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PREFACE 

This 1110nograph is the second of a planned series of reports on basic research on the development of transportation systems. The first .,nograph dealt w1. th the forecasting of transportation stock agg:oegates, both for nations as a whole and for the distribution of transportation facilities w1 thin nations. The present monograph deals w1 th the structure of transportation systems. Attention is gi,wn to 11hat· literally may be tel'ID8d the layout, network, geometry, or pattern of transportation facilities. The task of the present ':!Onograph is presented in detail in its first chapter. The re~~&in­der of this foreword will be used to present the over-all plan of research and to identity research topics and research design probleliiB. 

TRANSPORTATION, A FUNCTION OF CIWU.CTERISTICS OF AREAS 

In the introduction to the previous -.olwla* in this series it vas pointed out that the surface t.ranaportaticm dewlo~nt of any ccnmt.rT depends upona 

l. Oeneral econold.c dewlo.,.ant. 
2. latural enTlro ... nt. 
3. Location of activities. 
4. A'ftilable technology and relatiw cost structure. 5. The interests and preferences of thoee mo ll&ke deci­sions affecting transportation. 
6. Ml.li tary and political influences. 7. The historical pattern of dewlopiiBnt and outlook for the rttture. 

This list is not in'rlolable and a knowledgeable person could extend or IIOdU';r it in usef'ul. ways. For inetanoe, one could extend the list to the subject of the air transportation by 118ntioning the position of nations on international air routes. Though incomplete, the list senes an important purpose 1 it emphasizes that transpor­tation development may be thought of as some functi on of character­istics of areas. By adopting this systematic view, transportation may be explained in tenns of its relation to other factors, and thus capability to forecast and evaluate transportation developliiBnts may 

*Transportation Geographz Research, A report prepared for the u. s. Arw;y Tranaportation Research Co•and, Fort Eustis, Virginia, by the Tr&Deportation Center at llorthwstern Uniwrsity, July 1, 1960, under Contract Dl 44-177-TC-574. 
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be denloped. 

The notion of fUnctional relationships ginn in the paragraph abon 
is a nry si11ple one, but its sillplicity should not disguise its 
significance. There has been little 110rk on transportation denl­
op•nt topics f'ro• this point of v1.ev, but this point of rtev is 
basic to the present studies. Becauee of lack of attention to ex­
ternal infiuences of ldlich tranaportation is a function, our ability 
to uke incisin etate•nta of how and ldly transportation qateae 
denlop aDd 11hat w anticipate in the ¥87 of denl~nt h aall. 
In oont.ran, IIUch u•h.l 110rk hae been done on certain other t.rUl8-
portation topio•J !or inetaDoe, kDcnrl.edl• of teclmical probleae of 
oonet.rv.ction ia both TOlwdnoue and u•~ 

~OJW, YDVS OF TRAJoSrOR'Un:OJ 

The eta~t of fUnctional relationships abon is too general to 
ctn IIUCh int'orution re1arding the nbatantin character of the 
re•aroh. Indeed, tbie re•arch ~ be de•oribed a• an atte11pt to 
ctn nbatanoe to etate.nte o! tlmctioaal relationllhipe, and the 
character o! the re•arch ~~ay be displa1'td by co-nting upon t.be 
vqa it has been !oaDd practicable (or is felt will be practicable) 
to c1 n operational •antnc to tlmctional stateaents. 

Transportation uy be rteved the !ollovi.ng tin ways• 

1. Stock aggregates. Miles of road, number o! cars, etc. 
2. Structure or layout of transportation routes. What 

types of routes go where? 
3. Flows. What goes where? 
4. Intensity of use, or the transportation acti"rity as a 

productin activ1.ty within an econolllY'. What does trans­
portation use as its inputs, and in mat ways does it 
contribute to the output of the economy? 

S. Relationships of transportation net110rks to each other. 
For instance, how does the railroad network relate to 
the high-.y network7 

TrUl8pOrtation vae Tleved in the tiret, way - ae etock aggregate• 
in thl .n.ret 110nograph of thil' •rtes. Tranaportation is rteved in 
the •oond UDDer in the preeent 110nograph, and the other neve of 
transportation are the objects of preaent and planned research. 

It wd.ght be noted at this ti• that by rlevi.ng transportation in 
•nral different ~s we han "dieaggregated• the concept of trana­
portation, aDd the TariOUS Tieva Of transportation are not COIIplOtely 
ind..,.adent. The ll!yOut of the trUl8pOrtation network is certainl.7 
dependat upon flows, for inetance. Thue, Tleving traneportation in 
any oM of the• va;rs just listed requires that we add other aspects 



ot tranaportation to the list of conditions controlling the charac­iatics ot tranaportation syateaa. For instance, the ~t ot a 
transportation network is dete:nd.ned b7 such factors as topogr~ 
and the l.S.ke, li.ted ear~ in this Foreword, and lqout is aleo in­n•aoed b7 tbe relatioaa ot network• to each other, non, and other ot the aperatiOD&l new o! tranaportation. 

Other ob•natioaa vUl be ude OD the atnoture ot the reeearch problea toll.cnr1ng the diaoaaaloa below ot tbe operaticmal detl.nitiou ot traaaportatiOD aoti?ltiea. 

Yari.tiODa in aartaoe trauportation atooke trc. natiOD to natiOD 
and within natiODa wre the abject o! a pnnou re•aroh report. 
Ooue .. atl.T, the beat aftilable state•nt ot how atooka ~ be atudied and the degree to llhioh inter- and intra-natiOD ftriatiODa in atooka ~ be uplained b7 tunctiODal relatiODships between stocks and ftrious explanator,. nriables is anilable there. Brie~, it vas tound that stocks could be codified as 110bile equi~nt (cars, buses, trucks, and railroad equip.ent) aDd t'i.Dtd facilities (lliles ot railroad and road). The quantit7 of these transportation stocks 
is explainable in ftl'71ng degrees b7 tunctional relationships between 
theee stocks and ftl'iabas such aa inca. and pcpulation. Oenerall7, it vas toUDd that the distribution of stocks is 111ost close~ related to inca., population, and sise of area. 

S'l'RUC1'UBI 

As •ntioaed earlier, the tena at.ruotue retera to the 1Qout, 
geo.~tz7, or pattern ot the tra.Diportation network or .,..tea, ud 
the• words vlll be u•d interohangeab~. Reeearch on structure 
t.reau nob topics as the locatiOD ot roate•J location ot intereeo­tiODa and/or tendnalaJ deneit7 and le~a~th ot roatesJ acoe88ibll1t7 ot indindu&l pointe on a network to other pointe on the networkJ 
and diatanoe that IIU8t be trawled in ardllr to reach 4tftr'7 poiat or •aatwate" a network. GiTlng such notions e..,irical cCDtent b 
part ot the reeearch proble.. Not ~ IIUt tbe• not1011a be •as­able, ~ ~mn be t011Dd to relate the• aoti01l8 to taotors ooadi­tioaing the dewJ.op.nt of t.ransportation. Reeearoh on sa. ot these nbjecta h pnrMnted in the preeent 110nograph. 

The tent now refers simp17 to the Jllovement of persons, co-odities, 
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or ....... , now are u. aottnv or tirulaportat.icm. !be raot. that. 
ao .ul1' .flow ~ be ident.U'l.ed pre•nt.a a •jor problea in U. ~--­
atio •tud7 or now .,...... 'l'ble problea is one or finding incieiw 
••nre• or non that are uehl in a 881188 that th-,. are botlu (1) 
related to dete:rwtrrlng nriablee, and (2) ge•ral and or vide applica­
bilit;r. '!'he abilit;r to relate ••sure• or nowa to explanator;r nri­
ablee is •oe•ear;r ir tunotional etate•nte are to be aade aboa.t now 
qeteu, aDd ir •thods are to be dewloped ror the short aDd 1oq l"UJl 
roreoaat.inl or the now characteristics or tranaport .,..teas. Jllas­
ures or tlows IIUst be inoisiw eo that onoe the• ••au.res are accoa­
plilbed tbe;r, in tum, will ;rield inroraati011 about ~ partiCP.lar 
t.,pe or nov that 1 t aight be desired to etq-. 

!be n.17 or nov .,..tau i• a part er the oarrent. re•aroh, but it. 
i• •t. renewd in ta. pre•nt ftllml DOr wre nov .twH.ea re..UW4l 
in tM preTlou report. It ia peuible to •nt.ioll J:wre 1 botlswr 1 
oeriain upeot.at.iou or .trd.t.t.l renlt.a traa ta. •tudT or tlcnra. 
J'or -, there 1a a ...U bat. ueN lit.eratve that treat.a .t'lcnr .,.._ 
......... tM -iiMut.ioa or limar ~ ad, in -- iut.Deea, 
aaJr1n1 .. or noh eOODIIIlo ooaoept.a •• OOIIfi'U"&t.iw adftat.qe, h.otor 
prloe eqallibrl•, illtern&'leaal e..US,brl•, eto. !be ••rallv 
aDd preot.IWH or tbia approaah ~ i.Dtera that it 1flll proTlM 
•J•t.ea&Uo ••sue• or flcnr oGDditt .. ad •t.hods or rel&U.C t.M• 
f1cnr oeadl Uou to ezt.erul. ftl'labl8a. 

A • ..- 8ppl"MOb that prem•• te be ,...N ..aa,... or t.be t.e .. 
poral .... ..,. or n.. actin tie a. 'l'nupartaU• actin t.i•• aq 
be ebaraot.eri•d, ror i..uUaoe, b;r the proportiOD or t1aa ta.;r are 
operat.illc at oapacii;;r. 'l'bia ••aare er •'ilisati• wald •• to be 
direotq related to noh ex'Mrul. nrbblea •• tbe qrioultllral in­
daat.r;r or a nat1011, indaatrial ld.ll:, produoticm oharacteristica, and 
tbe relicmal diatribution or the• aotiTlties. In turn, this •••­
ure 1IOUld proTide considerable inronution on the transportaticm 
878tea iteeU - t;,pe or 8)'8tea and equipMnt used, ern.oieno;r, etc. 

Il'l'DSITY 

'nw hnctioning or a naticmal ecOilOIV require• tbe uae or tranepor­
t.aticm. It ia co_,n lmowledp that •• econoaiea dewlop special­
i•d prodaotion inore••• aDd relatiwq aore trani!pOrtat.ion ia 
reqdred. a.lat.ed re•aroh qa~.U•• t.reat the MIIIWr in whiob •....S.•• wUb cH.rt.rent at.nlotuea ad J.ewla or deftlopMat ftl'7 
in t.Mir •• et t.raa.,..-.t.iOD, and the relat.iODa bet.wen t.be• 
nriat.l•• aDd other det.elWiDut.a or 1i.l'auport.at.icm qwt.eaa. 

'l'bia preble• •..u _.. a.phi.Uoated awq aDd iJlt..roftoea _.. 
probleu t.bul Jd.cht be ·--d at. tlrat cJ.aoe. In part, ~· ia 
be..._ ot tbe aaa;r _,... tranaport.at.i• ia u•d in an •OODOiiiO• 0. 
Jd.cbt. prepare a liat ot all ••t.a ot ta. •oWiOiiJ -beet, neel, 
aute.obilea, eleotrio aot.ora, et.o. - aDd tM t.raa..,.rt.at.iOD required 



per unit or output for each of these industries lllight be stated. 
A coDWnient 118asure lllight well be the 110D8tal'7 nlue of transpor­tation required for each dollars 1 worth of output of each c~i t7. The s..ar;r ••sure or transportation intensit7 within a count17 ia, then, a list or rmabers shoving the input of transportation per unit or output for all acti Ti ties. A set of these measures would then consist or a set or lists, one list for each nation. We are nov raoed b7 the problem of hov these lists differ from nation to nation and hov these differences may be explained b7 functional relations. 

Bach or these lists of nwabers ma7 be viewed as a wctor, and the technical proble• of working with wctor ••nre•nts is not great. Bxperienoe indicates that a 1110re dift'lcult aspect of the reaearch vlll be that or t'lnd1 ng tbe ••.ares that are the •»•nt.B or the iadbi.dul wotor.. A wt. or wctor ••nre•nta for J~, I1oaq, aDd the Uld.ted State• w.s p:"8•nted in the predou .anograpb {Table IY, page 17), aDd eild.lar da~ are aftilable for a naber or otblr natiOD.. Howwr, aD7011B fald.liar v1 th statistics or thi• t;ppe 1IOUld reali,. that there are probabl.7 ftl7 serious questions of the 
~ab111t7 or these data. A chief reaearch problem will be that or a88Ul"'1Dg COIIJ)arable statistics. 

nunou OP II'N)BIS TO lACK QTBIR 

'l'h1• topic ditt8rs ~wbat ~ the preceding roar topics in that. it iB oonoerned vlth the relation.tdps uaag tranaport.at.iOD SI'Btieas ratber thaD being a •7 in vhiah the notiOD or tranaport.at.ion lllq' be oodit'led. A wll-knovn topic is that or the relat.ionahips be­twen highw7 networks and railroad networks. In certain areas the hich~ •tvork is supple•nt&r7 to the railroad network. In others, the highva7 network both supple•nts and c011ple•nts or ewn col!lp8tes v1 th the railroad network. These netwrk relations are eddenoed b7 and are a coabination of stock conditions, char­acteristics Of novs, network struct,..]re I and Other Use Ch&racter­istiOS described earlier. Research is progr81111D8d on this topic becauae it coaplements the four research topics discussed abow. 

TWO DESIGN PROBLEMS 

'l'be uterials abow stress that the pre•nt re•arch is oriented 
t.cn.rd tbe hnctional relationship• between traniPortation and its enTi.rol.ant, and state in a brief manner ttw V87S in which trans­portation U7 be Tiewd for purposes of the anaJ.7sis. The88 ute­rialB liw an owrTiev, albeit sketc.'ly, or thB orientation and OOD1aeDt. or the re .. arch. ~s on design probleu also should 
be pre•Dted in order to COIIIPlete this owrdev. Transportation is 80 i.ntert.vi.ned vith its econoad.c and social enTironMnt that it poses especia.l.l.y dift'lcult research design probleas. 'nlia section 
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OGDtain8 a diiiO'UAOD of the illplioatione of thi• fact fer tbe 
dedp of the re•arcb. 

'l'w ca•• at point will •ne to introc:hlce this topic. Ptsr _., 
UfT cbul&e in a trauportation 8)8._ cbulae• tbl eCOJlOIIic aDd 
800ial eDTI.ro.-nt withiD which tbe 878tell operates. Replaae•at of a prild.tiw hi~ 8)'riea b7 a_.. eatla!actory rail.roM .,.._ 
tea in a dewlopinl nation, for iutance, -.y affect the pattern 
of dewl.opalnt profOUDdq. Places adftlltageousq located 011 the 
railroad 87Ste• _,. grow at rates different !rca those located on 
the aore prildthe transportatioa syateaJ 1D fact ~places on 
the latter 87Stea aq actual.ly decline in sise. An •DIIPle of 
this effect well known to ner;yone 1D this countl7 is the aet of 
chanps occasioned by the pa'rlng of rural roads during the 1920'• 
and 1930's. Relathe positions of hamlets and rural urltet tcnme were shifted, patterns of trade shifted, as did other of the fac­
tors relating to transportation dewlo~nt and use. 

A •CODd characteri•tic of trauportatiOD 8)'rieu is that decide 
~· tor dew~at chaDge as ~ ..,....... dewlop.. Coulder a pu1ilal.JT -.leted tran..,..-tatioo neaork. Dew~nt of tM 
netwrk u;r be looked upo11 as a •rle• of l.1Dk (or capacit)') eddi­
tioD.. A link addition 1e ude to 1be Dibert and a fu1ibllr l.1Dk 
llddition i• ..- at Bother tt.e. Prell a foraal poia' of new 
tbe ....... addl~n i• DDt a replioatiOD of tbe tlnt .&tltloa. 
!HI dec1a1CIIl n.le b)' vhich the qwtea chaged ••t al8o haw 
ab.ulged. The situation is rather ob"fiou and eaq to .... 'fhGacb 
• ...,. to ... , it po•• tre.aDdou ditflaaltlee for anaq.~... In 
saleatU'lc wrt, 8)'8teu in11b1ah t.be optrating na:a.. cbap owr 
U. are .aoh •re difflaalt to rtad;r t.lwl tho• for llldah tbe operatillg rilles are can.tant as the 8)'8tea eftlwe. 

'lbe tw ideas abcntl intirodu.ae a Jalber of reaearch COIIIPlicati.CIIl .. 
Par ODI 1 the)' in.ter that a st"1d;T of tmlotional relatiODahip• at.re••d earlier ••t be d .. in a apecial 'ft1'• '!'heae ttmetional relaticm­llhipe do not im'OlW ftriablea llldcr. 1ll&7 be thought of as •trictq expl.anator,.. This is bellause the envirot~~ent of the transportation syatea change~ as transportation nol?es. lot only do the environ­
•ntal, or explanator,., nri&bles change in relathe ugnitude de­pendinl upon the character of transportation changes, the rules that relate these ftriables to the transportation activity also 
change. 

In short, lll'l are faced with a situation vhere the rules illplled b)' 
fwlctional relationships differ depending upon the state of the 
dewlo.-.nt of the transportation S)'Stea. Further, the tranaporta­tion 8)'8tea interacts vi th so-called dete1"111ninc factor• and tbe• 
ald.1't ctarl.Dc t.bl period o! t.raneportatiOI'l. dew ;u,p.nt. The• --Q plioat1011• taken toptber po• an e.peoially difficult 81.tuat1011 tor •cientltic a.naqsh. 
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!M nbjeou treated vltld.ll W.e awwczqb haw been di.,....d 
v1 th ..,. penau, aDd 1 t 18 --- praftteeble to aamnlec.tae all of t.hle auietanoe bare. A .-ber of penon• aesbted in a direct .uu.r vlth oeriain of t..M s~diee. Mr. larel lan81q has done exteulw work vlth tvo or the 1.Ddioes that are uaed in Chapter 3 of thle report and vlth related work to be reported 1n a later .aaoaraph. Mr. Antho~ Burges prorlded the data ud the back­gromd note used in the etud7 of the Irleh tranapor.tatim network dieau•d in th~t.-r S of thle etud7. Mr. Joseph Stowrs gaw a881etanoe vlth the co..,utatione u88d in Chapters 3 and 4 ot this IIOilocraPh and in comwctlon vlth the decleion mdel discuseed in Chapter S or the mno1raph. Proteseor Brian J. L. Be!T7 ot the Uld.wrslt;y ot Chioqo also aedeted vlth COIIPQtatione and vlth tb.S.r lnt.-rpretation. Pro~•_. llan1D llc+wu of Bro• Uld.­wnt.t;r &Dd rr.~ .... X.• 1. ••• ~ llerihwetern Uld.wnlt;r haw _. a ftl"let;y ef nae•~ Ulhl. 1n the et;ud7. lin. a.- Carow ad ""· Sbd.da ~~bam udeted vl th t7Pina and proof readiD&. rr.~ ..... Wll.l1aa L. o..rt .. and DuM r. Jfarble wre re..-elble fer \be re•&Nh ad b ~ 
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CHAP'mR 1. mRODUCTION 

OVERVIEW AND EVALUATION 

SUBJECT 

This monograph is concerned w1. th the structure, geometry, 1118sh, pattern, or layout of transportation networks. These words convey notions of the arrangements of routes, intersections, and tenainals on the earth's surface, and these notions provide an adequate gen­eral identification of the concern of this research. Operatiou.l de.t'ln1 tiona are ueed later in thie 110nograph when particular nb­ject. an treated. For instance, a later eection of thie diecuenon treat• changes in the structures of aet110rks when traneportation -.yeteae are expanded and operational deftnitione are given at that ti• oonnetent vi th the aeede of the subject. Bbe'llhere in thie 110nograph eui table operational defini tiona are given for the coa­parieon of transportation aet110rks w1. th each other. 

OBJictiYI 

The over-all objecthe of this reeearch is the develop.ent of a workable theory which vill e:xplain transportation net110rks in the een• of the following discussion. Ginn a eeries of character­istics of an area on which the intensity and character of transpor­tation depend, a -.ysteutic ~~ethod is desired for stating the u.ture of transportation in that area. The nature of transportation vi thin an area depends on such aatters as the physical characteristics of the area, the econoad.c activities, density of population, income, and the like. Further, given a change in the characteristics of an area, it is desired to know how the tr&D8portation system will change. A shift in economic activity, for example, might result in and be dependent upon a shift in the nature of tr&D8portation. 
The objective of the research discussed in the present monograph is more limited than that of the research as a whole. This mono­graph presents research relating to one aspect of transportation, the structure of transportation networks. It is desired to 
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know the IIUlDBr in which stnlctures or transportation networke 
are depeDdent upon condi tiona nch as the ~cal character­
iatica or tba areas •ned, aDd it ia deai.red to know hcnr net­
work• wUl obaDp r1wn obangea 1n tbl cira.atanoea OODditionltlg 
~ti-. !be objeotiw or re•arcb nported Mre ia 1iM 
clewJ.op.lat ot all abil1t7 to ..a noh atate•nta, and tbl ob­
jootiw ot 1ibl pre•llt IIODO,nph ia that ot pre•ll1i.1Dc prel1Jd.ll­
llr7 1flll'k Oil thia aabjeot. 

OtlltxW 

t'bia ... 1"1111 ia dinded into t1w parte (Clblptera) ld.t.h aab­
jeota u tol.lana 

1. IlltredaotoJT uterlal. 
2. J. diaoud.Oil ot patt.em ~· 1'r.- a •tibnlatioal 

poillt ot mw. 
3. J. report or re•aroh Oil D&tiOil-to-aatiOil OOIIpU"&tiw 

at-adioa or t.rauportati• •twrk .. 
h. J. report or preHw1uJ7 re•aroh Oil withill-ooallt.IT 

t.rauportatiOil pattel'll8. s. J. diacusion or a a:l...,le dlloiaiOil aodel vtdoh repli­
cates 1n all ele•nt&r7 WT tM oxtell8ioll or t.rUlaport. 
networks. 

The diacuaaion preeenta two tn-s or •teriala. In the re.ai.Dder 
or the present chapter and in Chapter 2 conoem is ohie.tq with 
ge•ral •teriala. 'lbese aateriala are dH•d to be or pat ia­
portanoe b7 tM researchers. Tbl7 preeent ~--tic icleaa baaic 
to the eftl.Dation or JWtvorka. Chapter 1, tba pre•llt cm.pter, ia 
illtredutoJT 1n nature. Chapter 2 taRa ~ftlltqe or tbl ablp11o­
it7 or ub•tioalidoaa and notatiOil too pre•llt oertaill toaWl'ea 
or-~. While tbl aathoutiu u.d b ext.re•lT dllpU, ew17 
etten ia ._. to nbatitute apodio!T diaouaion tor ub•tiaal 
eac&llGO. 

Cbtrpten 3, 4, and S are e~calin naWI'e. !bo7 pre•n n.dlea 
ot oeriah ot the •ti01l8 idelltifted ill~ pre•llt cm.pter and 1n 
t.be •OOD:l olulpter or thia acmognph. It ia to be ...,Ud•d that 
the• eiiiP1rlcal •otiOila are at.riot}T ellplor&ioJT• !be• topi .. 
are 1ibl objoota ot aero elaborate ...,trtaal atadiea nrrolltq' talr1lll 
place. 

Sowral nibors haw ~nted 1lPOil the at.ru1iare ot t.rauportatiOil, 
netvorka uad there haw been •wral t.Moretioal atlldies or the 
geoaetric properties of sillple JWtworks (Reterenoes 2, 3, 8, 9, 14, 
lS, 2S). J.lao, aewral studies or network atnlcture haw been aade 
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troll planning points of rlev (Reterenoes 7, 17). While these 
stlldies ncgest directions of usefnl research, on]J one of these 
studies takes adftntage of the utheutioal apparatua used in 
the preeent at~ and no one of the studies uses extensi-.e ea­pirioal intonu.tion. Consequent]J, the work discussed in this 
IIOilOgraph lies ld.thin a relatiw]J unexplored study area.* In 
apite ot the fact that this research has not followed wll-explDred dil'eot1011• ot trauport.ati011 ~a, it hu been pouible to "-­wl.Gp .... .ful va;r. to ~ the nno.,._ ot trauport.at.i011 net­
writ .. 

'ftd.• reMaroh has dewlDped ~ to .tl.ad part.ial ..-ra to three cz-nt0118 aDd it hu idenUfted t.epioa t.bat. ..t be inw•tt.aailed 
ia ont.r t.o tlDd 110re nt.iataotorT an8Wra to the• cz-att.011 .. 
'fbe• qat •U.•• are diaftUBd belcnr. 

1. What ••are• vUl deaaribe the at.no'tlllre ot t.ralupail'­
t.at.iOD networks? 

J. lalber ot ••.area wre "-wloped aDd naluiled in t.hi• n.q. 
While a.n wrt needs t.o be deal 011 thi• nbjeot., tb8• ••RN• pnned nooe•af'al in that tbe:T o...:Ld be ued in tb8 pro••• ot ... riDe ~8t.i0118 2 aDd .3 below. 

2. In llhat WJ'8 do these •asarea or characteri•tica of a 
transportation network depend upon the characteristics 
of the area in which the transportation network 11es1 

It has been possible to t1nd "strong" relationships betwen the 
•anrea ueed in this atud;T and the characteristics of area .. 

.3. Gi-.en knowledge of network •anres (sq, •anres 
estillated froa knowledge of the characteristics of an 
area), can the associated transportation network be 
upped? 

It has been poaaible to do ao.e 1IDrk vi th the aumer in llhich net­works expud subject to •anrea depeDdent upon the characteristics 
of the area. 

ht. ... tblr W1', the 8't1ad7 prorl"-• a ~ to eftlute t.rauport.a­t.iCIIl net.wrk• th.roqh a tvo-atqe ~ .. Plret, giwn- in­toraat.iCIIl on the nature of an area (and 1ihis aq be Wr:J' cradll 

*This state•nt is not entire]J true. The apparatus used in this 
NMarch has been used for the stud:T of electrical and ca.nnioa­
ti0118 networks aDd experienoe in these t!elds •• uailable to the reMarobera. The reader is reterred to Seabu and Reed (Reterenoa 
20) for a ~lete d1sc:nL•aian of thia topic. 
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1ntonut1on), 1 t h poa.tbl.e to prediot nl•• or •aRNe ot tbl 
at.ructure o! tranaportation in that area. Secood, tr011 taw• ftl•• 
or •aeurea ot atructu.re it 1a poadbl.e to up taw truaportatt.cm 
qate.. Thh proTidea a 11a7 ot "UDdllrataDdiDc" tJw how Uld lilT ot 
tbe dewlop•nt ot tranaportation networka. Blcaue it h po•.S.bl.e 
to poata.late changes in t.he characterbtica o! a.reaa and aolw tor 
the tran8portat1on net110rk in lilht o! t.heae chaapa, the •tad7 al80 
proTidea a !orecaeting tool. 

An7 deTice ot t.hia eort dewloped 1D this •tud7 1a nbject to cer­
tain l.iJdtatt.ooa, aa vill be DOted ihroqbov.t toM eaad'll di....S.-. 
Ia t.ba pre•nt atuq t.be• a.re DOt • ..- 11111'-toi•• .,_ tbl t.a­
t.raal 'II'OI'k1al• o! ~ •tbeda ••d t.a tbl a-.q u tbl7 are 111d.M­t1•• pre•atled b7 wbat. tbl •ib.U do aot. t.aoerpontle. !be wrk 
reported here ia re1ardlld u ••hl ..t •••~. n.nt. prt...tv • 
t.aoreaaiDI it.a --~•• &ad •••b~•u ......u.ct be pwa io •alara­
illc t.bo • ..,. ot ~ approaoh. 

THE STRUCnJRE OF TRANSPORTATION NE'l\IORKS 

'!'be uterlala below pre•nt certaiD .t8aturea ot thl at.ruot.uoe ot 
tru..,oriatiOI\ •t110rka. All pointe ..to here are oztro•q ·~--­
t&r7 ad •rw to 1Dt.roduoe topioa treated in greater detail lat.r 
1D thia .aocraph aa wll aa to orieat the reader to tlw poiDta ot 
Tiew u•d ia the re•aroh. 

STRUCTURI 

Mapa o! transportation networks 1181' nz-r considerabl,y in their con­
tent. At a Jd.niaua they display lines indioatin1 the location o! 
routes (and, by the absence o! linea, indicate vhere routea are not 
located), intersections of routes, and angles between and lenstha 
of routes. Because a up is a tvo-d~nsional repreeentation o! 
the earth's surface, and this representation aay be aade b7 u.S.ns a 
Yariet7 of aap projections, angles betwen linea and leng t.ha o! 
U.n111 aay Yar7 !roa up to up. Mapa often cont.a1a add1 t1 nal in­
!oraation. For 1Dat.anoe the7 aay indicate typea o! routes (aq, 
hilhft7• wrne railroads or air rntea) or route qualities (8&7, 
•tal-nr!aoed roads wraua dirt roads), and, in. addition, •ape aay 
dhtiaguhb aaong intersections. Certain intereectiona aay be 
towaa aDd these ~d, and Wlether or not an interMotioa ia alao 
a t.rana!er poiDt 11&7 be indicated. 

In short, ups Yar7 in the -aunt of 1nforaat1on they contaiD. Ia 
a aiailar MDDBr, the stud,T o! Mtvork: f't.ruc\liN prondea altenaatle 
ohoioea of tn. charaoteri•tioa o! the netwrk to be at11d:led. A 
rrini~Nm 18 that of lfiOrkin« vitb poi.l:t • an 11M• on.l,y. X.aa dJI-
. 11 f1 d vork 11i ~ht U 88 infor.ation OD angles bet•en routee, a111till11 
"" ( r ~t .... , L.~,r cl. · y , Lc . 



In addition, one alternate available is to treat networks at different levels of aggregation, either (1) using measures of the characteristics of entire networks or (2) using ~asures of relationships among links (or nodes) on the network. There is another alternate of course. It is to study individual ·links w1 thout reference to other links on the system. The latter is not a viable alternate at the level of generalization at which the present research takes place. 

The ensuing discussion illustrates questions that naay be asked from the points of view of these alternates. 

'l'HI INTIRB NBTWORK a MINIMAL SYS'l'!M 

Figure 1 shows the internal airline routes of Guatemala and Figure 2 shows the internal airline routes of Honduras. 

Figure 1. Internal Airline Figure 2. Internal Airline 
Routes of Guatemala. Routes of Honduras. 

The JI&PS are ad.ninaal in the sense that they show only the exist­ence (or non~xietenoe) of routes, and the location of terminals. The maps also show the lengths of routes, of course, but raap in­formation on length of route is soraewhat difficult to interpret. Length of route in combination w1 th in!'ornu~tion on amount hauled 
o~r the route provides a metric of the tie between two places on the network. In!'onnation is not available on simple maps, such as the sample maps reproduced here, to indicate amount of traffic, so length of route does not show the strength of ties between places. Also, it is wide~ known that cost of transportation ia a non-linear function of distance. Stated another way, the cost of morl.ng the f'irst mile on a trip between two points is r.ot the same as the cost of movin the second mile. Generally, terminal 



and other t1..Dtd costa JUke it ncb -.ore coat~ to 110ft the t1.rat 
Idle than to .,w each succeeding •ile. Still a .t'tlrther obaerft­
tion •ight be ude regarding the distance •anre. In the caae 
of air tranaportation, the distance bet•en tvo pointa 1a not a 
!'!.Dd Jmllber, it depends upon the choice of route b;r the pilot. 
In the caae of lorth Atlantic routes, for instance, tlight path 
distances ~ nry great~ !roll da;r to da;r and eeaaon to aeaeon. 
For aillilar rea.ona the tt.e required to trawl bet•en tvo pointe 
b a ftl'i.able aDd the coat of ~ betwMn tvo points ia a 
ftl'i.ab~. 'f'M interpretation ot dS.atanoe on a .ap, then, wUd 
... to reqai.N t.ranatend.Dg tM dS..tanae onto .-. ..-ab~ aoale. 
'I'M V.Utenati• wald depend wpen .-ther or aot. dS.atanoe ia 
liwa a oon int.erpretati•, aad it. ld.cht. reqd.re reprdilaa the 
dS..tanoe •• a ftrl.ab~ and reoerdiJig it.. •u aDd ftrl.aaoe. 

'1M _.. ·~••tar:r ooa.t.derat.i• ot 1ibe exineaoe or DOD~rie­
ot tel'ld.Dale aDd the exineaoe or aoa~neaoe ot route• .... 
-wbat. eu:l.er t.o interpret. t.hUl the .-etteu ot rw.t.e ~qth. 
For the -at., at.t.eat.icm will be giwn to cr-et.iau ot tilt lqat. 
ot tna..,.-t.ati• network• Tiewd in the et.p~et. ...-r- ta. 
ezineMe et t.enduJe and the ellinenoe er DOD~lli.WDoe ot l"W'Me. 

hreq ~ wald qree that. the....,~ net.wrke (Plpree 1 
and 2) dS.U.r in ~t.. It 1e e~ o~ar that. ditr.reat. 
~ wald haw dittlcnalt.;r ....ulcat.iag ju.t. llhat. t.be;r ••t. 
b;r tblir et.at.e•at.e that tiM e;rn.u di.fter. 'l'hia ditticnalt.;r 
rewale OM ot the central probleu in thie reaearchJ that ia, 
the eetabliat.ent ot •aniqtttl ~ to codi1';r structures ot 
transportation networks. 

This problea of the codification of structure 1a treated ext.enriw~ 
in Chapter 2 of thh •onograph. H011ewr, a tev introductor;r reurke 
will be aade on the problem of codification. For one, • aa;r note 
that the I!IUiple aaps dirter in the degree to vhich the a;rsteaa are 
co..,J.ete. In the caae of airline routes, a c0111plete syete• ~ be 
defined aa one in vhich each tenlinal baa a direct route to ewr;r 
other teJWinaJ. (This definition of a co11plete a;rate• h not eat­
htaot.or;r tor certain other ld.nd8 ot s;rB1ieUJ this point h dia­
ou•d in Chapt.er 2 when the dU~renoe bet._.n planar and aon­
planar graph• 1a diecrueaed. ) A ••eve ot eo~~pate••• ~ be 
oonoooted b;r ~art.ng the actual Dallber ot route• vi th the ..-.r 
ot rout.ee that V01lld be reqaired to l1Dk ewr;r tend.nal direotl7 
w1 th ewr;r other teJW1 na] • 

It llight aleo be obaerwd that paths between places ditter. Path 
difference• UJ' be •asured in a DWiber ot ~· Jote that. in 
going rro. Doe LaOunaa to ear.11t.a in Ouateula one •at •• ten 
lil*a. A trip fro• San l'rancieoo to Ihlen Oe•tepeque in HODdvae 
wu1d require the ... or nine links, though longer paths could 
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be .used. The networks are silllilar lllhen the lengths or their 
longest paths are compared. However, there is a veey striking difference in the "centralit;y" of the two networks. The paths in Ouatell&la give the i~~pression of focusing on the cit7 or Quateula 11bil8 thoee in Honduras do not gi w the t.pre .. icm o! !ooui.Dg on UfT particular ci t7. other differences are the a.ber or loops and in the m.ber or endpoints (plaoea with OlllT 
OM lS.nlc) OD the 878teae. 

PLlCIS 0. D!WIIISJ MiliDIJM SimM 

In the eection abaft attention vas giwn to certain apparent owr-all dUferences between net110rke. 'l'be aap patterna alao 
rewal differences bet11Mn particular places on the 111tliOI'ke. 
On the Oaateula aap, !or elt&llple, it U1' be noted that aoet ter­.:I.Dale are at the inter,.ction or t110 liDka, a nWiber or term­Dale haw onq oM l1nk, and DO tend nel a haw mre thaD two 
liDke aoept !or Oaateula Cit,. llhich baa el8wn liDke. The dietribution o! links b7 tend ub ie quite different tor Bon­durae llbere a u.ber or places haw three or aore lS.nlc.. Tbie ob•rntion aagaeste that •anres IIQ' be ude or the accesei­bilit7 or indiTidu&l places to the entire network. A si!lple ••sure would be the nuaber of links to a place. A aore general ••sure llight be the number of links that IIUst be vawrsed in order to reach neey other place on the network from a particu­lar place. · 

RESXARQI QUKSTIOIIS 

'l'he aateriale abow introduce the notion o! the structure or tranaportation networks aDd illustrate& (1) how q1111atioce 
&boat etructure IU1" be raieed reeardinc tbl 111tliOI'k as a vbol8, (2) how qul8tione or atnoture IIQ' be rat•d recardiDc the re­latioce bef.11Hn iDdiTidual intenectione (or 11.Dke) and tbe lllt­liOrk as a ldlole, aDd (J) that etructure 11Q' be treated ueinc di.tr.rent l.ewle or in!onution. In recard to the latter point, it vas noted that wint•el identificat.ion or structure requires 
li01'Id.ng 111 th a qstea where intereeotiona or tend.Dal pointe are identifted aDd routes betwen theee intereeotiCIIla or ter'lll­
nal pointe are stated. It •• alao noted that etruoture IIQ' be giwn aore preciee •aninc b7 U8ing in!onutiGD on liDks or routes, anclea bet•en routes, aDd b7 differentiating bet••n t7J)8e or links (sq, identU)i.ng different capacitiee or aodee) 
and t7J)8e or ter'lllnale or intereectiCIIle (intersections without ter'lllnal !acilltiee, interchange• between aodee, interohaape betwen the s.- aode). '!'be poaeibillt7 or looking at etruo­ture fro• two dif ferent points or rtev and the poaaibili t,. or using different le...els of infonution conditions research on 
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Biiftct.ral qu .. tiODe, ae vlll be DOMd 1D tbe enw1ng d180U.S.• 
ot n•aroh quaetion .. 

.l !BIOII'l'ICAL .lPP.l.R.l'l"US 

ODe eal.ient .taatve or ~ T011Dd.Doue uterial on transportation 
is its heaT7 dependence upon descriptift ftrbal upreseion aDd 
the lack or exact detini tion and generali t7 in this expression. 
(.l notable exception to this state•nt, or couree, is the tech­
nical literature or engineering.) · Descriptift aaterials ft17ing 
in COIIPleteness are anilable on .,st transportation qsteu, 
but the nature of theee uterials is such that the7 are not 
suitable tor S)"steutic stud)". 

It -.et be stres~~~td that this is a critici• or the literature 
tr. 1ibe point or nev ot ita u• tor 1ibeoret1oal stuq. 'flw 
literatve hae other u•• and ita n.J.,.. .troa other poiJlta or 
dev ia DOt denied. 

'l'bl •at •rioua deticit. ot the literatare tr. oar point or 
~·• ia ita preocoupaUCIIl vlth i.Mam•...arate apeoitioa. Praa­
••ta ot i.ntonat.i• are anilable Clll oapaa1 t.T, ort.ent.at.iCIIl, a 
other obaraoteriatioe ot iDdi.Yidaal. rwtea in •arq 8ftl7 qstea. 
Yet t.blre 1• no calcnalu antlable t.brGuch 111d.oh the• .trap~nta 
ot 1nto:ru.t1CIIl aq be unipalated. !bin are no good 'R1"8 to 
~ t.nt .... uon a.ng ••• or t.e pat. t.opt.ber pieoea ot 
i.ntonat.i• abftt an indhidual ~·and ..a ataiie•nt.a abcnat. 
the 8)"ftea ae a 'llllole • 

.lnot.ber characteriatio or the literature 1e ita beaT7 dependenoe 
upCIIl prild.t.ifts. For inatanoe, there 1e IIUCb u• in the litera­
ture or nob expressioraa as .aiD ~, .taeder ~tes, tribut.ar)" 
areas, ~~~trri.ce, capacit7, circuatarential routes, bypaeees, and 
the like. Uee or jargon or this t,pe is not to be decrieda it 
is a va7 to gift ftrbal description to qstea characteristics. 
It is teapting to sa7 that the problea with theee priai.tifts 
arieee beoauae or lack or their exact detini tion, but this is 
not quite true. There has been considerable work with exact 
definition of so• of these teru, eepecialq capacit)". Experi­
ence eleelltlere with priaitifts has llhovn that the7..,. be u~~~td 

and ueed er.f'ectiftl)" without their eftr haTing an exact identiti­
oa tion. llectrici t7 and gran t7 are eX~U~ples or priai ti we that 
haw been u•d vi thout an;rone ewr deciding exactl)" vhat the7 
are. The dit.tarenoe betwen t.be• priai.Uwe and tho• illuat.rated 
earl1er relating to tranaport.ation 8)"11teU ia that the latter an 
operationall.y uael'U. 'l'hia ob•rntion Nftale a. ot t.be hilb 
priortt7 probleaa in dewlopiDg .re t.nci.S.w aaterial on trans­
portation 178te•sJ it is to gift priJd.tiw DOtions about traupor­
tation qateu operational •a!dng. 
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'l'be problJta is aore than that of ghing operational •ani.Dg to 
prild.ti''f' .. alread7 afti.laba. Upon evwtnat.ion _,_ of the 
notiODa oarrent.J.T a'fti.lable would not. ... to RlT&Dt. hrther 
oonoera, ud there ia DMd for not.ioaa of wider aoope ~ JIUIT 
notiODa oarreDtl,y uailable. 

In order to .. t DMda for geDeral ad Ulable notl.ou regardiJic trullportat.iOD qateu, a large propart.iOD of tb8 pi'8MDt. zoe­
March baa been giwn to dewJ.o.-Dt of a nlt.aba tbloret.ical 
~~pp&n.tua for the •tud7 of t.ranapo:-t.at.iOD lft;.rQotare. AD llp]JE'o­
priate •tbl•tioa ia anilablJt - graph tble17 - fer tbl a'tlaq of w1 n1•1 elJt•nta of sU"uotun J u.l,y, roatea ud 1Dt.eraeot1• .. Tb8 repre•atatiOD of transport.atiCIIl qwteu u1ng 1ihia t.,pe of 
•thnatioa 1• pre•nted 1D Chapter 2 of 1ihia IIGD8Inph. !hie 
wrlc ia :reprded b7 reaarobera aa of great illport.uloe. l.llpert.­enoe 1Ddioat.es that general and 1Dc181w renlt.s are to be ellp8oted 
onl,y if the7 are set v11ih1.D a ge•ral f'raevork of thia t.7P8. 
Dewl~Dt of an appropriate calculus and ~ for tbe at.ud;r of tranaportation qateas is urpntl,y needed. 

CXIIPI.J11P'URY EMPIRICAL STUDIES 

There is quite literally no end to the alternates anilable for 
tJw dewlo.-nt of a general apparatus for this stud7 of trans­
portation B)'llteas, and a choice lllUSt be JUde .fro• aaong these 
alternates. Bllp1.r1cal work utilising the ilapllcations troa the 
theoretical work prorldes a gnide for the Mlection of alternate•. 
Chaptera .3, 4, and S of this IIODograph pre•nt the :reault.a of 
oert.aia ell!pir1oal atlld1ea COIIPlJt•nt.ing the work at. the theoreti­cal lJtwl. 1'hia wrk1 (1} aana a direct. enwtnatiOD of oert.aia 
of the .t.plJt not.iaa that ~be dert.wd rr. •lJt•nt.ar.r tblo­
:retioal OOilaideratiODs and (2) o~• •JJt•nt.ar.r tbloretioal. 
oeaalderat.iODa vith alternate•. 'l'he• altenaates are ill part foroed b'Oil eap1rioal. edden~ &!ld are b part the eiiP1r1oal 
eJq»reaeiOD of iDtor'lll&l. ideas. 

'1'be eiiP1r1oal work is preaented i.n three c..~ters. In Chapter .3 
regreaa101l atudiea are preMnted that ooapare alternate notioaa 
abcNt. the 8Vuoture of t.rauportat.iOD qst,eu md relate the• t. detendn1ng nriablea. 'l'beae regres.t.CIIl .wdiea prodde Ul 
•IIP1rloal •anre of the efficacy of nrioaa ~ of •anzi.Dg 
and oonndering transportation networks, aa wll as st.ate-t.a 
of hov theae characteriatioa of traniiJ)Ortation Det.vorka are :re­
lated to the errrlroiW~~tnt of the transportation n~~tvork. The 
ef.t8ct of leftl of econcldc deftlo~nt on the structure of 
networks is considered, for e)C&JIJ>le. 

Chapter 4 is used to pre:sent the result of coJDpOnents analyses 
of two networks of air routes. These analyses uy be thought ot 
as forcing ideas about networks from empirical materials. 
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lxawtnation ot aaps aDd the comwction utrices ot the aaps (such aatrices will be disC11888d in Chapter 2) re-.eals dit!8r­ences in the degree which networks are dOid.nated b)" places with high le-.els of eernce. Tbs ca.ponenta a.nal7sts repre­sent a •thod ot forcing a concept ot relati-.e dOid.nance 
troa eapirical uterials. 

The t1nal chapter, Chapter 5, preeenta tbs results ot an u­ploratoJ7 etuctT using a deciri.on aodll deeiped to replicate 
the dewJ.oJ-nt ot transportation D8tvorke. This etuc~T had 
two ae•ral purpo••• For oM, the at1u:f7 •• an iiiWa\iaa~ca ot 'llbatber or DOt deoiri.ca ~· (repre•at.ed b7 the trallflor­•ti• •Uloea ot Cb.lpt.er 2) ue nbjeot to ~-~o olaaapa (1"'8pN•at.ed b7 obaapa ia the t.ruaatona\'l.ca aat.rloea) aa traa..,orta\'l.on Mtwrka dewlop. 

'I'M •ooad NaaoD tor uadllrtelr1 "I a etad7 v..UC the deGlda .oclll ia NWWd b7 the tollowlDc d1.8Gud.oD. 81ia.dloa of tM hiat.ol7 ot t.rauportatioc Mtllorka NWal tbat oaoh Mtwork 
..tdi tion aq be thoalht ot •• lllllca-. Tbl nailMill t7 ot tla.uaoiJII, 1iGpocnphio OCIIIditiou, arkllt ....S.cllft\'l.•a, aad a 1oac Un ot other oeu:~.•ra~-. wro braqbt to boar • tM deoi.S.CIIl to dew lop iDcll ftdv.al l.illka. !be •Gi.S.CIIl ..... 1 t.eata the ~pecnalatica that tbe• ._.,lax deal.S.ou ld.pt be 
Nprodv.oibla to a larae dearoe b7 a~· ablpla oaui•rattou or rv.laa. 1'o tM depee that~. ie v., tbaae ablpla nloa aq be nbati t.t.ed tor tbl 00111plax •t ot otra.aataaooa that 
Hlloaad the de-.eJ.o.-at ot parttcnll.ar rnt.ea, aDd aq be 
thov.lht ot •• an explanation tor the pattern ot 8)'11tea dewl­os:-nt. 
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CHAP'l'IR 2. MA.THIMlTICS OP' STRUCTURE 

A ba.S.o OODOe!'D in thia re•aroh ia ftncH 'ftl adllqaate rillpl.ifted Npft•IRatt.ou ot 1inDIPOM&tieD qneu that ~ be readiq ...s.p.latled in t.M q.- at tor t.at .... t1• ad 1IJidenVnctt "'• A ftllpl1fted repre•ntaticm ot a real world qwtea 1• llla•mq oan.ct a ..-1. A aodlll aq be in 0111 ot two ola ... aa pbploal or a,abolio. P.rbapa t.be •at tud.l.iar ot the• are the phJwloal -.cllla nab aa a t.bfte~uloaal reliet Npft•ntatioa ot an area, or an aeronautical engiDHr' 11 wind tanDil dellign mdel. So•111hat leea tud.liar, but ot ncb greater i11portanoe, are the e111bolic or •theaat1cal .odelll. In this claa ot aodele the 878tlea UDder etlld7 18 repreeented b7 a aeries ot IIJ!Ibolic or •theaatical etate•nte. These .,abolic etate•nta ~ then be aanipv.l.ated in order to deteraiDe the w;y in which the real world e;yetea will react to specific changes in 11711te• ~tere. 'l'be aodel cannot be expected to reproduce all the details ot the oriciDal a;yetea llinoe construction or an:r aodel or a 11711tea in­wlwe a oertain los• ot inforaation. In aodel construction, t.bia i.JltOl"'lation lose net be balanoed against the incre .. d clitftcnalt;y ot aanipalatioa enooantered aa tM aodel' • COIIplexit;y, ad MDOe 1 u reprodaotion ot detail in the origi.Dal. a;rwtea, lDarea••· 
Ia the hrewrd ot tid. a aDDOgraph it •• noted that tblre are a.II,T obanoteri•tioe ot tnupert q.teu nob a• .toot•, .tl.ow, rinatare er 1A1nt, etc. 'l'hia obllpiler will brief'q eyawt• OM lora ot •tM•tice 11b1ch 8pp8&ra t.o pro't'lde a Qllbolic ~ e~peci.all.T appropriate tor tbl ~~~ ot tbl •tnotoaN _. ~t et 1iraalpOI"t.atiOD .,n.-. 'l'bl bruaob ot aatbe•tioa te be en"•d MN b U.ar graph iheer;y, a bruaob et tM tl.eld ao.. u oellbiDaterial -.loQ'. Onpb tbler.r 1• oe11oer.d wUb e)atleu et U..• aDII point., ad tM 11DderlT1Jtl DOti• •til1.-d in the tel.lcnriJic diaau.S.on ie that a 1iraa~PQrtatiCG qatea _, be oea.S.dered a• a •riea ot nodes or poiDu, repre•nti.Dc eUIItr 1U"ban aeatere or jUDctiOD point• on tbe QB tea, aDII a •rle• ot roate• or U.a oo ... cting thea. At the aoat abetraet lewl the• aight be the onl.J' teaturee of the e;yetea ad.t t~d in the aodel, and intoraation such as the distance betwen nodes would not be considered. Adaittedl;y, this bailie structure ill 111.-pli­tied considerably fr011 the real world s;yetea, but it is only 
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throqh thh procees that co..,aratin~ 8i111ple 1111tte•s cc be 
obtaiDed am aud.pulated to e.tablilh basic par .. ter.. '!'hen, 
through a proceee of conttnuing relaxation of a.-u.ptions, it i• 
poesible to proceed to the aore oo111plex o.-s vhich ~ appear 
to be characteristic of real world trcaportation .,.teas. 

BASIC COMCEP'l'S OF GRAPH THIORI 

Linear graph theory is a branch of a larger field known as collbina­
torial topology. )fuch of the work in this area has been done b7 
European researchers and currently the basic books in the field 
are the works of Konig (Reference 13) and Berge (Reference 4). At 
present the only extensi Te discussion aTailable in Inglish on this 
topic is one by Seshu and Reed (Reference 20) which deals vi th 
linear graphs and their application to elactrical netwrks. More 
lild ted disc1188ions are also aftilable in the earlier works of 
llllit.)" (Referenc .. 27, 28, 29,) and Veblen (Reference 26). In 
order to per111t eaq reference to a OOIIIpl"ehendn d180Uuion in 
Snclillh, the follcnd..Dg outline of tbe bade concept• of graph 
theo%'7 will follow that eetablillhed b7 S.8hu and Reed. 

Basic~ a linear graph is a collection, or •t, of l.1De 88p181lt8 
and points. The line sepent• are oo_,~ mown a• •eta••, 11hile 
the other ba.S.o ele•nts of the graph are noraal.l7 kDovn a• poiat• 
or nrtioee. A Tariety of labela are 1'reqaen~ attached to tbe• 
8i111ple concepts. ldges, for instance, are aleo k:Do1m as arcs, or 
routes, or one-cells, while nrtices are 1'requent~ called pOints, 
nodes, junctions, or eo•ti•s sero-oells. 'l'he tvo priai ti ve con­
cepts, edgee and nrtices, are coabined to for11 what i• called a 
linear graph. A linear graph is a collection, or set, of edges, no 
two of which have a point in coi'IBOn that is not a Tertex. Collec­
tions or sets of this nature u7 be either finite or infinite de­
pending upon the nullber of eleaents that they contain. In the 
following discussion only .rt.ni te graphs vill be considered. 

CLlSSIP'ICATIOM 

Graphs uy be broken down into senral. different clasees. One of 
the aost basic breakdowns is that of DOD-oriented and oriented 
~aphe. In non-oriented graphe, the only operational concept i• at of incidence, that is, the notion that the end-point• of one 
or aore edge• aa,y coincide vi th a nrtex, i.e., that the edge• are 
incident upon that nrtex. The oriented, or directed, graph on 
the other hand al....., recognises a •n• of direction of the ed.&e•· In thie ca• it is recognized that an edge is incident upon tvo 
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vertices, and also that a eenee of direction is illplied fro• one vertex to tlw other. The• concepts are illustrated in Figure 3. 

D D 

c c 
(a) (b) 

P'lgure 3. Jon-oriented (a) and oriented (b) graphs. 

Another cla88'itlcation of linear graphs, which aq be treated as a .t'tlrther subdhild.on or two claaaes •ntioned pre'Yious~, is that of weighted or non-weighted graphs. So far, operations han been discuaeed in teras or a very si.Jiple eet of concepts. Measure•nt has dealt on~ vi th binary relations, such as existence or non­existence and incidence or non-incidence, with no notions of quan­tity or any other type of metrization. It is possible to introduce llllttrics into the system so that a specific nunaerlcal value is associated vi th each edge and/or nrtex. For instance distances between urban centers on a transport netwrk lllight be associated vi th the edges of the graph representing that netwrk. Each edge wuld then han aaaociated vi th it a apecific nuaerlcal value, or wight, and tM resulting graph would be a weighted graph, or net. (See the d18CUsG.on b;r Hohn, Seahu, and All!'eakup (Re!erenoe 12).) In an eftll •re co..,J.ex ca•, it would be poasible to aaaip wighta to the DOdea or nrtioea or the graph, aa well as the edgea. When thia ia done, the qste•'• contlguration closely reeeablea that encountered in the study or stochastic procesees. (See Bartlett (Reference 1).) 

IQI)RJIIIISMS 

It is eaq to _. that a ginn J..inear graph JU1' be structured in •wral different 1fa1"8, e.g., relabeling the nodes and edges. In such a ca• it 110uld be u81tul to han ao• preci• _,.of recog­nising that the graphs are really identical enn though the;r aq be arranged different~, and that their Tertices and edges IM1' bear different labels. Thia situation repreeents a aatheutical ieo•r­Uthi-. Tw graphs, cq 0 and 0*, can be said to be iao110rphic i! is a one-to-one correspondence between the edges or 0 and o*, and a one-to-one correspondence between the edges of G and O* which preserns the incidence relationships. A one-to-one correspondence between the vertices of the tw graphs means that each vertex in G 
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can be a•eociated vi th one, and onl.7 oDB, nrtex in o* and nee 
nr... .l •1111lar explanation holds !or tbe o•-to~DB corre­
IPOndenoe be~wen the •eli••· I~ 8bould be noted, o! ooarM, th&~ 
this detlJd. ~ion o! haorpbic graph a oonutn• ho ~r~~ 
coDdi~ioua ~· neoe•Nr7 condition th&~ a one-to~ oorre­
IPOJidenoe nine betwen nrtioe• and •de•• o! tbe ~., graphe, 
ud ~ atn.cin~ ooDdi~ion tha~ ~· incidence rela~ionahips 
be pre•ned. (See P'lgure 4. ) 

D 6 c 

c 
(a) {b) 

P'l.gure 4. Tllo Ieo110rphic Graphs. 

SUBGRA.PHS .lJID Inc. SIQUBNCI S 

FrequentJ.7 it ie desired to diseuse no~ a COIIPlete graph, bu~ 
rather 80• ..U..r por~ion o! i ~. Thi• nbtfraph norMl.l7 con-
sin• o! a -~ ot ~· •de•• o! tbe graph. the •eli•• o! a 
subgraph can be arranged so that each edge has a nrtu in 
co_,n w5 th the precedina eda• in the ordered sequence, and the 
other nrtu in co_,n vi th the succeec:linl edge, then the n.b­
grt!ph eo dett.ned b kDow as an edg! •pnoe. or oour• it 
is poesible that Ul edge 11q appear eenral tiMs in an edge 
eequence. lllere this occurs, the llWiber o! tiMe the edge 
appears in the edge eequence is knovn as the .W.tiplici t7 o! the 
edge. I! each edge in the edge eequenoe hae a .W.tiplici ~7 o! 
one, that ie, it appear a onl.7 once in the edge •quanoe, then 
the •quanoe is known as an ed,ce ~ain. !he te1"111Dal ftrtice• 
ot the edp ~d.n are known ae 1 n' tial and ~ wrtices, 
where the nrtex o! the n.rst edge o! the odge eeqw.nce that is 
not shared b7 the •cond edge is kDow as tbe initial nrtex 
and, si1d.larl7, the nrtex or the last edge that is not c~n 
tc the prenous edge is known as the n.nal nrtex. If the 
tenlinal ftrtices coincide, the edge train is closed, and if 
they do not coincide, it is open. (See Figure 5.) 
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A. B A. B 

c c 

(a) (b) 

ngure 5. Open ldge (a) and Cloaed !dge (b) Traina. 

COIIIC!'IVI'l'Y 

Loold.Dg at the nrtioes that appear in an edge •quence, or tor 
that utter el•llhere in the graph, it is poHible to count the 
IIUIIber of edps that are incident at a particular wrtex. 'l'bis 
mlllber ia lmown u the de~ ot the wrtex. Using this notion 
in ooabination vi th the no(;n of an edge train, it 1a poadble 
to dertne a path a• an edge train where the degree of each internal 
wrtex is tvo and the degree ot each terllinal nrtex is one. Silli­
larly, a c1rcu1 t or loop is det1ned as a cloaed edge train where 
all wrtices are of degree two. 

Nov, using theae cor.:epts the very i111p0rtant notion of connecthi ty 
III&Y be introduced. A. graph G is said to be connected if there 
exists a path between ariY two vertices of the graph. Thus from 
an intuitiw standpoint, we may feel that a graph is connected if 
it is in "one piece." Suppose the graph is not connected; then 
this •ans that there are pairs of points or vertices in the system 
which cannot be joined in a path. The graph is then WlCORReCted 
and it is intuitinly obrlous that it IIU8t consist of a nWiber of 
•connected piecea. • The• •pieces• ot the larger graph are, by 
prerlou• det1n1 tion, subgraphs aDd are lmown by the apecial uue 
ot pT' Nl. connected subgrapha. The DUIIber of theae uxiu] con­
nected subgraphs in any fiD1 te graph, 0, h denoted by p aDd, aa a 
oon•quence p • 1 tor a graph 0 it, aDd only it, 0 is connected. 
This count of the nuaber of II&X1aal co~mected subgraphs pre•nt 
repreeents one of the si111plest descriptions of the structure of a 
graph, aDd pro"rides an inrlex that rell8:1.ns innriant under all iso­
.,rphic tranatonaations. 'l'be technical nue tor this index is the 
•ro th Betti 11011ber. (See Figure 6. ) 

15 



D I I 

c F 0 c F 0 

( i.) (b) 

(p. 2) (p. 1) 

n.gure 6. Unooa.oted (a) aDd Connected (b) Clraphs. 

TRDS 

One notion oo•onl.y encountered in graph t.heor,r 1e that ot a 1il:ll,. 
Intuitinl.7 a tree 1e thought ot as a structure in one piece, with 
branches and branches ott other branches, containing no clo•d 
pa the or ciroui ts. The tera tree 1e ued in graph tbeor,r in a Tel7 
st.ilar aumar. In graph t.heor,r, a tree i• deti.Ded a• a ooDMoted 
nbgraph ot a ooDMcted graph llhich oontaia• all the ftrtioes ot 
the criiPh bat llbich doe• DOt ooatain U17 oiroait•. (t'bi• 18 a 
~le\e tree, ad its detl.altion ditter• .,..what troa the •Viet 
detliilii.OD ot a tree utili.-d ill aath-tic•.) A giftD t'lllite 
poiph i• a V.e it, ad oaq it, t.blre uie'i• uaot.q o• path 
beiwea U17 tw ftrtioe• ot the gri!Ph. (lee P'1pre 7.) 

B 

D c D c D c D c 
(a) (b) (o) (d) 

n.gure 7. So• Trees of Figure 4(a). 

It can be ehovn by induction that it a tree contains T nrticee, it 
contains T-1 edges. For instance, in a transport syete• the .al1eet 
nuber of routes that vill co~~ple~ly connect fin urban places is 
four. Connrsely, it can be shown that the li&Jd~m~~ nWiber of routes 
betwen n pointe is (n (n-1) )/2J that is, ten transport routes wuld 
be required to co~~p1etel.y connect a qstem containing fin urban 
place•. (See n.gure 8.) 
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I c 

D D 

(a) (b) 

(T • 5, e • 4) (T • 5, e • 10) 
Figure 8. Tree (a) and Co~~pletely Connected Network (b). 

FUlfDlMIHTAL CIRCUITS 

For a given graph and a given tree detined on the graph, ele•nta of the graph 11187 be divided into two classes, branches and cords. Branches are those ele1'18nts ldlich are contained in the tree, whereas cords are ele•nta that are not in the tree and are there­fore in ita COIIIPleMnt (or co-tree). It also 11187 be shown that a coanected graph consisting of v ftrticea and e edge• contains T-1 branche• and e-...,1 cords. The 8Ul of branche• plus cord• should eqaal the total DUIIber of edge•, i.e., e-...,l+T-1 llhould equal e, a• it does. If o• cord should be added to a tree, a graph 18 obtaiDed that 1a no longer a tree. The cord and tJw path in the tree betwen the nrtices of the cord con•titute• a circuit. Thb b, •reo...r, a unique circuit and the only circuit of the reault­ing graph. 

'l'he .f'aDd-ntal circuits of a connected graph G for a tree T are the e-...,1 circuits conai•ting of each cord and i t• unique tree path. In a 110re geMral •n.e, thi• DUIIber is ginn b7 /.1• e-...,p, where T i• the mmber of ftrtice•, e the !lUber of edge•, and p the DUIIber of uxillal cozmected nbgraphs. 'l'he index /.li• innriant under iBOIIOrphic transfor.ations and is kDovn as nulliV, c;yoloaatic m111ber, or first Betti nuaber. 

MATRIX REPRESDTATION 

It has already been observed that the IDOst fundamental character­istic of a graph is the relationship between the edges and the vertices. The graph is completely specified as soon as it is 
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kDcnnl which edges are incident on which nrtices. Such a apecin.­
cation can be JUde tbroqh a slllple diqr•, nob as has been u .. d 
prenoua~ in the d1ecuesi011, or enn IDON comenient~ b7 Jleana 
or a aatrix. In this •trix each rov correeponis to a nrtex and 
each colu.1 to an edge. If the edge is connected to or incident at 
a nrtex, a one is placed in the cell entl7J otherwise a sero. 
Precise~, the •trix is detlned as follovsa The nrtex or ~­
depoe wt.r14, A is a u trix of T rove and e colu.1s for a graph or 
T nrtices and e edges, where &ij • l if edge j is incident at 
nrtex i, and a.j • 0 if edge j is not incident at nrtex i. A 
sillple graph ana ita incidence utrix are shollll in 11'1gure 9. 

A l B 
1 2 3 4 s 

A l 0 0 0 0 
! 

B l l 0 0 0 

I A • c 0 l l 0 l 
D 0 0 l l 0 

I 0 0 0 1 1 

D 

(a) (b) 

rtgare 9. A Oraph aDd ita Incidence Ma tr1x. 

l'roa iupection or the aatrix it can be seen that enr'7 colwm or 
the incidence •trix contains exactly two non-zero ele1118nts. This 
is a .fund_.ntal characteristic or the incidence utrix. The inci­
dence .. trtx is equiTalent to a ginn graph in the eense that each 
is deternd.ned co!lpletely by the other. Seehu and Reed note that if 
two graphs, 01 and o2, han incidence matrices which dirter only by 
a perautation of rove and co1WIIls, then 01 and 02 are iBOJDOrphicJ 
and oonnraely. The notion of i801D0rphi• vas introduced earlier 
in this discussion, and since a penautation or ron and co1wms 
•rely ~lns an interchange or these i teu, it is nov pouible 
to 1ht all possible iso110rphic foras of a ginn graph by Jle&ns of 
a relatiwly 81.aple series of aatrix operations. 

'l'HI CO..cTIOI MATRII 

The Mtrix representation vhich has pronn 110st u .. tu.l in ~ t1J)8s 
of netwrk analysis has not been the incidence aatrix described 
abon, but another utri.x known as the conneotion aatri.x. (See 
Shillbe1 (References 21 and 22). ) In a graph vi t.h T nrtices, the 
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coDDection aatrix is a T x T utrix llhere each row and each col.uml corre8p0nd to a spe citlc nrt.e% in the graph. The ea.ent• ot the utrlx are again •ro or one dependin& upon the existence or non­existence ot an eetce ct1.rectl7 connecting the tw nrtic••· That. 1•, o1 j • l it there is an •etc• llhich is incident at one end upon ftrtu i and at the other upon ftrt.e% j. The ele•nt cij • 0 if no direct 
conneot1on exine. The ele.nts upon the pr1Dc1pal diagonal, the ott• llhioh repreeent internal or eelf liDkqee are uauall7 de.tl.Ded 
as either all sero• or all ones depending upon the structure of the probl.a beinc 1nnat1cated. (See P'1.gure 10.) 

A B c D B 
A 0 l 0 0 0 
B l 0 l 0 

c • c 0 l 0 1 
D 0 0 1 0 
!: 0 0 1 1 

P'igure 10. The Connection Matrix of Figure 9~a). 

The connection 11atrix, usually denoted by c, is intiutely related to and can be deri nd fro• the incidence utrix di•cuesed abow. This relat.1on8hip in-.oln• the notion ot utrix transpod.tion. Ma­trix transpontion h an operation wherein the rove and colu.a• of the utrlx han been interchangedJ tho• entries that JUde up the tlr•t. rov ot the utrix han nov becoae the tlrst colUIIDJ tho• ot the •cond rov han becoae the eecond colu.nJ etc. Tlw operation "traaspo•• on a utrix is nonu.lq denoted b7 placing a T a• a n­per•oript on the utrix notafion so that, tor eJtalll)le, the transpo• ot the incidence utrix is V • The relationship betwe¥ the inci­dence utrix am the connection utrix is thena C • VV • The aritn.etic ued in this operation is not the una! ba• ten arith­Mtic, but h an aritn.etic llherein the onl7 ele•nt.• that exi•t are •ro and one, and one plus one is detlned as equal to sero. 
It h not necessary to haTe the incidence utrix in order to deter­lline the connection u trtx. Umer norul. circu•tancea it is poanble to establish the el-nts of the connection aatrix b7 sbtple inspection of the existing network. Looking at the connec­tion JMtrix it is possible to see that the pattern of zeros and ones present represents the existence or non-existence of direct linkages between vertices in the syste11. The connection 11atrix uy then be constructed by direct observAtion of t he graph. ( Co~~pare Figures 9 and 10.) 
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In a S78te• that is not coaplete!7 connected there vill be ~ 
places betwen vhich no direct link vill exist. Hoveftr, it ie 
quite possible that these places uy be reached by 110'ri.ng through 
oDI or 110re inter.diate ftrticee, i.e., 'ri.a eo• indirect route 
such ae A to I 'ri.a B and C in Figure 9. Giftn the connection 
aatrix it 1e possible to detend.ne hov 1WJ7 indirect routes o! 
8111' pwn aneth coanect azt7 tvo wrticea 1n the qatea. For in­
nuce, it it ia deaired to mow toM nllllber o! tw-link route• 
that Gin betwen tw wrtioea 1n tt. .,.n.., AT i and j, w 
aq do • b7 nwunl tbe aqure It the ori&iJW. co...-ction aatrtx. 
!be ij~ ele•nt o! the •trix C ia then i.aterpreted aa the nuber 
o! tw-lillk routea coDDectlng wrtu i and wrtu j. (See l"lgure U.) 

B c D I 

A 0 1 0 

B 2 0 1 1 
c2 • c 0 3 1 l 

D 1 1 2 1 
B 0 1 1 2 

P'lgure 11. Square o! the Matrix C o! l"lgure 10. 

A aildlar procedure is followed tor routes o! greater nuaber o! 
lengths. cS, tor in8tance, vill indicate hov aaJV tin-link 
routes exist between each nrtex and enry other nrtex. The en­
tries in these cells, however, contain a nWiber o! redundant paths 
since ~paths have been counted vhich contain edges vith a 
aultiplicity greater than one. Hownr, it is possible to calcu­
late the nUIIber o! non-redundant paths (i.e., those containing 
onl7 edges o! 11Ultiplicity one) o! any ginn length by Mane o! a 
relatinly coaplex aatheutical aanipulation. (See the work b7 
Ron aDd Rar&r7 (Reference 19).) 

I1WII'!IR AIID S>LUTIOI '1'IMI 

Iaaci• that there are t110 nrticee ill the a;ratea, I aDd Y, vbioh 
are qaite re110te troa each other. That ie, there are no direct 
lillks betwen thea, no tvo-et.Ace, DO three-ata~e, DO !our-stage, 
etc., link.. In this ca•, the corresponding eleMnt o! noceesi.ft 
powre o! tbe connection -tri.x CxY vill reaa1Ja at sero. lnntu­
all7, the atry in thh cell olll.7ldll cbanp troa •ro to -
non-•ro naaber. It thit tvo nrticea are the •.oat remte• on tM 
87•te•, 1 t can be •en that the aat.ri.Jt nov contains no seroe. !be 
powr to vh.:ch the original connection aatrl.x hae been rai•d to 
obtain thie at tuation, h then lmcnm ae the 80lution U. o! the 
net.,rk, or the ditMter o! the .,..tea. Put anotblr ~, 
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the di .. ter or solution tilE of the qstea uy be found b7 
listing the ntmber of links in the shortest path between each 
pair of nodes and selecting the largest of these nUIIbers. 

P'dN' IJII) .,._,I.UWl QJWIIIS 

Up to t.bi• poillt, the di.a...S.on has been ill tera• of gri!Ph• u 
abstract objects. ODe eapeoi~ illportult probl.a that ari•• 
ill the IIPPlioation of graph theo!7' to trUIPOI'tatioa •twrk• i• 
that of 1111ppiag t.lw gri!Ph onto a p:W.. J. criiPh 'llbioh ou be 
llllpped onto a pl.aDe noh that DO two edgee haw a point in oe­
that 18 not a ftrtex is lCDcnm a• a planar ~· OriiPh• llbiah oanot be ., upped are kDnD a• DOD1)11Dar grub .. 

liJ7 i• W.e distiaotion ~rtant in the n.q of truiPOI't.ation 
netwrk.t '!'he uner to W.• ~ati• lie• iD the probl8a ef 
illftlllllt.ar,r iDter•otioneJ that i•, iDter•otiou created b7 the 
J)b7Aoal cro•.tag of tw or .,re rout.s be1.Dc oo..truoted to 
__.ot DOCie• iD the qwta. In gea.ral, planar grQh• oorre­
~ to that olaa of QBteu llbioh 11q be oonatnaoted wUbout 
oreatt.aa ilmtluat.ar,r iDter•otioaa. ~cal en-' nation of 
trauport.ation qneas indicates that surface routes, rail and 
highliQ', tend to han the characteristics of planar graphs, while 
airline routes appear 110re like non-planar graphs. This appears 
to be a reuonable conclusion since these qsteas aoraall7 tend 
to operate in tvo and three di•neions reepecti nl7. 

'l'HI lBVEIPPMIIIT OF INDICES JIQR ORAPfiS 

Ginn the fact that a transportation network a&7 be regarded as 
a graph, it beco•• intere•ting to deftlop certain ~ iDdioe• 
11hioh 11q pronde u•.tUJ. inforaation relatiD& to the •t.naoture of 
tbe Mtwork. J. certain ..ouat of inforaation ha• been l.o•t iD pa•dDc .troll t.lw real-world qaiea to ita graph or aatrix repre­
•ntation and farther lo• beoo•• neoe•Bar7 iD order to a..S.•t 
1a inforaation band)1 ng. The problea here i• aild.lar to o• ea­
ooatered in ao•t foraa of atauatio• wbere data haft bHa 1athered 
into a trequenq distribution. In order to obtain a redq 0011-
prebendble .-a17 index of the distribution, and iD order to be 
able to di•tiDgu:hh .ang different distribution•, oert.aiD ~ •..are• ach u •au, ~uoe, eto., haft been denloped. 'l'he 
probl• in the preMnt ca• 1• to oo..,ile a •t of •anree per­
ta1111ng to the atrueture of the graph which vill sern a aiailar 
plll"ppse. 
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In the etud7 ot the theoey ot linear graphs utheuticians han 
denloped certain indices which are re1arded •• inTariant, that 
h, their Talu .. are DOt changed b;y i80110rphic tranetorutione ot 
the graph. Perhape the eadeet to OOIIpl'&heDd or the• are the 0~ and 1•.! Betti nubere which wre MntiODed earlier 1D tbe dis­
oudoa. 'fhe o!t Betti nllllber, it wlll be rec..U.d, waa Mreq a 
0011Dt or tbe n1Uiber or dieocumeoted part• or the netwrlc. 'fhia 
....ar;r index cert.ai.Jlq repre•nta a ~a and bade etate•nt 
about a.twrlc structure. 

'fhe 1~ Betti nuaber, or the o;ro1-tic ll1lllber aa it ie ~DlT 
laaown, pre•nts a .n-e aophietlcated iDda pertaining to netwrlc structure. As pointed out earlier, it oa. oord is .tded to a tree, 
a graph 1e obtained vi th a unique lliDcl.e o1rcu1 t lmovn ae a hDda­
•ntal circnl1. t. It this operation ot oord llddi tion h repeated tor a graph vi th T nrtices, e-.,.1 oircui te con IIi etlng ot each oord 
and its UDique tree path are obtained. In a .,re general taabion, it the graph h not connected, it conshts or IU.ldu1 connected 
subgraphs. A tree can be detined tor each subgraph and a set or 
these trees is called a forest ot G. It follows that there are 
T-p e1e•nts in the forest and e-.,.p e1eMnts not in the forest. 
This index vas earlier noted as 11, or the c;rc1oaatic nuaber, and 
it 18 essentia1l;r a count or the nWiber or !'und.-ntal circuits 
existing in the s;rstem. To an extent, the c;rcloutic nWiber may 
be considered to be a Maaure ot redundanc;r in the s;rstea. Since 
it vas DOted that a tree prortdes one and onl;r one path betwen 
an;r pair or points, it can be seen that additional paths prortded 
b;y oircui ts are redundant and that the total nWiber or circai ts 
pre•nt in the graph u;r be considered •• a crude •anre ot the 
redunddc;y ot the qatea. As u;r be ••n .tro• the atructure or thie indu, an;r tree or disconnected graph baa a c;rcloutic nuaber ot o, vhereae as the graph .,n• clo•r and clo•r to the ooa­
patel;r connected etate, the o;yoloutlc nuber increa••· (See 
P'lpre 12. ) Appl;ying thh DOtion to the etructure of tr•aporta­
tioD netwrke, it ~light be h1pot.helli•d that the aap1 tude or the 
c:rclo-tic nuaber vhioh characterl•• a nation's tr•aportation 
a;retea wuld bear a direct relationabip to the 1en1 ot eooial 
and eooDOid.c den1op.ent ot the nation. 

TD AllRA AID CWN IIDICIS 

lltlile the c;rcloutic nuaber does proTide an index or netwrk etruo­ture that ie inTariant under iao110rph1.c transtoraatione, it doee 
not prt-Tide a readil;r intelligible ••sur• ot structure since it 
is bounded below b;y sero and bounded abon onl;r b;r so• nuaber which 18 a function of the niDiber of nodes in the qstea. Ideall;r, 
it would be desirable tN transtor11 this index in such a •anner that it will have ca.aon upper and lover bounds for all networks. Tvo 
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Figure 12. The Relation of the Cyclomatic Number to Network Structure. 

additional measures are suggested which have this property, and which alao appear to reuin invariant under isomorphic transforma­tions. They are known respectively as the alpha and gamma indices. 
The g .... index for a planar network vi th e edges and v vertices is defined as 7 • e/(J(v-1) ). This is the ratio of the observed number of edges, e to the maxi•um n1111ber of edges in a planar graph. Obvi­oueJ.3', this index would have a slightly different structure vhere non-planar gr.phe wre under consideration (e.g., airline routes). In any network, the maxiiiWII nuaber of direct connections is str1ctl3' a function of the nulllber of nodes present. For a given network, ae 
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the aa.ber of edge• in the qstea decreaae•, the g.- 1Ddex will 
11ppr0aoh uro •• a lowr lillit.. On tJw other bud, •• the nllllber 
of edce• ill the sywt.ea ..,proache• the •n-, the g- 1Ddu: v1ll 
approach one u an upper 11111 t.. It. appear• t.o be aoat. oounnient. 
t.o ellpre•• thi• 1Ddex •• a percentage aDd it. h therefore Blt.iplied 
b7 100, liYiD& it. • ranee .troa 0 t.o 100 ud it. ie then illt.erpret.ed 
•• per oent. ooa.cted. 

'l'be alpiw indu: ie ..-'llhat. 81.-tlar, oouht.ing of the ratio of t.be 
ob•rwd mlllber of hndaMnt.al circu1 t.• t.o the N.Jdaaa -.ber of 
hnd-nt.al circui t.e which aq exist. in the qstea. 'l'he obsel'ftd 
nuaber of ftmdaaent.al circuits is, of couree, t.he c701oNtic nuaber. 
Whereas the uxiaua n1Diber of f\mda.ental circuits is equal to the 
nuaber of edges present in a coap1etely connected planar graph ainus 
the nuaber of edges contained in the OOJIP1ete tree. Therefore, for 
a planar graph, the alpha index vill have the form (X • /.1 /(2Y-5). 
This index is alao aul tip lied by 100 to gi-n it a range froa 0 to 100 
and an interpretation as per cent redundant. 

The t110 indices then proTide t110 percentage JDeasures of the struc­
ture of a ne t110rk. The alpha index JU1' be interpreted as a per 
cent redandant, vit.h a tree haTing sero redundanc:r and a aa:d.aal]J 
cODDBct.ed net.wrk haTing 100 per cent. rec:hmdanc:r. 'l'he g- 1Ddu:, 
on the other haDd, U7 be interpreted •• per cent ooanected vith a 
~letel;r UDOOnnected e:rstea hanac a •ro Yalue and a co!lpletely 
oon.oted -:r•t.n haTiDC a Yalue of 100 per cent.. 

This chllpter has outlined eo• of the ele•nt.ar:r aot.ion• cont.aiMd 
in the theory of linear gr..,h• and ha• indicated 11Q11 the• aot.iou 
U7 be IIPJ)lied t.o the const.ruct.ien of preci• •tate•nts about. the 
•t.nlct.ural characterietics of transportation netwrks. '!'he reader 
ebould realise that tt. utheutical aaterial pre•nted here lacks 
both rigor and COJIP1eteness. 'l'he aaterial as pre•nted here i• 
intended t.o eer-n only •• the ao•t cursory renew of the aaterial, 
and the interested rewier is referred to the 110rk b7 Seshu and Reed 
(Reference 20), or those of Konig (Reference 13) and Berge (Refer­
ence 4), tor further a.p1i!1cation and greater rigor. 

The indices which han been suggested in this chapter are tar from 
exhausti-n and, in the present fora, are tar froa entirely adequate. 
Perhaps their aajor deficiency, arising out of the use of graph­
theoretic aodela, is the lack of a precise state•nt pertaining to 
the angular structure of the network. The 110rk by Beckmann (Refer­
ences 2,3) haa ahovn how iaportant this latter •asure is in the 
analysis of transportation s;rsteaa. How-nr, this aopears to be a 
... sure which will be difficult to incorporate into the anal;rei• 
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einoe little exlating utheutio• appear• to be releTaDt to the 
topic. TM •ta.die• reported in the tolloving chapter llake ue ot the i.Ddioea denloped here aDd are felt to be extre•l7 enoour­acinl. Rownr, it 1• plalmed that hrtb.er 110rk vUl be undertaken on iDdioe• inoorporatinc the mre 0011plex DOtion• ot aacul&r •true­tv. ot the •t.,r.lc. 
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CJWI'l'IR 3. INTERKATION C{lfP.lRIS>NS OF TRANSPORTATION 
N!TIICRK STRUCTURES 

Tbe prenou chapter dhcueeed bow the •t.ructure of transportation 
Mtwork• 11Q' be 'Yiewd f'roa a rather ei111p» utbeaatical point of 
new aDd pre•nted a nuaber of netwrk •aeuree. 'l'be ••are• 
repre•nt nccinct, thoqb perh.p• 'IID!..tliar, 1fQ'II to .-arise 
the •tructure of tranaportation networks. '1'be pre•nt c!wpter 
reports the uae of regre•eion studie• of the• ••are• to u.wr 
the question, •can the structures of tral18p0rtation qateu be 
related to the features of the areas vi tb1n which the7 are located,. 
In addition to the ••sure• dneloped iDa prenou ch.pter, oe~ 
other Mann• denloped for other upecta of the re•arcb wre u.ed 
in the regre .. ion etudiee. Tbie ch.pter pre•nt.e, iD turD, the 
•anreMDt• ueed in the regre•eion anal.7••, the COIIPUtations -.de, 
aDd the results of the coJII)utatione. 

It wae found that Maeuree of netwrk structure are related rather 
cloeel7 to the characteristics of the areas vi thin llhich the net­
works lie, and this fact vill be discuseed in this chapter. 

INPUTS1 TH! INIZPINIENT VARIABLES 

The characteristics of areas containing transportation netwrks 
were represented by independent or explanatory variables. Theee 
variables fall into two categories -- (1) characteristics of areas 
that are functions of the level and nature of economic, social, 
and reeource develop•nt and ( 2) characteristics of the physical 
aake-up of areas. The foraer aay be described ae develop•nt n.ri­
ablee and the latter as phy.t.cal variables. 

There ie widespread knowledge that transportation developMnt ie 
cloeely correlated vi th the level of national developaent. In the 
preceding chapter of this .,nograph, indices were developed to 
••sure the structure of transportation de-.elop•nt. Before the 
relation between the le-.el of national de-.elo~nt and the• trans­
portation •aeures can be in-.estigated, •aeures aust be eetablind 
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for \he notion "national denlo.-nt.• Milch work has been done on 
the notion of denlo.-nt and the problea of ••nre•nt has been 
eolnd elsewhere to a degree sutt1.cient for the ctllTent needs of 
this research. The ensuing discussion takes adYantage of a detailed 
statistical analysis of the denlopment measurement question by 
Brian J. L. Berry {References 5,6). 

Statistics are aYailable for many nations treating such matters as 
the Yalue of foreign trade, Yalue of i!llpOrte, denlopaent of energy 
resow·ces, population density, and nevspaper circulation. Berry 
found soe 43 such JDeasures for some 95 nations. Any one of theee 
JDeasures lllight eern as an indeJt of denlopMnt in an approld..aate 
t .. hion. The notion is teiiiPting that if one ••sure is a useful 
one, tm or aore indices should be better. Howewr, an in.pection 
ot the •t of statietics will renal quickq that Yarioue ••nre• 
are redUDdant on each other. Ber17' s contribution ••• the COIIbiJd.D& 
of tbe• statistics in a JU~~Der that eetablisbed the basic factors 
that underlie Yariations of the statietics. 

Be~' • wrk renaled that four basic factors underlie Yariatione 
in ••nre• ot dell'"• of denl.oJ-ent. * 'l'heee factors were, ~~· 
technological lenl, deaographic lenl, inoo• aDd external rela­
tions lewl, and sise lenl. learl.7 all of the Yariabili t;r that 
occw t-ed in the 43 stat~atica oould be attributed to tbe first tm 
ot the factors. 'l'be n.ret of the four factors had by tar the 
et.roapr relatione and the •oolld factor vae next. '1'be reaa1Jdng 
t.., factors were relatinly tm1111P0rtant. Technological lewl tUee 
account of Yarious •anres that llq' be JUde on the degree of 
urbaation, S.Dduatrialisation, transportation, trade, inoo•, and 
the like. Dlaographic lewl renects largeJ.7 birth aDd death ratee, 
population densities, population per unit of cultiYated laDd, and 
sillilar •asures. Berry has prorlded fonml.as for coaputing the 
teclmological and de110graphic lenls of nations using wighted SUIIS 
of the 43 statistics mentioned earlier. 

A si11ple alternate Jllethod also has been prorlded for obtaining the 
technological and de.agraphic scores. A study of the distribution 
of scores has renaled that they may be generated by answers to a 
eeries of si11ple questions. For ex..ple, by specit,ying the location 
of the nation, its cli .. te, gonr~ntal status, preeence or ab­
eence of subsistence or coli!Wtrcial eectors of the econoJIY, and 
pre•nce or absence of trade in rav aateriala, it is possible to u• 
equations prorlded by Berry to estiute technological and d .... aphio 

*The• reaul ts wre obtained troa a direct factor anal;reh of a 
table eboviDg the ranks of 95 countriee on the 43 aY&ilable etati ... 
tical ••area. lations wel"ff ranked troa l to 95. The nation with 
a soore of one ..,uld be that nation vi th the highest Y&lue. The 
nat!on vi th the score of 95 vas that nation vi th the lowet Y&lue 
of the statistic. 
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levels.* 

In ~' denlop•nt may be 118asured by synthesizing available statistics. The study of these statistics has renaled that t.he denloplent. of a nation ~ be •awred on t110 ecaleaa a teclmo­lDglcal scale and a de.ographic scale. .u.,, it. vas noted t.bat. al1ihoach t.be• scales wre derind !'roa a rather co11pl.ex •t ot opera \ions on a large llllllber ot statiatics, it is posC.ble to ••C.gn values appropriate to i.Ddividual areas ulliDg .S...la illtoraa­tion ad a relatinl,y 8111ple technique. Tlms a relati:ftl,y lli11pla •t. ot intoraation will yield •aeurea of denlo~nt. lliailar to •awns that aQ" be obtaiDed !'rom a large set ot statiatical iDdices. 

The nature ot the traDSportation network aQ" depend upon the 
J)h7sical properties ot the area it traverses. Three p~cal properties ot areas were aeasared - siwe, llhape, and relief. 

IntorMtion on the size ot areas is available in a nuaber of places. The data ulllfd here were taken from tables in the Encyclo­pedia Britannic a and rounded by tvo deciul points (the tables in the Encyclopedia Britannic a were derived from a variety of docu­•nta, all generally available). For example, Tunisia vas reported as 48,332 square miles in size. This vas recorded as 483 for purposes of this study. 

:llape vas •asured on mapa. The longest axis across each nation vas determined by inspection and a perpendicular constructed across the nation at the midpoint of the longest axis. The aeaa­ure ot shape vas obtained by dividing the airline distance along th• longest axh by the airline distanlle along the perpendicular. It. ld.ght be noted that this is not a COIIPletel,y satistacto17 aeaaare ot 8hape. A nation shaped l.1lce a rectangle JU.7 han the .... Maaare ot shape as a nation shaped like an elllp• it the ratio is the .... tor the two areu. It ld.ght alao be noted that. this aeaaare of shape is a pure 7!UIIber and, ao far aa the Ma-.re is concerned, is independent of size. 

As is true of shape there is no entirel,y satisfactory aeawre ot the relief ot areas. The •asure used here vas couat..""tlct.ed in an 

*Berey obtained these results by a regression analysis on each factor. The factor scores were related to a set of independent 
variables. Bach ••sure of an independent variable vas in nold.Dal fora - the yes or no answer to a question such as, "Is the coan~ tropical?" The regression model for technological scale had a R of 86.5 and the regression model for demographic scale had R2 of 81. 9. 
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ad hoc ..... r Uld pl"'ftd to be nit.able to the study. Three liMa 
wre draVD ai raDdoa acroaa eaoh area of •tad7 aDd the airliDe 
leqth of each 11M wu •aaared. The diatuoe aloag eaoh route 
vas also •anred aloag the surface using pro.n.les in the 'HaY 
Atlas. 1'heee surface routes, of course, wre greater then or equal 
to the airline distances. The airline route vas taken to be 100 
per cent aDd the surface route a percentage larger than 100 per 
cent. For each country, the "per cent larger" 8UII8 were added and 
dh1.ded by three, and the resulting value ueed to upreae the 
relief. 

TBI DATA 

TraniiPOrtat.ion netwrka vl thin twnty-.n. w utioaa wre -~oted 
for ~.S.• aDd valuu of tbe fin iDd.,eJidet Tariable• deaoribed 
aboft wre oo..,uted for each nation. Table l pre•ats the list 
of nat.ioa• studied aDd Tala• of the illdepadeat Tariablea. Pre­
lillllla7 illnatigation of the .S.•• of area• aDd the charaoteriat.io• 
of their tren~pertatioa .,..te•• reftaad a:bteaoe of aollliMar re­
lat.ieasbipa. Before oo..,utatioaa wre -.de, the raw data Oil .S.• 
wre ooanrted illto natural logarithaa. 

The .S.• data ill Table l aDd ill eaBQ1ng table• are the utval. 
logari tbaa of ob•rnd Tala. a. 

Table 2 llho•• the ••• aDd BtaDdard dniat.ioa• of the illd.,ead•t 
Tariaba•. The staDdard dniatioa i• a •uare of the Tariability 
of the ob•rntion• about the •an. .lpproxiaate]J tw-thirda of 
the ob•rnt.ions lie vi thin plu• or 1d.nua one •talldard denatioD 
of the •an. 

Table 3 and 4 display the aaeociations aaong the independent Tari­
ables. Table 3 gins the correlation coef.n.cienta between Yariablea .; 
taken two at a tiM. For exaaple, the correlation between aise 
(nWiber 3 reading down the left hand colWIIl) and technological de­
nlopMnt is .35. This indicates that nations large in ai• tend 
to han higher values on the technological deTelopMnt scale. Note 
that the Taluea on the technological deTelop.ent scale are high for 
the leas-develope<! countries and lov for the-aore denloped coun­
tries. The correlation coefficient indicates that the larger 
countries tend to be less denloped than saall. 

Table 4 •hov• coef.n.cienh ot detend.Dation. 'nle• are the •quare• 
ot the correlation coef.n.cient• and aq be t.bou.cht of •• a perceat.,e 
••n.re of auociat.ion. The entry .12 relatiDI to techaologioal de­
ftlo.,..at and ri.se iDdicates that 12 per ceat of the Tariability ,. 
iD techaological deftlop•nt. i• auociated vi th TariatioD iD ri.• 
(or nee ftraa, 12 per ceat. ol the Tariation in Bise iB a•aociated 
vlth Tariation in technological deftlopaent). Table 4 renal• that 
vlth the exception of the relationship betwen technological 
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TABLI 1 
OBSIRVED VALUES or INIZPINDINT VARIABLIS 

Techno-
logical* 0..,-
Develop- graphic* 
118nt Level She Shape Relief 

1. Tunisia 3.51 32 4.683 2.677 5.51 
2. Ce7lon 323 14 4.403 2.510 3.54 
3. Ohua 355 15 4.962 2.506 2.63 
4. Bolina 370 18 5.627 2.135 20.00 
5. Iraq 344 25 5.234 2.376 2.21 
6. lileria 394 0 5.530 2.164 3.60 
7. Sudan 410 6 5.985 2.093 4.48 
6. Thailand 400 9 5.297 2.245 5.41 
9. .P'ruoe 125 38 5.327 1.468 12.04 

10. Mexico 222 19 5.881 2.422 20.96 
11. l'a&oelana 241 16 4.994 2.553 23.25 
12. SWdeD 154 55 5.239 2.672 8.34 
13. Poland 182 25 5.oao 2.155 3.15 
14. C•ohoelonkia 159 38 4.693 2.706 13.9.3 
15. H1IJIC&J'7 22l. 29 4.555 2.52l. 5.94 
16. hlgaria n9 47 4.631 2.438 12.97 
17. ]l'inlaDd 202 46 5.ll4 2.780 0.35 
18. Allcola 4.38 28 5.682 1.809 1.42 
19. Alpria 323 26 5.963 1.230 1.52 
20. Cuba 256 31 4.645 2.979 12.78 
21. Ruaania 258 23 4.962 2.135 25.01 
22. Mal .,.a 256 17 4.705 2.159 19.51 
23. Iran 372 12 5.803 2.422 8.50 
24. Turke7 283 8 5.481 2.692 19.45 
25. Chile 239 24 5.456 3.100 66.80 

*Fro• Berry (Reference 5, p. 110, Table VID-1, cola. 1 and 2, •Second 
Value•~). Twenty was added to each De.ographic Level entry. 

TAla 2 
.US AID S'f.&IIDARD ISVUTIOIS, IIIUai81T YARIABL&S 

Variable MeaD ~Oil 
l. Technological DeTelop .. nt 286.280 87.849 
2. De.ographic Level 24.280 13.731 
3. Sl• 5.197 .472 
4. SNipe 2.367 .433 
5. Relief 12.140 13.738 
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'f.&Btl 3 
CORRILl'fiOI Jfl'lRIX, Ilr&PDial'r T.&RI&BLIS 

l. 2. 3. 4. s. 
'fecbDological. n-o graphic 

Sbe Shape Relief Dewl.u~M~nt Left1 

1. 1 
2. -.61 1 
3. .35 -.40 1 
4. -.24 • 21 -.43 1 s. -. 27 -.04 .os .36 1 

TABm 4 
<Dn'ICID'fS OF Illt'KRMIIIA'fiOI, III8PIIIIal'l' T.a.RIABLIS 

1. 2. 3. 4. s. 
'fecbno1olical. Dt•craphic 

SiH Shape blief Dtn1a,.ent l..eft1 

1. 1 
2. .38 1 
3. .12 .13 1 
4. .06 .o4 .19 1 s. .07 .oo .oo .13 1 

denlo.-.nt aDd de•criiJ)hic 1ew1, relat.ionlbip• UIODI the dependent 
nrlab1e• are nil. 'l'his is hichl7 de8irab1e. In the ~•h 1 t h 
pouibl.e to •anre aaociation between uq one of the independent 
Tariables and Yariation in transportation, vi thout being forced to 
quality the state•nt by the condition that other independent Yari­
ables would Tar)" in auociation vi th the Yariation in the independent 
Yariable at point. The a•eooiation between technological de.elopaent 
and de110graphic l.e.el is notably higher than the association aaong 
other of the independent Yariables and this point should be kept in 
•ind vhen interpreting the results. 

IIPUTS1 THI IBfPIJV"' JWABIIS 

'fhe rationale Ullderl,-i.Dg this •tu~ b that tranaportation •t.ruoture 
1• d..,.Ddent upon the characteri•tic• of the area containiDC the 
ne\wrk. 'fhe oharact.eri•t.ic• of areas ha.e been ~-d in t.era• 
of t.tw independent nrlab1es ju•t d1801l••d. 'fhe dependent Yariab1e• 
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to be discu ... d DO¥ are tboee •asures ot transportation that are perti.DBnt to the DOtion or t.ranaportation structure. 'l'lwee ••nre• tall into two categories• (1) the Masures discuseed 'in Chapter 2 baeed on grt!ph•theoretic con.tderations and (2) •anres baeed on certain other work to be •ntioned below. 

GR.4JIH-THIOR!TIC MIASJRIS 

Six M&tmreS of a grt!ph-theoretic type vere ude on t.ranaportation networks in each of the 25 nations selected for study. These vere r 

1. 
2. 

3. 

5. 

6. 

The maber of vertices, nodes, or places. 
The number of edges, links, or routes. A Tariety of sources vere used tor the -.ertex and edge ••sure•nte. Sources included World Railvf.YI (Reference 30) and lll&pS published in various issues of the journal Road Inter­national. Def'ini tiona of nrtices and thus edges were part17 topological and partly baeed on certain intoraa­tion contained on the up.. J:D:r intereeotion of route• de tiDed a nrtex. lleo, aD7 place on the netwrk d..-d significant b7 the per80Jl vbo drafted the aap vas taken to be a vertex. Ind. pointe wre alvqs treated •• vertices. 

Alpha index. Thie is the cycloutic Dllllber (see itea 5 below), dirlded by the .. xt .. possible nuaber or .tun­d-nt.al circuits, or /.1 /(2T-5). a ... index. This is the mmber or obeernd edges di­rlded by the II&Xi- poeeible mmber or edges in a planar grt!ph with the obeened Dllllber of nrtioea, or e/ 3(..--2). 
Cycloutic DWiber. '!'hie is the ••sure of the n'llllber or circuits in the t.ranaportation qstea, or the nuaber or links in the qstea excess to the nuaber required to tie the vertice8 together in a ainiul va,-. /.1• e-..,p. Dia.eter. As discussed in Chapter 2, this is a ••sure of the "span" of the tranaportation syste11. It i8 the minilllUII nwaber of links that must be t.ranrsed in order to 110ft between the tw points that are the greatest distance apart on the network (as measured by the number of edges). 

cmmR IBPINIEN'f VABIARLIS 

The above are siJc inTariant characteristics of the structure of t.ran~rtation networks. Theee vere supple•nted by two additional ••are• that were w:topted after ext8nsin e~~pirical ••aure•nta or transportation networks. Maoh or the e~~pirical work vas in con­nection vi th atudiea which are to be reported at a later date and, con .. quently, this 110rk will not be renewed here. '1'vo of the 
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•anre• ngested b;y the e..,trioal wrk were ueed in the pre•nt 
stad7, bownr, ana the7 will be di8CU••d brle.f'q. 

Mla-.r .... ta o! the aneth• o! ecSce• in Ilia• proftd praotioaba aDd 
prelildnar;r oorrelatiou iDdioated that nob ••nre• were related 
to ncb iDdependent Tariable8 88 teohDologioal denlo..-nt. C-..­
q111Dtq, ••nre• wre aade in the nation• under •tad7 o! the awrace 
aneth e! edge•. 'fWD ••sure• wre aade, one !or highliQ' aDd one !or 
raiJ.r.ads. 

Alao, a structure index •• 0011p11ted !or both high'ft1' and rail net­
liOrkB in the nations under stud7. This structure index vas c011puted 
b7 •'•inc the nuaber o! endpoints in the e;rstea (weighted b7 two 
when endpoints wre U an intersection) and dirlding this nWIIber into 
the total length of the network. This, then, is a ••sure of length 
per weighted unit o! structure. This ••sure vas developed in connec­
tion vi th 811pirical work to be reported in a later aonograph, as vas 
•ntioned before. Hownr, preliminary work vi th the index indicated 
that it would be highly correlated vi th various independent variables 
and it vas decided to use the index in this stud;y. 

m PA'l'• 
On the ba•h o! prelim Da"7 grallhio ual.7Bi• it vas decided to trans­
!ol"ll IU.D,T o! the dependent Tariaba• to their natural logaritha•. 
The• trau!ol"llationa are listed belova 

1. Tertioe•, tranafOrMd to the natural logarl tha o! the 
obeerwd rmaber. 

2. ldges, trana!o~d to the natural logarl tha o! the ob­
eernd nWIIber. 

3. C;rcloutio nUIIber, one vas added to the ob•rwd Talue 
aDd the renlt trana!o~ to ita natural logarltba. 

4. Anrage hi&hvq edge aacth, trana!o~ to the natval 
logarl tal o! the natural logarl tba of the obMrWd Tal•. 

5. Anrage railroad edge length, trane!o~d to the natural 
logarltha o! the natural logaritha o! thl ob88rwd nl.M. 

6. Bighva;y structure index, trans!o:rMd to the natural loga­
rl tha o! the obeerwd Talue. 

7. Railroad structure index, transfol"Md to the natural 
logarithm of the obsernd Talue. 

The 1iresence of these transformations is not indicated in the tables 
in t is chapter. 

Table 5 presents the Jlleans and standard derlations of the dependent 
variables, and Tables 6 and 7 indicate the relationships between the 
dependent and independent nriablea taken two at a ti•. It aa7 be 
noted, for exa~~ple, that there is a correlation of -. 86 between the 
natural logari tha of the nwaber of nrticea and the index of techno­
logical dewlopMnt. Tbb indicatea, aa 110uld be expected, that the 
.,re dewloped the area the greater the nwaber of nodes or nrticea 
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TAJU 5 
SUMMARY, MIWIS AID ST.&ID&RD IZVUTIOIS, 

IBPIIDII'T V.&RUBLIS 

Variable Mean s~Fod De a on 

1. lumber of Vertices 4.592 .857 2. IWiber of ldges 4.700 .953 3. Alpha Index 7.039 6.234 4. G.- Index 38.366 4.048 5. Cycloutic IUIIber 2.322 1.630 6. Dl-ter 25.320 10.754 7. Anrace Kdge IADcth 
(Bighvq) .190 .0.39 8. Anrage Kctce 1.-.gth 
(Rail) .225 .081 9. Structure Index 
(Bipwq) .945 .172 10. S\ructure Index 
(Rail) 1.19.3 • .342 

TABLI 6 
SUJiflRY, SIMPLI COKPFICDITS OP' OQRRIU'l'IOI at .. 

'ftm WSi1JD'f AID IIIIUIIImft YA.RIAJLIS 

TechDological Dnographic She Shape Relief Dnelo~nt Le-nl 
... 1. Vertices -.86 .53 -.15 .oa .30 2. Edges -.85 .55 -.16 .05 • 26 3. Alpha Index -.64 .50 -.12 -.14 -.09 4. 0.-a Index -.61 .49 -.14 -.18 -.15 5. Cycloutic NUIIIber -.73 .56 -.13 -.04 .11 6. Di&Mter -.79 .44 -.02 • 24 .49 7. !Terage ld~e Length • 67 -.34 .64 -. 27 -.10 (Highv&,T a. Anrage Kctce Length .66 -.62 .61 -.40 -.40 (Rail) 

'J. Structure lDdex .84 -.52 .58 -.29 -.11 (Bich¥81') 
10. Structure lDdex • 73 -.59 .57 -.26 -• .36 (Rail) 
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T.&BLI 7 

SJMMlRY, 

TBI I8PDtmrr AID IE8PIImiT YARTABT.&S 

Technological n..ographic 
nn.los-nt Leftl Sise Shape Reliet 

1. Verti ee .7) .29 .02 .oo .09 
2. ldges .73 .30 .02 .oo .07 
3. Alpha Index .41 .25 .01 .02 .01 
4. o.- Index .37 .24 .02 .03 .02 
5. C)'Olo•tic Nwlber .54 .32 .02 .oo .01 
6. Di .. ter .62 .20 .oo .06 • 24 
7. Aftrage ldge Length .45 .ll .41 .07 .01 

8. 
(Highway-) 

Aftl'age ldge Length 
(Rail) 

.43 .39 .37 .16 .16 

9. Structure Index .71 .27 .34 .oa .01 
(lf1chwq 

10. St.nao\ve Indu .54 • .34 .33 .06 .13 
(Rail) 

on tbe tru..,ortation q1tea. It aao .q be noted that tbe .zoe 
deftloped tM oountl-7, the lhorter i1 1ihe aftl"ap •eli• leqt.h. 

An in.,.ction ot Table 7 reftall UIOoiati-. ••and in peroen~1o s- 73 per cent ot t.bl TU'iaUOJl in nallber ot ...rUcea, tor ~I.e, 
~ be a .. otated vl tb the leftl ot t.echDological dewlo.-nt. The re­
laUODabip betwen the llllllber ot ftrtic•• aDd the d._IJ'aphic lewl 11 
le11 •trona. It ~ be noted that the six •anre1 ot 1tructare de­
riwd fro• graph-theoretic pointe ot nev are U.01t OOI!plet.e}T inde­
pead•t ot tbe lise, lhape Md reliet ot area•, while tho• dewloped 
h'oll •IIPirical conliderationl pMrall7 haw eo• relation vi t.h oM or 
.are ot the• ph;rsical Tariab1es. 

THE COJIPUTA'l'IOIIS 

Ten regression anal;raes were ude. In each anal7sis the Talue ot a 
dependent Tariable vas assigned to the independent Tariables to the 
extent that Tariations in the data indicated that assig~nts were 
warranted. This section contains a discussion or the regreeaion .adel 
used, the steps in co~~putation, and the outputs fro• the regre .. tons. 
It vUl be noted in thia •ct.ion that the• co11putations wre ftl7 good 
in the •n• that. •uch or the Tariabili V in iJidinduaJ. dependent. Tari­
ablel could be a110oiated vi th the iadependent. Tariab1••· 
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II>IILUSD 

'!'he mdel u88d in this study vas the staDdard linear equation 
u•d in regreasion studies, nae~a 

7 repre•nts the Talue of one of the dependent variables tor a na­tion - a;r, IIUIIber of nrtioes. ;_ through xc; repreeent the nlues of the imependent variables for that nAtion. These wre 
respeetin~a technological denlop1118nt, de110graphie lenl, she, shape, and relief. Values b through b5 are the regression eoef­tleients estimated from the 8ata. The nlue of b1, for inst.enee, repreeents the contribution of a unit on the teehfiologieal denl­op•nt scale to the Talue of a dependent variable. In the ease of nrtiees, b1 would be in units of number of vertices per unit ot technological develop•nt. b

0 
is a constant term to which inere•ntal values are added or subtracted in the calculation of 

the value of ;r. e is a ••sure of error. The b' s wre eoaputed froa a consideration of all of the data, they u:r be thought of as anrage relationahips. When a oo~~pUtation ie aade tor an i.Ddh1.d­ual oountr;r the• anrage effects aa:r not hold exac~. e is that amunt necessar:r to correct y to its obeerftd value. It the e' s are ~1 relatift to the variability in the :r' s aDd it the;r are •wll-behand• - e.g., noraal.l.)- distributed - then the rep-es­sions u:r be though of as good. 

lach of the ten regrestions vas done in the following vq. l'lrst, estiutes wre JUde of values of the regression coettlcients using least-squares •thods, the staDdard •thod tor regression anal.7Bis. While the necessar:r utrix multiplications aDd inversions wre accoaplished tor the data as a whole, the regressions differed soaewhat froa usual coaputations in that the regression coettlci­ents wre detenlined one at a ti•. In the first regression, for instance, the value of the eoeftlcient b1 vas established and certain auxiliary coaputations aade of correlation and error. Next, the value of regression coefficient b2 vas established and the estiutes of error and correlation reco~~puted. These co~~puta­tions wre continued in this incremental fashion until all fin of 
the regression coefficients were determined. The preliminary four regressions of each of the dependent variables are of greatest interest in regards to the estimates of error to be discussed below. 

OUTPIJTS 

The outputs fro• the calculations fall into two categories• (1) the reuesmon coefficients. and ( 2) various estiute• of error or 
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nllabUi t7 ot the regres.S.ons. The ngns.S.on ooetf'1ciente are 
linn in Table 8J then are nu.erioal Talu .. ot the b' s in the ll•ar 

T.&BI& 8 
SJIOWlY, RIOIIssto• oosmCID'l's oF m1 '1'D RIORISSio•s 

TeohDo- 0..0-
lolioal graphic Constant 
Deftlop- LeTel 
•nt Si• Shape Rellet Tera 

l. Vertices -.008 -.006 .201 -.267 -.007 6.30 
2. ldges -.009 -.007 .213 -.335 -.006 6.74 
3. Alpha Index -.049 .068 1.208 -3.306 -.090 22.123 
4. o .... Index -.031 .043 .412 -2.419 -.071 50.543 
5. C;ycloutic Number -.012 .027 .354 -.799 .001 5. 278 
6. m ... ter -.0918 .012 10.101 7.447 .347 -21.565 
7. Anrqe ldge .CXX)J .0007 .0423 .0027 .0002 

Lencth (Highva,y) 
8. Anrage Bdge .0001 -.0023 .0802 • 0138 -.0025 

Lencth (Rail) 
9. Struotun Index .0016 .0013 .1169 -. 0062 • 0014 

(Richvq) 
10. SU'Qaare Index .0014 -.0064 .3366 .1738-.0093 

(Jlail) 

ngne.S.en equation ginn abon. IPor the f'1rst regreenon, tor 
illetanoe, w han 1 

ora 

-. 267 shape l __ 007) reliet l + Error of 
••sur• !••surer the estiute 

-.1424 

-.1757 

-.1547 

-1.0992 

and equations .ay be written for the nine reaaining regressions. The 
regression coeff'1cients are in the un1 ts described in the colwm and 
rov headings on the table. -.008 is the nwaber of nrtices added per 
unit of wchnological denlop•nt, for instance. The negatin sign 
indicates that the higher the technological denlop•nt score, the 
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.uJ.er is the naaber of ftrticea. This 18 to be upected since 
the tecbDological den~nt 8Cale is iJmtrted in the •n• that 
the mre dneloped coUDt.riea haft lowr nluea on the .aale • 

.l Yarie't7 of •awres wre ude of the reliabili 't7 of the regreaaiona. t'ablea 9 and lO preaent •awrea of hov wll the regreasl.ona wrk. 

t'.&Bla 9 
SUJIWlY, MOLt'IPL& CORRIUt'IOI COimc-.l.Eift'S OF '!'HI TIN R!GRESSIOIS 

Techno-
logical De.,-
Dnelop- graphic Size Shape Relief 116nt Leftl 

1. Vertices .86 .86 • 87 • 87 .88 2. ldges • 85 .85 • 87 • 87 • 88 3. Alpha Index .64 .66 .68 .73 .75 4. o .... lDdu .61 .63 .64 • 72 .75 5. C;rolo•t1o laaber • 73 • 75 • 77 • 79 • 79 6. ma-ter • 79 • 79 .83 .87 .89 7. .lnrqe ldge Length 
(Biahvq) 

.67 .68 .82 .82 .82 

8. .lnr~ ldge IADgth .66 .71 .eo .eo .88 
(lail 

9. SV.Ctve IDdex .84 .84 .90 .90 .90 (Bighvq) 
10. St.ruoture Index • 73 .75 .81 .81 .87 (Rail) 

t'he 111ll.tiple correlation coefn.oients ahollll in Table 9 u;y be inter­
preted aa the correlation betwen the dependent Yariablea aDi the 
independent Yariables taken one, two, three,· tour aDi n.n at a tiae. It aq be noted that thl correlation between the nuaber of ftrtioes 
and the lenl of technological denlop.ent is • 86. When the lnel or de.,graphic deftlo~nt is abo consldered the correlation is the 
saM. When the correlation between the number of vertices and all 
fin of the independent Yariables is considered, the correlation coef­ficient rises to • 88. 

Table 10 contains the coefficients of determination, soaaetimes tened the power of the IIIOdel. These are the squares of the multiple corre­lation coefficients, and they may be interpreted as the per cent of 
the Yariabili ty in the dependent variable associated w1 th variation 
in the independent Yariabl... The firat entry indicates that so• 73 per cent ot nation-to-nation Yariation in the nu.ber of Tertioea aq 
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TABLI lO 

smiWlY OJ' COBn'ICDJTS or I81DMDATIOI OF THI TU RIORISSIOIS 

Techno-
logical n.o-
Dan lop- graphic Sise Shape Relief Mnt Leftl 

l. Terti • • 73 • 73 .76 • 77 .77 
2. ldp• • 73 .73 • 7S .76 .77 
3. Alpha IDdex .42 .44 .46 .S4 .S7 
4. a.... Index .37 .40 .41 .S2 .S6 

'· C)"'loutic NUIIber .S4 .S6 .S9 .62 .62 
6. Dia•ter .62 .62 .67 • 7S .ao 
7. Anrage Edge Length .4S .46 .66 .67 .67 

(Highway) 
8. Anr~e ldge Length .43 .Sl .63 .6S .77 

(Rail 
9. Structure Index .n .n .80 .80 .81 .. (Highway) 

10. Structure Index .S4 • S7 .66 .66 • 76 
(Rail) 

be a••atated 111 th tbl lenl or techDological denlo~nt, and the 
ript-hud ent.r-7 of the tlr•t oolun iDdicate• that •• 77 per cent 
or the Tarlabili t;r ho• nation-to-nation 1.n lllUiber or nrtice• .a;r 
be auociated with the tin independent Tariable• taken altogether. 

A llallber or other outputs ho• the regre•llion bear on the • gooda .... 
or the regre•llion•. The twnt;r-tw to tvent;r-ti n nation• u .. d in 
this •tud7 llq" be rlewd as a ....,le tro• a larger eet of nation•, 
thoqh it •ight be .,..llhat difticult to decide on the 111111ber of na­
tion• in the wrld. The United lation•' Statt.etical Yearbook• li•t 
approld.uta~ 260 political d1:ri.llions, but about 100 or the .. are 
nb-dirlllione ot larpr unit•. Ginebarg (Reference lO) foaDd it 
practicable to conllider about 140 oountrie•. Thu•, the c~utation• 
ude here lllght be regarded as a AIIJ)le tro• approxi.aate~ 140 area•. 
Still a broader rlev lllght be .ciopted. 'ftte 140 areas ldght be re­
garded as diaplaying patterns froo• a larger uninrse or transporta­
tion netwrk structures that lllght han denloped ginn the condi­
tions that control network de-.elo~nt. This eet of posl!lible patterns 
lligh t be nr;r large or enn unlllli ted in nuaber. Reasoning thi a way, 
the sa~~ple •ight be regarded as one from an extreMly large uninree 
or poaible transportation network structures. 

ilhen the regressions are rleved as a l!l&llple, the question of the 
rellabili ty of the regression coefficients for the universe as a 
whole arieee. Two measures bearing on this question were obtained 
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l'roll the regr .. nona. Table 11 shove the eetiaated atudard dena­tiona of the regreal!lion ooef1'l.cienta. The regre1eion coef1'l.cient 

TABLI ll 
SOJIIARY, SUJDARD IZVI.lTio•s or m RIORiss:ro• C<BmCID'l's 

TechDo-
logical Dno 
Dn'elop- graphic Sise Shape Relief •nt Lewl 

1. Vertices .001 .009 .243 .267 .008 2. Beiges .002 .016 .273 .300 .009 3. Alpha Index .015 .092 2.452 2.693 .083 4. o .... Index .009 .o6o 1.610 1.769 .056 5. Cycloaatic Number .004 .022 .598 .657 .020 6. Dla•ter .019 .119 3.210 3.536 .169 7. Anrage Edge Length 
(Highway) 

.00008 .00051 .01365 .01500 .00046 
8. Anrage ldge Length .00014 .00087 .01231 .01238 .00078 (Rail) 
9. Structure Index .00028 .00169 .04476 .04918 .00152 (Highvq) 

10. S~cture Index .00062 .00380 .10080 .11080 .00342 ~Rail~ 

betwen nrticea aDd technological denJ.op.ent, vhich 18 -.008, haa the aa•oiated atalldard dertation of .001. Suppo18 there is a true regre1sion coef1'l.cient for the un1 wree. ( -. 008 18 the beat lilwar UDbi .. d eati•te of this true regreseion coef1'l.oient.) The llUIIber .001 11Q" be interpreted as a description of the 1catter of e1t1Mted regrellion coef1'l.ciente aroUDd the true regrea.S.on coef1'l.oient when -.lea of n• 25 are taken aDd b' s OOIIpUted. Plus or Jdnua t.w at.alldard dniationa wuld include 110M 95 per cent of the regrea.S.on coe~1'l.cienta obtained in a large •t of a.-plea troa the uninJ,"ae. Attaching the plus or ainua tw standard deviations to the .... oo8 allov1 the state•nt that one u;y be reaeonabl;y con1'l.dent that the true regression coefficient lies betwen -.006 and -.010. 

Table 12 presents tbe variance ratios for · the regressions. The Tari­ance ratios pend t significance teats of the increll8nts in the varia­tion explained by the regressions when indh1.dual regression coef­ficients are added. It may be seen that the reduction in the variance associ a ted w1. th technological deve lopaaent is extre118l;y significant and that other reductions in 7arl.ance are significant on occasion. 
The regression equations may be viewed as forecasting devices. Ob­servations on the independent variables may be entered into the 



TAILI 12 

VARUifCI RATIOS WITH 1 AID a-j mGRIIS OF hflliUM 

Techno-
logical Dno- II 

Dew lop- graphic lo. of •nt · Lenl Size Sha Relief Obser-Variable 1 2 3 4 5 vations 

1. Vertices 63.31** .01 2.32 .48 .76 25 2. Edges 61.27** .01 2.23 .90 .39 25 3. Alpha Index 16.43** • 75 .83 3.53* 1.18 25 4. GaJII!I& Index 13.73:: • 83 .45 4.44 1.67 25 5. Cycloutic !Juaber 26.62 1.03 1.51 1.84 .oo 25 6. Di ... ter 32.33 .15 3.13 4.30* 4. 21 22 1. ATWqe ldge 
18.69** Length (Bighva;r) .33 13.08** .14 .14 25 a • .iTWapldge 

10.26** Lencth (Rail) 17 • .3oH 3.45 7.38* .61 25 9. St.ructure Index 55.oo** .01 10.2S"* .09 .86 25 (Bighva;r) 
26.52" 5.19* 10. St.ructare IDdex . 1.49 .14 7.3.5* 25 (Rail) 

** SipU\cant at the U lenl. 
*Sipi .tlcant at the 5• leTel. 

equation• and .. tiaates of tran..,ortation •t.ructure derind. J. chana• in .,. character of an area, such as lenl of technological denlop­•nt, 11&7 be po•tulated and nev nlu• of transportation •t.ruct;are .. tt .. ted. Person• using regression equation• of thi• sort for .. tt­utinc purpo•• should proceed vi th cautio!l, of course. For , one thing, esti•tes that extend beJOnd the range of Tariability in the original data should be ude only vi th great care. Too, the regressions li•it theaselns to aeasures of structure and do not display exactl.)- hov a change vill take place on the up. (This point is inTestigated in Chapter 5 of this aonograph. ) In addition to the preceding points, the beharlor of errors of estimation are critical where estimates are made. For this reason, a nUIIIber of 1118asures bearing on errors of esti .. tion wre obtained in the course of the regression calculations. 

Table 13 presents the standard errors of esti•te for the ten regres­sions. In discuuing the recre•sion equation earlier in t.h1• •otioa, •ntion va• aade of the error tera that IIU8t be introduced into the eqaation in order to oorrect the ooaputed •truoture Talue to the actual ob•l"ftd Talue. The •tandard error of the e•tiaate ie a Mas­ure of the die~bution of the• error tera• (their •an• are •ro•). r.r the .tlr•t recre•ston, for ~le, about. 66 per cent of the oo..,ut.ed Taluee &oa the regre•.S.one lie vi thin plus or llinu• one 
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TAIU 13 

SUIIDlRD DROR8 OF ISrDIU'r 

Tariable Standard lrror of the lsti .. te 

1. Vertices 
2. ldges 
3. Alpha IDdex 
4. a_. Index 
5. CJol.o•tic lluaber 
6. Dl..-ter 
1. e.· 
9. 

10. 

Anrage ldge Length (Highvq) 
Anrage Beige le~th (Rail) 
Structure Index (Hich-.r) 
Structure Index (Rail) 

*unbiaed 

.457 

.514 
4.617 
3.033 
1.121 
5.488 
.026 
.043 
.007 
.190 

staDdard error or plus or llinus .457 o! tbe obel"ftd Taluee. 95 per cent lie vi thin plus or llinue ta standard deriations, or plus or llinus • 914. 

Because the beharior of these errors of esti~~ate is critical to the use of the estiaaating equations, Tables 14 through 23 and Figure 13 haft been prorided shoving the error of esti•te for each nation and equa­tion. Table 14, for instance, shove the oberYed nwaber of Yertioes, the nuaber eeti .. ted !or each nation and the difference bet ... n the aaa­ber ob•rved and the nuaber eeti•ted b:y the equation. P'or Tunisia the eeti•ted equation aiaaed the nUIIber of wrtioes b:y .099, or, taking tbe antilog of .099, b:y about one Yertex. ~ l) shove for each regres­slon how the errors wre distributed. .The plots are in standard error unite. 

RISULTS 

Becau• the renl.te o! the regressions auet be judged within the onr­all structure o! the study, it •ight be viae to repeat certain oo-nte ude earlier on the structure of this atud:y before going on to a aua­aar:y o! the results of the regreseions. In the first paragraph o! this chapter the question vas asked, "Can thts structures of tranaportation s:yste•s be related to the features of the areas within which the;r are located?" In tenu of certain Masures of structure and certain ways of .. asurina the "characteristics o! the features of the areas," the answer to this queetion h a definite 7"•· But be,ond this it is de­sired to answr this q111stion in the a!firmathe so far as the actual networks or ups of the transpcrtation s:yete111s of areas are concerned. That h, the ultiute answer to the question requires generating the 
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TABLI 14 TABLI 15 
OBSRVID lfUJIRR OF VIRTICIS AID ltJIISR OBSIRVED IUJIBIR OJ BOOBS AID IUBR ISTIMl'l'ID BY Till FIRST RIGRISSIOI IS'l'IMl'!ID BY !Ill SCOlD RIORISSIOI 

lle.S.dual Rendual Ob- l•tt- ( Ob•l"ftd Jd.Du• Ia- Ob- l•t.i- ( Ob..-..ci ld.nu• lat.ion •rftd uted l.t.tuted) tlon •rftd uted l.t.iuted) 

1. Tunina 3.970 3.873 .099 1. 4.043 3.915 .128 2. Ceylon 3.466 3.972 -.506 2. 3.434 4.023 -.590 3. Ghana 3.714 3.824 -.llO 3. 3.714 3.856 -.142 4. Bolivia 4.o6o 4.074 -.014 4. 4.078 4.107 -.030 5. Iraq 3.496 4.057 -.561 5. 3.496 4.127 -.631 6. lipria 3.989 3.629 .)60 6. 4.159 3.~632 .527 7. Sudan 3.296 3.649 -.353 7. .3. 296 .3.6S6 -.36o 8. ThailaDd ).969 3.576 .412 8. 4.007 3.577 .430 9. France 6.4.33 6.258 .175 9. 6.733 6.595 .137 ~ 10. Maico 5.236 5.274 -.0.38 10. 5 • .371 5.425 -.054 o-
11. Yqo8la'Via 5.553 4.904 .648 u. 5. 727 5.010 .716 12. Sweden 5.771 5.699 .071 12. 6.094 5.944 .149 13. Poland 5.226 5.419 -.193 1.3. 5.529 5.647 -.119 14. Csechoslonlda 5.553 5.535 .018 14. 5.802 5.747 .055 15. Hungaq 5.645 4.939 .705 15. 5.916 5.103 .812 16. Bulgaria 4.454 4.656 -.202 16. 4.554 4.792 -.238 17. Finland 5.118 5.196 -.079 17. 5.170 5.400 -.230 18. Angola 4.248 3.540 .708 18. 4.344 3.574 .769 19. Algeria 4.220 4.682 -.462 19. 4.407 4.861 -.454 20. Cuba 4.511 4.644 -.133 20. 4.682 4.749 -.o67 21. Rwu.nia 5.493 4.923 .569 21. 5.645 5.050 .594 22. Malaya 3.951 4.807 -.856 22. 3.931 4.930 -.999 23. Iran 3.689 3.899 -.210 23. 3.611 3.920 -.309 24. 'l'urke1' 4. 727 4.547 .180 24. 4. 718 4.60S .1126 25. Chile 5.oo4 5.225 -.221 25. 5.050 5.256 -,ro6 



TAla 16 T.&IU 17 OBSrRftD A.LPBA lJUal AID ALfiU. IJIIal BS'l'DilftD OBSI'IID CWifl IIIISI AID CWIIl IIIDli BY !Ill 'l'HillD RIGRISSIOI lftDil'lSD BY - IOUJml dGBSSIOI 
Re81daal Red dual Ob- l•ti- (Ob....-nd lliml• ··- Ob- l•ti- ( ObBel'ftd llinua latioD aened .. ted l•tiuted) tion .. rnd uted l•ttut.ed) 

1. Twd..ta 5.00 .3.)3 l.67 l. .37 • .30 .36.21 1.09 2. Cey-lon o.oo 3.67 -.3.87 2. .34.40 .36. 72 -2.32 3. ObaDa l..30 J.ll -1.61 3. 35.oo 36.08 -l.08 4. Boli'rla 1.6o 3.o6 -1.26 4. 35.u 35.70 -o.$9 5. Iraq l.63 .5.15 -3.52 .5. 3.5.46 37.31 -1.63 6. ligeria 10.70 1.91 6.79 6. 41.00 3.5. 24 .5.76 7. Sudan 2.04 2.24 -o.20 7. 36.00 .35 • .30 0.70 8. Thailand 1.'94 1.52 o.42 8. 3.5 .. 25 3.5.02 0.23 9. France 17.67 19.05 -1.38 9. 45.16 46.13 -0.97 10. Mexico 7.54 9.69 -2.15 10. 36.50 39.63 -1.13 
c::- u. Yugoalarta 9.78 6.83 2.95 ll. 39.90 36.07 1.63 
-.I 

12. Sweden 19.30 14.37 4.93 12. 46.20 42.6o 3.40 13. Poland 16.25 13.59 4.66 13. 45.60 42.69 2.91 14. Czechos1oTakia 14.14 12.35 1.79 14. 43.00 41.70 1 • .30 15. Hung.z-y 15.68 9.85 5.83 1.5. 44.00 40.37 3.63 16. Bulgaria 6.00 7.96 -1.96 16. 37.70 39.10 -1.40 17. Finland 3.00 12.27 -9.27 17. 35.60 41.66 -6.08 18. Angola 5.90 3.22 2.68 18. 37.70 36.17 1.53 19. Algeria 11.40 10.98 0.42 19. 41.40 41.12 o. 28 20. Cuba 10.20 6.65 3.55 20. 40.40 36.06 2.32 21. Raaania 8.50 7.66 0.64 21. 39.10 38.73 0.37 22. Kalqa o.oo 7.46 -7.46 22. 34.00 .38.7.5 -4.75 23. Iran o.oo 2.65 -2.6.5 2.3. 32.45 .3.5.57 -3.12 24. 'l'urke7 0.45 4.69 
. 

-4.24 24. 33.60 36.57 -2.97 25. Chil• 3.75 2.29 l.46 2.5. 3.5.30 34.27 l.03 



T~ 18 TAll& 19 
THI OBSRUD CICUIIA!IC IIUIIIBR AID THI CICIDIIlTIC OBSIRVED DI&IIIftR dD DIAISl'D SSTDil'l'SD lltJMMR ISTIMl'SD BY 'ftll P'IP"l'R RBGR!SSIOI BY 'l'IB Simi RltlRUSIOI 

Reeidual &.eidual 
Ob- Eati- (Obeened mnue Na- Ob- leti- (Obeened mnua Nation .. ned uted Eatiuted) tion aerwd •ted B.tiuted) -

1. Tunisia 1.792 1.284 0.508 l. 19 16.0 3.0 2. Ceylon o.ooo 1.174 -1.174 2. lL 13.6 o.4 
3. Ghana 0.693 1.001 -o.3o8 3. 15 16.0 -1.0 4. Bol1Yia 1.099 l.4L8 -o.349 4. 31 2L.6 6.4 
5. Iraq 0.693 1.612 -o.919 5. 21 18.7 2 • .3 6. lfiprla 2.)98 o.578 1.820 6. lL 15.8 -1.8 7. SUdan o.693 0.761 -o.068 7. 13 18.8 -5.8 8. ThailaD:i 1.099 o.604 o.49S 8. 24 14.2 9.8 
9. l"rance 5 • .389 5.479 -o.090 9. 43 )6.4 6.6 10. Muioo ).))2 3.190 o.l42 10. 4J 4.3.2 -o.2 ~ u. YqoelaYia .3.912 2.454 1.458 u . .35 .34. 2 o.8 CD 

12. Swden 4.812 4.424 0.)88 12. 41 42..3 -1.) 1). PolaDd 4.205 3. 76) o.442 1.3. 2l )0.6 -9.6 14. C•oboalonkia 4.290 3.843 o.4.47 14. 41 .36.8 4.2 
15. HUDCaTT 4.477 2.909 1.568 lS. )1 25.5 5.5 
16. Bul.caria 2.)0) 2.777 -o.474 16. 17' 2).0 -6.0 
17. nnland 2.)0) 3.597 -1.294 17. 36 )).1 2.9 
16. Angola 2.079 1.126 o.9Sl 18. 6 10.2 -2.2 
19. iJ.«erla 2.708 3.075 ..0.367 19. 18 19.2 -1.2 
20. Cuba 2.890 2.364 0.526 20. 24 29.1 -5.1 
21. a-ani a 3.71L 2. 756 0.956 21. 27 29.9 -2.9 
22. Kal.qa o.ooo 2.502 -2.502 22. 21 25.7 -4.7 
23. Iran o.ooo l.C76 -1.076 . -

~ 

24. Turkey 0.693 1.766 -1.073 
25. Chile 2.465 2.477 0.008 



TABLE 20 TABIB 21 
nm OBSERVED AVERAGE EDOE LINGTH THE OBSRVED AVERAGE IOOE LINGTH (HIGHWAY) AND TH! AVERAGE KDOE LENGTH (HIGHWAY) (RAILROAD) AID THE AVERAC£ &OOE LDG'm (RAILROAD) !STIMATID BY TH! SEVENTH REGRESSION ESTIMATED BY THE EIGHTH RIGRESSION 

Reaidual Hen dual Ob- lati- ( Ob•rwd lliDu• I··- Ob- lati- ( Obeerved llinus Mation •rved ut.ed l•tiuted) tion •ned uted latiuted) 
l. Tunisia 0.218 0.193 0.025 1. 0.150 0.195 -0.045 2. Ceylon 0.162 0.159 0.003 2. 0.275 0.21.4 0.061 3. GhAna 0.215 0.193 o.o22 3. 0.237 0.262 -o.025 4. Bolivia 0.190 0.230 -0.040 4. 0.291 0.263 0.028 5. Iraq 0.185 0.208 -0.023 5. o. 259 0.259 o.ooo 6. Nigl!lria 0.227 0.217 0.010 6. 0.362 0.342 0.020 7. Sudan 0.232 0.246 -0.01.4 7. 0.356 0.363 -0.007 8. Thailand 0.219 0.216 o.oo3 8. 0.300 ; 0.299 o.oo1 9. France o.l49 0.154 -o.oo5 9. 0.214 0.170 0.044 10. Mexico 0.223 0.198 0.025 10. 0.284 0.262 0.022 c- 11. Yugoslavia 0.18o 0.164 0.016 11. 0.151 0.197 -0.046 

~ 

12. Sweden 0.222 0.175 0.047 12. 0.185 0.155 0.030 13. Poland 0.1.48 0.152 -0.004 13. 0.186 0.220 -0.034 1.4. CzechosloTakia 0.130 o.l41 -o.ou 1.4. 0.170 0.136 0.034 15. Hungary 0.133 0.1.46 -0.013 15. 0.074 0.171 -0.097 16. Bulgaria 0.155 0.181 -0.026 16. 0.139 0.125 0.01.4 17. Finlana 0.131 0.176 -o.o45 17. 0.181 0.192 -o.ou 18. Angola 0. 275 0.256 0.019 18. 0.319 0.295 0.024 19. Algeria 0.243 0.230 0.013 19. 0.226 0.298 -0.072 20. Cuba 0.178 0.169 0.009 20. 0.168 0.154 o.ol4 21. RWIWlia 0.156 0.172 -0.016 21. 0.160 0.170 -0.010 22. Malaya 0.186 0.156 0.030 22. o. 233 0.177 o.o56 23. Iran 0.237 0.233 0.004 23. 0.351 0.324 0.027 24. Turkey 0.159 0.192 -0.033 24. 0.271 0.272 -o.oo1 25. Chile 0.202 0.198 o.oo4 25. o.o86 0.113 -o.027 



TABLI 22 TABLI 2.3 
THI OISlVED HICINAY STRUCTURE IIIBI AID '1'111 Till OBSRVED RAILII)AD S'fRUCTURI IIIDn dD TH1 DIIBI KSTDilTID BY THI NII"l'H RBGRBSSIOI IlliZI IS'l'DQDD BY 'Till Tll'l'll RIGRISSIOI 

Residual Residual Ob- Esti- (Ob88nad llinue Ia- Ob- lett- ( Ob•rnd lli.nue lation served uted letiuted) tion 88rTed uted latiaated 
1. Tunisia 1.019 0.987 0.0)2 1. 0.941 1.176 -0.2.35 2. Ceylon 0.846 0.885 -o.0.39 2. 1 • .352 1.148 0.204 3. Ghana 1.099 1.002 0.097 .3. 1.209 1..380 ..Q.J.lJ. 4. Bolina 1.066 1.1.34 -o.068 4. 1.5.31 1..382 0.149 5. Iraq 0.909 1.029 -o.120 5. 1..322 1 • .375 -o.05.3 6. lip ria 1.181 l.ll5 0.066 6. 1.766 l.6S6 o.no 1. Sudan 1.120 l. 20.3 -o.o8) 7. 1.7.30 l. 772 -o.042 8. TbailaDd 1.162 1.lll O.OSl 8. l.56o 1.S2S 0.0.35 9. Pr-uaoe o.676 0.724 -o.048 9. 0.875 0.767 0.108 \I\ 10. Mexico 1.092 0.928 0.164 10. 1.429 1.295 0.1.34 0 

11. tucoalana o.807 0.85.3 -o.046 u. 0.900 1.044 -o.l44 12. Swden o.812 0.768 o.o44 12. 1.020 0.947 o.on 13. Polalld 0.741 0.754 -o.01.3 1.3. 1.0.34 1.049 -o.o15 14. C.choalonkia 0.711 0.700 o.ou 14. 1.078 0.799 0.279 15. Hugary 0.745 0.762 -o.017 15. 0.611 0.9.39 -o.)28 16. hlcaria 0.8.35 0.897 -o.062 16. 0.955 o.651 0.104 17. P'lnlaDd 0.741 0.809 -o~t>68 17. 0.970 l.o88 -o.u8 18. Angola 1. 29.3 l. 2.38 o.o55 18. 1.828 1.547 0.281 19. Alae ria 1.141 l.o87 0.054 19. 1.0)1 1..392 -o.)61 20. Cuba 0.946 o.845 0.101 20. 1.019 0.98.3 0.0)6 21. Ruaania 0.830 0.890 -o.o60 21. 0.8.37 0.923 -o.o86 22. Mala ,.a 0.949 0.842 0.107 22. 1.060 0.928 0.1.32 23. Iran 1.093 1.132 -o.0.39 2.3. 1.6.34 1.6.39 -0.005 24. Turkey 0.838 0.961 -o.123 24. 1.420 1 • .377 0.043 25. Chile 0.980 0.972 o.oo8 25. 0.71.3 0.8.37 -o.l24 



actual transportation network, given the characteristics of the area 
that contains the network. The .first step in obtaining the ulti•te 
anner to this queation is that of generating the characteriatica of 
Detwork st.noture, ., our abilit;r to anner tbe qu.stion vit.h a ~· in the caee of the characterietics of the net110rk ia an eaaential part of 
the objectin of the onr-all objectin of the reeearch. 

SIMPLICITY AID PHICISIISS 

Sblplioity am preoi•ne•• 11&1' alvq• be taken to be deeirable attri­
butes of .adels. It should be stree•d that the regreseion equation• 
ueed in t.hia etud;r han the• attributea. Meanre•nt require•nta 
for calculating Talues of the dependent Tariablea are not at all de­
unding. C011putation of si•, shape, and relief •aeuree is si..,le 
and straightforward. While dnt~lopaent of the technological denlop­
•nt am de.ographic J.enl scales required a great deal of statis­
tical work, nlues on the88 scales aay be estimated from very st..,J.e 
tntonution. The Talues of the independent nriables are aleo nry 
simple to 1118asure, although they too depend upon certain matheaatical 
considera tiona. 

As vas 1118ntioned before, the .t1. t of the regression model to the data 
~~ay be regarded as quite good. This is a relative matter, of course. 
Experience vi th studies of this type reveals that cross-section models 
rarely display such strong relationships as those reported here. Also, t t vas noted that the residuals or errors were such that introduction 
of nev data into the regressions and l111ited projections uy be ude 
vi th con.tidence. 

RILl'l'IOISIIPS 

It vu reaarked earlier that these regressions are but one stage of 
an effort to reproduce actual transportation netwrks fro11 d.ata on 
the characteristics of areas and that the question of the onr-all 
pertinence of the regressions will be left open until that portion of 
the research is diacuaaed. Hownr, it is poasible to uke certain 
n-.ry reurks on the relationships within the regre:.sions and tho• 
re-.rks will be ude here. Tables ginn earlier in this diacussion 
gin the un1 ts vi thin which the data were 1118asured, the regreseion co­
efficients, and the TariA.Dce ratios. 

The first point to be ude is that the relatin i~rtance of regres­
sion coefficients cannot be detemined by comparing their magnitudes. 
The regression coefficient for the contribution of a unit of techno­
logical development to the number of vertices, for instance, was a 
-. 008, while the contribution of a unit of size as to the nulllber of 
verti t:es was • 201. However, examination of the observed values of the 
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independent variables (Table 1) renala diff8rences in the ugnitudea 
and dispersions of the technological denlop.ent and sise nriablea, 
and thia variability in 11easureEnt un1 ta account& for part of the 
variation in the size of regression coefficients. The regression 
coefficients differ fro• regression to regression. The regression 
coefficients associated with technological develop!ll8nt range fro• 
-.0918 to .0016, for instance. These regression-to-regression size 
differences also are related to differences in the siMa of units 
used. Table 5 showing the means of the dependent variables indicates 
80118 of the differences in the magnitudes involved, as do the various 
tables showing the observed values of the dependent variables, their 
eatimated values and the residuals (Tables 14 through 23). Because 
of variations in units used, the regression coefficients do not 
lend themselves readily to comparative statements. 

Notwithstanding the remarks just made, the regression coefficients 
are subject to certain general interpretations. The table showing 
variance ratios (Table 12) and Table 10 ahoving coefficients of 
detend.nation per~~it identification of those regression coefficients 
auociated vi th the stronger relations betwen independent and de­
pendent variables. It aay be seen froa theM tables that techno­
logical developnMmt is always a ujor determ.nate of structure, with 
other of the independent variables i111p0rtant only in cases. Refer­
ring to the technological develop.ent column of regression coeffi­
cients in the SUJIII&&rY of regresaion coefficients (Table 8), it aay 
be seen that for the first six regresaions the 110re deftloped the 
country (and suller the measure of technological develop.ent) the 
higher the value of the dependent variab,_e. Just the reverse ia 
true for the last four regrt?ssions. The 110re highly deftloped the 
country the smaller the average edge length and the saaller the 
structure index. The demographic Eaaure is of 11 ttle baportance 
and size is of inaportance only in the caee of the last four •••­
urea. The greater the size, the greater the average edge length 
and structure index, this being more true for highways than for 
railroads. The shape measure is significant in relation to dia~eter 
and the gamma index, while relief has its greatest effect on the 
edge length and structure indices fo r railroads. 

The above statements are a mixture of observations based on the 
magnitudes of the regr e ssion coefficients and their relative sig­
nificance in the varian~e ratio tests. Additional findings may 
be made by writing out the i ndividual regression equations and 
studying their sensi tivity to variations in the independent variables. 

This chapter reported the ll8asurements used, computations, and 
reaul ts fro11 ten regression studies. Theee regression studies 
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established relationships between certain 111easurements of trans­portation network structure and Masure•nts of the characteristics of the areas vi thin which these networks lie. It vas found that •asures of network structure could be related rather cloeely to the characteristics of the areas containing the networks and tha.t the techDological denlo.-.nt vas the .,re i11portant factor condi­tiollinc the obaracter of tran~rtation .,-ateaa. 
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CH1.1"1SR 4. IMPIRICAL S'nJDIIS OF NIN:>RK STRUCTURI WITHIN NATIONS 

The preceding chapter reviewed empirical studies of nation-to-nation variations in the structure or l~ut of transportation qsteas and their relation to varying environMntal condi tiona. The present chapter reports on two studies of the structural details of trans­portation s,ystems within nations • 

.l8 vaa noted in Ch~ter 2, the transportation qstea aay be repre­•nted by its connection aatrix. Connection aatrices were constructed for the surface transportation netwrks of all. the study nations Mn­tioned in Chapter 3, as well as for a nWiber of others. Cotmection aatrices for' local air transport serTices vi thin a nUIIber of Central and Latin Allerican nations were aleo constructed to Me if any basic differences existeq in the patterns denloped by eerTice and air transport s;ysteas. A.n exaaination of t..'le connection aatrices for the various surface transportation networks revealed one coaaon faotora ·a hea'Y;y concen"&ration of entries near the uin diagonal of the utrix. That is, one doldnant characteristic of the s,ysteas vas that the routes that ude up the syste11 tended to link urban centers aainl.y to their nearby neighbors. Aside fr~11 this "peighborhood effect," the connection matrices also revealed certain minor groupings of off-diagonal elements. This tendency toward oft-diagonal groupings was accentuated when connection matrices of the local service air­lines routes -were ex&n~ined. Here some organizing effect, over and above the aforementioned neighborhood effect, appears to exist vi th certain nodes or groups of nodes exerting an organizing effect on the pattern of routes. 

Apart fro11 these very obvious and general conclusions, it is quite difficult to make any further state•nts about underlying structural patterns fro• visual examination of the connection utrices. Analysis in greater depth aust utilize 110re explicit and powerful tool8. The aoat ~propriate appears to be a tool of statistical analysis known as coaponent analysis, which has been uaed quite successfully by others in cases of a similar nature. (See MacRae (Reference 16).) 
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COMPOIIIIIT AJW.YSIS 

'l'he follOirl.ng d1.11011asion is intended only to outline the basic oper­
ations undertaken in the perforaance of a component analysis. For a 
.,re detailed and rigorous discussion the reader is referred to the 
recent work by Harman (Reference 11). The regression studies de­
scribed in the pre'ri.ous chapter were studies of dependence in that 
the;r exaained the relationship between a ginn variable and a set of 
so-called independent variables in order to determine the preciee 
characteristics of the linear relationship. Co111p0nent analysis, on 
the other hand, is a stud;r of interdependence; that is, a stud;r of 
the relationships a110ng a eerie s of variables without specification 
to which is "dependent" and which are "independent." The data are 
ex&llioed to determioe the basic di•nsions of variation and once 
the• basic di•~ons are detei'IIined, the anal7•t seeks to describe 
thea troa both theoretical ani e~~pirical atandpointa. 

Co11p0D1nt analysis begins with a giftn data aatrix X, of di•n.S.ona 
n x a. 'l'he data aatrix consiats of n ob•rntiona on each of • 
variables, 8lld within the aatrix the cell entr;r, ~j• ia the aoore 
or value ueociated with obeerntion i on Tarlable j. 'l'he ba.S.c 
interrelationships betveen the 11 variables are represented b;r the 
entriea in a aatrix of sillple correlations, R. The basic object 
of the ~oent analysis is to create an n x r aatrix, V, which 
will haw n ob•rntione aDd r nev orthogonal variables, each one 
of 11bich will e2presa an independent pattern of nriation or inter­
correlation as contaioed in the utrix R. lach of the colua wc1iors 
of the utrix V contains the scores of the n obeerntions on oDI of 
the nev d1.•naions. 'l'heee nev di•nsions differ troa the original 
variables in that they are orthogonal, that is, not ~mtuall;r inter­
correlated. In a certain eenee, the;r represent •adjustnaents" of the 
old variables to el111inate the intercorrelations as expressed in the 
utrix R. 

Nov V is equivalent to the product of two matrices X, noted prerl­
ousl;y, and L; where L is the matrix of "factor-loading::J" which 
expresses the relationship of each of the m variables to each of the 
new r di~~~ensions. The solution to t he problem of finding the n§V 
dilll8nsions is achieved b;y processing the matrix R until R • L 14S.E 
where S represents a specific variance ter11 and E represents an 
error variance term. In practice, it is not nonull;y possible to 
diatinguit anal;yticall;y between S and I; hence R is presu.d to 
equal L L + Z, where Z • S.l. 

In general the pattern of analysis is as follovsa The variation 
accounted for b7 the first nev diMnsion ia esti•ted and then nb­
tracted fro• the original correlation utrix R. Using the residual 
correlation aatrix, R1, as a bans, the analysis ia then repeated 
to eatiaate the variation associated with the second new diMnsion. 
This is then subtr acted !rOll the first residual correlation utrix 

56 



gi'Ying a :oev residual aatri.x, R2, which foras the basis of an&JJsis for the third nev diJDBnsion. This processing is repeated again aDd again vi th each succeeding factor after first nol'Ull.y extracting leas aDd less of the obsenad variation. The process of analysis continues until either (a) the analyst feels it 'MOUld be unprofitable (in teras of the explanatory content of the nev variables) to con­tinue tllrther, or (b) all of the obeenad variation has been uplained in teras of a f'1ni te number of nev di•naions where r c: •· 

'1'H1 STRUCTURI OF LOCAL SRVI<S AIRLIII ROOTIS 

11'1gures 1 and 2 presented in Chapter 1 displayed the route structure of local service airlin~s in Guatemala and Honduras. It vas pointed out in Chapter 1 that these systems appeared to be basically dif­ferent since the system in Guatemala seemed to focus upon Guatemala City, whereas the Honduran network appeared to have no such over-all focal point. Table 24 displays various indices pertaining to netwrk 

TABLI 24 
GUA'l'ZMALA. AHD HONDURAS 

INDICIS OF IDCAL SRVICI AIRLIMI ROUT! STRUCTURE 

Juaber of node• 
luaber of routea 
Mean nUIIber of 

connections/node 
Cyoloutic number 
G.-a index: 
Alpha index 

*lfonpl.anar basis. 

Quteula 

20 
20 

2.0 
1 

10.5 
0.6 

Honduraa 

32 
45 

2.8 
14 
9.1 
3.0 

structure for these t'NO nations. It seeas that while the Honduran net'NOrk is larger in size and displays a higher average DWiber of connections per node, it is less directly cormected than the Guate­malan netwrk, but on the other hand displays a higher percentage of redundant routes. These indices certainly provide information about the basic network structure in the tw countries; however, they do not provide information on the visual differences in struc­
ture~ which .ere remarked upon earlier. 

Pursuing thi s line of anal ysi s further, t wo nations were selected, Argentina and Venezuela, and component analyses were applied to the connection matri ce ~ developt!d 1'!-om maps of their local service airline 
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networks. Indices for these two networks are displayed in Table 25 
and indicate that the networks Jaight be generalq considered to be 
sillilar. The actual networks in these two cases, hownr, are larger and considerabq 110re co~~plex than those displayed in P'1.gures 1 and 2, 
80 that it vas i!lpossible to denlop any well-defined notions about 
structure from visual exaaination of the network ups. The results 
of the coJIPOnent analyses are preeented in the following sections. 

TABLI 2S 
AJl(JiftiM AID UIIZDU 

IIIJICIS OF LOC.&I. SIRYICI .&IILID lOUD S'l'RUC'lUII 

lluaber of DOdes 
llullber of routes 
Mean nWiber of 

connections/DOde 
C7olo .. tic nUIIber 
a ... index* 
Alpha index* 

*lonplanar basis. 

Are• tina 

so 
91 

).A 
421 
7.4 
).6 

59 
104 

J.S 
46 
6.1 
2.8 

Argentina is a nation which lies about two-thirds of the way along Berry's scales, discussed in Chapter 3, of economic-demographic 
development. Its system of local service airlines serves SO cities 
Tia 91 routes. The nation itself is over 2200 statute llliles froa 
north to south and nearly 800 statute lliles from east to vest at 
its widest point. 

Ci'rll a'rlat.ion at preMnt is .o•vbat lees i11portant in Argentina 
than in a DUIIber of other Latin ~can countries llho• surface 
t.rueport.at.ion faoili ties are lees wll- de'ftloped thu tboM of 
Argenti.Da. In co~~parison with the rest of Latin ._rica, Argentina has a relati'ftly good systea of railvqe, h1ghvqe, and coastal and 
1nl ud vatei'W7•• As of 1957, there wre eenn airliues opera tiDe do•etio air route serrtcee in ArgentiD& (•e the report b;r the U.S. 
Depart.nt of Co-ree (Reference 23) ) • In addition there wre 34 other co11panies engaged in non-scheduled and related eer'rlces. Tha 
routes analysed in tJwt preeent stud;r are tho• of the regularly 
scheduled pa .. enger carriere. 'nle 1957 report on ci'rll a'rlation 
in Argentina lhte 235 airports, only a few of which were of u ia­
pro'fta nature. Outside of Buenos Aires, only tbe airports. at Meadou and San Carlos de Bariloche are reported to han concrete nmvqs 
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)lhile Clorinda, Cordova, Resistencia, Rio Gallegos, and Salta were reported to have asphalt runways. 

'l'HI ROU'l'B STRUCTURE 

The basic pattern of local service air routes, as of late 1959, is diaplayed in Figure 14. (The figure is based on a map published by Oft1g1al Airline Guide.) The connection matrix which is equivalent 
to this route map is displayed as 
Table 26. (The •ros are not 
shown in this matrix and the ones 
are shown as "x 1 s. " ) An examina­
tion of this table reveals a strong 
tendency toward the neighborhood 
effect mentioned earlier, together 
w1 th a moderate development of clus­
ters of entries which are located 
off the main diagonal. As of 1959-6o, 
the network vas slightly over seven 
per cent connected and less than 
four per cent redundant. 

THE COMPONENTS ANALYSIS 

A component analysis was undertaken 
on the connection matrix described 
in Table 26 using the component 
analysis progran1 (FA 108) of the 
University of Cllicago' s Computing 
Center. The results of the analysis 
are presented in Table 27. 

The analysis produced a set of five 
basic patterns of variation which 
were extracted from tre data expressed 
in the connection matrix. The five 
basic patterns explained over 52 per '" • ,.. cent of the total observed variation, 
or structure of the network.(See Table 
28). No one of these basic patterns 
contains the neighborhood effect 
alluded tO several times previously 
in the discussion. It is apparent 
that the analysis concentrated on ·the Figure lh. ~gentinat off-diagonal clusters leaving the 

Local Service Airline Routes. nei hborhood effect as part of the unexplained varia .ion. The fact that these five basic patterns accounted fo r over 52 per cent of the observed variation is indeed e ncouragin sin e this is over and above that ex­plained by the neighborhood effect. 



TABLE 26 

CONNECTION MATRIX FOR IOC.lL SERVICE AIRLINE ROUTES OF ARI:BNTINA 
~OUCiDii 

City 1 2 3 I. S 6 1 8 9 10 ll 12 13 lJ. lS 16 17 18 U 20 21 22 23 21& 2S 26 21 28 29 JO Jl J2 JJ Jl. JS )6 37 J8 J9 l.o lal la2 Ia) lala laS 1a6 la7 1,8 la9 so 
l. Tar\alal " 2. orM " " ). JqJQJ " .. " 4. Sal !.A .. .. " .. " s. Tuo_.. , a .. " .. a .. 
6. """•• .... S..Dt Pea .. " " 7. Relltn.llll1a "" a .. It 

It It It .. e. Corrtent.Aa It • It 
It It 9. Su •.t-eo de 1 let.ero " . II: .. 

10. Ca'--l'ea .. .. It 
11. La Rioja .. .. .. " 12. Cordoba X X .. X .. " " .. .. .. " a .. 1) . Vt lla Oolorea .. 
14. Sen Juan • • " " IS • ... ndo .. • " .. .. .. " 16. s.n ~.r.1 .. .. .. 17. Sen LQ\ a .. .. .. .. 15. R\ o Cuart.o 

" 
.. .. X 

19. SantA ,. .. X X 
X ;>0. Roarto .. .... .. " X g) 2l. BUIIIOS URIS .. .. 

" X II: .. X " X " X X X It It .. " It X X 2?. O..ral !'teo X " X 2) . Seni.A RoN X X It It 21.. ........ 
It It It It 25. laMa llanoe It " It It It It It It It 26. Tudtl 

" It It 27. lleooet.e 
X It It 26. ..... del l'la !.A It " 29. rr~. .,..,.,... 
It 

JO, S.. Car~oa de tart 
" " " X Jl. hqH1 

X It It J?, TNln 

" It X It J). Coloata s.not.•t.o 
It It )Ia. eo..cloro R1 ....tan a 

It It It " It It It JS. Perl 0\ .... ,_ 
It It )6. Plaert.o o.....so 
It It )7. Oowmador ONIONa 

It It )8. ,_ JdtaD 

" It 

f.Z: ,...wen. 
X It Rto GaUa10a 

It X It " It It 41. Leco Ar18f!tlna 
It It 42. Concord \a 

" LJ. Rto Gruode 

" X 44. Uahuata 
It 4S. Clorinda .. 

46. "'~- .. 
47. Reeonqulau 

" " 48. Ro...Su 
" X 

It 49 • ..... c-.~ .. It X 

" so. Curu .. Cuat.la X 



'I'ABLI 27 
VALOIS lOR 50 AJUmrl'ID CI'IUS 01 J'IYI BASIC PA'l"l'SRJfS 

City Bane Pattern Values 
1 2 3 4 ~ 

1. '!'art-cal 0.007 0.018 t-005 -o.029 -o.010 
2. Or an 0.049 0.087 ..0.012 O.J.4l -o.u5 
3. Jujuy' 0.311 0.361 0.095 ..0.303 -o.l2l 4. Salta 1.192 0.720 -o.626 0.660 -o.335 5. 'l'ucnlllaD 1.162 1.284 0.440 -o.o20 0.453 6. Prea. Rogue 

Saens Pella 0.503 o.aos ..0.282 -o.328 0.378 7. Re81etenota 1.318 1.318 o. 743 0.479 0.682 8. Corrientea 0.860 -o.077 -0.496 -0.094 0.342 9. Santiago del 
latero 0.775 0.890 0.461 0.534 -0.461 10. Catuaarea 0.646 0.793 0.150 0.481 ..0.361 11. La Rioja 0.687 o.8o4 0.072 0.325 -0.455 12. Cordoba 2.334 1.541 -0.711 -1.604 -0.320 13. Villa Iblores 0.360 0.323 0.207 0.521 -0.199 14. San Juan 0.700 0.419 0.255 0.076 -0.822 15. Mendoza 1.524 -0.325 ..0.190 1.511 -0.572 16. San Rafael 0.4.42 -0.159 0.104 -0.745 -0.715 17. San Luis 0.698 0.056 0.555 0.94.4 -0.692 18. Rio Cuarto 0.826 -0.241 -0.763 -0.541 -0.625 19. Santa Fe 1.353 0.715 -0.470 0.365 0.548 20. Roaario 1.569 0.848 -0.431 0.233 0.505 21. BUIIOS AIRIS 3.148 -1.219 2.752 -0.457 0.067 22. O.neral Pico 0.647 -0.357 -0.862 0.296 -0.410 23. Santa Boa 0.931 -o.635 -o.962 0.076 -o.230 24. leuquen 0.619 -o.n1 0.581 0.318 -o.lll 25. Bahia Blanca 1.587 -1.511 -o.l71 -0.879 -o.519 26. 'l'andil 0.836 -o.649 -0.5uo 0.419 0.351 27. lecochea 0.697 -o.52l -o.674 -0.076 0.052 28. Mar del Plata 0.728 -o.516 -o.681 0.404 0.191 29. '!"rea Arr7o• 0.484 -o.l85 -o.677 o.ua -o.003 30. San Carlo• de 

Bariloche 0.861 -o.490 -o.869 -o.383 -o.622 31. laquel 0.308 -o.407 0.276 0.092 0.067 32. frelev 0.935 -o.858 -o.604 0.274 0.377 33. Colonia Saraiento 0.207 ..0.341 0.077 -0.129 0.185 34. Co.odoro Rinduia 1.040 -1.085 -0.786 0.389 0.654 35. Peri to Moreno 0.166 -o.284 0.156 -o.l27 0.243 36. P\lertc Deaeado 0.166 -0.284 0.156 ..0.127 0.243 37. Oonrnador 
Grego res 0. 039 -0.103 -0.026 0.073 0.262 38. San Julian 0. 039 -0.103 -0.026 0.073 0.262 39. Santa Cruz 0. 090 -0.202 -0.101 -0. 083 0.148 

Continued 
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TABL! 27 -- Cof\tinued 

Basic Pattern Values 
City l 2 3 4 5 

40. Rio Galle go s 0.552 -0.862 0.346 0.277 0.973 
41. Lago .lrgen tina 0.090 -o. 202 -0.101 -o.083 0.1.48 
42. Concordia 0.484 -o.l85 -o.677 0.118 -o.003 
43. Rio Grande o.o86 -o.l87 -o.11o -0.070 0.113 
44. Uahuaia 0.013 -o.043 0.020 0.025 0.131 
45. Clorinda 0.203 0.)06 -o.l)6 -o.220 0.409 
46. FOIWOA 0.132 -o.O)O 0.111 -o.019 0.077 
47. Recooqui eta o.4l.2 o.447 -o.007 -o.384 0.574 
48. Boudas o.Bol o.06o -o.729 -o.l75 0.507 
49. Mercedes o. 740 -o.222 -o.J95 0.103 0.165 so. Curusa Cu.tia 0.203 0.306 -o.l)6 -o.203 0.409 

TAIU 28 

AldlftiiiA 
PROPOR'l'IOI OF m'l'AL n.RU'l'IOI DPL&IIIIm 

BY IACR BASIC PA'!'BU 

Per Cent 
Total Tarianoe 192100 100!00 

Explained bya 

pattern one 42.14 21.94 
pattern tvo 20.65 10.76 
pattern three 18.19 9.47 
pattern four 10.96 5.71 
pattern f'he 8.61 4.48 

Total 100.55 52.36 

The tirat factor or basic pattern scaled the nodes in teras of their 
total nuaber of direct connections. That is, the first factor we a 
nearly linear scaling of tbe nodes by sise. This accounted for nearly 
22 per cent of the obserftd ftl'iation. 

The •cond factor began the extraction of the hasic structure of the 
net110rk by breaking out tvo .. jor regional s;rateas. The .first vas a 
triangular grouping of directly connected cities to the northwest of 
Buenos .Urea. The basic cities or nodal pointe in this .. jor air 
transport region vere Cordoba, Resiat.encia, and Tucaan. The second 
:uj or region vas a nearly linear one l,ying to the eouth of Buenos 
Aires and centering around the urban centers of Bahia Blanca , Buenos 
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Aires and Co!llllodoro Rivadavia. This regional . structure accounted 
for nearly 11 per cent of the observed variation. It should be 
pointed out, of course, that factor two represents a major region­
alization effect after the interrelationships have been adj usted for 
the size effect eit'r8cted by factor one. Because of this element, 
it is difficult to visually depict the exact pattern displayed by 
factor two. Figure 15 represents an attempt to illustrate the 
general notion involved rather than to display accurately all ele-
1118nts of the major regionalization effect extracted by the component 

3 00 M l l e o 

Figure 15. Argentina: 
Maj or Regionalization Effect 

analysis. This figure, as well 
as the other figures dealing with 
the results of the component analy­
sis, should be Viewed as merely 
suggestive. 

Pattern three, which represents an 
attempt to explain the residual 
variation left after patterns one 
and two have been extracted, ac­
counted for over 9 per cent of the 
total variation and can best be 
interpreted as a field effect cen­
tering on Buenos Aires. It should 
be noted that the regionalization 
effect in Argentina appears to be 
slightly stronger than the field 
effect generated by Buenos Aires. 
Figure 16 represents an attempt to 
suggest the basic notion of the 
field effect extracted by factor 
t hree. 

Fac tor four ex·tracted less than 6 
per cent of the observed variation 
and appeared to define a minor re­
gionalization centered around 
Cordoba and Mendoza and linked 
-weakly to Buenos Aires. This re­
gion appears to be a generally 
triangular-shaped area acting as a 
f eeder region for the major north­
ern region. The fifth fac tor ex­
tracted j ust under 5 per cent of 
the observed variat ion and appeared 
to define ·still another minor re­
gion centered at Rio Gallegos and 
weakly linked to Bueno s Aires, as . 
well as to t he second major region 
lying to the so u th of that city. 

The structure o f these mino:- regions is suggested i n Figure 17. 
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Figure 16. Argentina: Field 
Effect. 

Figure 17. Argentina: Minor 
Regialalizattcn Effects. 

SUMIURI 

The co111p0nent analysis conducted on the connection ~~~&trix of Argen­
tine local service airline routes yielded several basic patterns of 
variation. The first was an adjustment for si218 of node measured 
in terms of number of connection"J the second vas a major regionalir.a­
tion effect which picked out two major airline route regions w1 thin 
the nationJ the third vas a field effect centered on Buenos Aires; 
and tnt last vas a tvo-melllber set of minor subregions which were 
tributary to the major regions derived earlier in the analysis and to 
the central node, Bu~nos Aires. 
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THE VENEZUElAN CASE 

Venezuela lies very close to Argentina on the scales of econond.c­deliOgraphic development. Its local service airline routes constitute a substantial part of the nation's transportation system, Sl'lrving 59 cities Tia 104 routes. The construction and operation of surface transport facilities are rendered difficult by 110untain ranges and IIV811P lands and approximately four-fifths of the nation's population is concentrated in the northern highlands and coastal regions. 
As of 1957 there are only three airlines operating do1'18stic air route serTice in Venezuela (see the report by the u.s. Depart.-nt of Coat­merce (Reference 24) ) • In addition nine non-scheduled airlines were recorded. The routes analyll8d in the present study, as were the routes in Argentina, are those of the regularly scheduled passen­ger carriers. The 1957 Department of Co!ll'llerce report listed 109 air­ports within Venezuela. Of these 109 airports only five were equipi for night landings; no information was available on runway types. 

THE ROUTE STRUCTURE 

The basic pattern of local service routes, as of late 1957, is dis­played in Figure 18. This route map was taken from one prepared by 
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Figure 18. Vene zue la: Local Service Airline Rout.es. 
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TABIB 29 
CONNECTION MATRIX FOR U>Cll SBRVIC! AIRLID ROU'mS OF VlliiZUELl 
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the Official Airline Guide, but for an earlier time pertod than the one for Argentina. The connection matrix which is equivalent to the route map is displayed as Table 29. An examination of Table 29 re?eals a strong tendency to~d the neighborhood effect mentioned earlier, together vi th a 1110derate development of clusters of entrtes which are located off the main diagonal. As of late 1957, the net­work vas slightly over 6 per cent connected and less than 3 per cent redundant. 

THI COtrQIID'l' AJW,ISIS 

The OOJII)Onent anal71d.s vas undertaken on the connection .. t.rtx de­.cr1bed in Table 29 using the co11p0nent analysis progru (FA 108) of the UDiTersi ty of Chicago 1 • C011puting Center. The results o! the analyld.a are presented in Table 30. 

T.l.BLB 30 
V.ALDBS FOR 59 VIHBZUELlH CITmS ON FOUR BASIC PAT'lSRIIS 

Basic Pattern Values City l 2 3 4 

1. CARACAS 3.163 -2.176 1.407 -o.8ol 2. Cuaana 0.631 0.697 0.271 -o.030 3. Porlaur 0.120 0.017 0.476 0.154 4. Carupano 0.104 0.471 0.990 0.798 5. Ouirta o.o8o 0.381 0.831 0.577 6. Pedernales 0.026 o.l45 0.484 0.440 7. Cachipo o.oao 0.381 0.831 0.577 8. Matur1n 0.377 0.295 1.722 0.878 9. San Tome o. 271 0.071 0.960 0.309 10. Santa Barbara o.ou2 0.159 0.206 0.095 11. Ana co 0.539 0. 830 0. 062 -0. 066 12. Barcelona 0.702 1.009 0.652 0.158 13. Ciudad Boll var 0.610 1.153 0. 446 0.115 14. Puerto Ordaz 0.10u -o.l25 0. 327 -0.001 15. San Felix 0.016 0.087 o.ous 0.009 16. Barrancas 0.002 -o.007 0.027 -o.oo4 17. Tucupita o.ooo o.oo6 0.003 o.ooo 18. Guaaipati 0.123 -o.043 o.U3 -0.036 19. Upata 0.120 -0.036 0.375 -0.003 20. Tuaere.c> 0.021 0.109 0.117 -0.094 21. Kavanayen o.ooL 0.001 0.056 -o.072 22. Uriaan 0.002 0.027 O.Ou3 -0.089 23. 11 Dorado o.ooL o.o11 0.073 -0.108 2u. Icabaru o. ooL o.ou 0. 077 -o.u8 25. Santa llena 0.000 0. 009 0.016 -0.035 
Continued 
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T.l!U 30 - Continued 

Basic Pattern Values City 1 2 3 4 
26. Puerto Ayacucho 0.005 -0.021 0.019 -0.035 27. Puerto Paes 0.033 0.127 -0.01.4 -o.l07 28. San Fernando 0.216 -o.)28 0.272 -0.362 29. Caicara 0.033 0.119 -0.013 -o.097 30. Valle de la Pascula 0.530 0.790 -o.l57 -o.259 31. Calabozo 0.674 0.679 -0.064 -o.423 32. Valencia o. 882 0.643 -0.092 -o.484 33. Barquillimento 1.723 -o.305 0.066 -o.620 34. Acarigua 0.825 o.864 -o.208 -o.531 35. GuDare 0.163 -o.11o 0.104 -o.295 36. BariDas 0.178 -o.l29 0.129 -o.415 37. La Libertad 0.034 0.041 0.013 -o.lS9 38. Brusual 0.038 0.119 -o.oos -o.l43 39. Palllarito 0.033 o.os4 0.003 -o.171 40. Oaaeduali to 0.035 0.062 0.004 -o.20S 41. Santo DaiD&o 0.006 o.ooo 0.009 -o.078 42. Santa Barbara 0.006 o.ooo 0.009 -o.078 43. Valera 1.428 0.698 -o.648 o.o67 44. Merida 0.639 -o.727 -o.248 o.soo 45. San Antonio 1.316 0.467 -o.998 1.106 46. La P'ria o.68o -o.SS1 -o.407 o.823 47. lnoontr8doe 0.465 -o.372 -o.532 1.077 48. Santa Barbara 0.711 -o.621 -o.482 1.012 49. Cadgua 0.186 -o.o69 -o.353 0.640 so. Maracaibo 2.436 0.105 -o.921 0.754 Sl. Lqun111ae 0.629 -0.526 -0.102 o.os4 52. Dabajur 0.616 -o.287 -0.157 0.118 53. Las Piedras 1.387 0.290 -o.263 -0.240 54. Coro 1.266 0.474 -0.146 -0.)81 ss. Puerto Cabello 1.200 0.575 -o.l50 -0.552 56. San Felipe 0.772 0.757 -0.198 -o.))6 57. Aruba 1.361 0.351 -0.063 0.015 58. Curacao 1.184 0.481 -o.127 0.129 59. Port of Spain 

(Trinidad} 
0.470 0.065 0.524 0.300 

The anal.T•h produced a eet of four basic pattern• of Tariation llhich wre extracted .t'ro• the inl'or.ation contained in the connection utrix. '!be tour basic patterna e:zplaiMd approxiutel,y 38 per cent ot the total obeerwd Tariat1on, or etructure, in the awtwrk (see Table 31}. qain DOne or t.heee bald.c patterne contained the neighbor-hood ertect diecu..,.d preriou•l.T· Baeed upon thie oftr-all figure, it wuld appear that the awtwrk vae eo•vhat le•s structured than that of Argentina. 

6e 



TABLE J l 

VINJ;ZUIU 
P:-tCP·:::.:. ·~... U 0:' TOTAL VARUTION KIPWNKD 

BY EACH BASIC PATTIRN 

Per Cent Total Variance 208.00 100.00 -------------------·-------
lxplained bya 

fa.:t.or one 
factor two 
factor three 
factor four 

Total 

)8.88 
l5.SO 
13.70 
10.90 

78.98 

18.69 
7.45 
6.S9 
5.24 

37.97 

The tlret factor, or basic pattArn, again scaled the nodes in teru of thlir total nu.ber of direct connection.. Thia factor accounted for nearl7 19 per cent of tlw total ob•rnd Yariat.ion ftraus 22 per .,.t. for t.bl pre'Yioul7 exeat ned Araentine oa ... 

!he •ooad factor beiUl the extraction or the baelc at.ruct.re or ~e net.,rk b7 breakt.q out a factor that can beat be int.erpretAd ae a tleld eff8ct centered upon the ci t7 of Caraca.. !hie baelc pattern ezpUU.d qproxiutel7 •wn aDd one-hall' per cent of the ob•rftd nriation as co..,ared vl~ the Di..Da aDd one-hall' per cent ezpl.ai.Md b7 a si.Jd.lar factor in the Arl•ti~~a anal781 .. 

The t..b1rd factor accouated for elilhtl7 onr .U aDd o~~a-hall' per cent of tb8 ob•r....d Yarlat1on and repre•nted ·a ujor reg1onaliu­t.1on efteot elllilar to that ... n in the Argentine ~sl.a. qa1n t., regions •:re extracted, but thllir internal cohesion appeared to be -illlat waker than tho• ob•rnd in Arpntina. The t., regions •re one 1D t.be wet centering on Maracaibo and Santa Barbara, aDd one in the eaat centering around Caracas and Maturin. It i · i.nter­eatinc to note that vhile eillilar factors ban been extracted in both Argentina and Veneauela, a field effect and a aajor regionalization effect, the h1portance of the effects ia reftrsed vi th the tleld ettect being stronger in VeJWsue.la than in Argentina. Figures 19 and 20 suggest the structure of the second and third factors. 

The fourth and last fac tor succeeded in extracting only slightly aboft fin per cent of the observed varia t ion. This appeared to be a ainor regionalization effect but an extre•ly weak one. The strongest portion of thi s pat tern vas a ,r1.angular feeder region centered on Caracas and extending watvard t.ovard Maracaibo. So• wak deftlo~nte al.a appeared which were aasociat.ed v1th the aajor M&raoaioo, Santa Barbara region •ntiODed earlier, but. th•• •re 
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not really strong enough to be classed as a further regionaliza­
tion. 

Figure 19. Venesuelaa P'1.eld lftect. 

100 1111•• 

Figure 20. Venezuela t Major Regionalization Effect. 
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The co~nent analysis conducted on the connection matrix of Venenelan local service airline routes yielded several basic patterns or variation. The first was an adjustaent !or size or node •a8Ul"8d in teras of ntlllber of connections; the second vas a tleld effect centered on the dollinant urban center of the nation, Caracas; the third, a aajor regionalisation ef~ect ~ch picked out t110 .,derate~ vell-detlned airline route regions vi thin the nationf aDd the fourth coMhted or wak or lliDor regionalisation• tributarT to the u.jor regionalisatiou •nt.ioned earlier. 

The oo~nent ~-s appear to have broken out •veral basic •tructural patterns within air transport netllorks. 'l'bue baac etteota appear to include• a field ettect. centered upon tM u.jor urban center ot t.bll count.rT, a ...,or repoaalisation effect con­G.•tina or a •n•• ot routes toouG.na wpon a •t ot •oondar7 urban center•, aDd a •t ot ~ triangular .abregion• or feeder area• which rows upon one or .,re ot tn. •oondar7 nod•• as a gate¥a7 to the rest or the .,.tea. 

Olwn the• basic stnactural patterns it is felt that 1111ch of the rellaining •tructure or the network uy be accounted for in teras or t"D additional factors. 1"1rst, there is a neighborhood effect, that is, a linking or nodes to nearby nodes. Second, there are 87ste• connections, that is, .,.stems or chains and long siiiPle circuits con­necting regions. 
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CHAPTER 5. REPLICATING TRANSPORTATION NETI«>RKS 

There ia an article in the electrical eagiDeering literature en­titled, "How to Grow Your Owl .'frees .from Qiven Cut-set and Tie-•t Jlfatrioe••" ,, The aub:1•o4 of. tb1a. chapter 'llq' be deecribed by a ao•llbat sillilar phra•, aa.elya How to grow your ow transportation netwrka !'roa given graph-theoretic Masurea. This atate•nt is to the point though __.llbat fiippant. Prertoua chapters have been used to report re•arch on certain •anres of tranaportation atractare that haft topological •ri t and that are eJIIII)irically uaet'ul. Thb final chapter is oonoerMd vi th actuall,y replicating t.bl po•try of tranaportation net110rka !'roa •aaarea of mtwrk structure. 

The 110rk reported in this chapter is part of current research, and the "MOrk is 1111ch less than co~~plete. However, enough "MOrk has been done to indicate that the solution of this problem is practicable and to illustrate approaches to the solution. The uterials pretiented in this chapter are sufficient to outline the problem and illustrate how it may be solved. 

Previous chapters have identified information about transportation structure that may be estimated from knowledge of the characteristics of an area. This includes information on t.m. nuaber of nrticea and nodea in the tranaportation systea, knovl.ed&• of the redundancy or oircui ty of the .,..tea, and knowledge of edge length. In the taak of replicating a transportation network thia inforaation aay be aaa.ed to be aTailable becau• it uy be generated troa readi]J aTailabl.e knovledse about tot. characteristic• of areas. 

nu-ing the period of this reM arch "MOrk has been ci0118 on the •~lu­tion of tru.portation networks of central Swden, Sici]J, lortbern Michigan, and Ireland. For purpoaea of deftloping a foraal aodel of the devel.opMnt process, it vas decided to atteJIIII)t to replicate the develop•nt of the railroad 818te• of Northern Ireland. Thla area vas judged ... ll enough to be unageable for hand co~~putation of .,dels (though it turned out to be barel,y so). It contain• a rela­tively co11plex 87'stea in coll!pal"ison to so• of the other small areas 
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that were aTailable for st~ (e. g., northern Michigan and Sicily) J 
aDd a 130-,ear record of railroad denlop•nt and abaDdo..ent vas 
anilable. The area poees a caee of considerable interest, too, 
becauee of population shifts and shifts in the structure of the 
econoiiY' during the period of railroad building and abandonment, and 
becauee of political developments during the period. An "easy" area 
vas not desired. The section below presents certain background 
notes that -.pli!'y these characteristics of the area. 

BACKGROUND NOTES 

The tera •Northern Ireland" is applied to the six northern countries 
of IrelaDd llhi.ch retained clo• connections vi th Great Br1 tain after 
the partition of Ireland in 1922. It 1e i1111p0rtant to note that the 
hilh~ and railroad .,-steaa of the rix oountiea wre constructed 
before the partition, and for.d an integral part of the transporta­
tion network of the entire thirt7-tvo counties of Ireland. The di­
ohotoJV vhich produced lorthern IrelaDd alao dilllocated the tran..,or­
t.ation ut110rk vi th •rioua oon•quenoee to the railroad 878te• and, 
to a 1e .. er extent, the high~e. 

The change in population distribution between 1631 and the present 
dq is a factor llhioh oaaaot be onrlooked in the stud7 of the rail 
•t110rk .t.nce the ottaDce• that han occurred han for the .,.,t part 
proTided an un!a'fOrable backgroUikl for the denl~nt of a rail .,-.w.. Dllring the one-bundred-aDd-thirtT-Jear period UDder rniev 
oontimaed ell1gration has reaulted in ooJUJiderable decrea•• in popu­
lation in tin of the six counties, the exception being Count7 Alltri .. 
In contrast to thh decline in population, the ci t7 of Bel!aet has 
achiend a dollinant poai tion vi th an exceptionall7 high growth rate. 
In 1951 the population of the cit7 vas 443,671, co~ared to 53,267 
in 1631. Eleevhere there has been a tendenc7 for the larger country 
tovns to at least uintain their 1631 population le'9'8ls while those 
tovns vi thin a thirty- 11ile radius of Belfast have on a Sll&ller scale 
shared a silllilar growth to that of 'Belfast. Notvi thstanding this 
increased urbanization, three-fifths of the population live in rural 
areas in the western counties of Londonderry, Tyrone, and Fermanagh, 
and if the population of Belfast and suburbs were omitted from the 
totals for Counties Antrim, Dovn, and Annagh, a similar rural distri­
bution would be revealed. The population distribution, therefore, 
has nenr been ideally sui ted to rail transportation. The bus, 
truck, and priTate auto.,bile han proTided the twentieth century 
anawr to the problea of rural aocea.tbili t,-. 

Before the construction of the railroads, laDd transportation in the 
area vu alov aDd expennn. A lild.ted aet110rk of horaedraa car 
serTioea had been established b7 ldvard Bianconi and other entrepre­
neurs in the earl7 years of the nineteenth century. The .,.,t illllpOr­
tant routes wre thoee connecting Belfast vi th Araagh; paeaing through 
the towe of Lisburn, Lurgan and Portadovn, and vi th the port of 
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lfevry aDd thence to nwlin. There were in addition significant conceatrations of traffic on the eseentialq local routes fro• 
Belta8t to Bo]Jwood, levtovaards, .Antria, aDd Carriokfergus. Con­Motions to the seaports of Counties .Ant.ria and Londonde1TJ' wre principalq b7 coastal ste.-rs before the advent of the railro~s. 

The opening of inland naTigation in the eighteenth centur;r aade a signi1'ioant contribution to the oo-rcial and industrial develop­•nt of~ inland towns in Great Britain. In spite of a natural focus for an inland vaterva;r s;rstem presented by Lough Neagh, canals in the north of Ireland were never a success. Lack of in­dustrial developll8nt and a relativeq sparse population were con­tributory factors to the failure of the inland waterways. In addition, tte construction of railroads followed so soon after the canal era that canal companies scarcely had time to recover their initial costs before they wre subjected to corapetition from a more efficient r1 val. 

The phy'siography of the six counties presented substantial 
ob•tacle• to railroad construction, the central area being occupied b;r the Sperrin Mountain• and Lough leagh, the eastern sone b7 the Alltria Plateau, aDd the south b7 the Mountains of Mourne aDd t.he Drualin Drift belt. '!'he rail routes which e-.olnd tended to be 
circuitous, a fact vhich contributed 11 ttle to their oo11p41titift position at a later date. 

The Ro;ral Co-iaaion on Irish Railwys, in its report in 1837, expressed no great hopes that railways l!Duld ever beco• reiiUDitra­ti n in Ireland, and rec~nded the construction of a few trunk linea ollly. The proposed route for the northern counties extended fro• Beltaat up the Lagan Talle;r to Portadovn and Anlagh and then southwards to laTaD and Dublin. The object vas to ulce the Dew rail route co..,leaentary to the existing canal network. The poor prospects for profi te offered by innst.ent in Irish railways deterred Inglish financiers froa risking their capital, and the network grew slowly and in a piece-eal aanner. The 110st proailling links were established first, e.g., Belfast to Portadovn, Ne1117, Coleraine, Londonderry, Lame, and Holyvood. 

Those routes which from an investors point of view were distinctly marginal were added during the last two decades of the nineteenth century. During the tl~enty years following 1840 the rail network developed so slowly that ttere were frequent demands for gowrnaent aid for railway construction. Public works, such as railway con­struction, were seen by many as a panacea to the destitution which resulted from the 1846 potato famine. However, such aid vas not forthcoming until the passing of the Tramways and Public Co11panies Act of 1883 and its ..are notable successor, the Light Railways Act of 1889. The latter prond to be a great st111Ulus to rail oon•truc­tion becauae it prorlded for a degree of state aid for the con•t.ruc­tion aDd ..tntenance of new railways subject to certain conditions. 
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'l'he act pend. tted t.he lowriq of norul con•truction standards 1D 
order to rec!11oe the initial oo at• of the J..iM a built under its 
auepice•. 

'l'he period betwen 1880 aDd 1900 aw the 'rirtual co11pletion of the 
Mtwrk. MuJ:7 of the route• oonstrllcted under the Light Rail~ 
.let wre of narrow gauge (three t•t a• c-..,red to the •taDdard 
Irl8h broad guage of n.-.. teet ud three be he•), and the• route• 
peMVated i.Dto thi~ populated rural area•, partioular]J 1D Aa\ria 
ud 2)1"0•, where trat!'ic potential wa• low. Few of the .. li.De• 
enr operated at a pro!'i t aDd all are now abudoMd. .l• a 1eMral 
ruh it 11&7 be stated that tho.. route a llhich wre the last to be 
added to the network wre the !'1r•t to be abUidoMd. It •bould be 
noted that the• narrow gauge r6utea twlctioMd esaentiall7 a• 
feeder• to the broad gauge linea, and there vaa no tendenc;r for a 
narrow gauge s;rste11 to dewlop independently of the broad guage 
such as in Belgium. 

Throughout the nineteenth century there vas little unification of 
control, and a plethora of 81Ull and oft.on financially unsound 
co~~paniea operated the COIIIpOnent seg.ents of the netwrk. Under 
such conditions a tendency for a~~alg .... tion vas a natural dewlop­
•nt, and by 1900 there e•rged three co~~panies which wre to con­
tinue in existence until l947a the Great Jlorthern Railvq (Ireland), 
the Belfast and Jlorthern Counties Railvq (which becue the Jlorthern 
Countie• Co•ittee after it had been taken onr b;r t.he Midland 
Railvq of bgland in 1903), and the Belta•t and Coat;r Dovn RailWQ'. 
Other operator• wre of little eignifioance. Bach collp&DT, until 
the adnnt of highvq COIIp8ti tion, elljo,ed a .,nopo]J of a fairly 
COII!pact area. 'l'he lort.hern Coutiea Co•ittee liDked Beltaat to 
principal center• in .lntria, laatern 'f7roM, aDd lorth Couty 
LondoDderr;r. 'l'he Great lorthern Railwq prodded .. moe !roll 
Belta•t to north and watern parts of Count;r Dcnm, County .lnlagh, 
South and Southwst Tyrone, South Count;r Loadonderr,r, County 
l'era•n•ch, and to the northeastern region of vhat haa since beca.e 
the Republic of Ireland. 'l'he Belfast and Couty Dovn va•, a• ita 
u.e nggeata, ~ local operation lillld.ng Belt .. t to point• 1D 
Cout;r Don. '1'he o~ co~~petiDg route• that ui•ted wre tho .. 
lillki.rM Belta•t vl th Londonderr;r, Cook•tovn, and lnoa•tle (Cout;r 
Dovn). In 1910-1920, when the network m d reached ita aaxillllll 
•tace of dewlo~nt, the route ld.leage had reached 773 ld.le• and 
ewr;r tollll vl th a population exceeding 1, 7$0 had rail aer'rice. '1'he 
focal points on the six count;r netwrks fro• which four or .,re 
routes radiated in 1920 were Belfast, Liaburn, Portadovn, Goragh­
"WOOd, Anlagh, Bally.ena, Londonderry, Strabane, and Magherafelt. 

In 1922 the partition of Ireland resulted in the i111posi tion of a 
poll tical frontier on an established rail network which crossed the 
new boundary at eleven places. Custo111s posts were established at 
each crossing point, and the regular inspection of all trains 
inert tabl;r delayed IIOW•nt, particularly that of freight. Following 
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partition the economic policies adopted by the Irish Free State and Nor~rn Ireland resulted in a decline in the flow of freight across the border. Belfast, already the focal point of the Northern Ireland railw~ s,ystem, now assumed additional importance as the capital city. 

The Great Northern Railway, which operated in an area bounded by Belfast, Londonderry, Bundoran (lire), and Du.blin (lire), encountered operati.Dg dUficulties on 11W13' of ita routes. In addition to the unal. del.qa occaaioned by custoas ex•ination, political unrest in tbe border areas persistently JUDifeated i taelf in d•age to rail installations for a further thirty-five years. 

By 1930 priTate bua operators had extended their services to even the reaotest areas. 'l'he bus operator poseessed the advantage ot being able to reach a predolllinantly scattered rural population, which vaa not clustered in urban areas such as in the United KiDgdoa. 'l'his nev f'ona of' conpetition rapidly eroded the traffic ot the secondary routes. Between 1930 and 1941 four narrow gauge aectiona wre closed to all traffic aa were four broad gauge lines. Daring tbia period the Great Northern Railway developed, an extensive net110rk of bus serrlces which wre intended to be co~~pl.eMntary to ita rail serrlces. 

World War II brotWJt. immense operating difficulties for the rail systems. All railways in Northern Ireland were brol.ftlt under govern­ment direction and were taxed to capacity dealing vi th heavy aili tary traffic to the various army camps and airfields established through­out Northern Ireland. '!be difficulties of the Great lorthern Rail­way were increased by tbe fact that it was now operating partly in Northern Ireland which was at war, and partly in neutral Eire. 

The legacy of the war was an accumulation of dilapidated equip1D8nt, much of which was beyond repair. The time had now come for a re­assesSIIIEint of the position of rail and road tra nsportation in the national econo~. The Transport Act of 1947, which nationalized the railwaya of Britain, prompted the Northern Ireland government to aaSWie control of the Northern Counties Co1111i ttee Railw~ and the Beltaat and County Ibvn Railway, together vi th all bus aerncea in the aix counties. The Great Northern Railway, because of its inter­national status, continued to function separately although it waa now subjected to colllp8tition from its former bus services in Northern Ireland, which had been taken over by the newly fo~d Ulster Trans­port Authority. 

By 1956 the Great Northern Railway had reached a state of bankruptc~ and joint control was assUJDed by the goverDID8nts of Northern Ireland and the Republic of Ireland. The refusal of the Northern Ireland goveM'III8nt to continue its subsidization of Great Northern rail services after October 1957 r esulted i n the col lapse of j oint con­trol, and the rail route s wi t hin Northern Ireland passed to the 
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Ul.-ter Tranaport Authority. I-diate~ all but four of the to!'ller 
Great lorthern routes were abaDdoned, which lett all of County 
rer.anagh and sch ot County Tyrone vi thout rail senice. Thus 
fro• October 1957 all public passenger transportation in Northern 
Ireland becue the monopoly of the Ulster Transport J.uthority. 

Since 1947 the Northern Ireland go?ernment has pursued a policy 
based on the aesu.ption that bus and truck transportation are beet 
adapted to conditions vi thin the six counties. Thus apart from the 
di.a11beraent of the former Great Northern Railway, the entire 
Belfast and County Dovn Railway, with the 'exception of tweln sig­
nificant ailee between Belfast and Bangor, vas abandoned. Siailar 
econoa:y •aeuree were applied to the network of the for•r Northern 
Counties Co-it tee vi th the result that all reaaining narrow gauge 
sectioae were closed and tour broad gauge lines were also abandoud. 
In aoet ca•• where a aection ot line we abandoned it vas not 
neoe•ary to ineti tute a new replac-nt bus aenice as such eer­
nces had been in operation tor senral ,..ars. 

Toda;r tmre reaaiae in lorthern Irelud a •nrely truncated rail 
•t.,rk which is oo11p0•d principal~ ot two types ot routes -
trunk lines aDd oo..uter routes. The latter tn- has beco• partic­
ular~ i..,artaat in recent ,.are. ReaT,Y oo..uter tratn.c is nov 
carried by the following routeea Beltaet~o~d-Bangor, Beltaet­
Lieburn-Lurgan-Portadovn, Beltaet-carricktergue-Lar.-, and to a 
llllited extent between BalJ.y.ena and Beltaet. Tlw Lar.- route has 
an addi tioDal significance in that it oozmecte vi th the ete-r 
eenicee to St.ranrear, Scotland. Tte existing trunk routes oon.tet 
ot the tor.er •.c.c. route troa Beltaet to Londonderry na B~na, 
Bal~ney, and Coleraine, and the tor.r Great Northern route to 
Londonderry na Portadovn, Dllngazmon, Oaagh, and Strabane. In addi­
tion there is the aain line fro• Belfast na Portadovn to Dlblin 
(Republic of Ireland). J.part from these routes, two branch lines 
continue to carry passenger traffic while two others deal vi th 
freight traffic only. Rail transportation is nov relatively insig­
nificant as far as the carriage of passengers is concerned and even 
more so in the sphere of freight traffic. J. dense network of 
frequent bus serrtces nov covers the entire province and nearly all 
freight mofts by truck. 

The exteneion of routes on the Irish transportation qstea and their 
nb•quent abandon.ent is ehovn on the acco~~panyiag aeries of •nn 
ups ( P'igure 21). J.ll but one of the ups deals vi th the period ot 
denlor-ent because the pre•nt etudy atte~~pts to replicate the 
deftl.opMDt ph••· It uy be noted that the first. loop on the qetea 
does not appear until the 1670 up, but that by the ti• that the 
qetea reached 1 ts aaxiaua exteneion in the ear~ decades of the 
1900's the systea vas characterized by a nuaber of loops. J.leo, the 
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preeent 811Jte• consists for the aost part of a loop around the central portion of the area. .la vas .entioned before, s;rstea ail.eage reached its greatest extent in 1910-1920 when there were eo• 773 lliles of railroad in the area. By 196o the llil.eage had been reduced to approxilll&tely 275 lliles. 

Three aodels •re ueed to replicate the lorthern Ireland railroad network. In order to narrow the subject matter or the IIOdela, the:y were liai ted to the period or the dnelopment of the s:ystea - 1830 through 1910-1920. The connections of Northern Ireland with what is nov The Republic of Ireland were disregarded. Because it is known that the numbttr of links, vertices, and the circuit:y of the netwrk may be determined from characteristics of any area, the number of links, vertices, and the degree of circuity of the network were taken as known input quantities. The JDOdels consisted of de­cision rules which used input information to produce 111aps of the transportation s:ystem. 

Certain other outside data were aleo u88d as inputs to the aodel. The places eligible to be vertic .. on the tranaportation qatea were taken to be all places with populatipns greater than 100 in 1900. A aore preci• operation of the aodel would u• population data that nried fro• ti• to tt..e during the oouree or the dewlop­•nt or the network. An in..,eotion or population data renaled that, vi th the exception or ,Beltaat, urban populations wre relatin]J' stable during the peried of stud:y, and the u• of a si.Dgl.e •t of population data simplified the data-handling probl.e• considerably. The relatin locations of these places were alao used as inputs to the aodel. 

There wre forty places in lorthern Irel.aDd in 1900 vi th population• of 1,000 or greater and aixt:y-three vi th populations greater than 100. The aatrix of distances between these places vas triangular with aixt:y-tvo rove and aixt:y-tvo colums. This vas simply a distance arra:r sillilar to those on petroleum co~~pan;r touriDg 111&}:.111 and the distance arrays that appear in Atlases. Populations llltre •ultiplied tofether to form a second triangular utrix of the same order. The ij~ cell of this matrix contain the population of the i~ place t imes the population of the j~ place. 

Tw:> STOCHASTIC K>IELS 

The term stochastic model refers to a model with probability proper­ties. Models of this type are especially desired because the alternate to this type of model, a deterministic model , leaves no room for un­certainties and chance. Stochastic models also take account of eo• 
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ot the facts reftaled in t.he prenou two chapters ot t.hie aoaograph. 
For instance, a giftn eet ot conditions within an area 110uld teDd to 
gin rl• to a oertain t7J)8 ot tranapertation netwrk, but ob•na­
tion• han Nftaled eo• nriatien about expected ftlue•. (l'roa an 
operatioul point ot new t.hi• oorreepoDd• to Tariation in the errer 
tera, or reaidual•, ot the regre•siou, or UDacoouted tor Tariuce 
in the oo-.o•nte studies.) 

'l'he UIID8r in vbich a stochastic aodel 110rke uy be de•cribed in a 
tev .-wncee. '!'he aodel ha• i.Dput data aTailable and eelecte par­
ticular inputs troa the• data. The inputs are operated upon by 
decision rules within the mdel, generating outputs. Outputs in 
the present oaee are ups ot the transportation network. 'l'be aodele 
tested in this reeearch were operated tor ten-;year interTale. There 
were eight such interTals, 1830-1840, 1840-1850, etc. through 1900-
1910, and thus there were eight inputs to and eight outputs trom 
each aodel. 

lach input vas the nwaber of links to be added during the period. 
Thi• nuaber vas deterai.Ded troa a frequency distribution ot the 
DPIIber ot li.Dk• actually added vben the railroad traD~PQrtation -r•­
tea wu con•~oted. .A table ot raDdoa lnlllber• vu oonnlted and 
randoa nu.ber• wre utc.bad against IRUiber• arbi trari]J a•dped te 
the treq1118ncy distribution. For e%&111ple, it the naaber 4 •• ob­
taiDed tJooa the li•t ot raDdoa nUIIber•, then six link• 110uld be 
added during the period beoau• .S.X l.iDke wre built in the fourth 
decade ot the construction ot the rail~ .,..tea. 

Certain ot the decision rul.e• within the aodele alec imolftd 
probability considerations. For each edge or li.Dk, three que•tion• 
had to be auwreda 

1. Does t.hie link aake a loop? 
2. What is the length ot this li.Dk? 
3. Where does this link go? 

Tlw first tvo ot the• q1aetione were uewred by consulting a fre­
quency distribution ot link lengths and a frequency distribution ot 
links that fora loops on the qstea. The unner in 'Nhich theee data 
were treated differed so•vhat between the two stochastic aodels as 
did the answer to the third question, and further co ... nts on deci­
sion rules vill be ude when these aodels are discussed. 

EIPICtiD FINDiNGS 

Becauee ..OOels of this type may not .be familiar to the reader, it 
aight be well to make certain reurks on 'Nhat uy be expected from 
the operation of a aodel of this type. .A aodel of this t1J)8 proTide• 
three ldnd• of intonu.tion. For one, it proTide• a •t ot deci.S.on 
rulea that •explain• denlo~nt of transportation eyete••· The• 
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decision rules are unaabiguous statell8nts of the mechanics of 
1178tea denl~nt. It 1e true that the denlopll8nt of a traniiPOr­
tation ..,.tea i• actually based upon ~' aaqy decisions. On the 
other b&Dd, it bas been fotmd that eyateas of this co~~plexi ty can 
be replicated using a tev decision rules, aDd there is enry reason 
to belien that this would be true for transportation e;reteu. 

Second, the aodel prortdes a way of stud;ring the aensitirtty of the 
denlo):.Bnt process to changes in its par-ters. It should be 
understood that a stochastic aodel will generaJ.13 give a different 
result each tiae the solution is wrked out. Working out a ntlllber 
ot aolutions UDder one eet of paraaeters g1 ves a DOtion ot po•eible 
outco•s UDder that aet of paraaeters. It it is desired to know bov 
the 81 tuation lligbt change if the paraaeters changed, then par.-ters 
can be changed and the mdel solnd a DWiber of additional ti•s. 
B7 COIIParing the patterns generated before and after the shift in 
par.-ters, one can obtain certain notions of the seneitirtty of the 
117stem to these parametric shifts. 

FIRST STOCHASTIC MOIZL 

The tlrst stochastic model did not give results at all like the de­
velopaent of the Northern Ireland transportation network. However, 
this 1110del will be discussed here very briefiy in order to make it 
a matter of record, and this uy be helpful to others working with 
1110dels of this type. 

For purpoees of expoei tion, the operation ot the aodel will be dis­
cuseed tor one of the tiae periods after the operation bas •tarted. 
The input to tbe aodel vas the nuaber of routes to be built during 
the period. This DUIIber ot route• vas aelected ueing randoa nallbers 
troa the .f'requency distribution of Dtlllber of links. The decision 
rules in the aodel allocated tbeee links one at a tiM. The tl.rst 
question a.tced vas length of the first link to be added during the 
period. This vas deterlliDed by entering the cUIIIUlative distribution 
of link lengths using randoa nuabers. 

The eeoond question vas vbere that route vas to be placed. This 
question vas answered by the Bingle decieion rule contained in the 
a.odel, n_.lyt inapect the matrix of population products \discuseed 
earlier) for the lii&XiiiiWII entry pip1, where pi is a place on the net­
work and p_1 is a place either on ol' off the network vi thin the link 
length de~:nained earlier, and connect Pi with Pj• In other words, 
the distance measure determined all places eligible to be connected 
by the link to be added. In some cases this rule would lead to the 
linking of a new place to the network, that is, PiPj • maxiiiiUlll for 
some j not on the network. In other case s PiPj was a maximum for 
some j already on the network and a loop was constructed. 
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The operation of the model using this rule quickly rnealed that 
the larger places on the network were doainating the S7stea, nearly 
all routes wre leading directly to Belfast, and work vi th this mdol ... •topped. 

SIOOID S!OCHAS!IC Jl)lSL 

A •OCMid •t.echa•tlc ~•1 •• operated uftD& a •oond •t of doci­.S.on rules. Again, tho iDputs to the mdol wre the Dallber of route• 
to be built duri.Dg the ti• periods. 'fhe central deci.S.on rule ••• link to the qstea the largest place orr the .,. •• but vi thin t.be 
link length. (As vas t.rue of the 1'1r•t nocbutic mdel but not 
•ntioDid tbere, a special rule had to be u.-d tor the t1r•t link 
duriDg the t'l.rst ti• period. 'fhis ••, start the ..,.tea by J..inkinc the large•t pair.) fm nppleaental consideration• wre ll&de. The n.rst of these vas the establishaent of the lengths of links, uad 
this vas deterained by supling trom a .trequenc;r distribution of 
link lengths. 

Another consideration in this mdel vas whether or not a link to be added vas part of a loop. This question vas asked and answred for enry link before that link vas added to the 87Stea. For enry tiae period it vas known what proportion of the links in the S7Stea wre excess to those on the tree -- i.e., the cyclo~~atic number. This 
proportion vas supled trom rand011 nWIIbers. If the instruction to add a loop vas receind, the two largest places on the S7Ste11 (not 
preTiously connected by loop-u.king links) within the link length 
peraitted wre connected. 

The actual rail network in 1910 is shown in stylised form in Figure 
22 and one up achieved by operating tho second ~tochastic mdel h moa in J'igure 23. Correepondence betwen tho two ups is not nry 
great and this secoDd mdol i• not regarded as eucco•.tul. Actuall.7, a mdel 8bould not be accepted or rejected on the ba.S.s of a .S.ngle ran. A nuabor or trials mould be aado vi th the mdol and tho .,dol accepted or rejected on tho ba.S.• of tho general pattern d,orl:nd. 
Rowwr, in t.bis ca• tho up achinwd i•., tar troa that act~ oxi•ting in 1910 that additional operation• of tho llodol would seea to be of little value. 

CRIUC1SM 

lei thor of tho t-., •tochastic llodols prond u•tnl and useable. The 
rea110n tor this is nry siliiiiPle - not enough 110rk has been done on unabiguous decision rules and not enough work has been done on mdol inputs. Thi• type of mdel 1a part of current research on which work is just beginning and results of certain work on allocation rules 
are not ~t available. In particular, a rule is needed relating to 
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Figure 22. Railroads of Northern Ireland, 1910. 
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Figure 23. Output of the Second Stochastic Model. 

the deviation of paths between major places in order to pass through 
intermediate places. This question of angles of deviation is under 
study. The amount of path deviation is a function of variable cost 
versus fixed cost in a system. If variable costs are high and 
fixed costs are low, then there should be little deviation. When 
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Tariable oosts are low relati~ to tixed cost, then deTiation troa straight line paths uy be warranted in order to keep down total route aileage in the .,-ate•. 

A IB'mRMDIISTIC K>IEL 

E~n though the stochastic 110dels are not yet operational, preTious research is sufficient to generate netwrks very similar to those that actually appear. Considerations in Chapter 3 are sufficient to detenaine the number of vertices, edges, and the amount of cir­cuity in a netwrk. Considerations in Chapter 4 illustrate the presence of field, neighborhood, and regional effecta in the arrange­•nt ot links on netwrks. It vas found that a •t of three rules 110uld allocate links to a net110rk according to the field, regional, and Deigbborhood principles, and to the degree required b7 the esti•tes ot nrtices and links. (In this caae, hownr, the nWibers ot 'ftrtioea and linka .-e not u•d aa conat.rainta on the ayatea. ) l'lgurea 24 and 25 show the net110rk at.ruct'ure tor Ireland denloped UDder the• ru.lae. 

The rules were 'tery sillple. 'l'he neighborhood effect vas taken account ot by the rule that each place be cozmected to ita Dearest neighbor. The result waa a •ries of 8Ubgr~ha (11'1.gure 24). !he relional ettect vas taken care ot by requi.ri.ng that each 8Ubgr~h be oo11111cted to the nearest eubgraph. P'or purpo•s ot this trial the tleld ettect vas restricted to Belfast. It vas required that each abgraph be linked to other eubgraphs along a Beltaat axia, but vl th a twnty degree deTiation alloved. For instance, the line between place 38 and place 39 repreaents the field effect which connecta a eubgraph (aade up ot places 35, 47, 46, 38, 48 and 49) and another subgraph (places 39, 43, 44 and 58). Table 32 proTides a key to the place names indicated by these nu.bers. The subgraph of places located bet...een 35 and 49 is linked to tw other subgraphs Tia the rule that subgraphs be linked to their nearest subgrapha. This subgraph is closest to the subgraph of 42 and 59 and it is aleo linked to the subgraph consisting of places 1, 63, 2, and 60. 
Figure 25 aaay be compared vi th the reference map, Figure 22. The tw are not exactly the s&llll!, of course. One reason for this is the failure to consider field effects other than for Belfast. lleo, becau• the nwaber of links added depends upon the nuaber of sub­gr~hs identified in the first step, the nuaber of edges on the .,.atea waa deterained b7 the configuration of the points to be •rnd aDd not by exogenous inforaation. The aap could be iaprond b:r using a rule that would detend.De a nu.ber ot edges on the s:ratea other than that deter111ined by the configuration ot the nrtioea. Bowwr, the• impron•nts ha~ not been aade si111pl,y beoau• further wrk vi th the deterainistic IIIOdel has been postponed until a.!'ter further wrk has been done vi th stochastic JDOdels. 
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l. LoDdoDderry 23. Ballynahinch 43 • .lrugh 
2. Liaandy 24. B~nch 44. Keady 
3. Coler aiDe Junction 45. Giants Caul8vq 
4. Port stewart 25. Dovzrpatrick 46. Victoria Bridge 

'· Portruah 26. Portaterry 47. Castlederg 
6. ~a.tle 27. Banbridge 48. P'intona Junction 
7. ~nay 28. Revoaatle 49. P'intona To1111 e. Part.ore 29. Rath!'riland 50. Drapers tow 
9. Lame 30. Kilkeel 51. Cook•tovn Junction 

10. Carrick fergus 31. WarreqM)int 52. Dooagh 
ll. Ball7olare 32. Newry 53. Ball.yboley Junction 
12. Whiteabbey 33. Bessbrook 54. Killylaagh 
13. Ho]Jvood 34. Ba.l.l.ymena 55. .lrdglass 
14. Bangor 35. Strabane 56. ScarTa 
15. Donaghadee 36. Magheraf'elt 57. Goraghwood Junction 
16. Nevtovnards 37. Cookstowu 58. Tynan 
17. Dundonald 38. Omagh 59. Maguires Bridge 
18. Comber 39. ])mgannon 60. Dungiven 
19. Belfast 40. Lurgan 61. Ballyclare Junction 
20. Dulllurry 41. Portadown 62. Antrim 
21. Lisburn 42. lnniskillen 63. Liaavady Junction 
22. rro.,re 

SUJIIWtY AND PUid1IIR IVALUATION 

This chapter has pre18nted aoae .tr~ntary work which u•s inf'oraa­
tion on network structure to generate actual aaps of transportation 
networks. '!he Cal8 at point vas Northern Ireland aDd atte111pts were 
JUde to replicate the up of its rail network. The atte~~pt to 
replicate the up uaing a sl111ple •t of rules aDd stocha•tic inf'or­
ution ha• not ,et prond successtul. However, the network can be 
nry nearly replicated through an arbitrary 18t of rules bal8d on 
neighborhood, regional, aDd field notions. 

The discuuion was based on preliainary work with .-odels. The work 
that has been done is ao eli• that there is nry 11 ttle basis for 
the onr-all eYaluation of this phase of the research. Howenr, 
experience by the researchers and others in other cases indicates 
that developatent of such 1110dels is practicable and that such models 
prow extremely useful. These models may be used to evaluate the 
Tariety of networks that might develop from a gi van set of condi tiona, 
and for the study of the effects of shifts of parameters on network 
dew lopmen t. 
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