinvolvefactors(suchas
‘morale’)whichwecannotas yetmeasure.On themonecantry the
‘variational’method.Onetriestogrouptheresultsofpastoperationsin
sucha waythateachgroupdiffersfromanotherin thatonlyonevari-
ablehas beenaltered.One woulduse this method,for instance,to
assessthevalueofmilkingthreetimesasopposedto twicea day.Butit
is notalwayseasyto findjustthedatawhichonewants,andif special
proceduresare introducedin orderto providecomparisonswithone
factoraltered,it maybedifficultto bringto anendthosewhichprove
lesssuccessful.But in spiteof its difficulties,the methodmaybe the
onlyonewhichis possibleat allin a highlycomplicatedsituation,and
onemayhavetouseit asbestonecanwhileatthesametimeattempting
to obtaina clearertheoreticalpictureofthematter.

Byoneor other,or by a combinationof boththesemethods,the
operationalresearchworkerattemptsto reachconclusionswhichcanbe
helpfultotheexecutiveheisserving.Hemustthen,ofcourse,persuade
the executiveof the valueof hiscontribution,anothertaskon which
muchmightbewritten;butthisisperhapsnottheplaceforit,exceptto
statethat in my experienceany argumentthat leadsto conclusions
whicharepracticallyimportantcanbestatedsimply,thoughit maytake
severalweeks’hardthoughtto discoverhowto doso.

Supposethenthatthescientisthasfoundoutsomethingofuse,and
haspersuadedtheexecutiveto adoptthissuggestion(evenifonlyona
smallscaleat first);the operationalresearchprojectis eventhennot
finished.Astagebeginswhichisscientificallyabsolutelyessential,though
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by no meansalwaysrecognizedin conventionaladministration.One
mustcheckwhetherthe resultof the suggestionis in practicewhat
it wasexpectedto be,or reasonablynearit. In factit veryrarelyis,
becauseotherfactorsarelikelytohavechangedaswellastheparticular
pointwhichwasconsciouslyalteredonthescientist’ssuggestion.Butat
leastonecanusuallytellwhetheronehasdonegoodorbad,andderivea
roughideaof the magnitudeof the improvement,if one has been
produced.

This step of insistingon a factualcheckof the resultsof a new
practiceis absolutelyessentialif anyfurtherprogressis to bemade.It
corresponds,ofcourse,tothenormalscientificprocedureofnotmerely
formulatinga theorybutthencarryingoutexperimentsto seeif it
works.It
ventional
all,or at
circles,a

is, in myopinion,oneofthemajorweaknessesofmostcon-
administrationthatit eitherfailsto carryoutsuchchecksat
leastgiveslittleweightto them.Particularlyin government
goodadministratoris toooftenmerelythemanwhocanput

intooperationsomelargeschemeofreform,quitewithoutreferenceto
whethertheschemeturnsoutto besuccessfulornot.In old-fashioned
competitivebusinessthe bankbalanceeventuallyactedas a crude
automaticcheck;but therearenowadaysenormousfieldsofendeavour
forwhichthatdoesnothold.In suchcircumstances,scientificchecking
of the resultsof policymustalmostinevitablybe introducedin the
courseoftime;anditmaywellbethatit isfirstinthisconnectionthat
operationalresearchmethodswillbeadoptedbymanyauthoritieswho
at firstdoubttheirvalueasaidsbeforeactionis taken.In anyattempts
tocontroltheman-madefutureit isofcrucialimportancethatadequate
organizationsaresetup to investigatein thebroadestpossiblecontexts
the detailedfactsaboutthe actualresultsthat variouspoliciesand
executiveactionsreallyproduce.So far, suchorganizationsare con-
spicuousonlybytheirabsence.
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11 TechnologicalForecasting

Oneresultofthenewinterestinthefuturehasbeenthedevelopmentof
a numberof systematic,semi-scientificand intuitivetechniquesfor
forecastingthe future.Jansch’sreport (TechnologicalForecastingin
Perspective,1967)indentifiedabouta hundreddifferenttechniquesof
forecasting—manyofthemrecentlyinvented.NigelCalder,inhisbook
Technopolis(1969),reports‘atthe timeofJantsch’sreportthesetech-
niqueshadat bestonlya mildeffectonthequalityofforecasts,mostof
whichcontinuedto be madein a pragmatic,intuitiveway’.He con-
tinues,‘forecastingis inevitablyan art rather than a science,even
thoughcomputersandotherfancytechniquesarealreadybeingapplied
to it, especiallyin theUnitedStates;thesemaygivespuriousauthority
to whatareessentiallyhunches’.

Of thesemanytechniquesof forecasting,twomaintypesmay
distinguished—thesearecalledexploratoryandnormative.

be

A.ExploratoryForecasting

present

possible
future
events
or situations

a

FIG.

b c d e Pog

1I1a.1

In exploratoryforecasting,the forecasterattemptsto exploreby
examinationofandextrapolationfromthepresent,thepossiblefuture
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FIG.11.1

statesofanyparticularsituation.Anexploratoryforecastmightexamine
thepossiblefuturestatesofanentirenation,ofa citytransportsystem,
of kitchens,of electroniccomponents,or whatever.For example,ex-
ploratoryforecastsindicatethatinEuropetheownershipofprivatecars
israpidlyincreasing.Therearelong-termplansforthebuildingofmore
highways;andotherforecastsindicatethata numberof novel,urban
publictransportsystemsarelikelyto beoperationalin thefuture.So,
possiblefuturestatesof transport,in a Europeancityby 1990,maybe
almostentirelydependentonprivatecarsandhighways;maybemainly
dependentonnewpublictransportsystems;or it maybesomemixture
ofthetwo.Thereareanumberof possiblealternativefuturepatternsin
urbantransporttochoosefrom.Whatactuallyhappenswillbetheresult
ofa numberoffactors:politicalchoicesandpressures,howpracticalthe
newtransportsystemsturnouttobe,theimportanceplacedonenviron-
mentalstandards,anda multitudeof otherfactors.The furtherone
looksinto the future,the largeris the numberofpossiblealternative
futurestochoosefrom,andthelesslikelytheforecasteris to beableto
predictthe actualoutcome,unlesshe is ableto predictwhichof the
alternativesareactuallychosenin thepoliticalarena.

Exploratoryforecasts,therefore,are usefulin mappingout the
choiceswhichare availableto plannersand decision-makers,given

199



existingtechnology,population,income,socialpatterns,etc.,andtheir
likelyfuturedevelopment.

Exploratoryforecastingtechniquesmaybedividedintothreeclasses
whichindicatetheiruse.(Note:the italicizedtechniquesmayalsobe
usedinnormativeforecasting.)

(a)Techniquesforimprovingintuitiveforecastsofpossiblefutures:
these include: brainstorming,Delphi and Cross-Impact

Matrices.
(b)Techniquesforstructuringandprocessingexistingtechnological

information:
theseinclude:scenariowriting,operationalmodelling,gaming-

simulation.
(c)Techniquesforgeneratingnewtechnologicalinformation:

theseinclude:trend-curveextrapolation,and morphological
analysis.

Considerthesetechniquesin turn:

Brainstorming

Brainstormingis a techniqueforrapidlyproducinga largenumberof
ideasona particularproblemorquestionfroma smallgroupofpeople,
onthehypothesisthatat leasta fewusefulideaswillbeproduced.In its
usualform,a brainstorminggroupof threeto ninepeoplearegivena
problemsuchas ‘Howcanroadaccidentsbe reduced?’The members
thenrecordideasonindexcardsastheycomeintotheirheadsandalso
read the idea out to the group. No idea, howeverwild it may seem,is

discussedor criticized.The ideaof onememberof the groupusually
stimulatesideasin theothermembers.Thesortofideaswhichmaybe

producedinanswertotheabovequestionare:‘rubbervehicles’,‘sticky
road’,‘automatictransport’,‘don’ttravelso much’,‘eliminate“T”’
junctions’,‘magneticallyrepellingvehicles’,etc.At theendofa brain-
stormingsession,allthe ideasmaybeclassifiedbyonepersonto give
somestructureto thetotaloutputofthegroup.Forexample,themain
classesin the roadaccidentideasmightinclude,‘reduceseverityof
crashes’,‘automaticcontrol’,‘reduceneedto travel’,etc.

Brainstormingis notsomucha forecastingtechniqueasa meansof
generatinga largenumberofpossiblesolutionsandideasrelatedto a
particularproblem,andisnotusedwidelybyforecasters.Brainstorming
hastheadvantagethatit canbeconductedveryquickly.Abrainstorm-
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ingsessionusuallytakesfromtwentyminutestohalfanhour,andmay
beusedtorapidlycoverafieldofinterestpriortomorerigorousfore-
castsbeingmade.

DelphiTechnique

Perhapsthemostobviouswayofobtaininga forecastof long-term
futuredevelopmentsin any particularfieldof studyis to ask the
intuitiveopinionofexpertsin thatfield.Amajorproblemisthatto the
samequestiontheexpertswillprobablygiveawiderangeofpredictions.
If a numberof expertswerebroughttogetherto discusswhena par-
ticulardevelopmentwouldoccur,it is likelythata falseconsensusor
discensusof opinionmightbe reacheddueto socialpressures,undue
influenceofoneexpertuponanother,personaldisagreementsandsoon.
TheDelphiTechnique,developedbyDalkeyandHelmerin theearly
1960s,hastheobjectofobtainingaconsensusofintuitivejudgementof
expertsonpossiblefuturedevelopmentsinvariousfields(science,tech-
nology,populationgrowth,etc.)andof the mostlikelydatesof the
occurrenceofthesedevelopments.In ordertoobtainthisconsensusof
expertopinion,theusualmethodis to conducta pollby letteramong
selectedexpertsin, say,computerscience,askingwhatdevelopments
andbreakthroughsarerequiredandlikelytoberealizedin,say,thenext
thirtyyears.Byconductingthepollbypost,thedisadvantagesofper-
sonalconflictare avoided.One predicteddevelopmentin computer
sciencemightbe ‘automaticinterpretationofmedicalsymptoms’.The
listof developmentsis thensentto eachparticipant,whois askedto
makeanestimatewheneachhasa 50percentprobabilityofoccurring.
Inourexample,ofautomaticdiagnosis,oneexpertmightputthedateat
between1978and1986;anotherbetween1986and1997.Theresultsare
plottedto showtherangeofopinionsandfedbackto theparticipants,
whoareaskedto revisetheirestimates.Again,resultsareplottedand
fedbackforreappraisal,ifnoconsensusonaparticulardevelopmenthas
beenreached.Generally,Delphistudieshaveresultedin a narrowing
downofthedivergenceoftheopinionsofthefirstpollformostdevelop-
ments,althoughan unreconcilablespreadof opinionsusuallyremains
formorecontroversialdevelopments.

WithDelphi,as withall exploratoryforecastingtechniques,the
furtherone looksinto the future,the widerthe spreadof results.
Delphiis probablymostusefulfor makingpredictionsin relatively
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narrow,highlyspecializedfieldsofstudyandisprobablynotsosuitable
forforecastsofbroadsocialchanges,astherearenoeasilyrecognizable
expertsinthissortoffield.

Cross-ImpactMatrices

The outputsof Delphiand other forecastsare oftenonlylistsof isolated
possiblefutureevents,perhapsconsideredagainsta backgroundsitua-
tionsuchas an advancedindustrialnation.However,the list might
includeeventswhicharemutuallyexclusiveoreventsforwhichchances
ofoccurrenceofsomeitemsmightbe influencedbytheoccurrenceor
non-occurrenceof others.Cross-ImpactMatrices,developedvery
recently,areintendedto takeaccountof the interactingeffectsofone
changeuponanother.The methodis describedfullyby Gordonand
Hayward(1968).The objectof conductinga Cross-ImpactMatrix
analysisistogeneratea setofpossiblefutureeventsinwhichtheeffect
ofeacheventoneveryothereventonthelisthasbeencalculated.From
thislistofeventsaninternallyconsistentpictureofthefuture(afutures
scenario)maythenbebuiltup.Themethodisperhapsbestillustrated
bysimpleexample.Belowisa Cross-ImpactMatrixshowingtheinter-
actionsbetweenthreepossiblefuturedevelopmentsaffectingurban
transport.

Theindividualprobabilitiesoftheabovethreeevents,A,B,C,occur-
ringby1980mightbeestimatedinaDelphiforecastas,say,0-9,0-3and
o-8.Thematrixshows,however,thattheprobabilityof themasspro-
ductionof low-pollutioncarsis increased(+) byairpollutionlegisla-
tion,butreduced(—)bythedemonstrationofapollution-freepersonal
publictransportsystem.The demonstrationof the publictransport
systemis, however,substantiallyunaffected(0)by the productionof
low-pollutioncars.Theeffectsofoneeventonanotherwillbedepen-
dentalsoupontherelativetimeofoccurrenceofeach.Forexample,if
pollutionlegislationappearedin 1975,thiswouldbeastrongerstimulus
tothedevelopmentoflow-pollutioncarsforproductionin1980thanif
it wasjustrumouredbutdidnotactuallyappearuntilthe 198os.

It waspointedoutearlierthatmathematicalanalysis,suchas using
Cross-ImpactMatrices,cangivespuriousimportancetowhatischiefly
onlyintuitiveguesswork;however,it shouldbepointedout thatsuch
mathematicaltechniquesofferperhapstheonlymeansofexplicitlytak-
ingaccountof the interactingeffectsbetweena verylargenumberof
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variablesin a waythatcannotbe doneintuitively.Toomuchsignifi-
cance,however,shouldnotbeplacedonsmallchangesinprobabilityof
theoccurrenceofa particularevent.Suchananalysiscanonlyhopeto
usefullyshowgrosschangesin probabilitiescausedby interactionsbe-
tweenevents.

Cross-Impactanalysiscanalsobeusedina purelyempiricalwayto
considerinteractionsbetweeneventsin orderto buildup a consistent
pictureof the future.A forecastermayusematricesto systematically
considertheinteractionsbetweenalist ofpossiblefutureeventsinorder
to determinehowonemayimpactuponanotherandalsopossiblyasa
meansof generatingside-effects.For example,forecastsindicatethat
worldpopulationisincreasingandthatnew-food-productiontechniques
arebeingdeveloped.Thepopulationincreasewillactasa stimulusto
theproductionofnewfoodsandsimilarlythisproductionofnewfoods
islikelytoactasastimulustoincreasingpopulation,wherehungerisstaved
offforabitlonger.Increasingthenumberofpeopleontheearthwillof
coursealsoleadtoawholevarietyofothersideeffectssuchasgreaterover-
crowding,increasedprobabilitiesofinternationalconflicts,etc.

ScenarioWriting

Scenariowritingisa techniqueinwhichthewriterattemptstosetupa
logicalseriesofeventsinorderto showhow,startingfromthepresent
(oranyothergivensituation),a futuresituationmayevolvestepbystep.
Thepurposeisnottopredictthefuturebuttogenerateplausiblefuture
situations.So far it hasprimarilybeenappliedto the explorationof
potentialmilitaryordiplomaticcrises,particularlybyHermanKahn,as
bythefollowingexamplewhichistakenfromTheYear2000,byKahn
andWiener(1967):

AcentralEuropeanoutbreakscenario.Thefollowingstepsoccur:

1.Unrest,precipitatingincidentofviolencein EastGermanyor Berlin.
2.Highlevelofpopularagitationwithstreetviolenceoccursin EastGermany.
3.TheEast-Westborder,or theBerlinWall,isopenedupat variouspointsby

EastGermaninsurgents.
4.Thereisa limitedbutimportantdegreeofinterventionbyWestGerman

volunteers.
5.The Sovietsdelivera warningto WestGermanyandNATO.

... And so it continuesstep by step. Eachstep beinga possible
outcomeofthepreviousone.

Thistechniqueisusefulin forcinga politicalanalysttoexploresome

203



Births
ye

a$

= Non-rene

Nee
pentane
otRea
|

<a

Platina

ble

DI
Fiiealand
available

reeee:

perhead

Resource

;

qd
o

i

*

ne

t.

oulpulperhead
s

qaQ,rwdg J

capita,

I'lG. 11.2

204

Bet
Pollution

®

Segne*>\-
Mader

bal

®&



ofthepossibledevelopmentsofa particularcrisisandthusenablehim
to pre-planhowmoreseriousconsequencesmaybeavertedifa similar
real-worldcrisisoccurred.Alternatively,ofcourse,it couldbe usedto
planhowto retaliatemosteffectively.

Scenariowritingisalsobeingusedtoconstructa numberofpossible
socialandtechnologicalfuturesituations.Considerthefollowingscen-
arioforcitytrafficwrittenbyBouladon(1967):

Thelastbuses(electric,ofcourse,becauseoftheanti-pollutionlawsofabout
1980)willhavedisappearedabout1990.Laborcostswillhavecometorepresent
go%oftheoperatingcostofbuses,whichwillstillbeplaguedbystrikesofthe
dissatisfieddrivers.Buseswillfinallybecometooheavyandcumbersometo be
ableto be integratedinto the centrallyand electronically-guidedtrafficflow
whichwillgraduallyextendto allthemainarteries,and,byreducingthe
distancebetweenelectriccarstolessthanthreemeters,willincreasetheflowby
a factorof4.

Mostgroundleveltrafficwill,however,berepresentedbysmallelectriccars,
cubicin shape.Theurbanbranchofthecarwillhaveterminateditsevolution
andadoptedthesimplestmostfunctionalshape:thatofa smoothplasticcube
withnochromiumplatingandnoprotuberances,butstandardroundedcorners
tofacilitatehandlingandstoring.Thelengthofthecarswillalsobestandar-
dizedtomakethemeasilytransportableinstandardizedcontainers.Thesesilent,
efficientcubeswillhavehelpedtown-dwellersforgetthe noisy,evilsmelling
vehiclesthat proliferatetoday.Theywillbe propelledby high-speedelectric
motorsrunningat 35,000RPMusingalternatingcurrentwithoutbrushesor
commutators.Theywillbefedatvariablefrequencybyminiaturizedthyristors.
Transmissionwillstillbenecessarytoconveythepowertothemicrowheels.But
suchprogresswillhavebeenmadein constructionmaterialsthat it willbe
possibletodrivethewheelsbya single-gearratiowithanefficiencyofover
95%-.Thesesuccessorstogearswillbeflexible,deformableandpracticallyever-
lasting.

Eventowncarswillnot forthe mostpartbelongto theirusersbut willbe
rented.Self-servicetaxicabswillbe madeavailableafterlegislationto reduce
urbancongestions.

The averagetown-dweller,whenhe leaveshisoffice,willgoto the nearest
‘linear-mobilepark’.Thelatterwillbesituatedalongthemainarteries(ordinary
parkingwillnotbeallowed).Self-servicetaxicabs,thesupplyofwhichwillbe
computercontrolled,willbehookedmagneticallyontoa conveyorchainunder
thepavement,forminga slowprocessionastheyawaitcustomers.Thetraveler
willinserthiscreditcard,madeofmagnetizedplastic,intotheappropriateslot
andwillbeableto openthecardoorandsitat thesteeringwheel.Pressureon
theacceleratorwillreleasehiscarfromtheconveyor.

If he is goingto the suburbs,he willbe ableto drivehimself,but if he is
goingto theuniversityandhastocrossthetownviathemainthoroughfares,he
willhaveto integrateintothe automaticdrivingsystem,afterindicatinghis
destinationbywordofmouthto thecentralcomputer.Onarrivalhewillpark
hiscarin thenearest‘linear-mobilepark’.
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Thisparticularscenario,whichis a fairlytypicalviewofcitytraffic
around1995,is not as plausibleas it couldbe, becausethe writer,
possiblyforlackofspaceina journalarticle,hasnotgivenmuchdetail
ofhowthetransportsystemofhiredcubiccarsandself-servicetaxicabs
hasevolved.Hemerelygivessomereasonswhybuseshave
andhintsthattheanti-pollutionlawsandlegislationledto
taxicabs.It is howeverusefulasa sourceof technological
ideas,althoughin factmanyofthemarenotbackedupby
reasons.Standardcubictowncarsmayappearas eithera

disappeared
self-service
anddesign

gooddesign
logicalor a

horrifyingstep,dependinguponyouroutlook;butonemayaskwhya
single-sizemodule?Is it intendedforone,twoorfourpeople?Canit
carrygoodsorluggage?Whatifa familyofsix,withluggage,wantedto
traveltogether?Perhapsabetteranswerisvarioussizetowncarsorones
whichwilllinktogether.Thiswouldhavetobedecidedbyusertrialsto
pre-testvariousdesigns,aswellasconsiderationsofeconomicandtech-
nicalfeasibility(andnotmerelysomeplanner’sdreamofuniformityand
order).Despitethissortof designcriticism,whichmaybe levelledat
manyscenariosdepictingfutureworlds,thisparticularscenariogives
usefulconceptsofmodularvehicles,vehiclecarriers,rentingratherthan
owning,self-servicetaxis,linear-mobilepark,magneticcreditcardsto
operatevehicles,dualmodecars(driveror computercontrolled),oral
inputtocontrolcomputer.

The exerciseof writinga step-by-stepevolutionaryscenariocanbe
veryhelpfulinmakingaconvincingcaseforthepracticalpossibilityofa
futuristicdevelopmentandforclarifyingthe writer’sownideasabout
howit maycomeabout.

Models—Operational

Whenfacedwiththeproblemofexploringthepossiblewaysin which
somesituationmightevolvein the future,one of the mosthighly
developedtoolsthatananalysthasis to setupan analogueofthereal
worldwhichmaythenbemanipulatedto discoverhowit worksunder

newconditions.Thisanalogueormodelrepresents,inasimplifiedform,
theprocessesofsomeaspectoftherealworld,suchasthemovementof
peoplein thecityor a politicalconflict.Operatingthemodelbymani-
pulationof its elementsby meansof humans,computers,or both,in
orderto seehowit reacts(andbyanalogyhowthe realworldshould
react),is termedsimulation.

Therearemanytypesof operationalmodel:mathematical,physical
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andgamingmodelsarethree.Whichtypeis appropriateforthein-
vestigationofanyparticularsituationdependsonhowmuchis known
aboutthereal-worldsituationandhowmuchsimplificationof thereal
worldis consideredacceptable.In addition,considerationof the
resourcesof time,skilland moneyavailablefor buildingthe model
shouldbemade.

Modelsmaybeusedto describea situationat a givenpointin time.
Thesearecalleddescriptivemodels.Or, if theycontaintime-dependent
variables,theymaybe usedto predictwhathappensat somefuture
time.Thesearecalledpredictivemodels.Manipulationofthevariablesin
a model,or simulation,is intendedto provideanswersto the critical
question,‘Whatwouldhappenif...’

Belowisabriefdescriptionofthemaintypesofmodels:

Models—Mathematical

If a lot is alreadyknownabouthowthe systemunderinvestigation
operates,or ifa highlysimplifiedmodelofa little-understoodsystemis
acceptable,it maybepossibleto devisea modelcomprisingsetsof
equationsto representthesystem.

Forexample,a simpleequationwhichhasbeenfoundbyexperience
to quiteaccuratelydescribethe flowof trafficbetweentwoplaces,in
termsoftheirsizesanddistanceapartis:

eee

WhereT;; = thenumberofjourneysbetweenplacei andplacej;k = a
constant,P; = thepopulationorsizeofi; P; = populationor sizeofj;
dj, = thedistance,timeor costof travelbetweeni andj; n = a con-
stant,usuallybetween1and3.

Ofcoursesucha simpleequationcannotpossiblydescribeaccurately
ascomplexa systemastrafficflowbetweentwoplaces.To includemore
ofthevariableswhichwillaffectthesystem,suchasresidentialdensity,
socialclass,incomelevels,transportmodesavailable,etc.,willinvolve
muchmorecomplexequations.In addition,operatingthemodelneces-
sitatesobtainingnumericalvalues,or at leasta rangeof probabilistic
values,for all the variablesinvolved,which,for somevariables,like
socialclass,maybeestimatedempirically.Somelarge-scalemodelsare
verycomplexindeed.Forexample,oneparticulareconomicmodelcon-
tains400equationsandrequiresverypowerfulcomputersto handleit.
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Theeffortofbuildingsuchmodelsisveryhigh.Jantsch(1967),p. 200,
reportsthat ‘mostmodelsrequiretwoto threeyearsworkand cost
between$50,000and$100,000to develop’.

Mathematicalmodelsofsocialandtechnologicalsystemsarenormally
onlysuitablefordeterminingmasseffectsinvolvinglargepopulations,
suchasthedemandfora transportsystem.Indeed,predictingmeasures
suchas demands,sales,numberof votes,etc.,is the mainuseof the
mathematicalmodels.Of coursemeasurementsof demandfor some
facilityaredependentuponvariablessuchashumanpreferencesandthe
odditiesof individualbehaviour.Mathematicalmodelsandcomputer
simulationsofhumanbehaviourhavebeendevelopedandapplied,ap-
parentlywithreasonablesuccess,to thepredictionofvotingbehaviour
inAmericanpresidentialelections.Suchmodelsarebasedonempirical
rulesofhumanbehaviour,drawnfromcommonexperienceandexperi-
mentalpsychology.For example,one of the rulesis: ‘if A usesan

argumenttalkingtoB,andpersuadesB,thenA willnotforgetthe
argument,butB isquitelikelyto forgetit.’Anotherruleis,‘ifa person
whois undecidedon an issuehearsa controversialspeechon it, he is
unlikelytorememberit,butislikelytobelieveitandthespeechislikely
to changehis attitude.’DeSolaPool(1964)arguesthat by including
empiricalprinciplesof humanbehaviourin mathematicalmodelsof
trafficsystems,informationsystems,etc., and simulatingusing a

simultaneously,variablesmanyof handlingcapablecomputer
accuratepredictionsof howpeoplewouldreactin a futuresituation
may be obtained.Beer (1966),however,arguesthat althoughthe
scientificanalystusing techniquesof multi-variateanalysisand
powerfulcomputersis theoreticallycapableof handlingthe verylarge

numbersofvariablesinvolvedinareal-worldsituation,suchtechniques
restontheassumptionthat thevariableswhichareimportantmaybe
identified.

Beersays:

Now,the kindsof systemunderconstruction(industrialoperations)exhibit
literallybillionsofvariables.Thereis norigorousmeansofknowingwhich
‘matter’.Indeed,the
questionofdegree,a
theimportanceit has
This doesnot mean
changing—thatis in
thatweknowhow.to

importanceof a particularvariablein sucha systemis a
questionofjudgment,aquestionofconvention.Moreover,
byanyofthesecriteria,changefrommomenttomoment.
merelythe numericalvalueassumedby the variableis

thenatureofvariables,oneofthethingsaboutthesystem
handle.No,it meansmore:thestructuralrelevanceofthe

variableinsidethesystemischangingwithtime.
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ThehopethatDeSolaPoolexpressed,ofextendinghisanalysisof
humanpreferencesfromthemuchsimpleragree-disagreevotingsitua-
tionto predictinghumanbehaviourin trafficsystems,etc.,at leastby
thetechniqueheproposes,seemsunlikelytooffermuchvalidinforma-
tionforplanningsuchnewsystems.

Models—Physical

Whenattemptingtopredicttheperformanceofareal-worldsystem,it is
sometimespossibleto builda physicalmodelof thesystemwhichcan
thenbe subjectedto a varietyof conditions.Well-knownexamplesof
physicalmodelsare wind-tunnelmodelsof aeroplanewings,scale
modelsof shipsfor tanktesting,and scalemodelsof buildingsfor
structuraltesting.Fromtheperformanceofascalewind-tunnelmodel
ofanaircraft,theaerodynamicperformanceofthefull-sizeaircraftmay
be predictedfairlyaccurately.Of course,physicalmodelscanonlybe
built for a fewsituationsand havelimitedapplicationin long-range
forecastingandplanning.

Physicalmodellingis a highlyskilledbusiness.It is by no means
alwaysthecasethatthepropertiesoneis interestedin willbethesame
in a real-lifeobjectandinanexactscalemodelofit, withallthelinear
dimensionsreducedbya factorof tenor 100.Its differentproperties
mayberelatedtothelineardimensionsindifferentways.Awell-known
exampleconcernsthesizesofanimals.The weightincreaseis roughly
thecubeoftheirlineardimension,whereasthestrengthoftheirbones
increasesonlyby the square,thusonecouldnot constructan animal
builtlikea horsewiththeweightofanelephant;thestrengthofits leg
boneswouldnot supportit. The wholequestionof whenit is appro-
priatesimplyto scaleup or downthephysicalmodelofanentity,and
whattodoaboutit whena simpleenlargementorreductionofthescale
isnotappropriate,hasbeenthesubjectofa lotofrefinedmathematical
analysis.Thisis,however,notparticularlyrelevanttoourpurposeshere.

Gaming-Simulation

Whereasamathematicalmodelrepresentedasituationintermsofequa-
tionssuitableformanipulationbya computer,a techniquecalledgam-
ing,orrole-playing,modelsthesituationbymeansofinteractinghuman
playersin a ‘simulatedenvironment’of rules,chanceevents,game
boardsand sometimesalsomathematicalmodels.The techniqueis a
combinationofanalyticalandexperimentalmethods.
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The longestestablishedgaming-simulationsare wargames,which
havebeenusedformanyhundredsofyears.Recently,theyhavebeen
used by militarystrategiststo predictthe outcomesof alternative
strategiesin simulatedbattles.In its simplestforma wargamemay
consistoftwoopposingplayers(commanders)eachwitha certainforce
of troops,weapons,etc.,representedby gamepieces,whichmaybe
movedoverabattleareaaccordingtoasetofsimplerules.Theoutcome
ofeachmoveisalsodeterminedbya setofrulesandisfedbacktoeach
commander.Eachcommandertakesturn to movein responseto the
previousmove.Each ‘round’(moveresponse),of the simulation
representsthepassageof,say,fivehoursofrealtime.In a slightlymore
sophisticatedsimulation,‘chance’eventswhichmightaffectonesideor
theother(e.g.‘ammunitiondumpblownup bycommandos’or ‘thick
fog’)are insertedat randominto the situationby a gamecontrollerand
thedecisionmakershaveto respondaccordingly.In evenmoresophis-
ticatedgames,the environmentis simulatedas.realisticallyaspossible
byhighlycomplexandprobabilisticrulesenforcedbya teamofgame
operators;wholeteamsof opposingplayersmaybe involved;and
the consequencesof a movemay be calculatedby meansof a
probabilisticmathematicalmodelwhichmaytake into accountthe
terrain,morale,the typeof weapons,the weather,etc.,all operated
by computer.

Oneofthemainusesofwargamesisto simulatehypotheticalfuture
conflictsituationsin whichonesidehas a newweapon,withgiven
characteristics,or hasadoptedsomenewstrategy.Bymeansofseveral
replicationsofthesimulation,someconsistentpatternoftheoutcomes
oftheconflictmaybeestablished.Anotherimportantuseofwargaming
istotraincommandersinasituationinwhichtheconsequencesofany
mistakesarenotdisastrous.

Aswellasforthesimulationofbattles,gaminghasbeenadoptedto
simulatea widerangeofothersituationsforthepurposesoftrainingthe
participants,to gainsomeinsightintotheworkingsofthesituation,or
todiscovertheeffectsofvariousstrategiesofplay.Themaintypesare:
international-relationsgames,for the simulationof diplomaticcrises;
businessgames,for the simulationof managementdecision-making;
planninggames,forthe simulationof the town-planningprocess;and
educationalgames,for simulatinga verywidevarietyof situations
specificallyforteachingpurposes.

The elementsof eachtypeof gameare similar—conflictingand
cooperatingplayerstakingon roles,e.g.a town-planninggamemay
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includerolesofplanner,housedeveloper,localresidents,shop-keepers,
factorymanager,etc.;andasimulatedenvironment.Inaninternational-
relationsgame,thisenvironmentmaysimplybean introductoryscen-
ario describingthe situation(an internationalcrisis)to the players
(representingthe interestsof thenationsinvolved),whoarelocatedin
differentrooms(representingthe nations).Proceduresthroughwhich
playersmaycommunicate(e.g.diplomaticmessages,newspaperreports,
meetings,etc.)areusuallyusedduringthesimulation.Alternatively,the
environmentmaybe,asin a businessgame,a computersimulationof
themarket,whichcalculatestheconsequences(e.g.theeffectsonsales
ofinvestments,etc.)ofeachdecisionmadebytheplayers.

The valueof gaming-simulationas a teachingtool is fairlywell
established,particularlyformanagementtrainees.Itsvalueasaresearch
methodis notsowellestablished,beingdependentuponthecomplex
questionof the validityof the simulationas an analogueof the real
world.Gaminghasthefollowingmerits—a hypotheticalfutureorpast
environmentmaybe broughtinto the presentfor investigation.In
theory,almostanythingmaybe madeto ‘occur’duringa simulation.
Decision-makingis performedby peoplewhowillincludeall their
biases,irrationality,valuejudgements,whichcharacterizereal-world
decisions.Timemaybe speededup or sloweddown,so that several
days,weeksor yearsmaybesimulatedin onehour.

Althoughgaming-simulationhasbeenrecognizedasa potentiallyvery
usefulmethodof exploringpossiblefuturesituations,its applications
beyondtheexplorationofhypotheticalfutureanddiplomaticsituations
havebeenfew.GordonandHelmerhavedevelopeda ‘Future’gamefor
theKaiserAluminumandChemicalCorporationinwhichtheprobabil-
itiesof possiblefutureevents(relevantmainlyto the Westerncoun-
tries),suchas ‘staggeredworkweekreplacesMondaythroughFriday
standard’and ‘computerizedmedicaldiagnosisis in wideuse’,are
influencedbyinteractionsbetweenevents,thewishesoftheplayersand
chance.CharlesOsgoodhas explored,at the Universityof Illinois,
throughProjectPLATO,thepossibilitiesofusingcomputersandteach-
ingmachinesto makeavailablecomplexsetsofbranchingchoiceslead-
ingtoalternativefutures.Adescriptionofthisprojectistobefoundin
JungkandGaltung(1969).ArthurWaskow,at the InstituteforPolicy
Studies,Washington,whohas recognizedthe potentialof gaming-
simulationfor involvingmembersof the publicin exploringfuture
worlds,aimsto involvepeoplefromghettoareasof Washingtonin
futuregames.One gamemightinvolvea particulartype of school
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systemof the year2000—perhapsa highlyautomatedschoolwhose
studengsfrequentlyuse euphoria-creatingdrugs, are politically
organizedandcarryonpoliticalandsocialactionwithdeprivedgroups
in the community.Participantsin this ‘game’playrolesof parent,
student,teacher,citycouncillor,taxpayer,eachfacedwiththe crisis
createdbythesuddenadventofanintelligence-enhancingdrug.

BuckminsterFuller’s‘WorldGame’is intendedas botha teaching
andan investigativetool.Bymeansof graphicdisplaysof the earth,
playersinthegamecanlearnabouttheworld’sresourcesinthepastand
inthefutureundervariousconditionsandcanexploremeansofdeploy-
ingtheworld’sresources.Fora descriptionofaWorldGamesession,
seeWorldGameReportbyEdwinSchlossberg(1969).

TrendExtrapolation

Trendextrapolationis oneof thelongestestablishedforecastingtech-
niquesand,asitsnameimplies,restsontheassumptionthata particular
measurabletrend(e.g.population,aircraftspeed,numberofbookspub-
lished,personalincomes,etc.)is likelyto continueintothefuturefol-
lowinga particulartrendcurve,plottedfrompastexperience.

Thechiefuseoftrendextrapolationisnotsomuchto forecastwhat
willhappen,but to determinewhatmighthappenif the internaland
externalfactorswhichproducedthetrendin thepastremainthesame
duringa futureperiod.Alternatively,trendextrapolationmaybe used
also to forecastthe likelypossibilitiesofferedby some as yet
undevelopedtechnology(e.g.thepasttrendinaircraftspeedsindicates
thatcertainfurtherincreasesarelikelyinthefutureandthatnewpropul-
sivetechnologywouldberequiredto reachthesenewspeeds).

Concernoverworldpopulationgrowthisdramaticallyexplainedby
examinationof worldpopulationtrendsoverthe last fewthousand
years,and the populationprojectionsfor the nextthirtyyears.(See
13.)

Worldpopulationhasfollowedanapproximatelyexponentialgrowth
curve(thismeansthat the periodoverwhichthe world’spopulation
doublesdecreasesovertime).The portionof the curveextrapolated
fromthepresentdayoverthenextthirty-fiveyearsindicatesthat,ifthe
mainfactorsaffectingpopulationremainconstant,worldpopulationis
likelyto double;whereasthepreviouspopulationdoublingtookabout
fifty-fiveyears.Thistrendof courselogicallycannotcontinueindefi-
nitelyandmustleveloffat sometimein thefuture.Whenthisoccurs
cannotbe forecastby extrapolation,but willdependon the interac-
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tionsbetweenthe factorsdeterminingpopulationgrowth.Figure11.3
showsgrowthinworldpopulationpostulatedbytheUnitedNationson
the assumptionthat fertilitywouldremainat the presentlevel,that
somecontrolswilloperatebut fertilitywillremainhigh,andthatfer-
tilitywilldropsignificantly.Forglobaltrendshavinggreatinertia,such
asworldpopulationgrowth,short-term(threetoeightyears)deviations
fromthetrendarerelativelyunlikelyandsimpleextrapolationis likely
to indicatewhatactuallyhappens.In thelongerterm,eventrendswith
greatmomentumaresubjectto theinfluenceofdeliberatepolicies(e.g
birthcontrol)andotherfactors(e.g.valuechanges,economicdepres-
sion).It appears,however,that measuressuchas population,when
viewedona moredetailedlevel,arehighlysensitivetoexternalfactors,
suchas theeconomicclimate,andthatsteadytrendscansuddenlybe
reversed.Forexample,thepopulationofEnglandandWalesdeclined
consistentlybetween1918and1930.Theofficialdemographicforecast
in 1930wasmadeontheassumptionthatthistrendwouldcontinueor
accelerate.Whatactuallyhappenedwasthat the populationbeganto
risein 1930andhasdonesosteadilyeversince.

KahnandWienerin theirbook,TheYear2000,usetrendextrapola-
tionto generatea ‘surprise-free’(i.e.continuingtrends)pictureofthe
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economicfuture.To determinethelikelylevelofpersonalincomesin
thefutureinvariouscountriesoftheworldtheydrawthebeststraight
linethroughthe pointsin the incomesagainstgrowthgraphandex-
trapolatethislineintothefuture.Theassumptionismadethatnomajor
warsor economicdepressionswilloccurovertheforecastingperiod.

The graph(11.4)illustratesthe significantlydifferentprojections
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whichcanresultfromsimpleextrapolationona short-termor a long-
termbasis,evenifassumptionsofnogrossexternalchanges(economic
depressions,etc.)arecorrect.Straight-lineextrapolationthrough1882
and1966indicatesa2000GNPpercapitaof$6,500,whileextrapolation
through1959and1966indicatesa levelof$10,000.

Thebestwaytoguardagainstthissortofmistakeis tomakea large
numberofprojections,sayforaseriesoftwenty-yearperiods,beginning
in 1870,1875,1885andsoon,andthenforanumberofdifferentthirty-
yearperiods.Usuallythefalse-projectionsresultinthedrawingofa line
throughbottomof a downcurveto the top of an up willbecome
obvious.Therearemoresophisticatedmathematicalwaysofreceivinga
similarresult.
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Jantsch(1967)identifiesfourmainclassesoftrendcurve(11.5).
It canbeseenthatallthesetrendcurveseventuallyexhibitgradualor

rapidchangein shape(risingor flatteningoff).The uncertaintywith
trendextrapolationiswhenthesechangeswilloccur.

B. Normative

Whereasexploratoryforecastsareconcernedwithwhatfuturechanges
anddevelopmentsarepossible,normativeforecastsareconcernedwith
identifying/ong-termgoalsanddesirablefuturesandwithworkingoutthe
stepsbywhichthisdesirablefuturestatemaybebroughtabout.

The normsor goalsmaybe verysimplyexpressed.Examplesof
possiblegoalsare:‘abolitionofhumanhungerbytheyear2000’,‘geta
mantoMars’,‘reduceairpollutiontoagivenlevelby1975’,‘doublethe
numberofnewhousesbuiltoverthenexttenyears’andsoon.Certain
normativeforecastsmightalsodetailthe organizational,social,tech-
nologicalandotherchangesnecessaryto realizethegoal.The goalor
desirablefuturemayalsobeexpressedin muchbroader,moregeneral
terms,e.g.a descriptionofanidealformofcommunity,a newformof
politicalstructure,a performancespecificationforan urbantransport
system,etc.

It shouldbe recdgnizedthat normativeforecastsare essentially
politicalor philosophicalstatements,i.e.thegoalscanonlybedecided
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bydebate,agreement,dissent,etc.,andcannotbeverifiedas‘correct’in
anobjectiveway.

Also,realisticnormativeforecastsshouldmeshwiththeframeworkof
possibilitiespredictedbyexploratoryforecasts.Thereis littlevaluein
settinggoals,theachievementofwhichrequirestherealizationoftech-
nological,socialor organizationaldevelopmentswhichno exploratory
forecastconsidersachievablein thetime-scaleenvisaged.

Manyofthetechniquesusedinexploratoryforecastingarealsosuit-
ablefor settinggoalsand identifyingdesirablefutures.Of thosede-
scribed,‘Delphi’,scenario-writingand gaminghavebeenor could
potentiallybeusedto generategoalsandto formulatedesirablefuture
worlds.TheDelphiTechniquemaybeemployedtoobtainaconsensus
ofopinionsondesirablefutureeventsand,onlong-rangegoals,scenario
writingin reverse(i.e.describingsomedesirablefuturesituationand
specifyingthestepsby whichthissituationmaycomeabout,starting
fromthepresent),isa powerfulnormativemethod.Thistechniquehas
alsobeentermedevolutionaryforecasting.Gamingoffersthepossibility
of involvinglarge(orsmall)numbersofpeoplein theidentificationof
desirablefutureeventsanddesirablefuturesituations(asinGordonand
Helmer’s‘Gameof the Future’,in whicheachparticipantbuildsa
‘Worldof 1986’andattemptsto persuadeotherparticipantsto ‘invest’
inhisworld).Inaddition,a fewtechniquesspecificallyforthespecifica-
tionandevaluationofgoalshavebeendeveloped,thebest-knownbeing
thevarioustechniquesbasedonrelevancetreesandgoalhierarchies.

Relevance Trees

Relevancetreesarehierarchicallyorderednetworksof objectives,the
mainpurposeof whichis as an aid to decision-makingin complex
situationsin whichit maynot be obviouswhereto allocateone’s
resources.Averticalrelevancetreerelatesa long-termobjectiveto the
alternativeactionsthatshouldbetakenin orderto achievethatobjec-
tive.

Thefirststepin theconstructionofa relevancetreeis to identifya
high-levelobjectivethatyouwishtoachieveat sometimeinthefuture
—e.g.anoverallobjectivemaybeto reduceairpollutionlevels.

Thenextstepistoqualitativelyrelatethealternativecoursesofaction
(ortheelementscontributingtowardstheobjective)totheoverallobjec-
tiveusingexploratoryforecastingtechniqueswhennecessary.Belowisa
portionofa verticalrelevancetreeforairpollution.
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Thetreeiscontinueddownto a levelwherepracticalinputsfeedin
(e.g.particularresearchanddevelopment,legalmeasures,etc.).Oneof
thepossiblelow-levelinputsmightberesearchoncheap,high-capacity
batteriesforelectricvehicles.

Thisformof hierarchicalnetworkspecifiesthealternativepathsby
whichtheoverallgoalmaybeachieved.Technicaleconomic,socialand
other forecastsand feasibilitystudiesmay then be made to determine
whichof the pathsaremostlikelyto leadto the realizationof the goalin
thedesiredtime.

ThePlanning—Programming—BudgetingSystem(orPPBS)isbased
onanotherformofhierarchicalnetwork,sometimescalledahorizontal
relevancetree.PPBShasbeenusedin the US DefenseDepartment
since1961andinciviliandepartmentssince1965.Onceagaintheobject
is to relatetheelementsofa particularareaof interestto a high-level
goalto obtaina frameworkfor decision-makingand medium-range
planning.Thedifferenceis, then,thatinsteadofspecifyingalternative
pathsforachievingthe goal,the treeshouldincludeall the elements
necessaryto achieveit.

ThefirststepinPPBSistosetupa function-orientedrelevancetree.
Belowis a hypotheticalexample(fromJantsch,1967):

national
objective:

programme
categories:

programme
sub-categories:

publichealthprogramme
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environmental
biology
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Therelevancetreedoesnotofitselfsolveanyproblems.However,it
maybeusedasa frameworkforguidingthemajorpartoftheanalysis,
usingtechniquessuchascost-effectiveness,systemsanalysis,operations
research,in orderto makedecisionsonthemosteffectiveallocationof
resourcesat the input(lowest)levelsin orderto reachthe high-level
objective.

Pattern

Therelevancetreeconcepthasbeenusedasa basisfora sophisticated
quantitativemethodforpolicy-makingandplanningdevelopedbythe
militaryandspacesciencedepartmentofHoneywell,Inc.Themethod
was namedPATTERN(PlanningAssistanceThroughTechnical
Evaluationof RelevanceNumbers)andhasbeenusedparticularlyin
medical,spaceandmilitaryplanning.A fulldescriptionofthemethod
maybefoundinEsch(1969).

To applythePATTERNscheme,it is firstnecessaryto drawup a
relevancetree.Thisconsistsofa seriesoflevels,oneachofwhichthere
area numberof items.Allthe itemson anyonelevelarerelevant,in
somedegreeor other,to eachof the itemson the levelabove.The
topmostlevelconsistsof the ultimateobjectivesof the exercisebeing
examined;onthelevelimmediatelybelowarea numberofsubordinate
criteriaqualifyingthoseobjectives;belowthat is a levelof sub-
subordinatecriteria,andsoon,downtothelowestlevel,whichisthatof
thedetailedtacticalinputsintothesystem.Numericalestimateshaveto
be givenforthe relevance,or ‘significancenumber’s, ofeachitemon
the th thelevelforeachitemonthem—7 th level.Wethushaveto
handlea largenumberof coefficients,whichmaybe writtenin the
generalformsao e Assigningthesecoefficientsis,ofcourse,themost
difficultpartofthetaskofsettingupaPATTERN.Honeywellissaidto
haveusedtwentyexpertsfor sixmonthsto setup itsbasicPATTERN
formilitaryandspacedevelopments.I willreturnlatertohowthispart
ofthejobiscarriedout.

It maymakemattersclearerat thispointto givean exampleof a
PATTERNappliedto a universitysituation.To simplifyI shallcarry
thetreeonlydowntothelevelofDepartments,andshallconcentrateon
thoserelatedto theFacultyofScience.

Wefirstdrawup a relevancetree,showingthevariouslevelswhich
are believedto be important.I havetakenit that the top level,the
outputwhichis thegoalof thewholeexercise,is numberofgraduates
produced.In the nextlowerlevelarethe Faculties(orDepartments)
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fromwhichthesegraduatescome;I haveassumedthere are five:
Physics—Chemistry,Biology,Earth-SpaceSciences,Mathematics,
ComputerSciences.In thenextlevelarethedifferentkindsofgraduates
whohavetobeconsidered.AgainI havesupposedtheretobefivemain
types:academicswhoaregoingonin theuniversityor researchworld;
practitionerswhowill.becomeprofessionalspecialistsin industry,etc.;
executiveswhowilleventuallygoon to industrialmanagement,sales,
etc.;studentswhojustwantto becomeeducated;andmaturestudents
whohavecomebackto theuniversityfora refreshercourse.Then,at
the levellabelled‘qualities’,welistthedifferenttypesofstudy;going
into the subjectin realdepth;discoveringhowto findout relevant
informationwhenyouneedit (informationretrieval);understandingof
the technologicalrevolution,whichis goingon in allsubjects;under-
standingtherelevanceofthesubjecttotheglobalsocietywearemoving
towards;andbeingableto be flexiblein makinguseof information.
Finally,inrowfive,weagainlistthevariousteachingfaculties,butwe
shallusethis rowto estimatewhatcontributioneachfacultyshould
maketo producingthevarioussortsofgraduateswiththeappropriate
qualities.

Levelsin the RelevanceTree

(1)OutputGoals NumbersofGraduates

(2)‘Faculties’
Phys.
Chem.

(3)‘Types’ Academic

(4)‘Qualities’

(5)‘FacultiesInputs’

Depth

Phys.
Chem.

Biol.

Practitioner

Earth—
Space

Exec.

Inf.Retriev.

Biol.
Earth—
SpaceMaths.

Maths
Computer
Science

Educ.Man. MatureStudent

Technol.
Rev.

Computer
Science

Global
Soc.

Sci.
Stud.

Soc.
Sci.

Flexibil.

Humani-
ties

RelevanceTreeforScienceSubjectsFIG.11.7

Wenexthavetoput insomenumbers,to indicatehowmanypeople
thereareinthevariousgroups.Thetabledealswithlevels2and3.The
contributionofeachoftheFacultiesto thetotaloutputofgraduates1s
inthefirstcolumn,totheleftoftheverticalline.In therestofthetable,

eachrowshowsthe proportionof the fivetypesof studentsin each

Faculty.(Thesefigures,andallthosegivenlater,arepureinventions,
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madeup simplyto providea definiteexampleof thekindof thingone
mightfind.Theyarenotto betakenasexpressinga seriousopinion.)

Faculty

Phys.Chem
Biol.
Earth—Space

Maths
ComputerScience

Output Acad.Pract. Exec. Educ.Mature

3
4

3
4

3
3

2
I

I
I

I
I

2
I

1/2

3
5
2

4
2
5

2
2
I

I
I

os

10
10

Oo
O
2

10
IO
10

Fic.11.8

Thesesamefiguresareshowngraphicallyinthediagrambelow.(Fig.
11.9)

Whenwegoto thenextlowestlevel,‘Qualities’,thecompletesetof
tableswouldberathercomplex,sincetherehastobeaseparatetablefor
eachFaculty.I havesetout belowthe tablesforonlytwoFaculties,
thoseofPhysics—ChemistryandComputerSciences.Ineachtable,the
left-handcolumnshowsthestrengthof theoutputof thatkindof
graduatefromthatFaculty.For instance,Physics—Chemistrycontrib-
utesthreeto thetotaloutput(tableabove)andofthosea proportionof
threewillbe academics;so the academicsare ratedas nine in the
Physics—Chemistrytablebelow.

Phys.Chem.

Acad. 9

Exec.
Educ.

6
6

Pract.

Mature

Depth

9

=Inf.Exp.

6 2

2
2

5 5

2
5

I
15

I
2

643 225

3

3

3

2

105

Tech.Dev.Glob.Sci.

2

2

Flex.

I
2

I

3
4
4

I 4

24 34

ComputerScience

Acad.
Pract.
Exec.
Educ.
Mature

I 5
24
5

—
1

2
2

—

15

2

4

4
4

—
2

2

3
—

is

16 64

2
—

—
—

5

I

I

2
2

—_
3

3

114

FIG.11.9
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The figuresin these tablesare againshowngraphicallybelow,
althoughin thedrawingI haveusedfiguresforPhysics—Chemistryand
Biology,insteadofComputerScience.

The finalstepin this illustrativeexampleis to considerthe inputs
whichthevariousFacultiesmightmaketohelpproducethegraduates.
I giveonlyoneexample,in 11.10,whichdealswiththecontributionsof
variousDepartmentstotheproductionofPhysics—Chemistrygraduates
whoaregoingtobecomeexecutives.Forthismatrixweneedtoconsider
contributionsfromallFaculties,notonlyScienceones.I have,in the
illustration,added only two main types, Social Sciencesand
Humanities.The lastrowoffiguressumsup thesecontributions.It is
noteworthythat,accordingto the significancenumbersassignedhere,
theComputerSciencecontributionisnearlytwothirdsaslargeasthat
of the parent Physics-ChemistryDepartment.This comesabout
becauseof theemphasiswhichI haveplacedontheimportanceof
information-retrievalandofunderstandingofthecontributionofcom-
putersto generaltechnology.Thesejudgementscan,ofcourse,wellbe
queried.

Inputsto
Phys.Exec.

Depth
Inf.Exp.
Tech.Rev.
Glob.Sci.
Flex.

Phys.
Chem.

12
12
6
6

24

—

—

7

2

Biol.

—
I
I

4
I
I

192 48

Earth-
SpaceMaths.Comp.

—
—
ne
—_
—

—

—
—

2
I

I

48

—

I
6
2

120

I

Sth,
Stud.

S06,
Sct.

— —
I
I
3
I

60

Humani-
ties

I
4

—

3
I

’
I

72 60

I

FIG.11.10

This raisesthe fundamentalproblem;howshouldthe significance
numbersbe assigned?At somepointsin the scheme,e.g.the output
valuesassignedtotheFacultiesinthefirststep,therearevarioussemi-
objectivecriteriawhichcanbeused;forinstance,projectionsfromthe
actualnumbers,ormodificationsintroducedin thelightofestimatesof
nationalrequirements,etc.Or onecanfixthesevaluesin accordance
withsubjectivegoalswhichhavebeenarrivedat in variousways.In
general,throughthebulkoftheseriesofmatrices,mostofthesignifi-
cancevalueswillhaveto beestimatedbyintuitivejudgement,sinceno
adequatefactualdataareavailable.Thisneednotbe sogreata disad-
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vantage,if it is realizedthattheusefulnessofa schemesuchasPAT-
TERNis inthemaintoclarifytheissuesinvolvedinattemptscon-
sciouslyto directthedevelopmentofanorganismsuchasa university.
It showswhattheimplicationsareof,say,a decisionto try to produce
moreof the graduatesI havecalledexecutives,or to providevarious
kindsofbroadereducationforacademic-researchpeople,ortodealwith
there-education/extended-leisuresyndromeswithwhichweseemlikely
to beconfronted.

C.TechnologyAssessment

The phrase‘technologyassessment’
fashionablebut

has recentlybecomenot merely
alsoofficial;sinceanOfficeofTechnologyAssessment

hasbeensetup in theUnitedStatesCongress,andthereareplansfor
one in WestGermany.The expressionis the namefor attemptsto
foreseethe side-effectsand secondaryrepercussionsof new tech-
nologies.TechnologicalForecasting,in the specializedsensein which
that nameis usuallyused,is concernedwithtryingto workout the
natureandtheefficiencyofanticipatedtechnologicaladvances,incarry-
ingout the primarytasksfor whichtheymightbe broughtintouse.
For instance,whataretheprospectsforsupersonicaircraft,asa tech-
nologyfor carryingpeopleand thingsfromone placeto another?
TechnologyAssessmenttriesto gofurtherin twoways.Firstly,it asks,
whatwillthe secondaryconsequencesbe?In injectingsubstancesinto
thestratosphere?In sonicbooms?In furtherconcentratingcontrolover
transportin the handsof a veryfewgreatindustrialnations?Con-
solidatingthestratificationofsociety,notjustintothosewhotravelfirst
or secondclassonthesametrains,butthosewhocanflyConcorde(at
theexpenseoftheirfirmor government)andthosewhocan’t?Andso
on.And,secondly,TechnologicalAssessmentaimsat makingexplicit
comparisonsbetweenalternativetechnologies.Howmanyoftheworth-
whileusesofsupersonicaircraftcouldbeachieved(andatwhatcost)by
developmentof the video-phone?Wouldit be moresensiblefor
EuropeanandUS businessmento meet,not by eitherof themflying
rightacrosstheAtlantic,puttingtheirbiologicalclocksoutofkilter,but
by bothtakinga leisurelytrip to a floating‘conferenceisland’,setup
somewherein thedoldrumsofthemid-Atlantic?

It is somethingof an indictmentof the over-specializationof our
presentcivilization,andof its simple-mindedfascinationwiththeget-
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rich-quickpotentialsofnewtechnologies,thatanyonehashadto invent
a newnamefortheverycommon-senseideaoftryingtothinkallround
theconsequencesofinnovationsintechnicalmethods.Butit isprobably
‘quiteusefulto havea specialname.I hadalreadycomeacrossmany
attemptsbyscientists,eitheras individuals,or asorganizedgroups,to
thinkthroughin thiswaythelikely,orpossible,resultsoftheirwork.I
haveknownindividualswhohaveswitchedoutof,say,sometypesof
microbiologybecauseofthepossibilityit mightturnouttobeusefulfor
biologicalwarfare;andorganizations,likethe InternationalUnionof
BiologicalSciences,whichhavetriedtosetup‘look-out’committees
whichtry to thinkout the socialconsequencesof varioustypesof
research,e.g.onageing,or identifyingbraincentreswherestimulation
willgivesensationsofgreatpleasure.Nearlyalways,thedifficultyhas
graduallyimposeditself,that suchassessmentsareextremelydifficult.It
wouldnothavebeeneasy—maybeit wouldhavebeenimpossible—to
foreseethatHenryFord’snewtechnologyofproduction-linefabrication
of carsforthemasseswould,by providingmobileprivaterooms,
entirelychangesociety’sideasaboutacceptablesexualbehaviour.ButI
feelthatif anorganizedefforthadbeenmadeto thinkroundthesub-
ject,at leastthepossibilitymighthavebeenforeseen,evenif no one
couldtellwhetherit wouldactuallyhappenornot;andthatwouldhave
beenalittle moreinsightthandidoccurat thetime.Givingthissortof
normallycautiousand scepticalattitudea name,TechnologyAssess-
ment,maymakeit easierto arrangethingssothatthenecessaryhard
work—whichis beyondthe capacityof mostordinaryindividuals—
actuallygetsdone,in sofarasit canbe.

So TechnologyAssessmentmight be called “Technological
ForecastingintheRound’.ButI do’notthinkithasdevelopedanynew
methodsofsettingaboutitstaskwhichneedtobedescribedhere,other
thansaying,letcommonsense’rip,withnoholdsbarred;andwhenyou
thinkyou’vethoughtofeverything,thinkagainandseeifyoucan’tfind
somethingelse. 3
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12 SystemModelling

Recentlytherehavebeendevelopmentsoftheprocedureoftryingtoset
up a ‘model’of thesystemmentionedonp. 212,whichhavebecome
importantenoughto merithavinga chapterto themselves.These
developmentshave been occurringnow, becausecomputershave
becomepowerfulenoughtohandlemodelswhicharesocomplexthatit
wouldbe intolerablytedious,if possibleat all,to dealwiththemby
ordinaryalgebraor arithmetic.If the modelinvolvesseveralthings
whichinteractwithoneanother(e.g.thepopulation,foodsupply,indus-
trialequipmentavailable,pollutionproducedanda fewothers),and
particularlyifthestrengthoftheinteractionsdoesnotstayconstant(e.g.
pollutionmayhavelittleeffecton the otherthings,untilit increases
abovesomelimit,whenit maybegintogetmoreandmoreimportant),
thenthesystemmayinvolveequationswhichcannotactuallybesolved
byalgebra,inthepresentstateoftheart.Butstillthecomputer,which
canonlydoarithmetic,candoit sofantasticallyfastthatit canslogout
theanswersto a complicatedsetof equationsjustbygoingalongone
shortstepat a time.

Thissortofoperationproducesa lotoflovely-lookingfigures,which
canbemadeintoelegantgraphs.Thepossibilityofgettingsuchresults
outofideasaboutwhatthesystemislike,whichpreviouslyit hadbeen
impracticaltohandle,isobviouslyveryseductive.Butlettingoneselfbe
seducedis onlysometimes,unfortunatelybynomeansalways,a good
thingin thelongrun.Theresultsofthesecomputerrunsonmodelsof
complexsystemslookniceandprecise,but canactuallybe no better
thantheideaswhichgointothem.Thecomputerwillturnouta result
froma lousymodeljustashappilyasfroma goodone;in fact,it can’t
tellthedifference.Thecapacitiesofthecomputerarea reallyimportant
andpowerfulnewtool;but theyhaveto beusedwithcaution,justas
muchaswhenwegetanewmachinetoolwithperformancemuchbetter
thananythingwehavebeenusedto.Wearestillonlyjustlearninghow
tohandlethecomputer-tool.Someofthepromisesandproblemsofthis
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newmethodofdealingwithcomplexthingswillbeillustrated
sideringits applicationto perhapsthe mostcomplexproblem
hasyettriedtotackle—thepresent-dayworldasa wholegoing
(if it is going?)—whatthe Clubof Romecalls,the World
matique.

bycon-
anyone

concern
Proble-

TheWorldasa System

Thefuturedevelopmentoftheworldwillobviouslybeaffectedbyvery
manyfactors—population,foodstuffs,pollution,naturalresources,tech-
nologicaldevelopmentsandso on. Moreover,all of thesehavecom-
plicatedinteractionswitheachother.Anincreasein theproductionof
powerof the utilizationof naturalresourcesfor industrywillalmost
certainlytendtoincreasepollution.Anincreaseinthenumberofpeople
demandsmorefood,but the provisionof morefoodstuffsmayin the
firstplacetendtoincreasetherateofpopulationgrowth.Weareinfact
confrontedwith a complexsysteminvolvinga highlyinteractive
networkofverymanycomponents.

At the timeof writing,attemptsare just beingstartedto try to
unravelthecomplexitiesofthesituationandtounderstanditsbehaviour
bymeansofcomputersimulations.Thefirsttentativestepinthisdirec-
tionwassponsoredbyaninternationalgroupofindustrialists,scientists
andotherscallingthemselvestheClubof Romeandorganizedby an
Italianindustrialconsultant,AurelioPeccei.Theyarrangedfinancial
supportfora preliminarystudyto bemadebya computerteamat the
MassachusettsInstituteofTechnology.Anoutlineofthemethodthey
hadfollowedandthefirstresultstheyhadattainedwaspublishedin a
book,TheLimitstoGrowth.TheClubofRome,whosememberswere
amongstthefirsttorealizetheenormousimportanceofinvestigatingthe
probableor possiblefuturesofmankind,arrangedthatthebookhave
widepublicitythroughouttheworld;andit hascertainlystirredup a
greatdealofinterestevenin themostofficialgovernmentalcircles.

If onewerefoolishenoughto takeits computerprojectionsto be
seriouspredictionsofwhatis goingto happen,theyappearhighlypes-
simistic,foretellingcatastrophiceventssuchas halvingthe world’s
population.Thereis stillsufficientVictorianoptimismaround—the
beliefthat biggerandmorecostlyalwaysmeansbetter—fora lot of
people,evenmanywhoshouldhaveknownbetter,togetveryhotunder
thecollarandtrytoburythewholeenterpriseundera fogofridicule.It
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is thereforeimportanttotrytogetsomeideaofwhatcomputersimula-
tionsofcomplexsituationscannotbeexpectedtodointhepresentstate
of the art; and wherethe MIT team,and othersmorerecentlyas-
sociatedwiththeClubofRome,haveactuallygotto date.

The procedurein settingup a computerizedmodelof a complex
systemis somethinglikethis.Youstartby choosing,on the basisof
commonsense,a certainnumberof majorcomponentsof the system
whichseemlikelytobeofimportance.TheMIT studychosefivemain
variables:population,capitalexpenditure,naturalresources,pollution
andcapitalinvestmentinagriculture.Eachoftheseissubdividedagain
intoa lowerlevelofactivefactors;suchas,forpopulation,birth-rates
anddeath-rates;orinothersectors,suchfactorsastheamountofarable
landavailable,thecapitalcostofbringingnewlandsintocultivationand
soon.Thenonehasto tryto putintothemodelquantitativeestimates
of the strengthsof interactionsbetweenthe factors;for instancewhat
effecthaspollutionon population?Theseinteractioneffects(‘multi-
pliers’in the system-builder’sjargon)at presentusuallyhaveto be
guessed,sincethereareonlya minimalnumberof factson whichto
basethe estimates.However,the computeris flexibleenoughto deal
with‘multipliers’whichchangeaccordingtotheactualvaluesofthetwo
thingswhichareinteracting.Forinstance,theMITteamsuggestedthat
pollutiondoesnothaveaproportionateeffectondeathratesatalllevels,
buthasverylittleeffectuntilit reachesa fairlyhighlevelandthen
rapidlybecomesmoreandmoreof a killer.This is a guessbasedon
suchphenomenaas,forinstance,thegreatLondonsmogofthewinter
of 1952whichwasreckonedto haveprecipitatedthe deathof several
thousandpeople.

Theonlyrealcheck—andit isa prettyfeebleone—onthevalidityof
theseguessesis to showthat the wholesystemproducesa reasonably
accuratepictureofwhathappenedtoallthevariablesforwhichfigures
are availablefor someperiodin the past,for instance,from1900to
1960.Anysetofinteractionvalueswhichfailtodothatwouldofcourse
be unacceptable;but quitea lot of differentvalueswouldprobably
producea reasonablefitto theexistingdata,particularlysincenoneof
thefactorswhichlooklikebecomingveryimportantinthefuture,such
ashighlevelsofpollutionor theexhaustionofsomenaturalresources,
hadyetbegunto exertanyimportantinfluenceat thattime.

Havingsetupthemodelandshownthatit doesat leastworkforthe
past,thecomputerwillworkoutforyouwhatwouldhappenifthesame
setofinteractionscontinuedonintothefuture.
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WhathappenswiththeMITmodelisthatbytheendofthecentury
the worldbeginsto run out of naturalresourcesand canno longer
supportsucha largepopulation,whichgetsdramatically,indeedcatas-
trophically,reduced.The MIT team then tried the effecton the
behaviouroftheirmodelofalteringsomeofthenumericalvaluesthey
hadfedintoit. Asa continuationoftheiroriginalset-upwouldleadto
anexhaustionofnaturalresources,anobviousstepwouldseemtobeto
reducethe rateat whichnaturalresourcesare exploited.Whenthey
changedthevaluesin themodeltocorrespondwithsucha newpolicy,
whatcameupwasaneventualriseinpollution,whichagaineventually
ledtoapopulationcatastrophe.Sowhataboutbothreducingtherateof
exploitingnaturalresourcesandincreasingtheefficiencyofindustryin
relationtopollutionproduction?Thisjustpostponesthecatastrophefora
bit,buteventuallyledtothesametypeofresult.Infact,theonlyalterations
totheMITmodelwhichgiverisetoanessentiallystablesituation,in
whichthepopulationneitherrosenorfellabruptly,wasoneinvolving
severerestraintsontheratesofcapitalinvestment,ofresourceexploita-
tionandevenof foodproduction.To thoseusedto everythinggetting
continuouslybiggerandbetterit soundslikea verycheerlessprospect.

Howseriouslyshouldtheseresultsbetaken?
Aspredictions,theyshouldnotbetakenseriouslyat all.Theydonot

pretend,and werenot intended,to forecastwhatwi//happen.Their
importance,whichisquitereal,isofa differentkind,or ratherofthree
differentkinds.

In the firstplacetheydo showtypesof catastrophicmisfortunes
whichcouldtakeplaceif the worldwenton workingaccordingto a
systemwhichis nottoodrasticallyimplausible.Secondly,theydrive
homethe lessonthatif onedoessomethingto makean alterationin a
complexsystem,theresponseofthesystemmaynotat allbewhatwas
expectedor intended.Thisisa lessonwhichpeoplecontinuallyhaveto
learnoveragain.Thebehaviourofcomplexsystemsis oftenwhatthe
MIT teamcall‘counter-intuitive’—the damnthingjustdoesnot do
whatit shoulddo. Anearlierstudyby the samegroupof workersat
MITwasonthegrowthprocessesincities.It hadbeenquiteacommon
experience,particularlyintheUnitedStates,thata well-meaningauth-
orityundertakesa programmeof slumclearance,erectsa lot of new,
quitesuperior,housing,andwithina fewyearsfindsthattheoriginal
slumareais evenmoreovercrowdedwithpoorerpeoplethanbefore.
Probablyone of the mainfactorsin causingthis counter-intuitive
behaviouristhatthenewbuildingsattracta largenumberofpeopleinto
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thearea,but if therearenotenoughjobsforthem,theyremainpoor
andlettheirdwellingsgetevenmoreovercrowded.Indeed,investigat-
ingjustwhythecomplexsystemsdonotbehaveasexpectedisthemain
purposeoftryingtomakemodelsofthem.

AthirdimportanceoftheMITworldschemeisthatit isabeginning
of thisprocessof exploringa varietyof models,to seeif onecanbe
producedwhichreallybehavesas the worlditselfdoes.It mustbe
emphasizedthat thepresentworldmodelis onlya firststep.Already
severalothershavebeentakentoenlargeorimproveit,ortotryvarious
versionsofit.ThegeneralsystemthattheMITteamhasusedisquite
flexible,andcanbe modifiedin manydifferentwaysto obtainalmost
anysortofbehaviouronewantstoextractfromit. Severalpeoplehave
alreadyshownthatif youmakemoreoptimisticassumptions,youwill
elicitmoreencouragingbehaviourfromthesystem.Forinstance,a
groupinHollandhasshownthatifyouexpectnewnaturalresourcesto
be discoveredmuchmorerapidlythantheMIT groupthoughtlikely,
the collapsedue to exhaustionof naturalresourcesdoesnot occur.
Again,an Americanauthorhasinserteda sortof technologicaljoker,
suggestingthattechnologywilladvancefastenoughto mopup allthe
problems,andagain,of course,the systembehavesin a muchmore
stablewaythantheoriginalmodel.Thereis,ofcourse,roomforagreat
dealofdebateastowhoseassumptionsarethemostplausible;andit is
quiteimportanttoexplorethewholerangeofmodificationsofthemodel
to seewhichonesactuallyproducethekindsofdevelopmentwhichwe
wouldhopetooccur,andtowhichfactorsit isthereforemostimportant
to payattention.

However,it is probablystillmoreimportantto improvethe basic
causalstructureofthemodel,asputforwardin itsfirstversion.It has
someverygreatobviousdeficiencies.In thefirstplace,it lumpscondi-
tionsalloverthe worldtogetherin a singleworld-index(intechnical
jargon,it is highly‘aggregated’).It makesnodistinctionevenbetween
therichandthepoorcountries;andtherecannotbeverymuchsensein
summarizingthepollutionconditionsin allregionsoftheworldunder
onesinglepollutionindex.Thenanotherseriousdeficitis thatit deals
withonlyonesinglelevelof interactions;a causallevelat whicha
certainintensityofexploitationofnaturalresourcesleadsinevitablytoa
certaindegreeofpollution;andthatagaininevitablyhasa certaineffect
onbirth-rates,death-ratesandsoonin theactualworld.Thereare,of
course,actuallymanylevels,and in particularthereis the levelof
humanadaptivebehaviour.If manseesthatheisproducingtoomuch
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pollution,hemaysetaboutdealingwithit,notbyreducingtheamount
ofnaturalresourcesheuses,butbydecreasingtheamountofpollution
producedfromthatuse.The MarkI modelcouldbe elaboratedand
expandedtoincorporateanumberofnewandimportantfeaturesofthis
kind.In factseveralgroupsaroundtheworld,associatedwiththeClub
ofRome,havebegunworktodoso.Forinstance,a SouthAmerican
groupisdevelopinga modelwhichdistinguishesbetweenthepoorand
the rich nations, and studies the effectof interactionsbetweenthem.
AnothergroupinGermanyisworkingona modelwhichwilldividethe
worldintothreeportions,therich,thepoorandtheCommunist,and
willalsoincorporatea levelof‘goal-seeking’controls,whichoperateto
try to keeptheothervariableswithincertainpredeterminedlimits,or
forcesthemtochangeincertaindefiniteways.

ThereagaintheMIT MarkI model,andeventheMarkIIs which
havebeensuggested,donotmakeadequateallowancefortheperiodsof
timeessentialforvariousdevelopments.Forinstance,whenwediscover
newdepositsofnaturalresources,suchasa newoil-orgas-field,a new
depositofsomeimportantmetaliferousmineral,thesecannotbeinstan-
taneouslymadeavailableto theproductivemachiner.HarrisonBrown
haspointedoutthattherichcountrieshave,overthelastfewcenturies,
accumulatedan enormousbackingof mined,refinedand processed
metals,suchassteel,aluminium,copperandsoon.Hecalculatesthatto
put behindeveryadultin the worldthe quantityof extractedand
fabricatedmetalson whicheachAmericanstands,wouldrequirethat
everyexistingminingandprocessingplantdidnothingelseforseveral
decades,evenif thepopulationoftheworldremainedconstant;whileif
it increasedat therateit is increasingnow,thetaskwouldtakea few
centuries.In theworld’sproductivesystemthereareinfactunavoidable
lags,andanytrulyrealisticmodelwillhaveto incorporatethese.

Therearecertainlygoingto begreatchallengesandcomplexitiesin
tryingto developadequateworkingmodelsof the worldsystem.The
mereeffortof thinkingout suchmodelswillforcepeopleto develop
muchclearerideasaboutinteractionofthemanyfactorsinvolvedinthe
evolutionofman’sfutureeconomicandecologicalsituation;but it will
probablybea longtimebeforeanyof thesemodelsis sufficientlylike
the realworldto providemoreconcreteguidancethana hintanda
warning.
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Epilogue

Whenanauthorwhohaswrittena longishbookreadsit all
is almostboundto askhimselfwhatis likelyto be the
someoneelse—whoalsoreadsit throughto theend.In the
book,I suspectthatanyonewhoreachesthispointmayfeel
survivedsomethingofasteeplechase;hemayevenhavehad

through,he
reactionof
caseofthis
thathehas
toclosehis

eyesandskipafewofthemoreformidableleapsorobstaclesthathehas
foundinhispath.I cannotpretendthatalltheideaswhichI havetried
tosketchinthisbookareeasyones.Thatcouldhardlybe,sincesomany
of themare relativelynew.The pointaboutthemis that theyare
attemptstocometogripswithasubject—theunderstandingofcomplex
systems—whichwehaveonlyquiterecentlyrealizedisofcrucialimpor-
tanceforhowwedealwiththepracticalaffairsoftheworld.Theideas
differagooddealnotonlyindifficultybutinpower,andnodoubtsome
willproveto be moreusefulthanothers.I havein manycasesstated
ratherclearlyhowI myselfratesomeofthenewermethods,butI admit
I maybewronginsomeoftheseassessments,andtimemayprovethatI
havebeentoocriticalof someapproaches,andtooenthusiasticabout
others.Again,suchuncertaintiesareinevitablewhenoneisdealingwith
ideaswhichhavenotyetbeenaroundlongenoughforopinionabout
themto havecrystallizedintoconventionaland universallyaccepted
valuations.Wehavebeendiscussinga fieldwhichisstillveryfreeand
open-ended—freeforpeopletomakemistakes,aswellasfreeforpeople
toproduceveryfertilenewinsights.

Theanalogyofa steeplechaseisnotactuallyveryilluminatingabout
thenatureofabooksuchasthis.It mightbebettertosaythatit islikea
manualprovidedforsomeonewhohadspenthiswholelifeinthecentre
ofa largeareaofsolidland,likemiddle-westAmericaor centralAsia,
andwhofindshimselffor the firsttimeon the shoresof a sea.The
manualsketchesoutforhima largenumberofwaysoftravellingabout
onor inwater:swimming,bybreaststroke,bycrawl,bysidestroke,by
backstrokeandsoon;canoeing;rowing;sailinginsingle-mandinghies;
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snorkeling;scubadiving;andthelastchapterofthebook,oncomputer
simulation,mightevenbeconsideredasan introductionto mechanical
propulsionin largesurfacevesselsor submarines.Thepointis thatwe
havenotbeenpursuingonesinglecoursewitha numberofdifficulties,
as in the steeplechase.We havebeentakinga lookat a varietyof
differentwaysofhandlinga kindofsituationwearenotusedto, any
morethana landdwellerisusedtohandlingthesea.Considerationsof
complexshapesof interactionsof processes,of stabilities,trafficof
informationand instructions,gamestheories,forecasting,statisticsand
moreclassicalscientificanalyses,makeup a collectionof somewhat
differenttools,eachmoreor lessappropriatein particularcircum-
stances,andwhenparticulartasksarebeingattempted.Aswebecome
moreadeptintheusesofeachparticulartool,weshallpresumablycome
to seehowtheycomplementoneanotherto makeupaflexible and
powerfulbatteryfromwhichwecanmoreorlessautomaticallypickup
thehammerorthemallet,thescrewdriverorthechisel,theplaneorthe
spokeshave,accordingto thetaskin hand.

Thereare,ofcourse,manycomplexsystemsin theworldforwhich
toolsofthesekindsmaybeuseful.Theirparticularimportancein this
timein history,and the reasonthat theyare beingdevelopednow
althoughtheyhavebeenso neglectedin the past,is that mankindis
quitesuddenlycomingtothevividrealizationthatheisingreatdanger
ofbeingswallowedup bywhatmightbecalledthecomplexsystemto
endallcomplexsystems.HistorysinceWorldWarII hasbeennothing
buta seriesofproblems:theColdWarwhichflaredintoactualmilitary
actiononlyina fewratherperipheralplaces;thenthepopulationprob-
lem,the environmentproblems,the foodproblems,the urbanization
problem,the energycrisis,transportgettingso plentifulthat it
preventeditselffrommoving,leisurethat turnsintounemployment,
affluencethatbecomestransmutedintoinflation.Eachoneof these
problemsis complexenough.Populationinvolvesallthequestionswe
discussedin the sectionon growth,andalso,becausethe numberof
childrenbornthisyearaffectsthenumberofpeoplewhowillbebearing
childrentwentyyearslater,it involvesmanyof the interactionsof
sequencesand networksof processesdiscussedin chapters5 & 7;
again,becausehavinga babynowmaymeanthattwentyyearshence
youhavetoprovideadowryforadaughteroryouhavea healthysonto
lookafteryouin youroldage,it raisesmanyof the problemswhich
GamesTheorytriesto tackle.That is by no meansthe endof the
complexitiesevenof thatonetopic,andofcoursethat topicdoesnot
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standalone.The populationproblemis closelytiedup withthe food
problem,the urbanizationproblem,the trafficproblem,the energy
problemandsoon. It is reallyhopelessto expectto dealsuccessfully
withanyoneof thesecomplexproblemson its own.Evenif wehad
alreadyattainedmuchgreaterskillinhandlingtheseToolsforThought
aboutcomplexproblemsthan wehavein factdevelopedup to the
present,whatwearereallyconfrontingisa complexofcomplexes.This
hasbeencalledtheWorldProblematique.It is a formidablesituation;
butthisiswhattheworldislikeatthepresenttime.It isforthisreason
thatthedevelopmentofadequateToolsofThoughtaboutComplex
Systemsis sooverwhelminglyimportant.
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Greekexamples;for instance,thatof Archimedes,whorushednaked
outofhisbathintothestreetshouting‘Eureka’(I’vefoundit),whenhe
realizedthatthewayto measurethevolumeof hisverygeometrically
complicatedbodywastogetintoanabsolutelyfullbathofwaterand
measurehowmuchoverflowed.Wienershouted‘Eureka’atleastasloud
asthetrafficcouldtake;but
UseofHumanBeings,Avon,
to read.Foran introduction
networks,etc.,JagjitSingh,

this,andanotherbookofhis,TheHuman
1967,containmuchworthanyone’swhile
to themoreformalanalysisofsequences,
OperationalResearch,Penguin,1968,is a

goodstart,includingthebibliography.Forreallysubtlestuffaboutthe
steadystatesreachedbynetworks,seeH.Kacser,“TheControlofFlux’,
Symp.Soc.Exp.Biol.27,1973.

For lock-ins,seeJohn Platt, ‘Lock-insand MultipleLock-insin
CollectiveBehaviour’,AmericanScientist,Summer1969.Schismogen-
esisanddouble-bindarediscussed,bythemanwhoinventedtheideas,
inGregoryBateson,StepstoanEcologyofMind,ChandlerandPaladin,
1973.

Forthe
difficultto
invention,
bothgelled

secondsectionin Chapter7, aboutsteadyflows,it is more
giveappropriatereading.Theideasarequitelargelymyown
and I coinedthe words‘chreod’and ‘homeorhesis’.They
intosomethingfairlyfirmbythetimeofmyStrategyofthe

Genes,AllenandUnwin,1957.Thenotionshavemostlybeendiscussed

236



in rathersophisticatedways,for examplein the bookby the French
mathematician,RenéThom, StabilitéStructurelleet Morphogénéese,
Benjamin,1972,dueto appearshortlyin Englishtranslation;or Jean
Piaget,Biologieet Connaissance,translated,unfortunatelynot very
clearly,as BiologyandKnowledge,Universityof EdinburghPressand
Universityof ChicagoPress,1971.I havediscussedthemin more
generalcontexts,fornon-technicalaudiences,in TheNatureofMind,
andTheDevelopmentofMind,GiffordLecturesfor1971/2and1972/3,
EdinburghUniversityPress,1972and1973.Thereisalsoaveryclearand
simpleexpositionby Christopher

Popper,LogikderForschung,

Zeeman,‘The Geometryof
Catastrophe’,TimesLiterarySupplement,10December1971,and,with
judiciousskipping,hisarticle‘DifferentialEquationsfortheHeartbeatand
NerveImpulsein Towardsa TheoreticalBiologyvol4, editedbyC.H.
Waddington,EdinburghUniversityPress,1972,givesaboutasthorough
anideaofwhatthisnewintellectualdevelopmentisallaboutasanyonebuta
specialistislikelytoneed.Theideasabouthowtoexploreanepigenetic
landscapearetakenfromapaperonthemodellingofbiologicalsystemsby
I.M.GelfandandM.L.Tsetlin,published(inRussian)intheProceedings
oftheSovietAcademy,1969,translatedbymydaughter,MrsMcDuff.

Ontheclassicalscientificmethodin Chapter8, thetwobookswhich
everyonewouldclaimas the classicsof the presenttime are Karl

translatedas TheLogicof Scientific
Discovery,or his morerecentObjectiveKnowledge,ClarendonPress,
Oxford,1972,and ThomasS. Kuhn, The Structureof Scientific
Revolutions,UniversityofChicagoPress,1962.Personally,I wouldadd
to theseA. N. Whitehead,ScienceandtheModernWorld,referredto
above,andif youhavethe time,the sameauthor’sConceptofNature
andPrinciplesofNaturalKnowledge,CambridgeUniversityPress,1925
and 1926.AnyoneinterestedshouldalsocertainlyreadJohn Platt,
StrongInferenceintheSteptoMan;thereisanoutstandingsummaryof
thePhilosophyofSciencebyStephenToulminintheneweditionofthe
EncyclopediaBritannica;andI haveexpoundedmyownviewsfurtherin
the Bernal Lecture ‘The New Atlantis [of Bacon]Revisited’,
Proc.Roy.Soc.Lond.,1965.

Aboutstatistics,therearea largenumberofbooks;none,tome,very
exciting.But I’mprobablyjaundiced;as whatI havewrittenmakes
clear,I amnotanafficianadoofthisparticularmethodology.ButI think
twogoodavenuesto startexploringit in moredepthwouldbe M.J.
Moroney,FactsfromFigures,Penguin,1964,andR. M. Cormack,The
StatisticalArgument,OliverandBoyd,1971.
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Forinformationtheory,inChapter9,themainreferenceisClaudeE.
Shannon and Warren Weaver, The MathematicalTheory of
Communication,Universityof IllinoisPress,1962,and at leastthe
Introductionisfairlyeasygoing.Probablybetterforthebeginneristhe
completenumberof the ScientificAmericanwhichwasdevotedto
Informationand Communicationin September1966.For a simple
introductiontogivinginstructionstocomputers,tryWilsonY.Gateley
andGaryC.Bitter,Basicfor Beginners,McGraw-Hill,1970,butthere
aremanyothersimpletestsforothertypesofcomputer.Thegameof
‘life’is discussedin the ScientificAmericanfor October1970and
February1971and ‘worms’in the samejournal,November1973.A
mainsophisticatedtext in this area is MichaelArbib, Theoriesof
AbstractAutomata,PrenticeHall,1969.

ForChapter10,OperationalResearchbyJagjitSinghcoversa good
dealof theground,includingstatistics.AboutGamesTheoryin par-
ticular,it is worthreading‘TheUseandMisuseofGameTheory’,by
AnatolRapoport,in ScientificAmericanfor December1962,and the
sameauthor’sStrategyandConscience,HarperRow,1964.For some
recentdevelopmentsin thisfield,thereis NigelHoward,Paradoxesof
Rationality:The Theoryof Metagamesand PoliticalBehavior,MIT
Press,1971;but perhapsthe reviewof it in Science,11May1973,Pp.
395,willbeenoughforanyonebutthespecialist.Theexampleoftime
budgetingistakenfromanarticlebyCarlDjerassi,‘BirthControlAfter
1984’in Science149941;4 September1970.

The methoddiscussedhereas meetingconflictingrequirements1s
explainedin RichardLevins,Evolutionin ChangingEnvironments,
PrincetonUniversityPress,1968.Amoreorthodoxeconomist’sviewof
uncertaintyis Ruth P. Mack, Planningon Uncertainty,Wiley-
Interscience,1971.Theaccountofparticipationofthoseplannedforin
the effortsof plannersto satisfythemis basedon LawrenceHalprin,
The RSVP Cycles:CreativeProcessesin the HumanEnvironment,
Braziller,1969.ForOperationalResearch,anaccountofitsoriginsand
generalcharacteris givenin my book O.R. in WorldWar II:
OperationalResearchagainsttheU-Boat,whichwaswrittenin 1946,but
suppressedforsecurityreasonstill recently,Elek,1973.Morerecent,
andfairlysimpleaccounts,arein thebookbyJagjitSinghreferredto
above,and in Eric Duckworth,A Guideto OperationalResearch,
Methuen,1962.

Chapter11,abouttechnologicalforecasting,isbasedonadraftwritten
by RobinRoywhilehe wasworkingas oneof my assistantsin the
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EinsteinProfessorshipintheStateUniversityofNewYorkatBuffaloin
1970.Oneofthebestbooksaboutthesubjectisstilloneoftheearliest
thoroughtreatmentsof the subject,Erich Jantsch, Technological
Forecastingin Perspective,O.E.C.D.,Paris,1967.Amongthe many
otherbooks,onemightmentionRobertU. Ayres,Technological
Forecastingand LongRangePlanning,McGraw-Hill,
YehezkelDror,Designfor PolicySciences,Elsevier,1971.
summaryof the subjectwaspublishedas a specialnumber
Journalin October1967.

Theclassicalexampleofanattemptto usesomeofthese
forecastfuturetechnologicaldevelopmentsis Herman

1969,and
A readable
of Science

methodsto
Kahnand

AnthonyJ. Wiener,The Year2000,Macmillan,N.Y., 1967,and
revised,Futures,Hudson,1972.Theyneedtobetakenwithaconsider-
ablepinchofsalt.Oneshortdiscussionwhichaddssomeperspectiveis
DennisGabor,TechnologicalForecastingin a SocialFrame,Scienceof
ScienceFoundation,London,1968;andtherearemanyotherdiscus-
sionsin suchjournalsasFutures,TheFuturist,etc.
” Finally,thetechniqueofmakingmodelswhichcanbeputintocom-
putersis beingextensivelydiscussed,particularlyby economists;see
JeremyBray,DecisioninGovernment,Gollancz,1970,andbyecologists
(e.g.J. MaynardSmith,ModelsinEcology,CambridgeUniversityPress,
1972).Theattempttomodeltheworldsystemcentresaroundtheshort
bookbyD.L. Meadowsandothers,TheLimitstoGrowth,Potomac
AssociatesforClubofRome,1971.Thereis anextensivecontroversial
literatureaboutbothhowits resultsshouldbe interpreted(aspredic-
tionsof whatwillhappen,or argumentsaboutwhatmighthappen
if. . .°),andaboutthevalidityofthenumericalvaluesused.Asa begin-
ningof this,it is worthreadingthe discussionsin Nature,4 August
1972,and Sciencevol. 177;M. Thring’sarticle‘The Equationsof
Survival’,NewScientist,1March1973;andJeremyBray,ThePoliticsof
theEnvironment,FabianSociety,London,1972.The journalFutures
devoteditswholenumberforFebruary1973toanextendedcriticismby
theScienceandSocietygroupat theUniversityofSussex,andthishas
beenpublishedasabookThinkingabouttheFuture,ChattoandWindus,
1973.AnewandmuchmorethoroughMarkII ClubofRomestudyhas
recentlybeenpublished:M. MesarovicandE. Pestel,Mankindat the
TurningPoint,Dutton,1974.
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ofthefacultiesofeachindividual.EditedbyoneofBritain’s
leadingMarxistscholars.

THESOCIALPHILOSOPHERSRobertNisbet £2.50
Thisprovocativeabsorbingessayin socialandintellectuahistory
showsthatWesternsocialphilosophyhasbeenpreoccupiedwith
man’sperennialquestforcommunity:military,religious,
revolutionary,ecologicalandplural.

THEROSICRUCIANENLIGHTENMENT
FrancesA.Yates £1.50
TheRosicruciansstoodmidwaybetweentheDarkAgesandthe
scientificRenaissance:theHermetictraditionofmagic,alchemy
andtheKabbalahrevealed.

RHYTHMSOFVISIONLawrenceBlair £1.95
Adiscussionofmostofthecurrentbeliefsandtheoriesrelatingto
modernmysticism,fromtheGreatPyramidtoKirlianphotography.

CONSCIOUSNESSANDSOCIETY H. StuartHughes 75p
There-orientationofEuropeansocialthoughtfrom1890to1930;
theideasandworksofFreud,Croce,Bergson,Jung,Sorel,Weber,
Durkheim,Proust,Mann,Gide,Hesseetc.



REFERENCE

ADICTIONARYFORDREAMERSTomChetwynd 6op
Acomprehensivekeytothebafflinglanguageofdreamsymbolism.
Over500archetypalsymbolsgiveessentialcluestounderstanding
theingeniouslydisguised,life-enriching,oftenurgentmessagesto
befoundindreams.

ADICTIONARYOFDRUGS
RichardFisherandGeorgeA.Christie 95p
Fromeverydayaspirinandvitamin,tothepowerfulagents
prescribedforheartdiseaseandcancer,thisisarevisedreference
guidetothegamutofdrugsintoday’spharmaceuticalarmoury.

ADICTIONARYOFSYMPTOMSDr.JoanGomez
Althoughnota fullalternativeto medicalopinion,thisisa
thorough-goingandauthoritativeguideto theinterpretationof

£1.50

symptomsofhumandisease.

THEENGLISHMAN’SFLORAGeoffreyGrigson £1.95
Alatterdayherbalofthemedicinalandculinarypurposesofthe
flowersandplantsoftheEnglishcountryside:magic,myth,lore
andtruth.Illustrated.

HOWTHINGSWORKVOLS1&z £2.00each
TheUniversalEncyclopaediaofMachines.Morethanareference
work,morethanabrowser’sdelight,HOWTHINGSWORKisan
essentialresourceandanaccumulativeanswertothewholequestion
ofwhatmakestheworldgoround.Eachvolumecontainsover
1,000illustrations.

THEFILMGOER’SCOMPANIONLeslieHalliwell £2.76
Theworld’smostcomprehensive,compactandlaudedencyclopaedia
ofcinemaandcinemafolk.Over7,000entries.

TESTYOUROWNWORDPOWER_HunterDiack 40p
Testyourownvocabularybyattemptingthesecarefullydevised
tests.Shakespeare’swasover35,000andthenationalaverage
around12,000.

TREESANDBUSHESOFBRITAINANDEUROPE
OlegPolunin
Asuperbanddefinitiveguide.Fullyillustratedin colour.

£2.50



COUNTER-CULTURE

NikCohnAWOPBOPALOOBOPALOPBAMBOOM_
Theoriginalultimatecelebrationofrockmusic:Popfromthe
beginning.Illustrated.

50p

6opSidneyCohenDRUGSOFHALLUCINATION
AlucidaccountofthediscoveryandfirstsynthesisofLSD,itsuse
anddangersin experimentalpsychiatry,andself-induced
transcendentalexperiences.

75pGermaineGreerTHEFEMALEEUNUCH_
Thebookthatcausedarevolution,thecentralfocusofthe
Women’sLiberationmovement.

50pFOLKDEVILSANDMORALPANIC_ StanCohen
TeddyBoys,ModsandRockers,Hell’sAngels,footballhooligans,
Skinheads,studentmilitants,drugtakers:thesearethefolkdevils
ofourtime.Aclassicstudyofdeviancysociology.Illustrated.

.IdriesShahORIENTALMAGIC
Withawealthofillustrationsthatincludespells,invocations,
curses,ceremonies,rituals,talismansandrites,thisisan
encyclopaedicenquiryintotheworldoftheEasternoccult.

PEOPLETOGETHERClemGorman
Aguide,handbook,andhistoryofcommunallivingin a 1970s
Britishcontext.

PLAYPOWER

gop

50p|RichardNeville

50p

‘Thebestworkyetonwhat,inpleasanterdays,usedtobecalled
theLoveGeneration.’RollingStone.Thisiswhatitwasallabout.

THEPROSTITUTIONPAPERSKateMillett :
Theprostituteis thearchetypalexploited“womanasobject’—an

50p

intenseandarrestingseriesofdialogueswithNewYorkprostitutes
byoneoftheleadingfiguresinWomen’sLiberation.

WITHOUTMARXORJESUSJean-FrancoisRevel
ThenewAmericanrevolutionhasbegun.It offerstheonly
possibleescapeformankindtoday—theacceptanceof
technologicalcivilisationasa meansandnotanend.

50p



PSYCHOLOGY

ANATOMYOFTHE
HelmutKrausnickand
Theinsidestoryofthe
impressiveworkonthe
EDUCATION

SSSTATE
MartinBrozat 6op
concentrationcamps,‘probablythemost
Naziperiodeverto appear’.TIMES

SUPPLEMENT

THECHILD’SCONCEPTIONOFTHEWORLD
JeanPiaget 75p

ADICTIONARYFORDREAMERS. 6op

Theclassicworkonchilddevelopment.

TomChetwynd
Acomprehensivekeytothebafflinglanguageofdreamsymbolism.
Over500archetypalsymbolsgiveessentialcluestounderstanding
theingeniouslydisguised,life-enriching,oftenurgentmessagesto
befoundindreams.

THEMANUFACTUREOFMADNESS_ ThomasS.Szasz£1.00
“Inthepast,mancreatedwitches;nowhecreatesmentalpatients.’
AcomprehensivestudyofInquisitionandthepsychiatric
establishment.Ahighlycontroversialandpersuasivework.

THEMYTHOFMENTALILLNESSThomasS.Szasz_—_gop
‘I submitthatthe traditionaldefinitionofpsychiatry,whichisstill
in vogue,placesit alongsidesuchthingsasalchemyandastrology
andcommitsit to thecategoryofpseudo-science.’ThomasSzasz.
Thebookthatrockedthepsychiatricestablishment.

PSYCHIATRYANDANTI-PSYCHIATRY
DavidCooper 50p
Aradicalsocialre-evaluationofthewholeconceptof‘madness’and
a newapproachto thepsychologicalproblemsofpersonal
relationshipsfromoneofBritain’sleadingradicalpsychiatrists.

STEPSTOANECOLOGYOFTHEMIND
GregoryBateson £1.00
Thisbookdevelopsanewwayofthinkingaboutthenatureoforder
andorganisationin livingsystems,a unifiedbodyoftheoryso
encompassingandinterdisciplinarythatit illuminatesallareasof
studyofbehaviourandbiology.



CRIMEANDPERSONALITYH.J. Eysenck £1.25
Arevisededitionofthecontroversialandclassicstudyofraceand
intelligence.

HUMANBEINGSLiamHudson £1.95
LiamHudson’sstudyofhumanpsychologyisreadable,accessible
andsensible.Thisisabookaboutourselves—ourdreams,our
fears,ourtriumphs,disastersandexperiments.

Allthesebooksareavailableat yourlocalbookshopor newsagent,or canbe
ordereddirectfrom thepublisher.Just tickthetitlesyouwantandfill in the
formbelow.
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Writeto PaladinCashSales,PO Box11,Falmouth,CornwallTR109EN
Pleaseencloseremittanceto thevalueof thecoverpriceplus:
UK: 18pfor the first book plus 8p per copyfor each additionalbook
orderedto a maximumchargeof 66p
BFPO and EIRE: 18p for the first book plus 8p per copy for the next 6
books,thereafter3pper book
Overseas:20pforfirstbookand 10pforeachadditionalbook
GranadaPublishingreservetherighttoshownewretailpricesoncovers,which
maydifferfromthosepreviouslyadvertisedin thetextor elsewhere.
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TOOLSFORTHOUGHT
AboutComplexSystems.

‘Mostpeoplearebeginningtofeelthattheymustbethinkinginsome
wrongwayabouthowtheworldworks. . . thewaysoflookingatthings
thatwehaveinthepastacceptedascommonsensedonotworkunderall
circumstances,anditisverylikelythatwearereachingaperiodofhistory
whentheydonotmatchthetypeofprocesseswhicharegoingoninthe
worldatlarge.’ |

Ourpresentfeelingofcrisisabouttheeconomic,socialandecological
futureisalso,thoughwescarcelyrealizeit,partlyacrisisinourmethodsof
thinking.ToolsforThoughtisadazzlingarrayofnewmodelsand
techniquesofthinkingabouttheworldwhichatfirstsightseem
intimidatingandatasecondlookaretantalizinglyobvious.

C.H.Waddingtonaskedustoabandonlookingforsimplecause-and-effect
relationshipsandinsteadseetheworldasaseriesofinteractingsystems.-

DrawingfromGeneralSystemsTheory,OperationsResearch,Cybernetics
FuturesResearchandCatastropheTheoryhegivesusrevolutionary
equipmentforperceivingandimprovingtheworldasitreallyis.

Openyourmindandextendyourselfwiththenewtoolsforthought.

U.K.£1.95CANADA$5.95
AUSTRALIA$5.60NEWZEALAND$6.1 val586082549 VORLDAFFAIRS
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