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I \vould like to explain w h y  the IVorld Dank Group does research work, 
and why it publishes it. IVe feel an obligation to look beyond the projects we 
help to finance toward the whole resource allocation of an economy, ant1 the 
effectiveness of the use of those resources. O u r  major concern, in dealings 
with member countries, is that all xarce resources, including capital, skilled 
labor, enterprise arid know-how, shot112 be used to their best advantage. \Ve 
want to see policies that encourage appropriate increases irl the supply of sav- 
ings, \\.hethe; domestic or international. Finally, we are required by our 
r ir t icla,  as well as by inclination, to use objective economic criteria in all our 
judgments. 

These are our preoccupations, and these, one way or another, ere the subjects 
of most of our research work. Clearly, they are also the proper concern of any- 
one who is interested in promoting developmrnt, and .so we seck to ni.~kc our 
research papers \\-idely ~vailable. In doing so, we have to take the risk of being 
misunderstood. Although these studies are published by the Bank, tb t  \views 
expsessed and the methods explored should not necessarily be considered to 
represent the Bank's views or  policies. Rather they are offered as a modest con., 
tribution to the great discussion on ho\v to advance the economic development 
of the ~nderdeveloped \\-odd. 

ROBERT S. ~ I C N . ~ J I A R A  
President 

International Bank for 
Reconstruction and Development 
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PREFACE 

This  payer is part of a continuing dfor t  in the Bank to find ways to tackle 
thc problem of uncertainty. I t  relates ~ r imar i ly  to work in the l'ransportation 
and Public Utilities I'rojeas Departments; part of it svas prepared while the 
author was on a temporary assignment in the Economics Department. 

T h e  reader is probably already familiar with Shlomo Reutlingcr's recent 
paper, Techniques for Project Appraisal under Uncrr ia inty (\Vorld Bank 
Staff Occasional Paper So.  10). A deliberate effort has been made to foc~ls 
this new paper on particular problems arising in Project- Departments' work. 
If the attempt has been succcaful, it is only because of the wholehearted partic- 
ipation of a great many staff members of the Projects Departments. This 
participation has sometimes taken the form of reasoned skepticism rather than 
immediate acceptance, but the chaIlenge of the former has proved st least as 
useful as the encouragement of the latter. 

I t  \vould take too long to mention by name all those who contribured to this 
paper. Special mention is deserved, however, by llessrs. Aldm-ereld, Chadenet 
atid naum for their full support in this enterprise, l I r .  Jaycox for taking the 
initiative of using risk analysis in the appraisal of three of the four projects 
which constitute the basis of this paper, llessrs. Higginbottom, Jones, Scoffier 
and Soges for their sustained assistance in solving the problems of evaluating 
probability distributions and correlations, -\In. Comer for her patience and 
efficiency in carrying out all the computer programming work, and l l i s s  Snell, 
3Iiss 3Iaguire and 311. Latimer for editing the final drafts. 

ASDREW 31. KAJIARCK 
Director 

Economics Department 
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INTRODUCTION 

. . 1 hc ri~atcrinl in this paper is clra\vn fro111 the rcsults of about a ycar's csperi- 
~ne~~t : l t i o l~  with risk analysis; conclusions, therefore, can or~ly be tc~~ta t ivc  . ~ t  
this stage. '1-hc puroosc of thc papcr is tl~reefold. First, it clcscribes for thc 
general rcacler thrcc casc studics in thc usc of risk al~alysis in projcct appraisal 
\vt~icli ser1.c to illustrate clificrelit aspccts o i  tlic praciical problcm. Secondly, 
it tliscosses a ~d illustrarcs it numhcr of mcthoclological problcms. 'I'hirdly, it 
~ ~ ~ a k e s  sonic gcricral obscrva::ons on the uscaulncss of the approach. 

'l'hc st~bjcct is illtrodt~ccd in gcricrnl tcrnis in Chaptcr 11. 7'hc nicthodology 
is cspl;~ir~rcl in Chaptcr I 1  I, a case stud) of !lie Jlar~k Group's carlicst analysis, 
the I'orr of Jlogadiscio projcct. Chaptcr IV  outlir~cs thc ccor~omic appraisal of 
a 'I'anz:ir~ian section of t l ~ c  'l'arizam higlt\vay in ortlcr to show how the prclb 
ability analysis fits the fri~r~ic\vork and also describes ho\\- the same analysis 
\v;u uscci to resolvc a techrii~al problcni. l 'he benefits from disaggrc~ation are 
sho\vn i r ~  the rather special casc prcseritcd by thc Great East Road pre-project 
stl;cly ~ I I  chapter V. 

I n  the secoricl pert of thc papcr some of thc problen~s mct in the analysis arc 
explorec! in morc dctail. Chaptcr VI  is dcvoted t~ the correlatior~ problem. 
'rhc techniques trscd i r ~  obtair~ilig probability clistribution judgments flom 
tccl11iica1 esperts are dcscribcd in Chapter VII. Chapter VJTI comments Ion 
thc time aricl money costs o! compirtcr usc impliccl by the methods described. 
while Chapter I X  disc~~sses questions of san~plc size and othcr statistical ques- 
tions. Cliapter X s~lrnmarizcs four \va).s in \vl~icl~ risk an~lysis is thought to be 
especially useful, ar~d thc ~ r ~ ~ r r a l  aclvantagcs of thc method. with n rppmted 
warning about the corrclqtior~ problcm. 



RISK ANALYSIS 
AND THE SIMULATION APPROACH 

Risk a~ialysis is cscntially a method of clt-sling with the problem of  uri- 
c r r t a i ~ ~ t y .  Unccrtai~ity usually aflccts rriost of th r  variables tvbich tvc combine 
to ob ta i~ i  a cost csti~nate, all ccononiic ratc of rcturli o r  nct prcsent value, 31 

tiria~iri:~l return. o r  any of the other  indicators which may be used to cvaluzte 
a project. Somctimcs we deal with this uncertainty b ~ .  combining values for  
all iriput variables, chosen ;11 such a way that they yield 2 conservative estimate 
for  the result of the analysis. In othcr cases we  may select the best s t i n a t e  
value, that is. the value ~vliich we  think is niost likely to be achieved. Both 
these solurioqs imply a decision: the first to look a t  the project with a ron- 
.-.lvativc eye, the second, to disregard thc conscqucrices of any variation around 
the best estimate value. Both can lead to biased decisions. For  example, if \ re  
conibirie o ~ i l y  mnwrvative estimates of our  variables, ou r  final result is likely 
to be "overconscrvative." O n  the othcr hand, by using o~ i l y  best estimate 
vaI11cs w e  fail t o  take into account that other values of the variables we com- 
bine n ~ i g h t  rcsult in substar~tial ~ a r i a t i o ~ i s  ill the final cstimatr; thus, by basing 
our clccisio~i on  a single value of the decision variable, we  may be taking more 
risk than w e  intend. 

T h e  purposc o i  risk ana lp is  is t o  eliminate the need for restricting o ~ ~ e ' s  
jucigment to a single optimistic, peecirnistic, o r  "best" evaluation, by carrying 
rhrougt~ol~ t  the analysis a complrtc judgment on the possible range of each 
variahlc and o n  the likelihood of each value within this range. A t  each step 



oi the a~ialysis t l~cse judgriicr~ts arc  conlbi~ic.tl ;it  tlic sarllc time as thc variablcs 
the~iisc.ivc?i arc  coriibinetl. r\s a result, tlie ~ ) ~ o J t ~ c . t  of the ana!ysis is not just 
;I s i~iglc  r aluc o i  the tlccisio~~ vnri;~blr, but ;I j u ~ l ~ ~ i i c l l t  o ~ i  the possiblc r;lngc of 
t l ~ r  drci i io~i  v;lri;blc a r o i ~ ~ l d  this value, ;IIIII ;I j t ~ t l g ~ l i e ~ l t  011 the likcliliootl of 
t.:icli \ a l i ~ c  \vitlii~i this ri111gc. . . 

'I'hchc j ~ ~ t l g ~ i i c ~ ~ t s  take tlic i o r ~ i i  o f  probability rlistributio~ls. 1 hat is to say, 
rach l ~ ~ i c i b l e  v;~lue of c;~cli variable is ;~~socintrtl  ivith ;I 11umbrr bet\vcc11 Y ancl 
1, sucl! that for rnch variablc the s t ~ ~ l l  ~i al! t l~esc  I I I I I I ~ ~ T ~ ,  o r  probabilitics, 
is cyu; 1 to  1. ~I'Iicse probabilitics, \vhic.li ;lrc c ; ~ l l r ~ l  subjective probabilities bc- 
c;luW :hry rrprcwlit so~i ic  clrgrce o i  subjective j u t l g ~ n c ~ ~ t , '  follo\v :ill thc r~~lc -s  
of  tratlitio~ial probability t l i c~ry .  1:rolli ;I 1i1;1tlir1lintical point of vie\\., risk 
;~nalysis, thcrcfore, consists of ;rggrrg;lti~ig proh;~hilitics. Of thc v a r i o ~ ~ s  \rays 
io \vh cli this can be (do~ic, thc only o ~ i c  \vr rrivr to in this paper, and tllc 
one \\ hich sceliis k t  fittrtl to  risk analysis, is tlic J I o ~ i t e  Car lo  sin1u:ation 
txh~i iquc .  

'I'he ic1r.a i l~ldcrlyi~lg thc J I a n t c  Car lo  tcchniquc is siniptc. \VIico {vc say 
that ;( projcrt llas a 30 pcrcrnt chance of  carrli~lp a 10 pcrccnt return, \vc mca.1 
tha t  .i sve had a great nu~~ibc-r  of similar projccts \ve \vould cspcct about 
30 pc rccrit of them to earn n 10 pcrccnt rcturn. Conversely, if i r e  had a great 
numlzr  of projects and if 30 pcrrrrlt of the111 ram a 10 pcrccnt rcturn, w e  
coulc say tha: the probability of a 10 pcrcrnt r r turn is 30 pcrccnt. H c ~ i c c  the 
simp:ect applicatioli of thc J I o ~ i t c  Car lo  tcrli~liquc: is to  build a great r~umbcr  
of p-ojccts with thc characteristics of thc orlr ivc :Ire intcrested in. and see 
how man, of t h c n ~  earri 10 percent. 15 pcrcrlit, 20 pcrccnt, etc. I n  practice, 
the alue of each of the ullccrtain variablcs is clioscn by m ~ d o m  sclcction, and 
the -.ate of return o r  somr other clecisiorl varlablc is computcd for the project 
dcfi~:ccl by these valurs. T h e  proccss is r ~ p r a t c d  nially times and the results 
arc .tatistically analyzed. T h e  only difficulty is in niaking stire that the pistri- 
bution o i  the val i~es of each of thc illput variables, as i t  m c r g e s  front the 
random sclectiorl, is consistent with the (list rihution for tha t  variable chusell 
for  thc analysis.' T h e  technique \\-ill b c c o ~ ~ l e  clearer a f te r  description of the 
1Iozadiscio and the T a n z a n i  hightray cascj. 

r i l l  "suhjective" judgments that Ire are likely to ohtnin frnm e x p r t s  are hnzctl on 
somc sort of "nhjective" experience. For example, usually the past record of similar 
events leads rhc expert to attach mnre importanre I I I  O I I ~  outcnme than to another. 

" T h e  reader ma? wirh tn refer tn James \Ir. Ilu~lcr, " M ~ r h i n e  Sampli~ig from 
Given' Prnhahility Dirtrihutions." Sjrnpo~iurn on .Ilnntc Cnrlo .\le:hod~ (John \f7ilcy k 
Sonz. Tnc.) I9j6.  



THE PORT OF MOGADISCIO: 
A CASE STUDY 

T h e  risk analysis used to appraise this project was the first to be undertaken 
in the 1IIRD. Inirially, a -0nventiona1 cost-benefit analysis \\.as used to appraise 
the project. A Bank appraisal missiol~ consisting of an engineer, a finarlcial 
analyst arld an economist, ill 1967 visited the esisting lighterage port at  
;\Iogddiscio, Somalia, which the project tvould have replaced with a two-berth, 
deep-water port. But the convention;ll analysis, based on information the mis- 
sion gathered and on a consultant's report, ran into serigus difficulties in its 
effort to assess the ecorio~llic justificatiotl of the project using best estimates of 
the variables. A sensitivity analysis, undtrtakcn at this stage to pinpoint the 
most crucial elc~ncnts of the project, narrowed the sources of udicertainty to 
sewn variables. I t  was then decided that a risk analysis using probability distri- 
butions tvot~ld bc a useful tool to (leal with these uncertainties, though such a 
risk analysis had not been undertnkcn before in the Bank and had not been 
anticipated at  the time of the mission's visit to Somalia. T h e  Rank might nowa- 
days carry out this risk analysis slightly differently, but thc general approach is 
thought to be corrcct and the later motlifications \vould not change the decision 
about the economic justification. 

The Project's Background 

T h e  project inclirdcd rhe construction of a break\\-ater, two berths, two 
tra1:sit sheds, storage area and office accommodations. No dredging WIS neces- 



snr?. si~icc r~aturnl clrptli esisted iri the ;~ol)~.oacli frorii the sea as \\-dl as at tile 
site of the two propoird berths. 

-1'raffic through tlie esi5tirig lig1itcr:cgr port ' ~ f  JIogndiscio for the pcriocl 
1964 to 1966 avcragrtl ;ibo~it 125.000 toris per year. I t  \\-as espccted that, il l  

adtlitiori to gcrierati~ig solilc tri~ffic, thc. col~strtrrtion of rhc r;c\\. port \vouItl 
r-ult iri the diversion of about 85.000 toils per ycbar cbf harinrins which \\,ere 
csportcd thro~r~! i  thc port of JIcrra,  ;rbot~t 50 niilrs ~011th of 1Iogndiscio. 

'I'hc cost-hairfit arralysis takes illto ro~lsi~lcr;itior~, or1 the cost !icle, tile capital 
cost of thc project a~id ,  011 the brnrfit siclc, tllrcc types of pmjtitcd savings: ( a )  
zavi~lgs i r ~  cargo h;~ricllir~g cost, ( b )  savings in rctluction of danlages, (c)  sav- 
ings ill ship turriarotr~~~l tillre. 'l'hcsc savir~gs arc nppliccl to thc projcctio~is of 
iuturc traffic, brokcn do\vn illto the ~iornial gro\\'tli of  trnmc ihat might bt. 
cspcctetl \vitl~olti thc port, gcncratcd traffic, a~ ld  divcrtcd traffic (see below). 
'I'hc result of the analysis is all intcr~inl ratc of return over the :.veragc life of 
the assets. 

C o s t  of t h r  pro jec t  

1 
7'11~ cost of the project has b c c ~ ~  cstin~atccl at $14.6 111illio11. 2 1  cost brcak- 

do\vri is rouglily as follo\vs: 

Ijrcakwatcr 43 pcrcclit 
Ijcrth and storage area 25 pcrccrlt 
Er~girlccring fccs S pcrccllt 
Ausiliary ~vorlrs 24 pcrcent 

T h e  rnajor single item is the brcak\vatrr. .-Iriiorig the auxiliary \vo.-ks, the 
biggest s i r i~ lc  itcni rcprcscnts only 3 pcrcclit oi  the total cmt. 

Traffic through the port of JIogadiscio coi~sistcd primarily of imported 
goods ancl rnatcrials. Imports constitutrtl, on the average. about 75 prrcc~lt of 
total traffic at  JIogadiscio, arid the port harldlcd over 45 percent 01' the 
coi~ntry's total iniports. There \\.as ~ i o  Iargc bulk traffic through thc port. 'l'hc 
Iargcst singlc category of import trafFc was cereal grai~ls, which us~~ali! ac- 
counted fo: about 25 pcrccrit of total imports. Othcr\vise import traffic (-on- 
sistcd of small consignments of rriar;ufarturcci goods, nlachinrry and ra\\. 
materials. For export, the main coril~tiodity harlcllcd during the previous six 



F~rtrrrc /rn,fic /trojr.c/ions 

S o r m n l  T r n f i r .  l 'hc forcscc:~blc long-trrm ~tced for restrictions on iniports 
and a probahJe slo\vdo\\-n of cc-o~ionlic gro\vtli ir i  tlir .\Iogntliscio area iniplicd 
rnoclrrate "host cst;rnatcs" of futrrrc itiiport trafic. Imports \\.rrc projected 
to gro\v at a rntc of 3.5 pcrcnit prr aririurli fro111 a base of 106,000 toris, the 
average of irlipart toruiajicf ovrr the 1964-1966 period. Ecports of live 
ariimnls, hitlcs atitl skills shor~ltl coritiriuc to grow fairly rapicllt but at  a much 
slo\vcr rate ttlat~ ill rcccrlt ycars. hcmtrsc tlicsc csports hati alreatly hrcn CK- 

pantlrtl cpnsitlcrnhl!- 2nd f~ r r t l~c r  irirrcsccs \\.err likclv to he more tliflic~rlt. 

years had becrt cli;trcoal, which urltil 1966 accouritctl for abottt 75 percent of 
total csports. 'i'hc orilv other csports of itltlividt~:~l iriil~ortarice \yere live arii- 
~iials, skills and hides. 'l'ratlic through thc lighterage port a t  J l r r ca ,  soutli of 
Jlogatliscio, c o ~ i ~ i s t ~ r l  ;tl~iiost critirrly of hatt;iti:ls for C ~ ~ O I  t. 

I l ry cargo trilltic tliro~lgh tlic port of JIogatliscio iricrcasctl ral)itlly atld 
fairly stc;tdily fro111 ;tbout lU2.000 tolls it1 I900 to ~tc;trly 164,000 tolls in 
1965, ;tt all : t t t t i t ~ ; t l  rate ot I0  ocrc.crtt. Iltct irt 1966, tor;~l tr:~tlic fell to 110,000 
tons, al:rlost to tltc 1960-61 ImVl. 'l'r:111ic siticc I960 Iins brcn affcrtcd by a 
riuriihcr of factors. 'l'lic niaiii rc:iwri \vIty itiil)o:t totitlage tloublctl het\\.eeri 
I960 arid I965 \\.as tlic rapid gro\vtli of tlic po~)ulatioti ancl of coristructioti 
nctivitics i r i  tlic city of 1Io~acliscio tluririg its lir5t yr.irs as the c;ipital of tlic 
Uriitctl Kcpublic. 111 1064 n ~ i c l  1965, itiiports iticrcasrtl cori5itlcrirhly duc to 

I 

xprcl~latioti agairizt tlic irilpozitiori of 5ttic.t irliport liccrtsitig to irilpro\.c tlw 
b:tlnricr oi p;t! rncrtts. r\rtotlic-r f;r*:~or irt I905 was a srvrrc tlrotr~lit i:l 1904-65 
\vlticli causcd foot1 Emir1 inlports to clalihlr. 111 1966 iriiports frll froni 126,000 
toris to 85,U00 toris, as iriipnrt rrstrictio~is \\(*re irilposrtl nrit l  ns irirrritorics built 
lrp iri 1904-65 \rere run clo\vri. Iriil)nrts tlirougli J Icrca  \\err sriiall; dicp 
iricrcasctl froni ;tIior~t 5,500 toris to ahotrt 8,000 torib ovrr sis years, or  at all 
avcritgr ratc of 5 pcrcrtit pcr ari11111ii. 

'i'hc rsport  totiliagcs It:rtitlled 1i;lve yarircl front ).mr to year \r.itl~ tltc I?ivtu;l- 
tiotls of tlic cli~rcoal tra(le, n-hicl~ the C;o\rrrtrrlrr~t llatl bri.11 attctii;~tirip to crirl 
iri ortlcr to rc-tnrd I : t r~ t l  ero.;iori. 111 JuriC lo(~7 trrtlr iri charcoal was nirde 
illcg:rl. .i\ coniparisoii o i  avcragc rsport totiria~rs (cuclutlirig charcoal) of the 
pcriotl I96-I-IC)66 \vith thc 1900-1960 nverngc. ititlicatcd a jiro\\.th rate of . . 
tlrarly 7 prrrr:tt pcr aritiurii for tlic 4s yib;trs. I he ruport of hariarias through 
JIcrca iricr:asrtl froni aborit 49.000 taric iri l to ahnut 62.000 toris ill 1964 
arlcl rcriiainctl at ;lIm~rt rhiz Icvcl during 1965 nntl 1966. ?'lie gro\r.th of hnnrna 
csport torinage over tlic s i s  yc.trs hat1 hccri :thirt 4.5 pcrcrr,t prr atiriuni. hut 
the torlr~agc gro\rth ratc u~it!crstate(l trntlr iri hnriarias hcca~rsc iniprovrtl pack- 
ing rcrli~iitl~rcs had rrtluccc' shippirig by :tholtt 12 pcrrc.rit. 



I.:sport to~irl:~grs (csclutli~ig charcoal) \vrrc projectctl to gro\v a t  thr rate of 
6 pcrcc.lit per aririu~n fro111 the 1 9 6 C l 9 6 6  avcr:lgc. 

I r .  111 view of tlic I :~rgc unit savings to be ;~chicvrtl by 
~ o ~ i z t r u r t i r i ~  n tIcrp\\.;~tc.r port ; ~ t  .\Iogatlisrio, ;I large proi~ortiori of \vliich 
coultl I)c pa.;.;c.tl on to rhc Sorii:~li:~ri coIistIriicr :11it1 I ) ~ O I I I I C C ~ .  c ~ ~ ~ i s i t l r r i ~ h l i ~  CS- 

port arid irliport traffic slioultl be gcr1cr:rtrtI hy thc propo\ctl projrrr. 'I':lki~ig 
pricc c-l;~iticit!. of drriiar~tl for thi.; traffic ;IS .OIi, gc~ i~ ra t c t l  tratlic \\.;IS c~titii:~tctl 
at 10,000 ton.; p r r  anriuni by tlic third !.ear of opcrntioris of tlic ric\v ()or:, i l l-  

creasing thcrcaftrr ; ~ t  the average growth rate i~itlir:~tctl ;~hovr for ~ ior~ i in l  
trnftic. 

r 7 ' .  Oticc thc ric\\- port \\'as iri oprratiori, th r  haliarin euports 
atid zriiall irilport toriringrs passirig t & i r o ~ ~ g h  JIcrca \\-or~ltl hc tlivrrtrtl to 
.\Iog;~tli.;cio. *I'lic b;ui:rr~a protlurtio~i potcriti:~l of the C;c.rialc/Srinl;~riil)ot nrca 
i l l  tlic J lc rcn  Iiiritrrlaritl. cstimatc(1 at 100.000 tolls, \vns to he rc:~lizrtl \vitllili 
five years, accortlilrg to currcrit plans. T l ic  plali, ho\vcvcr. ivas prohahi!. overly 
optimistic. Tlrc  hanarin industry sppcsrctl to have n fairly bright futurc, but 
thcre tvrrc ninrkcting prohlcrns tvliich hat1 not bccri riicbt b c c a ~ ~ s c  of protcctiori 
in the Ttalinri market. Therefore i: \vns ssslr~i~cd that hnrlaria csports \ vo~~ l t l  
build up  froni the 1964-I966 average Icvrl of 61,000 toris to about 8.5.000 toris 
ovcr the tcri-year period 1967- 1976. 

Tahlc  1 sho\vs s !.car-hy-!-car hrcalido\vri of the bcricfits froni 1973 to 1978 
based on the brst rstininte of encli variable. 

TAD1.E 1: Port  of >lopadlscio: Estimated 15enefit.q on  t h e  nasis of r h c  nest  
Est imate of All  t h e  \'ariables 

(L'J 8'000, 1967 p r i c r ~ )  
- -- - -- - -- - - - --- . . IypcofI3cnefits 1972 1953 1974 1955 5 1977 '1978 ---- - - + - - -- 
Reduction in gcncrnl 

cargohandlingcosts 296.4 308.4 320.8 333.8 347.3 361.5 375.9 
Rcducrion in divcrtcd 

trnfichandlingcosts 13'1.6 145.2 154.1 163.4 lh8.h 170.3 170.7 
Rcducrion oi ph!-cicnl 

dnmngc to cargo h5h.O 658.7 704.7 735.0 7 i~1 .5  700.0 820.2 
Rcduction in shill 

turnnrourd rimc 532.7 552.6 572.5 591.3 (il9.3 029.0 MI.? 
Savings irrrm rcncr- 

nrcd rra5c 18.5 35.0 46.2 50.7 55.1 59.0 61.0 - 
1,640.2 1,721.9 1,798.3 1,854.1- 1.941.8 2,010.4 2,009.5 

- -- -- - --- - - 



S~elirrgs in C u y o  Ilandiirrg CSI. 1,ightcrage is a rather iricflicirnt optril- 
tion since it requires double Ii;iritlli~ig o i  tlir cargo. I r i  atltlitiori, the tr;~ric>hip- 
riicrit hct\vrrri ship atid lightrr is Iia:iiperctl by tlie ~iiovcnients of l~otli  thc sliip 
nritl tlir l ightrr :rlitl is, tliereiore, r i~uch s!o\vcr tliari loadirig o r  rrr~loatling or1 

a protectetl (1i:;iy. I:or the csis t i~ig lightrrage port tlie cargo liaritlling robt.;- 
tlivitlrtl i r ~ t o  ;I l isrd aritl a v;~riablr co~ii~~or~rr l t - \vrrr  take11 ;it tlirir ;~ctirnl 
v;ilur a i t r r  so~i ic  ;rtljustnic~its to rli~iiinnte costs rcsultirig fro111 retl,rri(l;~rit I;rtx)r 
;rrrtl fnultp lvork ~rirthods. I:or tlic proposctl port fiscd hl i t l  v;rriable costs \vc*r.c 
coli)i>~rtr(l fl.o~ri their conipoliclits, \vhich are  rsscriti:~lly : 

-for tlic variable costs: tlie 1ir1111bcr of mcri ant1 tlrc protlr~ctivity of tlic.bc. 

riicn, i.c.. tlic ~irrriiber of tolls tliry c;in lialitlle i l l  all Iior~r ; 

-for tlir lisctl costs: tlic costs of mairite~innce (I:tbor ;iriLl rri:rtcri;rIs), 
a~lriiiriistrative stafi arid staH ill \v;irrliouscs arid tr;uisit sheds. 

KcAucriutr i r r  1)crrtrngc.s. In  thC lighterage port, th~ :  ~ieccssitp of Iiaritllirig 
thr  c a r g ~  [\\.ice. iriclutling orie tinic ;it sra, riiearis not only Iiighrr costs but I~igli 
tlariiagcs. I3c1icfits rrsulting fro111 a reduction oi tlirse tl;rriiagcs have txcn 
co~iiputetl or1 the basis of thc ~>roportiori (1') of tlie forecast trlririage ('1') 
lvhich is rsy~erted to be saved tlirougli easier hariclli~ig a~icl of tlie v ; ~ l u r  (I',) of 
an average tori of cargo. ?~hereforc. the rcsultirig savirig (SI , )  is givcn by 

S ~ v i n g s  irr Slrip Turnnro~irrA Tirrtr.. Savirigs wcrc cspectetl iri ship turri- 
around tinie hccause the Iiiglier protluctivity of IgSor ariticip;itrcl i l l  tlic n c ~ v  
por: iriiplictl faster loadirig a~i t l  rrriloaclirig :~r i t l  less ship tinie iri port pcr tori of 
cargo. T h e  saviligs iorniula esscritiaIIy coliiparcs the obccr\-rd nr~nibcr of ship- 
days requirecl to  move a given torimge ( T )  of cargo of cacli t!pe (gc~rlrr;rl 
cargo, hananas) in the existirig port. with tlie ship-clays esti~iiatctl to  be rrclirirrd 
ur~rler the iniprovetl conditio~is to riiove tlie sanic tonnage, less a n  allo\\.ancc for 
waiting time. 'l'hc s a v i n g  in ship-(lays are  then put irito monetary terms by 
nirrltiplyirig thern by the value of a ship warking (lay ( I p , ) .  T l i e  savirigs in 
turnaround time (ST) for tonnage T is: 

\-..Iicrc I', is the tonnage Ioadcd o r  rrriloadrd per ship per day, obscrved in rsist- 
ing conditiolis. 1'1, is the rstiniated cargo handlilig rate per hour  r~ntlcr the 
changed conclitions and 11 is the rirrnlbcr of hours to be \vorked pcr day. 'l'he 

' Simplied formula. 



c>tim.lte ( I (  r l ~ r ~ i ; ~ r o t l ~ l d  tinic derivrd froni ha r i d l i~~g  capacity has to be ndjustc4l 
for t l ~ c  c~ l , c c t ;~ t i i , ~ i  tll;~t some ships Iiiay have to wait. A siriiple I'oi.;mn q~teuirig 
model K:l\r this \v.iiting tiriie ( I I ' )  as a iunction of the total tonrlngc. 'l'he 
tvaitirig t i 1 . 1 ~  l ~ a s  :hrn beer1 nllottcd to each type of traffic proportiorially to the 
blinrc of  this t~.:llfic in the ovrrall traffic. 

I'rojrctctl s;~vinxs in all thrcc categorirs were corisitlerrd f~uic t io~ls  of thc 
traftic I1a1119lrtl r l i ro~~gl i  the port, \vhich was cstiniatccl ycar by year froni tlrc 
projcrtrtl ,:rc~\v~lt r;ltcbs clcscrihcil citrlier. l ' h c  traffic dc~iii~~ic! was asiunicd to 
be linear i11itI c.o~iwq~~rritly illlit savings for gencratetl traffic were takcri as OIIC 

hal i  of thc. unit a . i v i ~ ~ p  for nor~ilal traffic. 111 the case of clivcrtcd traAc the 
bcricfits l\;tv(n hi.rl~ r r c l~~ r r i l  by thc cost of  an iricreaur of :thout 25 rililcs in the 
Inricl  trallqlort of l>;\~litnas. I'hc tratlic taken for the conipirtatiorl of the bcncfits 
is the rc;ll t r ;~ l Ik  in tlic port up to tlic tinic \vlic*ri the rcorioriiic capacity of tlic 
two berth\ \ \ r i l l  h r  r-rachetl. l 'hercafter all benetits stay collstarrt c s c e ~ t  those 
r c s u l t i ~ i ~  fr,r111 n sutltlcri reductiori in ship turnaround time2 follo\vcd by a 
progrc-;\ cb I ~ l r r r a s r  :~;.nin in ship waiting time. ?'he ccoriotiiic capacity of the 
two brrtlls vai roriiputecl separately, usi~lg the queuing nioclcl refcrred to 
above.' 

\Ve did riot feel riitlch confidence in our  results. T o  arrive a t  the fin31 12.2 
prrccnt ccor~on~ic r.ttc of rcturn, \vc had used best estimates for each variqble, 
but on aotirr occasio~is, \ve had been obliged to resort to a\vk\vard \rays of 
firidilig t l l ~ ~ i l  (con:bi~li~,g notions of both tlie mean arid thc mode, for cx- 
ample). P'urrlicnliorc, the rate of rcttlrn was based on highly u~icertain data, 
and lvx* i~ltcrprctcd under soriic rather optimistic assumptions about the 
variables. 

011 tl\c traffic side, for esample, the difficulties of accurately predicting 
traffic grorvtli have already bee11 intlicatd. even without taking illto considera- 
tion tlic clo4ure of the Suez Canal. Traffic in cereds, the major import 
coniniorlity, I l ~ l c t u a t ~ d  with the  success of competing intcr~lal  crops arid with 

2 It was nz~umrd that a third herth \could be hrought into operatinn as won as the 
economic cnlinciry of the r ~ o  existing ones was reached. 

Sinrr a drtniled clczrriptinn of the financial analysis of this project would not add 
very much rrl  the raw, [his part of our work trill be described only brief!?. On the basis 
of projcrtrtl tr:~%c. the r~perating revenues resulting from a given system of port charges 
(differenr frlr irt~porrs and exports) were estimated. Ry comparing thee rrvenues with 
invesrmrltt rcl~t nr~d rapcrating expenses the rate of return \\-as computed nver the 40 year 
life of the p~rljrct. Thit gave, with linear depreciation, the financial return on net fixed 

. assets for rlir 5 \ran f(~llowing the conztruction of the project. In addition, the converx 
prohletn n e b  *r~lvetl r l l  determine a ryztem of charges which would xield a 6 percent 
financial rrtclrn rlver the life of the assets. 



the \veatIlcr, a ~ l d  tllrreforc \v;~s tliffic~ilt to forrcast. I )cve lop~~lc~l t s  ill otllcr ini- 
port tr;itlic clepc~ldrtl 011 rrgior~:~l tlcvcloptnc~lt, \vllich llatl zIlo\vu 110 clear trrntl. 
'I'ratlic i l l  ch:irco;ll, tllc 111;ljor esport  corllnlodity, \vas rlllrd out  by law, arld it 
was 11artl to  guess ttr \v11:1t cstiLrlt it 1vo111tl be rc~>Iacctl by i~lcrcasrd livestock 
trntlc. Iln~l;irl;a, ~vllii-11 coultl c o ~ ~ s t i t ~ ~ t e  a b o ~ ~ t  orlr-tl~ird of tllc trnllic of tllc rle\v 
port, rnigl~t not he di:.crti.d, o r  they 111igl1t not be able to corlllrctc \vl1r11 Italy's 
prcfcrc.l~ti;~l trratrllrllt \r.:~s abo l i s l~~t l  t~rcclrr t l ~ c  rules o i  the 'l'rcaty of R G I ~ I C  
a ~ ~ t l  t1111s 111igllt ~ I ~ S ; I P I ) C ; I ~  :IS all esport :ltogctllrr. 

S o r  cor~ltl tlir cost oi the projc.ctbe prcciwly csti~natecl. -1'11~ costirlg of tlle 
~i lost  r s ~ ~ c ~ ~ s i v c  si11~1c iti-111, 111c brc;~k\vatcr, \\-;IS the 1110st u ~ ~ c c * r t a i ~ ~ .  '1.11~ usual 
~~~lcrrt::irlry ;1bo11t tllc quantity of c o ~ l s t r c ~ c t i o ~ ~  ~nater ial  r c q u i r i ~ l  \vas il~crcawil 
by ~ r ~ l c c ; t : ~ i ~ ~ t y  :ibol~t co l l t i~~gc~lcy  allo\vincc for storm losws ( \ h e  qu:l~ltity of 
~ll;~terials lost clr~rillg c.o11str\rcti611 h m l l s c  of r o r ~ g l ~  srns).  0 1 1  the price sitlc, 
the lack of t!r:ailetl a~lalysis on rock avni1:tbility r c ~ l ~ ~ c e t i  tllc rsti~llatc o i  the 
unit cost o i  rock to a grliw. 

'I'hc ~ ~ u n l b c r  a ~ l d  Il;ltlire of these and r o u ~ ~ t l e s s  other project uriccrtair~ries 
arc rlot rlr\\. t c  ;lriyorlr ; ~ c q r ~ a i ~ ~ t e t l  with project appraisal. I t  is therefore only 
~~cccssary  to at10 t11:1t tllr prndt~ctivity o i  labor i r ~  Africa11 ports varies froni 
a h O ~ ~ t  5 to 12 tolls pcr p;lr~g-llot~r, that \vr \\-err 11ot vcrF sure of tllc va l t~e  of 
a11 avrrape toll of cargo nor of tllc val11e of a s l ~ i p  \vorkir~g day, and that  o u r  
h!.r>oti~rsi.; or1 the reductioti in cargo damage was ~llatle ~ v i t h o ~ ~ t  nlr~ch reliable 
data s~lpport .  

- - I he convcr~t ior~.~l  ar~alysis 11ad failed ro givr a satisfactory r e s ~ ~ l t  u:irll; single 
b e ~ t  ecti~iiatc.r'. .I'lle 111o;t ~ l a t r ~ r a l  \ ray to  (leal with this situation was to n ~ a k e  
a sensitivity analysis. it1 other words. to  w e  \\-hat \vould happC1l if other d u e s  
of rhc i11p11t data  were sr~bstitutcti. Using the 111ost rlrlfavorable rstinlat: for  
each vari:~ble. \ve obt;tirlc.d a 2 percent rate of return. \vhirli confirmed our  
s r ~ t p i c i o ~ ~  tha t  the lrrojrct \vas risky. Out  how risky? ..\gain. a 11nt11ral approach 
to this question was to try to  find ou t  which variables 1%-ere principally respon- 
sible for the variatiorls of the rate of return. 

For  this purpose \vc e ~ a m i n c d  each one of the 27 r ~ n c c r t a i ~ l  variables which 
appeared ill  our ratc of return computatiolls. \Ve varied them. olle a t  a time. 
holdirlg all other variab1c.s a t  their best cstirnate \.alrre. \Ire fol~rld the \.ariation 
of the rate of return as the best cztirr t e  of each variablr \\-as rrplaced by the 
n i a x i ~ n ~ ~ r n  value. the 111i11itii81ni value. and a value 10 percellt above the best 
estimate. T a b l r  -3 >lio\vc the recults we obtained for  the economic rate of 
retorn. 0 1 1  the basic of t h i ~  :able. and a simi!ar one for  the financial ra te  of 
return. i t  ap~care t l  that the periormance of the project was essentially es- 
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pl:~i~ied Sg seven variables: ( 1 ) cost o t  the projrct, ( 2 )  productivity of labor. 
( 3 )  value of an average ton of cargo, (-I) percentage of the toriri;cgc \vhich 
\:.auld be saved througli rctluctioli ill ~tamagcs, (5 )  rate of gro\vtli of imports, 
(6)  value of a ship ivorkitig day, aticl ( 7 )  the life of the ;issets. 1 

Above, it ivas e~plailictl  that i l l  t i ~ i s  a n a l ~ s i s  \vc varied olily orie variable a t  
a tinic. I-Io\vcvcr. \ve ~li;ltlc c=\ccptiola to this rule iri the case of v;rrinbles 
\vhose vari;itioli ~volild, i l l  the rc.11 jvorld, vcrg ~jrobably be corrclntrtl. F o r  
csar~iple, \vIirll \\.e arictl the productivi:y of ;I gcrlcrnl c;trgo garig, \vr ;rricd 
a t  the sariic t i~ i lc  tlie protluctivity of m bznari;~ gang. 'l'licsc t w o  variables both 
ilepc~id or1 the rtficiericy of the orga~iizatioti of tlie Iie\tF port,  and on hc\v 
cf icie~i t  port operators the Soriialis trill tur,l ou t  to be. 'l'hercfore, they arc  
likely t o  bc corrrlated. 'l'l~ere is 1 1 0  reawn, tl:l\vcvcr, \vh!. their variations 
slioultl be cor i~p lc t~ ly  intcrtlrpcrld'nt since, for i-s;rniplc, the protluctivity of 
tile ge11er;rl cargo pang also tlepc~itls on the clcgrcc of u~iitizatiotr of the cargo, 
a f;.ctor \vliicli is unlikely to  affect the protluctivity of thc b a ~ i a ~ i a  gnrlg. 111 
nssu~liirig, as \ r e  ciiil. that  the Yar ations of tl~ese t1t.o variables \\ere f11lly 
corrclatctl \ve riiay have sonie\vhat overcstiri~atetl the setisitivity of the final 
result to  the productivit)~ of labor. 

\Ve used a riiore rigorous way of handlitrg corrclntio~i in estimates of the 
number of persons r q u i r r d  ill tlie vitri:ous oper;rtic?ns of tlie port. 'I'lie estimates 
of the nrrtnbcr of nicri ill gangs, trarlsit shccls, \vareliouscs, etc., a re  subject to  
uncertairity not only as to the esact numbers of Illen required to  operate the 
port in t h ~  most effic~ent tray, but alu, as to tlic Por t  .Authority's efficie~icy 
in elimi~iatirig the redrtritlant labor prcsently rrnployecl in the port. T h e  first 
uncertainty is likely to  affect the  variables itide r.tidetitly of otie another since 
overestiniation of the tlurnber of nierl neeclctl ill a banana gang ticetls not tieccs- 
sarily inipl!. overestimation o i  the n - m b c r  of riicri tieeded in a transit shed. 
T h e  second uncertainty, on the contrary, is likely to  affect all the variables 
in the same direction. If the Por t  -Authority docs riot manage to eliniinate 
redundant personnel. it is likely that  this personnel will be dis~ributcd among 
the various services of tlie port  and rn increasc thc cost of all of them. 

\Ve resolved this difficulty by creating an artificial variable, which tvc called 
"unnecessary stafi." and which represents all redundant labor in the port. 
T h e n ,  rather than testing the sensitivity of the actual number of persons 
prcsently cmployed iri each of t h r  \-arinl~s services of the port. we  tested 
separately tlie sensitivity of t h e  the>raically most efficient number o i  perscns 
required in each one of thcse ser\<cms and the sensitivity of al: unnecessary 
stafi for  the \\-hole port. I n  sum, \ r e  tried to tebt the importance not so nruch 
of  a variable prr sr. hut rather of \.arior~s sorlrces of uncertzinty.' 

4 T h e  prohiern of mrrcla~ion is discusrd funhrr  in Chapter 1'1. 



If, ilistcatl of isolating sc\en niajur sources of ullcertairity, \vc hat1 isolatctl 
only one, o r  evcrltuall>- t\vo, our t a d  \vould h a \ c  bcc.11 co~ilpleted. \\'c could 
have co~iclt~tled that li this detcr~l i i l l i~ig vari;~ble \\ere, s ty ,  less than a given 
value 0, the project \\as very likely to be justified, :lrltl t h ~ t  i f  it ivcrc nlore 
than cr,  the projrct \\-a, very likely not to be justified. ;\ z i l i~ l~ lc  cvalu:~tio~i of 
the likelihootl t l l ;~t  chi- xariable \vas Ichs than cr ~voultl  have bee11 enough to 
give us  ari itlca of the ri.linrss o i  the ~ ~ r o j c c t .  IVith two v:~riablcs, our judg- 
ment \vol~ltl II ;I \  e bee11 more ditXc11lt to put i l l  \vortIs. \Ve ni igl~t ,  I~o\vevcr, have 
hecn able to illustrate i t  with the h r l l ~  of a graph sllo\vilig the lirilits \vithiri 
\yhich the project \vould be justified. 

But \vitli seven variables, such a task i i  illlpossiblr. O ~ i c  r a n  fi~itl an i~lfinity 
of co~i lb i~ l :~ t io~is  of thc variables ior \\hich the projcrt is jrlitificd, ant1 a11 
i~lfiriity o i  conlbi~iationi for \I hich it 1s 11ot. Iro~lic;~lly, the lliorc co~ilhi~l:itions 
of variablci one tritz;. the Ic.2. th r  pict t~re of the project hcco~l,cs. 'I'hc 
only \vay to obtniri a n  a\crnll.  s y ~ l t l ~ r t i c  picturc of the projtx-t is to pr.occctl 
with a prob:~bility ar~al!>is. 

*l'he first step of this risk analysis is to  zsigl i  to each variable a probability 
distributio~i. S i ~ i c e  \vr hat1 found out that the variation of the rate of return 
was e?;sc~iti;~lly e s p l a i n d  by the variations of scveli v:~riabIes, \ve limitccl our  
analys~s to thcsc scvcn variables. 'l'he tlistributions \vcre based essentially on 
subjectivc j t~ t lg~i ic~ i t .  T h i s  did riot raisc ; ~ n y  tlifficl~lty in practice a ~ ~ d  ditl not 
take nlticll tinic, since \vr hat! lilliitccl oursclvcs to a small nunlbcr of variables. . - 
'I'hc distributions \ve nbrai~iecl arc  sllo\v11 in Figure 1. I hry I\-rrc obtained in 
essential l y t w o  \rays. 

T h e  three ~ l o r ~ n a l  distributions that  we  atloptrd for the  value of a ship 
\\-orking day, the value oi all average tolo of cargo, and the  percentage reduc- 
rion ill cfaniagcs. and nht chi-square cliirribution that \ r e  use(1 for the cost of 
the projrct a rc  tale rezrlt  of a n  approacl~ which col~lcl bc rolnparccl to  the 
portrait  :iirthocl uied to idclitify sl~spccts. O n  the basis o f  limited information 
a portrait is t lra\v~i and zl~birqucritly motlifird r~nt i l  the informant is satisfied 
with it. Si~ni lar ly,  o n  :he basis of li~nitctl information obtailird froni the ap- 
praiser. \ve chme amon= claccical probability distributions onc which seemed 
to fit the case. I V e  d r m -  it. indicated the corresponding probabilities for vari- 
nus intervals. arid \\-en: back to the ;lppraiser. H e  decidrll \\-hether it was too 
ske\vrd or  \\,hcther an interval had too high a probability. and or1 the bwis of 
this ~ ie \v  illfor!llarion u-c modified ir. \Vc repeated this process until the ap- 
praiser was ~: i t i~f ie(I  with the dictr ib~~tion.  

T h e  tliitrihutions \rr used for the life of the a-sets. the Fro\\-rh rate of im- 
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Figure 1. Probability Distributions Cscd in the simulation of Mogadiscio Port Project 

ports and the productivity of labor, which we have called step rectangular 
distributions, were obtained wi:h the scmewhat more active participation of 
the appraiser. Let us take for example the case of the p rod l l c t i~ i t~  of labor. 
T h e  steps by which the appraisal team set up its distribution are illustrated 
in Figure 2. W e  f i r x  divided the total range of variation n e  had delineated 
in the sensiti~ity analysis (5-12 tons per gang-hour) irito two intervals: 



j-10 rnd 10-12, and tried to assign a probability to each one of them. 
For this \vc used a trial ~ n d  error ;~pproacll based CII the t.~~girleer's csperie~~ce:  
SU;;-jO:; gi\es too 1 1 1 ~ 1 1  ;I probability to t l ~ c  10-1-3 i~~ tc rva l ,  xi docs 60$L-40$2 
alld 70yi -31)7;, but $0;; -2O:i, rj~cs r~ot  scerll to give c11011gh ; tj~crc.fore, \ re 
trictl 75:t-35:;.  In  c;llcr wortis, tllc appraisal team's jutlgmr~lt \vas best es- 
prcssrd cjlin~ltiti~tivrly by s:iyillg t1i;it the probability of escrctlir~g 10 tolls per 
gang-hoar is o111y one-tl~irtl of the probabiiity of getting a loiver productivity 
o i  labor. 

111 the rcco~ld str-p, we cl~osc to subtlivitlc the 5-10 intcr\.al into 5-8 and 8-10. 
'I'hrr~ follo\\.i.1g the s:ir11(. trial and error process \ye ;~llocatrtl a .10 perccnt 
prob;tbility to the 5-8 irltrrvnl a~ltl a 45 prrcrllt probability to the S- 10. T h e  
sun1 of tl~csc two probabilitics is, o i  coursr, r q t ~ i ~ l  to the 75 percc'llt probability 
of tile r r~t i rc  5-11) rallgr. 1 r 1  ;, thirtl strp \re pushctl this subdivisiorl further 
ant1 obtai~lcd tlle i o l lo \v i~ l~  tlistributior~: 

f rorn 5 to 6 a 5 perccnt probability 
I I 6 to 7 a I0 perccrlt " 

7 to 8 a 15 perccnt " 
8 to 3 a 22.5 percent " 

I 9 to !0 a 22.5 perccrlt " 

I O t o l I  a 1 5  percent " 
I I1 to 12 a 10 pcrccrlt " 

Fi~ially, in 3 iourtll strp we nlatic sonic n~itlor ndj~~st rner~ts  to give the dis- 
trihutlorl a firla1 plihh. For rsamplc, \vc fo~~r ld  that conlparrt! to the p r o b  
ability cjf the 6-7 range, the probability qf ,::r 8-9 and 9-10 ranges was too 
lo\\.. \t-e tllcreforc raisetl thrm to 25 prrc<.it ar~cl drrrearrd the 6-7 range 
probability to 8 pe:zent, which in turn lctl 11s :o decrease the probability of the 
5-6 range to 3 pcrcerlt. Similar con=Idt.ratior:s fcr the 10-12 range leil 11s to the 
final tlistrib~~tion in Figure 2. 

l 'his approach and the portrait mcthod for choosing the other distributions 
i n c l ~ d e  an iterative inter?(-tion between qi~antitativc and qualitative judgment. 
On the basis of a qualitarive judg~ncr~ t  one attempts to prod(lce tentative 
Sg11re.i. These figures in turn are translated Sack into qualitative judgment 
\I-bich Is compared to the initial qualitative onc. T h e  figures are nlodified in 
light of thc discrepant!*, a r ~ d  the procetl~~rr  is repeated t~rltil the qualitative 
judgnletlt drrived from the quantitative one fully agrees with the initial jadg- 
men t. 

'l'l~e sim~;lation i s  by far the fastest and the easiest ~ p c r ; ~ t i o n  of the entire 
anaiyris. \\-hen, as il l  our w e ,  colnputcr help is used, the cornputrr can be 
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instructed to generate random values for each of the parameters varied in the 
analysis, to conlpute the rates of return, to repeat the process until enough 
values are obtained (300 times in the present case) and then to give the o b  
served distribution of the result. 111 this case the computer was also used to 
dra~a. the curve in Figure 3. T h e  simulation is, therefore, an operation \\-hich 
requires no outside intervention and takes only a few minutes. Programming 
the computer to calculate rates of return is very simple; for random number 
generation, it is slightly more involved but still easily derived from the basic 
random number generators which exist in all computer libraries. 

1 The results 

T h e  results for the economic rate of return are summarized by the cumula- 
tive probability distribution in Figure 3. I t  has a mean of 10.6 and standard 
deviation of 2.5. Along the x-axis are thc rates of return and along the y-axis 
the probability that these rates of return will not be exceeded. For example, 
we find that there is a 99 percent probability that the rate of return wi!l ex- 
ceed 5 percent, a 94 percent chance of it exceeding 7 percent, and so on along 



thc curvc tultil we  reach a 2 pcrcellt ch:ulce of escceding a I5 prrcc.tlt rn t t  of 
rcturll. -l'llc curvc can also be usrd to  t l c t c r r ~ ~ i ~ t c  thc probability th;lt tllr rntk of 
rcturti \rill f ; r I l  tvithitl a given ratlgc: \vc t ;~kc tlle tlifi'crrl~cc ;~lollg tllr ortlil~;itc 
of  the t:vo e.\trclllc points o i  tile r;ltlgr. For  esat~lplc, ivc fill11 thrrc  i.4 ;111011t 
a 40 percent cha~lcc tliat tlle rate o i  return \rill bc b c t \ v e c ~ ~  10 percent ;r l l t l  IJ 
pcrcctlt. 'l'hc ligurc also shoivs that t!i. probability of gettillg a rcbturll i11fr:ior 
to 12.2 pcl~ccnt, the rate of return \ \ c  obtaillctl ill tllc collvention:~l :r~l:llysis 
using bcbt c~ t i r~ la tcs  for each r.triablc, is 70 percent. but the prob;~trility of 
getting Illore is ollly 30 percent. So at  first glatlrc., the results of this rihk ;111;1Iy- 
sis see111 to illt1ic;lte that cloubts abollt tlle likcl;l~oocl of thc 1 . 2  rate of rcturll 
ivcre f~: l ly  justifictl. 

Ijut,  ~llllikc the scrisitivity a ~ ~ a l y s i s ,  thc probability arl.llysis give.; us a crjnl- 
plctr p i r t~ t rc  of thc project alld ellables cluatltific;~tioll of projcct ri4i--llot, o i  
coursi., tile ' n ~ c "  risk, but the risk as it appcaretl to  the appraisal ~llisrioll. 'l'he 
probability clictribution of the rate of rrturli  sut l~ri~arizcs  this risk; one could 
say that it rrprcscrits the complete jutlgrnrnt of thc appr;risal rllissiorl. 

I ion.  to use this probability distribution iri a scientific way colrltl co:l.;titutc 
all entirc stutly or. its o~vrl. 111 thc absrllcc of a.ly such ~ i e l ~ t i f i c  rritcri:~, ive 
used thc tlistributinr~ in a very prapilatic way. \Vc first saw tllat. ~ v h i l c  tile 
sensitivity :~tlalysis hat1 toltl 11s tlrnt tllc nlillinlutn rate of rcttlrll \v;ts 2 lwrc'etlt, 
the challcec of cvcr getting b ~ l o i v  5 pcrccnt were so slim that it coltltl bc 
collsiderc.ci thc I I I ~ I I ~ I I I U I I I  for :I1 :,rilcticnl purposes. \Ve then lookctl a t  the 
probability of gc t t i~ lg  less than 8 pc*ccnt, sirlce tve thoitght 8 I)crcetlt \tens n 
low but probably still acceptable value of thc oppor:krl~ity cost of mpital iri 
Somalia, ;ulcl found it to be about 15 pcrccrlt. I V c  thought that this was ncccpt- 
able, \vhell cotl~bincd with thc irlforrnatiorl that thc project had a b r t t r r  than 
even charlrc of earning more thari 10 pcrccrlt arid nearly a 20 perccrlt cllnnce 
of earning Illore than 13 percent. 

O k l r  jt~dglnerlt was therefore arrived a t  by combinirlg c o ~ ~ s i ~ l c r a t i o ~ ~ s  of  
\\-hat the lrrojcct could turn o u t  t o  be at  the cstrcmcs allcl thc probabilities 
that this \voltltl happen, with a twightetl estimation of host- any urlfavorable 
outcomes tilight be compensated 5y favorable oms. I n  this respect, the mean 
rate of r r t u r ~ l  ivas particularly helpful. I t  indicated to us that  on bnla~lcc, \vc I 
could espcct the project to yield an 1 1  percent rate of retlrrrl; \vc thought this 
was acccpt:lblc, especially since \vc did not have to fear all!- large variations 
arollnd this val~rc. O n  thc basis of  this simplc analysis, \\.c tlccitlcd to  rccom- 
mend thc project for fi~iancing. 

I V e  felt ~xirticularly free to makc this rccommcndation bccausr ill prcsc.rlting 
it, \ r e  \verc not just presenting our  own difficult decision : \ r e  \vrrc alto prescnt- 
ing to  mallagcmrnt all  the inforrllation rlecessary t o  check this rrcoti~~iicll(lation, 
and poszibl!. to ovcrrulc it. If \vc hat1 indicated in our  appraisal rrport only the 
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12.2 percent rate of rcturli foulitl iri our b e ~ t  estirnatrs calculatio~i, thc FitIra- 
tion \vouliI Iiavc bee11 quite differcrit. T h e  tlCcisiori-~n;~ker \\.auld have bcrn 
acting i l l  the dark. 111 fact, it ivol~ld not have bee11 possib;~ fnr a~~ybot ly  but 
thc tcbnlii of appraisers to cv;~luate thr risk of thc project. \Ve ivould have 
h r a ~  r c c o ~ ~ l ~ i i r ~ i t l i ~ l g  thc fill;:~ici~:g of a project rar l i i~ig a 12.2 1)crcellt ratc of 
r c t u r~ l  after l i n v i ~ ~ g  :~lrc:ltly tlrt.itlc.d that the riFk of the projcct was ;~ccrptal)lc 
-a tlarigerous ~ i i i \ i r~g  of ari;~lybis ; I I I ( ~  decibio~i-lii:~ki~ig. 

;\~iotlirr i~iiport:l~it ot~tco~i:c of the ribk a~i:~lybis tvas that \ re  for~~it l  ;I \\-a!' 
to retluce projcct risk. \Ve tvcre led to tliis f i~ i t l i~ ig  by the rrs l~l ts  of  n srco~id 
sr~isitivity aaalysis \vliicti ive carried out, this tirile 011 tllc entire probability 

I tlistribution of eacll \fariablc. \Vc io1111tl tlint tlic protluctivity of Iabor liatl n 
nit~cli liighcr scnciti\.ity iri tlir risk :~~ialysis tIi;.li irl the firbt t;rliritivity :11);11ysi?: 
hrr;~usc we  n.rre co~isitleri~ic: its entire vari:~tiori rather tlin~i its v:~luc at ;I siliglc 
point. ?'his highrr sensitivity niralls that if our  jutlgnierit a1)out ttie probability 
ciistribi~tion o i  the productivity of lahor is too optinli\tic ( i.c. in Figure 4, 
if the t rue distribution is 13 a ~ i J  not :\), t h r ~ i  thc probnbility of ha\.i~ig n 
ratc of rrturri infcrior to  8 I)crcait is no l o~ ig r r  15  l ~ t  30 percent (scc also 
Figure 21). O n  thc othcr ha~it l ,  this a s s~~n lp t i o~ i  that tlic protluctivity of labor 
could be ca~ifincd to thc 9-10 tons pcr gang-hour rarige yields tlie tlistribution imi 
F ig i~ rc  5 ;  the risk of thc projrct has practically bcc11 elinli~~atecl. IVc  thcreforc 
si~ggcstcrl that  a c o n s u l t a ~ ~ t  he r~igqged at all appropriate t i~i ie  to help orga~iizc 
cargo liantlling operations nritl that :his be n~ntlc part of the loall agrrcrnc~it. JII 
this case, \vc wrrc  not only ahlc to qi~antify tlie risk attachrtl to  the project, but 
also to fi~itl a feasiblc \v;iy to rctluce it. 



THE TANZAM HIGHWAY: A CASE STUDY 

.--- --- 
The Project 

T h e  'I'anzam highway is a 1170-mile-long highway from the Copper belt 
in Zambia to the port of Dar  es Salaam in l'anzania. Th i s  route, 111ost of 
which tvas a poor gravel road, became importarlt after Zambia achieved in- 
dependence in 1964 and after the Rliodesian u~lilateral declaration of in- 
dependence in 19td led to a U S  embargo 011 traffic tvith Rhodesia. Compliance 
with the embargo requires Zambia to divert its seagoing import-export traffic 
from the existing main route across Rhodesia and BIozambique to a more ex- 
pensive route via the l'anzam highway. Reco~istructio~l to two-lane bituminous 
paved standard of the gravel or earth sections of the road from Kapiri JIposhi 
in Zambia to IIorogoro in Tanzania (965 milcs) was planned under various 
financing arrangements. T h e  Bank group \vas asked to finance two sections in 
Zambia, of 122 miles and 235 miles respectively, and one in central Tanzania 
of 31 1 miles. I t  is this Iast project of 31 1 milcs which is briefly presented here. 

T h e  road was not the only transport mode proposed to meet the Zambian 
demand for a new access to the sea: anlong other projects, a railway, to come 
into operation at an unknojvn date, \vas also proposed, and an oil pipeline \\-as 
under construction. Uncertainty about the cconomic benefits therefore existed 
in the project froin the start. Before describing the probability analysis, how- 
ever, it is useful to outline the frame\\-ork in which it fitted. T h e  economic 
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analysis \\.as that rior~iially rniployetl iri thc I<;utk in tlic ;isscssrnrnt of n rond 
project.' 

IGtimntcs o i  costs \\-(-re fir<: cstablislicd, with their probablc years of occur- 
relicc. Sh:ido\v prices. sonletinirs ~rscd, \\-ere riot recl~iire(l i l l  this cnsc, n~ltl the 
;illo\v;rnce gcncrnll!. ~iintle ior  coriti~igcncics \vns also unricccss;iry since a pl-ob- 
;ibility :~r~;ll!,sis \\.;.s to br  madc. r i  tlatt- \vns set, :o \vliich the I>rcserit v;il~ic 
calculations rrlatr.  Scp:~raie ari;~lyscs 1vc-r-c mntlc of cach secticlri of tlir project: 
i l l  tliis c;tw eight src.t;or:s of the rontl \\.err scl>:~ri~tcly c o s t ~ d .  I$crirfits :irid costs 
\vrre . -, > \ t z w ( l  - .  . - - from rlie rla:io:i:~l angle. In tliis c;isc sca1)arntc t.nlc~il;itio~is ivrrc 
~i indc for 7'n1izarii:1 alorie and for 'I'arizariin aritl Zariibis together. . . I Iic liinili q\lalitifi;~hlc hnef i t s  Ivcrc four: 

a )  Sn\.ilig.s or1 aprratirig costs bccn\rse tlic road \voriltl be upgrndctl for 
csisting traffic aritl for tlie r~orni:iI incrrmc of tr:~flic which \vo~rlcl Ii:~vc tnkrli 
pIncc rvrn \vithot:t rlic roarl. 2'liesr \viere cstim:itrcl b!* obtniriirig costs per nlile 
per t!.pc o i  vchirlr on th r  ne\v road arid st1htr2ctir1:: siniilar costs 0 1 1  tlie oltl 
road. (;erirrnl coriiparative da ta  were t~srtl  for tliis purposc, pnrtict~lnrIy thosc 
iri Occasionnl IJ;iprr So. 2, as nnicridrtl by ir~iorni;itior~ obtained frorii tlic 
go\.erriliirrit of 'I'nnznniz arid its consultants. ; r r l t l  froni intc.rvir\vs with 
tr~rckilig firms (*l'nblc 3 ) .  I t  \vns nrccssary to kliotv fo r  cach rond section thc 
svcragc- daily rrafic prr  rrhicle t!.pc a t  the rrlevant clatc, and to assess the rate 
of riormnl tr:~tKc gro\v:h of e:rcl~ ('l'nblc 4 ) .  

T.4BI.E 4: Tanzania,  I ( i c h r a p  Project: Estimated Tanzaniana Traffic on  
Project Road Sections 

- - - -- --- 
(Actragc Doily Trofic 1967) 

- -- 
'I'n~cks and Truck- 

1'rtr.irct Koad Scction C a n  Buscs Trailcrs Total 

\lorogoro +7-0 17-0 165 20 305 
l lorocaro +?-0 - f38 80 I30 20 7-30 
Jlc)rcr;oro +38 - \likumi 51 118 14 186 
llikurni-Slrrhrnge 36 79 7 17-1 
Slab-nqe-Kitonla-lrinp 58 17-0 16 188 
1ring.a-Sao Hill 62 89 5 157 
Satr 14111-\lakuml)ako 36 71 6 116 
\ l n i u r n l i n k ~ l y a y i  21 54 5 83 

.lnnual Growth Rate  6% 8% 8% 
-- 

S O , ~  including Zanhian transit tr 'ic. T h e  best estimate for :his was an . lD ' i  o f  85. 

b )  Relicfits froni a s l ionrnir~g of the distn~icc may be related directly to the 
anrlunl trucking co\t\ p r r  \-ehiclc-riiilc (as  iri Irari. in Occnsional Pnpcr S o .  7 )  
o r  as here, to t h r  opcratirlg casts of vehicles on the road ('Table 5 ) .  

I ' T h e  r n e ~ h o d o l o q  is dexr ihed  in Occasinnal Papers Sns. 2, 4 and 7 nf rhis series. 





C )  1I:ili ihe value o i  savirlg?; of tr;rRic i t ~ , l t t ~ t . d  by tllc ronil irllpro\ i-rlle~lt \\.:I?; 

cnlclll:lte,i ns n bc~lrtit .  For this it \\-as rlcccssary to cstiniate the price rlnsticity 
oi ~ I ( * I I I ; I I I ~ ~  fo r  t r ; r ~ l i ~  ~vittlin 'I';~rlx:i~~ia. 111 a feasibility ~ t t i t l y  of the 'I . ;II~Z;~II~ 
high\\.;ly ti~l;r~lcctl by KS--llI) in 1966, tllr St;ulford R w n r c i ~  I~lzt i tutc  foull(l 
the c.lil,ti\-it!. to be rrlativrly high. Klnsticity is t;lkcn a t  I ; tllnt is to say, 
gr~~c.r;ltrti tr;rflic nc n prrcentngr o i  ~lorrll;rl trnllic (p rcwnt  trnl6c 11,llic ~lorrllill 
g ro \ r th )  is i-tlu:ll to ttir pc.rcrlltnpc saving i l l  vrllicle opernt i~lp co>ts. 

1 1 )  'I'hr rc.li1ctio11 in ro*ts 3f rnnd ~ i i a i ~ l t ~ ~ l n ~ i c c .  obtni~lrtl  fro111 tllr corl- 
ktlltnllt'z r3ti1ilnte ;~nt l  irolir tllc .\Ii~ii,try of Co~ilrllurlicatin~ls, 1.nborcr nnil 
\\'nrk$. arlotllrr ixwrlonlic tlcnefit. :\g:iill,t this \\.ere set thc costs of future 
rrsc~rincir~g r)r rrpnir o i  thc nc\v roail. 

'l'hc h.rirfits ;111cl colts \vrt.e npproprintrtl to tllc y m r s  in \\.liicll tllry nrr  
r\lvrtc.cl ra occur .ltltl the i ~ l t e - n ; ~ l  r;ltc i inti-rcst \:.a< iou~lt l  \\,llich cclllntrs . . 
t h r  \rrrnrn of  bc~i r f i t s  and that of co\ts cli~cou~itetl nt thn: r:ltr. 1 he rate \vns 
19.6 Ijrrcrnt \\.ith and 13.9 perccrit \vitllolit the Znlnhinn trnmc (see 'fnblrs 
6 nrtl 7 ) .  'l'he c s p r c t d  Iife of  the project \\.as put in this i~lztnllcc a t  20 ycnrs, 

T.4T)I.E 6: Tanzania. Il!plhwa) Project: S t reams  of Costs anif Ilcncfits, Best 
Estimates 

-- - - -  -- (US$ t t ~ i f f i o t t )  -- - 
Benefits 

-- 
111th savings due to 1Vithol1t savings due to 
prohal~le Znmhinn prol)atilc Zamliian 

I'car Cvcts t rasc traffic - -  . - - 
lOh3 14.235 
1970 1 4 . 3 3  
l9Tl - 5.957 2.810 
1'172 - 6.314 3.163 
1972 - 6.685 3.531 
1974 - 6.948 3.791 
19-5 - 7 . 3 2  4.072 
19T6 - 5.806 4 . 2 G  
19;; .513 5.2'rB 4.478 
197.9 - 5.185 4.792 
1977 I .  107 5..N9 5.151 
19M -878 5.650 5.551 
1981 - 6.036 5.986 
1992 1-32? 6.493 6.458 
1 9 s  - 6.981 6.969 
1984 - 3 5  7.526 7.520 
1985 8.118 8.115 
1936 - 8.758 8.756 
1987 - 9.M9 9.448 
1989 - 10.194 10.194 
1999 - IC.998 10.998 

I -. 1 . Ffi - . 8 l P  11.866 i1.866 ---- - --- 

I 
Hcsidrr31 value o i  the pvemcnr. 



TABLE 7: Tanzania, Highway  Project: Expected Economic Rate ~f Reaurn 
( p c r n ~ ~ r )  

-- 

A I3 
Local traffic plus 
full savings due 

to prollablc Zaml~inn Local traffic 
Section traffic only - - -- 

1 lyayi-llakumb;~ko 29.4 16.7 
2 3lakoml1akuSno Hill 36.4 22.7 
3 Sao Flill-lringa 15.1 11.4 
4 Irinya-blahcnge (less Kitonga Gorgc) 12.1 9 .5  
5 tiitonga Gorgc 11.0 8 .8  
6 SIahengc-llikumi 20.8 14.2 
7 hlikumi-pavement end 11.4 9 . 3  
8 Pavemcnt end-Slorogoro 16.5 13.8 

Iyayi-llorogora (overall) 19.6 ----- 13.9 - --. 

which determined the point beyond which no further calculations were ntade. 
But it would have made little difference to the return i f  the expected life had 
been taken at 30 or 40 years. 

Finally the internal rate of return so calculated has to be compared with 
the estimated cost of capital, representing conceptually thc opporturiity cost 
of other alter~iativc investments foregone by this decision to build a road. 
Certain refinements, such as identification of congestion costs or accident 
reduction2 were not used in this study. S o r  were shado\r. priccs necessary. 

T h e  Probali l i~y Analysis 

T h e  problem 

Due to uncertainty surroundiag major variables of the economic evaluation, 
the selection of single values for these variables and use of them in the rate of 
return calculation could give a nlisleading impression. Among these uncer- 
tainties, one \\.as outstanding. 

T h e  Governments of Zambia and Tanzania have agreed to construct a 
980-mile r ~ i l  link, with the financial and engineering assistance of m7inland 
China. T h e  date of compIetion of this rail\vay is uncertain. If and \+hen it is 
buiIt, it is probable that most, if not aI1, Zambian seagoing import-esport traffic 
\vilI be diverted to the railway. For the probability analysis, it was assumed 
that from the date of the railway's completion, Zambian traffic would fall off 
by 50 pcrccnt per annum: but it \\.as uncertain whether this would be as early 

'They might hare been, for there had already been over 100 deaths on the existing 
road since 1966. 



as niid-1974 or  iri tlic 1980's. \Vitliin \\.itic bou~lds, ally liypotl~csis about thc 
tluratio~i of the KIIOJCS~;III crisis a ~ i d j o r  the likcl~liootl o r  t ini i~lg of the r;lil\vay 
~voultl  bc as good as any otlicr. U~i t lc r  thew circu~nst;uiccs any rrliablc traffic 
forcrast \V;IS virtually i~iipossible. Finally, tliougli less importantly, thc un- 
certainty about vrliiclc s;t\ i~igs ,  niaintcnancc savi~igs a~ i t l  t raf ic  co\111ts could 
11ot bc ricglcctrtl. A prob;~bility ari:~lysis nppc;lrccl ;11i appropriate ;Ilis\vcr to tlic 
problnns, ;111cl tlic cost-bc~icrit ;uial!*sis \\..as nccortlingly put  illto ;I prob:~bility 
f ranlei\-ork. 

Si~icc ;I 11rob;tbility a~i.alysis was to be nrade, a coniputcr program was written 
for  thc calculatiori of  tlic ratc of  rcturrm of tlic projcct. 2'hc inputs of the 
prograrli ;IS variablca \\ere thc ! h i k  stafi's best cstim:~tes of project costs, tlie 
volrr~nc a~i t l  ro~lil)ositio~i of  i r ~ t u r c  tratlic, vchirlc opcrnt i~ip and rontl ~ i ia i~ i tc -  
nnncc cohts \ \ i th  a n J  \vithout thc  project, thc pricc elasticity of clcmantl for  
transport, a11tl tlic cco~lo~li ic  liic of  tlie aqwts; the output  was a s i~lglc  ratc of 
rctnrll for each of thc rontl scctio~is ant1 for thc c ~ i t i r c  road ('l'ablc 7 ) .  

I n  tlic sccond stcp a scnsitivit!. analysis was nlntlc of thc ratc of rctrlrli. F o r  
this purposc, each of  tllc paranlctcrs was varicd, o:lc a t  a tirnc, and thc cor- 
rcspo~ltli~ig vnlr~c.; of thc ratc of rctllrn computccl. Icach paranlctcr \vas tcstcd 
by a 10 pcrcrnt variatio~l n r o ~ ~ ~ l t l  the vnluc which had Seen chosc~l in thc 
clctcrmi~intion of thc i11iti:ll rate of return, sricl for thosc pararnctcrs which , 
Ilad ranges of u~lccrtnillty cstimatcd to bc largcr than k 1 0  perccnt of the 
initial cstimstrcl vnluc, the rates of return for the t w o  estreme values of the 
rangc \vcrc also con~putc(l. 'I'ht- rcsults of  this scnsitivity analysis illdicated 
ivllich paramctrrs llatl ari inlportant cfiect on thc value of the  ratc of rctlrrn, 
ant1 allo\vctl thc nunlbcr of variables to  be considered in the probability analysis 
to be lirnitctl to  tllcsc. 7'hc ~nethodology of such a scnsiti\-ity analysis has been 
morc fully describccl in  the preceding chaptcr on  the 1Iogadiscio case. 

T h e  third ant1 final stcp in the analysis tvas the probability analysis proper, 
which was donr  by \vay of a silnulation ( 3 I o n t e  Car lo  technique). F o r  this 
prlrposc a prob:tbility t1istribu:ion was estimated of the values for each of the 
paramrters sclcctecl in the scnsitivity analysis. These distributions reflected the 
Bank staff's judg~ncnts  of the uncertainties I\-ith respect t o  data, and their 
jr~dgnicnt as to probable future developments. T h e  rate  of return \\-as then 
computcd rcpeatctlly (300 time;). using rach time, for  rach of the selected 
paramctcrs. a value drawn a t  random from the range o f  its probability distri- 
hution. T h c  f r rq~~er lcy  of a par t ic t~lar  value's sclcction is governcd of course 
by its probability \\.righting. C a r e  \\-as taken t o  correlate interdependent vari- 
ables. F i ~ ~ a l l y .  th r  tlictribr~tion of the rate of return \v.s statistically deduced 
from thc samplr of valucs nbtninrd. 



- - I he hypotlrcscs er~~l~lo!ctl irl the ,111aly.iis arc sho\\.rr in 'l'nblc S. 'l'herc is 

also a graphic prcsrl i tat io~~ o i  thc results it1 tcrnis of t l ~ r  curou!nrirc. prob;tbility 

o i  c a r ~ i i r ~ g  nrorc. th;lr~ a specific rate of return irith nlr t l  \vithout Zan~b in r~  

transit traffic ( F i g ~ ~ r c  6 : .  
1-ooking i r ~  detail at Table  8, the rcnricr \vill first notice that the rngincrrs' 

rlorlllal co~~t i l lgc l~cy  allo\variccs Iii~vc bccr~ rcrnovcd fro111 thc brst estirllntc 

Economic rate of return 

Figure 6. Tanzania, Second Highway Project: Probability -9nalysis of Economic Rate - of Return 



c.alc-:fatio~~s a~rcl i~~tcrprctcd ns a prob;ibility clistributio~~. 'I'lley arc tli~aggregatetl 
illto cl:la~ltitY o \ ~ ~ r r \ 1 1 1  c o ~ ~ t i ~ r g e ~ ~ ~ \ ~  ~ I I O \ V ; I J I C C ~  :IIICI bid ovcrrtm ;~llo\v;~~~ccs.  
< I tell1 /'.. ) 

11) g r~~(~r ; r l ,  ' ~ ' ; I I I L ; I I I ~ : I I ~  tr;~!lic 011 iI:,. ' I ' ; I ~ ~ z : I I ~ I  higlt~vay (Ittbt\1 13) f ;~i/s  off 
tlic furtlicr t l ~  cli\t,r~ic-e fro111 I);ir rs S;~l:i,~rli, c\cel)t in tllr vicillity of 111;ljor 
tr1\a.:1\ s ~ ~ c l i  ;rz .\lor o ~ o r o  ;111ci I I i11g.t. 'i'lic propor rion of loc.;~l truck a~ikl bus 
IIIOI rrlirl~ts ;. .cry Iiigl~ ; ~ t  60 j~rrcclit ;111(l 75 ocrcc~lt, tvith the higher propor- 
tioll or1 t l i ( a  I('\\ tr;~lticketl sc.ctiol~c. 'l'llc p~obnbilit). tliztribittior~ allo\rccl ior 
t l o~~b t s  ;tho::t ~ l i c  :~cz~~r . ;~cy of tllc tr:~ltic C ~ I I I I ~ .  

I,,,c;~l *,.IIC.L t~ :~:lic \\.;IS ~%tirrl;~trtl t o  hc g r o ~ v i l : ~  at tllc r;itia of 6 prrecrlt to 
I ( ;  prrrcrrt c ~ r  ~ l i i \  roirtl t v i t l ~  ;uit~.l~iolilc tr:i~tic gro\vi~ig Illore slo~vly n t  be- 
r\rrrri 4 pcrc.-llt ((; S I)crcibrrt. ( I trln C. ) \\'it!iout ~)roh:tbil;ty ;~rialysi.; hest 
r.,ti~nstr\ of  Y ~icrc.c-r~t  rid 6 pcrccrlt ~o111d  Ilnvr berrl ~r*ctl. 

'I'r;~:i*it irnflic to : I I I ( ~  fro21 %:r~llbi:~ i l l  the pcriotl after cor~~y)lctior~ of tlic 
rant1 ir,:pro;.clllrrlts, i.c. post-I97 I, \va* rilorc .:inic~~lt to forcczat. (Itcrn 13.4.) 
Ctr ~.rrvrt t r;tri\it t r:~ltic ~111nlcs nrlcl ~)olitic:~l coriditioris c l i c l  riot provide a clcar 
g,litlc for forrcnhtil~g tiic :iccds oi t l ~ r  futurc. 'l'hc oil traffic \rhicll formed the 
b111k of %:trnl1:;;11 i:~ll)o;r tra'lie \ , o~~ l t l  he clivcrtcd to thc 11c\\~ piprlir~r. Copper 
cm-;port :rihic ot-x I I I C  rc;icl r11.1y LC affectid by thc I I I I ~ ; I ~ : I I I C C L ~  loads that \\-ill 
1c*11Jt irc1lll clitcr.\itrr~ of thc oil tra'ti:. 'l'lic huiltl\lp of gootls irnpcBrt traffic 
:III(I a h :~l ;c~)c i~~s  lo:~tl of copl)cr \rill tlrpr~ld both 011 tkC spcccl at which cPtr.1 
capncity rlo~v hcilig :)rovillc(l : ~ t  t h C  port of I)nr cs Salanr:i corlii-s irito usc arlct 
thc I .~ t~ : rc  ric-r.tl to r~\.rir~tairl trar~sit traffic in t h i ~  direction. Znnibiari iniport- 
c-sport trn(F,c Ic\clc ivill hr. -~ffcctcrl bv rllariy factors, iriclutlirlg the con~pct i t i~c-  
11~5s nlid cxp;tcity of cv i s t~~ ig  pltr.rrlntivrs, the cfficicrlcy of thc opcl-ation of thc 

I 
rr:tirn syrtt-nl to b : ~ r  cc S ~ ~ ~ T . I I I  11lc111dirlg trt~ckirig operations ar:d cornn~crcial 
arrar!;lcrl:rrits, nllcl tllc actual gro\vth of l'arlznr~in's o\vri port rcquircmrrits 
i l i  ~olnparct! : v i l l r  t!tc ~)l;~rirlrcl port cuy~:~risicrri. l'l*csc arid rcl.~tcci factors \\'ere 
;~sccswd. ir~cofnr nc pocsiblr. arltl tra~i\l:itcd iri:o jt~dgrncnts as to the probable 

I 
Irvrls oi alirluni trnltic rvvcr thc road duririg thc period after 1971. . . I LC perin,! for which Zari~hian traffic is likely to cttilizc the improved road 
(Ttcrn C.4) >rnc zlco ~~l iccrc ;~i~l .  e<pra.isli!. in ric\\- of the proposed parallel 
tlcve!vp:nrnt of :I rail lirlk. This rail lirll- \rould s~~pcrsede the highway in thc 
role ot e r l c r~ r i r~~  ;I rclinhlc ncccss to t;lc sc2 for Zambia. arid ~ r o u i d  divert 
rnost of this trari-it tr.llfic from the road. T f  the Governments of Zambia and 
'r'a11::ania p~!r-.lrt-cl thrir prc*c~)t ititc!ltio~i to built1 thc rail\rsy. the earliest timc 
\\.IICII it ~ 5 : t l c l  b t ~ o ~ i i c  oprrntional \ro11lt1 he mid-1974. LC. after IS months of 
r~lgiriccri::~ n~id nhollt 5 ycnrs of :o!lsr;i:ction. Thcrc  \\as, ho\vrver. the posci- 
hilit: that t'lr rail\vaiv niizht not bc b ~ ~ i l t  1::icr to tllc 1940's. -hvl~ld the Gov- 
rrrlrn7n:s qf Z:lriih;:t a114 'r'an7srl;n t!rriclc to pc3,tpor)e colistrr~ction or find thsc 
tllc prc,poirrl Ilnpro\c.lnrnt XI the T.,rl/ar,~ IliFh\r-ay ~ r o l ~ l d  ccrrc as nn adeqt~atc 
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TABLE 8: Tanzania, Second Jilghway Project: Ji~pothesls  for Probability Analysis 
- 

k t  Estimated S a t u r c  of Uncrrf i inly 

A. I<tr~i11e#ri114 ,1,.,1 C o n ~ l r u c l i o ~ ~  Cusls 
HUIIV Srt1ii11 (US$)* 

I. l s i ~ s I . > l a k t t ~ ~ ~ b i ~ k ~ ~  I ,*>fd ,.3W 
2. > l i l k ~ ~ ~ r l h ~ k ~  +PO llill J.614.700 I Quant i ty  
3, Silo liilI.lrir~u.~ 4.50.3 . SUO 
.I. I~i~rya- . \ lnl~rrruc (leu4 bitryc!) .1, .!OR, 1W ~) lua  .;. :;;:\,l;y:l li',rge I ,  ll.~,UIMl 
n. > ~ ~ I ~ I c - I ~ u I ~ - > ~ ~ ~ I I ~ I I ~  7,:.U~,wlll I Ilk1 I lncrr taiaty 
7. >lik~rrr~i.l<ri~l 111 I 'avrrr~er~t  . ! . l o l ( . ~ M ) O  

8. litid ul I':~~~c~~~rr~t-. \ luruyoro J .061 .(MI 

11. 7ilrfic C I I I ~ I I ~  i## I967 

I .  Cars 1)cr U ~ ~ ~ I J I I  

I. Trucks l a r  ;rctiort See Table 4 ) ~ \ r e u r a r p  of tratlie cuuntr  
1. Trrrck tr;iilcr.r?r Iwr xcrtion 

l'ailorrr~ Imluvcn 0';; oncl + 15 Ti, 0th 
mrh ilrm 

l,lll, 

Keclorlgubr -211% and  ~ 1 0 %  
Sf1.0 Hrr to~r r r lo r  

F u r c a r t i n g  I'nctrtaint). C.tr.- unif<~rrst k t w m - n  4% :tnd 8 7  
T r ~ r r k i  anrl truck rrailrr3--i~niform 
Lr1rrc~11 1,:: and  10% 

I IJi$crrl# 
I'rubrhrlify lvrlrr in r ' h ~ t h  rrdfir 

l l a r f l  lo alrtlinr 
l l l ~ o  lVi4 

{ :::; 1*1;!# 

I 1)ur1lti1111 of 1r;tflic lu;f, 
l ' t~,b.~bil i ts  ol Hnilwi~y Lkve)vl~- i . 5Sb  I077 
lIIeI11 ur 001er ll>llllI011 8 , s I:;, 1'>7S 

,.s% Ia>i9 
7 . 5 %  1 :  \ 207 ,  1m.1 IUUO IUno 

~ r ~ b t ~ b ~ l d y  11 L)T-rqnp 
5 %  u 

I Capacity uf I h r  r s  W r n  1'011 10% 1-53 
Distribution of trartlc o\-rr 
al ternat ive routr*. 
Central  Afrkan ~ ~ ~ ~ l r t l c i ~ l  rituaticm. 

2UFa J.UAI 
4or, ##I-105 
10';; 105-1?0 

110-1 5s 





altcrriativc for :he forcsccablc iuturc. I t  \v;~s assrrrncd tliat Zarrrbiarr sragoir~g 
tr:tf%c ~voultl riot irrcrcasc bc~ontl its peak iri 197 1 arid that it \voultl declirie 
by 50 percerit arln,i:~[ly frorii the cornplctiori of tlir railw:~!.. 'l'hc tlistributiori 
hho\vs h o t  prril~$es of the c o ~ i i ~ i i c ~ i c c ~ i ~ e ~ ~ t  of tliis tlccliric. 

Uriit ravirigs ill vcliiclc opcrati~rg <o\ts cluc to iriipro\i*~iirrrt \\.ill  be large. 
'l'llc cli.rtariccs h~t\\~c.cri t l ~ c  riiajor origin arrcl clr\tiri:~tioria or1 this road arc 
irlso 1:irgc. 'I'li~rs. a 1;trgc ;tbwlutc. fall iri the co\t o i  n1o.t \el~icJe trips shor~lcl 
stir~i~rlatc rig~iifcarit ccorioriiic activity ill tlic Iiigli pot~.ritial agricultrrral areas 
so~rtri and \vest of Iririga. I 1 igli tr;irisport costs rarr\rcl I)y 1)oor roacls arid lorig 
tli\tar~ccs havc brcri :I sigriiticarit harrier to tlic tlcvclopmi.rit of this fertile. 
temperate Iiiglilaricl. 

E:sccl)t for trrrcks, tlic opxatiril: cn4t.i (illid tlic~ice tlic >aviril:s from at1 oltl 
to a riiS\s. ro:rcl) \\.;I1 hr coriijjli.tc.ly col.rcl:~tccl: i.r.. it i\ c*.tirii:rtc.cl tli;rt if tlii* 

costs for cars ?re 15 I)crccrit Iiighrr thari rs:iriiatcd frorii tlic gerlrr;rl cl:tta (.\el* 
:thovc), they \\-ill I)c 1-5 percrrit liiglicr for bu.rc3. truck trsilcrs or sprcial 
traffic. 111 thc case of trricks. lack of accuritte tlata or1 tlic aicragc trrrck aizc 
contributed aclcli~iorial uricrrtairit!~. 

Koacl iiairitrri:rricc cost savirigs ( I ti'ril I") Ivcrc coml)~rted accorciirig to tlie 
f o r r ~ l ~ ~ l a  

1 Iairiteriarice cobt per riiilr p.3. = n + /I x 

tvhcre x rcprcserirs tlic projcctcd avcragc daily traffic. rxpressccl iri traffic units, 
atill n arid b are tlic ~)nrarnctrrs of a Iilicnr al)pros~riiatiori of the roatl m;~iri- 
tcriaricc co\t ~i.i~lrirr 11rt. rnrrgr. o/ ~r/r!];r c.or-c-rcd by /his projr 'l'his is tom- 
~,rrtcci for the roacl with arid \\.itliout tlir roacl ir~ipro\rnirrit, :irid thc cost 
savings con5tit1rtc :i bcrictit. -1'he variablr terrn C only \\-as varied it1 tlic prob- 
ability analysis. It \\.rII also be rioticrtl that the trafic unit. which in the caw of 
the rsistirig roncl was clcli~ircl as a car. 1r.a~ cli:mged :o a trrrck iri the cnsc of the 
ricw roatl. In rffert this iriiplics that thc pawgc  of cars ovcr the nctv (asplialt) 
road is rstiniatctl to Iiave a rlcgligiblc rffcct 211 the cost of tlic road's niaintenancr. 

'1.h~ filial iteni If relatcs to the cost o i  I)ar.erlierit strrrigthcriirig, estiniated 
at $13,5C@ pcr mile (* 25 pcrcerit) aritl its timing. 'I'hecc are disc~rsscd belo~r. 
S o t c  that this cost is dircctlp related to the corrcsponclirig beriefts ( the traffic 
rlsc of the roads). 

Rcsulfs o/ fhr n n ~ l ~ s i s  

. . I hc overall rcsrrlts of the bcst cstiniatcs are shown in Table 7, and of the 
probability analysis iri Figure 6. 'I'able 7 set> out the ratcs of return baced on 
the brst estimate of eacli variablr. 111 coluniri .-I thc c\pectrtl bcnefitc to the 
Zarnhian through traffic arc iriclrrdecl ; iri colurnn B they arc esclr~ded. Coni- 

Sce Figure 9. 



parisoti of  colunltis .-I arid B sho\vs that the rate of return is only moderately 
setisit~vc to  future Zarribian tral?ic level and duration. -1'hc o\.crall ra tc  of 
return to 'l'alizaliia is thus about I4 percart. I n  adtlition, '1';rtizania n-ould 

rcccivc ;I sharr  o i  tllc sirvir~gs likcly to  accrue it) rcsprct of the 
%;l~ribi;lli transit tr;~flic. '1'11~' riitcs of rcturlr for eacli s c c t i o ~ ~  il~dividually arc  
R u ~ e r a l l y  s;~tisfactory, even thougl~   iron^ tllc 'I':~liz:rlriat~ po i l~ t  of vie\\- the 
returll bccoliirs lllargillal i r ~  t11c lieiglrborl~ootl of thc Zambian border. 

'I'he I)robnbility all;~lysis (Figure 6 )  intlicatcs that \vliilc there is a high 
degree of uncrrtaility tvith rcspcct to solile o f  tlrc niajor variables, there is 
a relatively >nialI risk that the 11rojec.t will not yieltl a satisfactory returll. 'l'he 
:111i11ysis sho\vcd that there is less th;ln i pcrcellt prc1b;lbility that the project 
tvill cxrn less than a 10 prrccnt rcturll for  'I';~~iznlii;~-i.e. more than 95 
pcrcent probability that the ratc o i  rrturll will be over 10 percent. 'I'he nleall 
rcturlis trlitler probability analysis, 20.1 percent \vit11 the %:~lnhian t r a f i c  alid 
I5 pcrccnt without. are  margilinlly higher tliali tliosc fotrlid by a k t  cstimate 
c;~lculation, 19.6 pcrccnt and 13.9 perccrlt, ill '1';tble 7. 

T h e  ~rncrr tainty about the traffic level for which the road \vas to  be designed 
matlc tlic choice of all asphalt surface thickricss difficult. Sir~cc the cost-bellefit 
a~ialysis \va\ alrcatty in probability forlii, it was only nccessar). to  feed i r ~  the 
alternative thicklicsscs of surface and their corrcspotlding espectcd lives to the 
probability analysis, to  cvaltlatc \vliich altcrriativc was  best. 

T h e  problem of optimization is olic which is met  frequently in Bank 
projrcts, a d  stenls f rom the different pcrspcctives of thosc who tend t o  srek 
the best. i.e. "safest" engineering solutiolis, allti those \ rho  seek t o  optimize the 
use of  scarce rmurccs .  I n  the l'anzaaiian case, t\vo isstlcs \rere a t  stake. I'he 
first was the strength of the road, i.e. thc l ~ u n ~ b e r  of rehiclc passes (of a n  
rquivalclit standard 18 kip axle) for which the road should bc designed. T h e  
lotver the s t rmgrh,  the sooner the pavemcnt \\-as likely to  rve:lr o u t  and  t o  need 
replacement. T h e  sccond issue was :he manner in \\.hich the d n i g n  strenkth 
sho t~ ld  be achieved, through the base o r  through the pavement surface. A n  
asphalt concrete surface of minimum (YJ") thickness and  a thick base \\.ere 
theoretically cquivalerit to n 3" asphalt concrcte surface and  a I n s  thick bbse, 
btrt there \\-as large uncertainty as to what  the cost of laying n pavcment of YJ" 
\vou!ci be. T h e  sccond alternative was bring pressed hy the corisultant though 
its iliitial cost \\.as admittedly higher.' 

i 
A third alternative, a do~ihle-seal hituminous surface course, ar originally specified, 

\\-as nor considered becalise its costs appeared very >lightly higher than  the minimum 
thickness ?/J" a5phalt concrete alternative. 

33 



A cost analysis \\*as thercforc conducted for various strcr~gtlls ant, for tllc two 
cxtrcmc alter~iativcs, \vith the relcvarlt mair~teria~lcc and rcplacer~~rl~t  costs dis- 
coul~tcd to present valur. 'l'he rcsults arc shown in the follo\vi~~g tablc: 

I,'xp~~c~c*rl (Allcnn) I'rc.sc.tr~ I'nlrre o/ COSI Pcr Al l i / e  nl 10 I'crcc-trf I)iscorrtrt 
Rntc (US dollars) 

S~ruc .~nrn/  s~rcrrgth: 

S'' aspl~alt 
rollcrctc 
cornbi~~atiori 27,335 27,744 28,434 29,109 30,3 17 3 1,557 

2" aspha1 t 
COIlcrCte 
cornbination 30,499 30,736 3 1,292 3 1,845 32,726 33,878 

.\'o~r: Costs ilicludc illitin1 co~ i s t r r~c t io~~  cost for sub-base alld surface course, 
m;~irite~la~icc costs and s t r c ~ i g t l ~ e ~ ~ i ~ ~ g  costs, lcss salvage \-aluc. 

, . I his exercise sho~cetl first that at all strengths, the X" xsphalt concrete 
con~bi l la t io~~ \vas eco~ion~icall!~ preferable to the 2" one. 7'he difference benveen 
the two was grratcst at  thc mi~ii~iiurn dcsign strength of 125,000 passes, but 
this \\'as rcjcctcd bccause the  roba ability of the ~icetl for a s t r c ~ ~ g t h e l i i n ~  as 
early as 1978179 (rrgardless of sr~rfncc course choscl~) was felt to be too high. 
?'he snlall cost differencc bct\vc.cn this alter~lative and the 150,000 pass alter- 
native appeared a reasonable cost to pay for the additional security on that 
scorc. I t  as estimated that the niinimum cost acccptablc solution thus iden- 
tified at 150,000 passes strength would be on the average $1.3 million less 
esprnsive to build than the equivalent 2" pavement, and about S750,OOU Iess 
espel~sive on a present value basis at a 10 pcrcen: rate of discount. 

I-Io\\.cvcr, quite properly, engi~leering consultants have a profcssionally high 
aversion to risk, and this was heightened in this case by their relative lack of 
esperie~ice with lesser thich~iesses of asphalt concrete. Thus  the engineer's 
judgment \\-as that additional risk was attached to  the X" alternative. Even 
though the nrcnn espectrd present value of cost had bcen shotvn to be less. 
this ~vould not therefore bc convinci~~g if there \\-ere a fnir chnrrcr. of the cost 
of a less thick surface proving more expensive in the long run or of the cost 
differrncc being so small as not to be worth the trouble of optimizing. 

Fortunately the probability distribution of Figure 7 she\\-s that there was 
a nil probability. according to the assun~pt io~~s  that had bcen tech~iically agreed, 



f per mile 

Figure 7, Probahiliry a[ Cost Difference between .YJ" and 2" Asphalt Concrete Surface 
Course Solutitrns 

that thr 2" alternative ~vould be cheaper, and over an 80 p e r c e ~ ~ t  chance that 
:he extra cost ~vould be only $3,000 per nlile it] present vxltte. T h e  mean . . 
c s ~ c c t r d  cstra cost \\-as $3,024 per mile. I he Bank suggc.stion thcreforc 
appearnl worth considering. . . 

1 he find outconlc \\.as a con~~rornise. T h e  Bank financed section as ~ s c l l  as 
the other srctiotls of the road \\-ere designed to a 175,000 passes strength and 
a 1%- asphalt concrete thickness. 



DISAGGREGATION 

. . I his ch;lpter aild the rlext d i scus  the problcnls arising from the clloicc of 
a levcl of aggregation and the cva lua t i o~~  of rol.rrlation, \\.hich create the major 
tlifirr~l tics of risk analysis arid \\-hose solution is a criticnl conditiori for  the 
validity of the rcsults. 

r;ggrc.gcl~ior~ 

By level of aggrrgatio~l \ re  mean thc tlcgrcc of detail which the analysis 
encornparsrs. Fo r  example, in the cost of a rolicl, the costs of land clearance, 
earth\\-ork, base, subhasc, ailcl pavcmcrlt can be distinguished. ?'he cost sf 
the base call be further subtlivitled into thc costs of estractirlg stones, crushinpg 
thcm. transporting them, and laying the~il,  n11t1 each of thesc stages can also 
be brokcn down. IVhere to stop subtlivitlirlg in order to make the best risk 
analysis is the aggregation problem. I 

O u r  cspcricrlcc indicates that risk analysis calls for more disaggregatioh 

, than usually is used in narlli project appraisal and that  the smaller the cor,?pb 
nent, the easier it is to formulate a j\~clgmcnt, though thcre is clearly a ;;.nit 

I < 
to this rule. T o  illustrate we  cite the case of the Grea t  East Roatl. 

Grr~nt East Road Projcct 
I 

T h e  proposal to pave thc 64-mile Luarlg\\.a-Yyimba sectiorl of the G r e i t  
East Road, which leails iron1 the lir?e-of-rail in Zambia to J I a i a~v i .  \vab 
presenten' to the Bank at  tllc s:ume time ns that of upgrading the Tanzam  high^ 



\vay to rl'anza~iia. l 'hc existing tr;~liic Ic\cl \ \ a s  krio\vn to bc lo\\-, arltl thc 
traffic gro\vt l~ ratc or~ ly  uorn~al .  'l'llcrr tvns a 25 pcrcerlt possibility that the 
road might Dc r ~ ~ c d c d  as a spare c;~rriia- ior %anlbi;lr~ export-ir~iport tr;~flic. 
I n  that case ;ui atl~litiori:~l .-\D?' of abo~tt  35 \\.;is c~l~cctcel .  

IIo\vcvcr the dorniriarit ~tr icert ;~ir~ty iri t 'iis case \\.;is thc cost o i  tlic project. 
'1'11e c!ct;iilrrl c r~g i r~ rc~~ i r i g  .stutly 1i;td liot 1 ~ c r i  coniplctcd ;it tlic ritne of appraisal 
alitl cstirii;~tcs r.:~~~gctl \vidcly i ror~i  t' 1.5 rii~lliori to f3.8 ri~illiori. 'l'lic higlrcr 
cost \voul(l I ~ a \ c  cnt;~iletl a negative I .CIIII . I~.  I31tt a (li*ci\ic)r~ 1i;lcI o be ni;[tlc 
\vhcthcr to go ;thc;lcl \vitl\ the projcct, to pohtporle it  or evi.11 to cliscartl it. 

L\ccortlir~gly the opportur~ity \v:ts takc11 to criiplo). rihk ar~alysis, in tvl~ich 
thc cliici ur~c~rt ;~ir l t i i -s  rrvolvetl ;~rol~ritl  tlie reclinical cler~:el~ts of cost. ?'he 
fxct-firitlirig ;~tlvaritagcs of a probability ;rr~;~ly.iis iri s ~ r c l ~  a case so011 hccariie 
apparcrit. \\'licri tlic consult:~rit \\.:IS ;~skrtl to g i t c  a siriglc cost rstir~iatc, lie \\-as 
uri\villirlg to (lo so hcfore completing riiore dc~;iilcel e~igirircririg ~vo rk ,  sirice 
thc figure might li:~vc bccr~ quotccl :lg;iinst I ~ i r i i  I;hter. ;\lso, riot brill:: f;lriiiliar 
with this nietllocl, hc \v;~s a t  first 1111able to givc v;:riations arouricl ari cstiniate. . . I hc discussion thcri bakktrackctl to s t~bjrcts  like cost of ccliicr~t, thickrless 
of base, ;trllolrnt of carth\vorks, ctc., :tntl tlic at t i t~rdc of the consultant char~ged. 
I l c  had dcsignctl niariy other ro:~tls sri:l, or1 tlic basis of the prelimirlary soil 
survey, i t  \v:ts C;IS): fc,r l i in~  to gucss ~vliat  basc \\-o~rld be nrcdccl on this parti- 
cular roacl. I4e knc\\. tliat cconornic corlsiclrratior~s \vo~rld permit o r~ ly  a mini- 
ni~uii rcalignnicrlt of tlic rxistilig ioncl aricl coriseqlrrntly was ablc to form a 
judgnient ;IS to ho\v n ~ u c h  c*arthniovirig tvork co~rlcl be dispcnsctl tvith-arid so 
on. I3y tlcaling with the coniporirrits scl~arnteTy-by clisaggrcpnting-it ivas 
possible to obt;~iri a range of cost cstir~iatrs :uitl a full prob:tbility distrib~rtiori 
ovcr this r:~r~ge--which at first sight h;~(l ;~lqv.-arctl impossible. 7'lic full dctails 
o i  thc irltorriiation \ve obtairictl is piveri il l  7'able 9, and thrrc is further dis- 
c~rssion o i  the ar~alysis in Rcutlirigrr's "'l'c~c~lrrriqurs f ir  Projcr t  .fppmisnl o r~dcr  
[Jncc-rtnirrts," \vliich is Occasional I'apt-r S o .  10 iri this scrlcs. . . I hc result of the arialysis or1 vrr!r ~ ) ~ ~ l i l i i i r ~ ; ~ r y  c w r  estiniati-s iridicatctl that 
if the prol~osrtl colistructiori \\ere to brgiri ;~ftcr  the con~pletiori of cnginccring 
prel~aratiori, the m a n  cspected ratc of I . ( - ~ I I ~ I ~  \v0111(1 bc less than -5 pcrccnt. . .. 
slid thcrc was oril!, a very lo\\- probability that the projcct \\-auld earn more 
than a 10 perccrlt rcturri. If constr~rctior~ started i l l  1974, the result \\-as only 
slightly better. As a result it 11-as agrrcel that the Bank sho111d riot at that time 
consider financirig that l ~ a r t  of thc road. tliol~ph it \ v o ~ ~ l d  bc prc*pnrcd to rccon- 
sider the project on rrcript of f ~ ~ r t h c r  stucly. 

Incomplete or  inacct~ratc judgrucnt oftc.11 rcsl Its from a lack o i  disnggrcga- 
tion. Vehicle operatirig costs arid road n i a i ~ ~ t c r ~ a ~ i c c  costs i r ~  th r  risk arialyscs on  





Tublr 9, Cont. 

l t c n ~  nest l{stimat~-s Nature of Unccrtatnty I'robnl~ility Ilistribution - -- --- 
~,ltltl l l~ll rt1te) 

TrrrJie Grou11h (perter~) 
6 11 Cars I:orecnsting Error Uniform on range 4%-3% 

12 1~usc.u 0 u 14 u u 14 41;;-8% 

13 'I'rncks and truck trailers 8 u I4 1:nifornr on range 6';;,-10:';. Gn~wtb  of truck and 
truck trailer tratiic is fully rorrclatcd 

14 Sprcial 'l'raffic: 
I'crid 1968-1972: 0 - - 
l ' rr id 1972 on: -20 - -- 
Iilarticity q/ 7 ' I ) . r ~ c  I>enmt. ' 

I S  Ciws .75 
16 l'rucks .75 
17 I ~ I S C P  0 
18 'I'ruck tri~ilen .75 
I9 Spccii~l tr~fiic 0 

Vehicle Operating Costs 
(per cehicte mite) (kwnchnr) 

20 Old Hond 
0.0613 C a n  Lack of data Uniform on a -12% + range; all fully corre- 

'I'n~cks 0.1076 Lack of data and sizc larid: In addition operating cost of trucks is varied 
of trucks r~niforrnly on a -5% +lo$, range to account for 

1h1ses 0.1516 Lack of data uncertainty on size of trucks. 
Truck trailers 0.215 u u  (1 

Special trafiic 0.215 u u  u 

2 1 ~\'ew Koad 
Cars 0.0479 
Trucks 0.0670 
Huscs 0.1034 - I, 

'rrucfc trailers 0.140 
Spccial traffic 0.140 





I . (P ; I~  projrcts ~ ~ r o v i d c  ~ S ~ I I I ~ ~ C S .  1,;lck of ~ ~ I I I C  prc\ c l~t rd  11s from tlisaggrcgating 
,ultl co~~scc l~~c l~ t ly  \ve 11ad grr:lt cliliictllty i l l  c1:oosing prob;tbility d i \ t r ib~r t io~~s  
\vllich rellcctrtl our ullcertail~tirs. Clc:~rly, i f  \ve \vent illto the clct:~ils of the 
colllponcl1ts of vcl~iclc o p c r ; ~ t i ~ ~ g  costs, thc problrlll \voi~lcl bcrolnc sllllplcr 
L ~ ~ ; I I I \ ~  \vc have llntl exprrie~~cc \\.it11 f ~ ~ e l  c o ~ ~ s u ~ ~ ~ p t i o r ~ ,  tire \vc:lr, c l r~ ) rcc i ;~ t i (~~~ ,  
ctr. 'l'tlc Gnluc nl)plics to roacl I ~ I ; ~ ~ I I ~ ~ I I ~ I I ~ ~  costs bc ;~usc  \vr Ilavc all itlca of tllc 
; I I I I O I I ~ I ~  oi gr;~\cl  I~cccss:Iry to I I I ; I ~ I I ~ ; I ~ I I  ;I gr;~vcI r0:1c1, rllc 11ull1hrr of grarlil~gs 
rcclr~irrtl pCr )ear, rtc.. ant1 \v(* c;lrr ;11so fillel \v:~!.s to c'\prc.is tlle ~ ~ l l c r r t ; ~ i ~ ~ t i i . s  
res~lltit~g irolll tllc ivc;~tllcr. tllr gcol~~ctl.y of the ro:ltl :illel otllrr stlcl~ factors 
\\.llic.ll are diflicult to i~~trotluce illto :I I I I A ~ I ! ~ ~ I I ~ I I ~ ~  for~l l i~ l i~ .  'l'llc cl~oicc of all 
;~ppropriatc Irvel of nggrrgation, tl~ercforr, appr;trs to be all rsscrltial colldirioll 
to tllc cspressio~l of a clc;~r jutlgtlle~lr. 



PART I1 



CORRELATION 

. . I he exarllplc given in thc prcvious chapter secnis to intiirate that, in many 
casrs, tllc lnore disal:grrgatior~ thp better. U l l f o r t ~ n a t c l ~  there is a limit to 
disaggregation bccaucc of tlic l)rohlcm raised by correlation. T h e  problcni 
was to?lchcd on in the srnsi tivity atial!.sis of the ' logadiccio port project 
(Chapter 11 I ), where there \\.as espectcd correlation bcttveeri the productivity 
of a banana gang ant1 thr produrtivity of a gc~ieral cargo gang, alid corrrlatio~i 
bet\t.ce~i tllc 1111mbcr nf lilcrl rlii[doyed in a transit shed and that in a ware- 
ho~~sc.  Corrclatcd variables. or i l l  siniplc ternis, v:trinblcs which are likely to 
\.ary together in a systematic way, appear i r i  every project. Ho\vevcr,. an 
csperirliced profesqional may fec.1 he is familiar with t \rc separate variables 
and kno\\.s hot\- they are rclatetl, \vi~hout being able to describe their correla- 
tion-how their variations are rrlated. Correlatio~is are diflicult to detect, and 
even more diffi.--~ll to measure. but o v ~ r l o o k i n ~  thcm may lead to a completely 
ivrollg intcbrpret~tion i l l  the analysis. 

'The Jlogadiscio case givrs all idea of the importance oi corrclarions. IVe 
initiallv n~glected th~c corrclatio~i bctiveen productivity of labor and port 
capacity. 'The probability that tlic project ~vould earl1 less than 10 percent in 
this cave tvas 15 percent. Aftrr \ve icltroduccd this-correlation, the probability 
rose to 40 percent, i.e. i t  almost tripkd. I n  arother project ( a  telecommunica- 



tiotls projcct i l l  lI;ila!n) t l ~ i *  > tn~~d; l r t l  tIc\i;~tior~ ot tllc r ;~t ib-ot-rct l~r t~ tlistribri- 
ti011 \vithuut ;tlIo\ '~.i~~;: ior corrc.!;ltio~~ hct\vcc.t~ t\\.o \.nri;lblrs \\-;IS  bout ..i5. 
\Vitll rllc ;~pl)r.c,lui;~~' ;111o\vattci~ ior c.orrcl:~tio~~ i t  row to ;1I)o11t 1 . 1 .  Sillcc 
i t1  this c ; i ~  tllr r ;~t i . -oi-rct t~r t~ cl ibtr ih~t t io~~ q.\,:~b prai.ti~-;~lly :I 11orii1;11 (Iistrib~t- b 

ti or^, t l ~ i .  c . l ~ ; ~ r ~ g r  111(*a11t t11;rt  t l ~ c  prohahilit! t l l ; ~ t  tile rntis o i  retllrtl \vol~ltl f : ~ l l  
o ~ ~ t s i t l r  oi ;I 2. I ~ ) r r c r r ~ t  r;lllgcb i t 1  ;~h>ollrtc \;i!:11. ;1ro1111tl t 1 1 ~  hr>t c>titlli~tr rose 
fro111 -5 pinrc.cllt to aho11t 40 pcrc.cl1t. '1 .11~ c ( .~r~>r( l~~c t~ i . i ->  o i  t ~ ~ i - l ~ ; ~ t ~ t l l i ~ ~ g  t11c cor- 
rrI:it io~~, ;lri, 50 >eri1111s tI1:lt tllry LYIII ~ \ ~ I I ~ I I : I ~  I!. !c;ltI to tllc \\.rang (Ii-c.isio11. 

It  is 1.a.y to 1111tlcr~tn11tl t I l r  \v;ly c-orrcl;~tiot~ \\,arks. 1Vtlc11 i~~cI i*pr t~~l r t i t  
v;lri;~h!c.> arc. ;~~gtc-gntct l .  t11c rficbct o i  tllr \-;lr::itior~ o f  ollr I I I ; I ~  hi* r o ~ l ~ l ~ c ~ ~ s : ~ t i ~ t !  
hy t l ~ i *  \ , : ~ r i ; ~ t i o ~ ~  o i  a1111t11cr O I I V  i l l  :III oppo,itc tlircctio~i. I i t l~t-y :1ria po,itivi.ly 
1-orrcl;~tctl, 111c cSirL.t 01' t l l i -  \ n r i ;~ t io r~  ot O I I U  \ \ , i l l  ;II\V;I!,> ;~ggr;~v;iti*tI l)y t11i- 

v;lri;ltiot~ o t  tllc u t I~e*r~ .  l i  p~otl~~c*ti\it! .  oi 'l;~hor :111tl i.;~p;~i.it!, of' t l ~ i m  l I o g ; ~ ( I i z ~ i o  
port : ~ r r  i ~ ~ t l c p [ ~ ~ ~ t l t . ~ ~ t  o i  c*;I~.II otllcr. :I lo\v \.:lllri* oi t l l i*  ~)rotli~c.t;vity o i  I;lt)or 
II;I\. l ~ c .  cornlw~~.;;~trtl hy a 11igl1 valllr o i  thc* c;ll>;~city o i  t l l r  port. l i  111(.y a r r  . . 
poctt,..cly i-orrcl;itetl, as is likrly to hi* th r  c;~n.. tllr c.fTrct oi  ;I Io\v ~ r o t l ~ ~ c t i v i t y  
o f  I:tbor (111 tllr rconon~ic rntr o i  rrtllrrl iz !~rigl~tcrlctl hy tlw loiv cnl>:~i-ity oi 
th r  port. nt.4 tlir proh:thilit!. c ~ i  p r t t i r~g  n lo\v rntc oi rrtllrn \\.ill hi* l~iglli-r 
t l ~ ; ~ n  ii tllry it-zrr ir~(lrpc.t~Ort~t. C'orrr:ntior~s ~ ; I I I  ; I I ~  hi* ni-g;~ti\.c., that is, the. 
vnrinhlrs rn:l!. s ! s tL~~i~a t ic~ l I !~  c-ot~lprr~satc- c:li.I~ othcr. Ilo\vcvcr. in the t!.pc of 
projccts \vim I1:1vr \v,,rkctl \\-it11 this occurs 11s.; frrclurrltly th:111 positivc 
corrclatiot~. 

Corrcl.?tiol~s nrr tlitficl~lt tt, drt1u.t. 'l'hr first rc*a.;on is tllnt thry (lo not ha1.c 
to hr takcr~ i r ~ t o  n~rl . ; i t l r r ;~t io~~ ;.I thr  s i ~ l g l ~  poir~t rstirllntr trlrtllo~l n11i1 arc 
thrrcforr not i:ullilinr to I I IO .~  proplc. I.rt 11s takc tllc port oi lIogntliscio c:lsr. 
--\II cligitirrr generally ktlo\\-s that il l  n :ort ivhich opcratrs ~ ~ o r t ~ ~ a l l !  it-cII hc 
car1 rsprct  that tll'r protl,tct;\.ity o i  Iatw~r \\.I:! hr nror~rltl 1 0  tolls prr gang-hour 
ant1 thc cal>acity arnirr~tl 700 Ton.; pcr linrnr y;~rt! o i  h r r t l ~ .  I l r  :rlso knoivs fro111 
his rsprr ier~ce Ilo\\- m11ch proill~ctivity c i ~ r ~  vary ~ I , . ~ I I  port to port atltl utldrr 
(lifirrct~t sit~~ntiotis.  at111 likc.\\-isr ior pnrt t:lp:~t-ity. IsL*t Ill* tr11t1s to think of 
thc port as at1 orgntlic \vllolr, ra thrr  that1 to annlyzc it5 t t ;~ lc t io t~s ;  to ask hi111 
hoiv t h r  \xriations o i  capntiry relate to thr  varintiorls o i  p.-qtluctivity is to 
ask the r t~g iner r  2 ,qrtrstiotl h r  dm not rrs~~al ly ask hirnirlf. 7 i.-rriorr it is 
~ ~ s r ~ a l l y  difficult to get at1 ntls\\-er. n r~d  if  th r  qitrstinr~ is not askrd. tllcre is 
a p o d  chance the rngitlmr ivill not noticc ntlct the corrrla:ion \:.ill bc over- 
lookrd. 

T h r  sr&nd reawn that correlntiot~s a rc  clifficrtlt to detect is that thcy nrr 
oftrn Ilitltlrn. Sonic corrrlations. p;~rticrllarIy thclsr tvhich relatr to  rr~pi*lrer i r~g 
sprcificnr:or.s. a rc  110: too di5t-lilt to  iclrt~tiiy. For  rsarnplr. t h r  s t r rnpth of a 
road is pivrn hy tb r  rhicknr;q of  wh-hx<r. hasr ntlct pavrrnrnt. T h r  rnpitlrrr's 
rrncc~rtainty a b o r ~ t  each of rh-c rhr tr  parnmcrrrs is ticd ro hii uncrrtainty 



about tlic otlicr .t\vo, arltl he will thcrrfore rrcog~lizc tl~ei; . ~ r r c l a t i o ~ ~ .  I t c~ns  
1 ; i~lcl  2 of 'l'r~blc 9 i l l u ~ t r n t c  this poir~t i r~  tllc case of tllc Great l.:ut Road in 
%;~~ilbi;~,  a1111 :rllri\\r tile l~).l~othesrs \vl~icli grew out of tliscussiori wit11 the con- 
sulti~lg rrigi~ircr. 

Other corrrl;~tinris :Ire rnore tlillic~~lt to spot ant1 to assrss. For csarnl)lc, 
vc.liiclc oprr;~l i l lR  i w t s  ;Ire an irnportil~lt e l c ~ ~ ~ r t i t  i l l  rcjacl projects. \\'c ~lsually 
~ i ~ a k c  tllc disti~~ctiori brt\\.c(*~~ opcr:!ti~~g costs for clificrcr~t t!.pcs of vcliiclcs :uld, 
rr prior;, i f  \\*c Il:~vc 1111~1cr~stir1i;rtctI :lit opcr;~tir~g cost of cars, tllerc is 110 

rc:lsoll tv11y \vc sl~ot~ltl i~lso Iiavc u~~~lrrcstimatt.d thc opc ra t i~~g  cost of trucks. 
Ilo\vrvcr, i f  1\.c Iiavc ~~ntlcrcstirir:~tctl the opcrnti~ig costs of c-:lrs. it Iilay be 
brcai~scr svc I io~v~ ovcrcstir~~ated tlic cl\lality of tllc roatl. I t  is, :l,rrrforc, likcly 
t l i n t  this \rill :~ffcrt ol)rr;itit~g costs of ;III vrhicli3 ill thc P ; I I I I ~  d i r t ~ t i o ~ i .  lterii 
20 of 'I';~l)l(- '1' sllo\rs that we tlccitletl to treat as fuily corrclatctl thc oprrati~ig 
costs for ; I I I  vrhiclrs cscrpt trl~cks (svc were 11ot sure of tlic co~~\posit iol~ of tllc 
truck Ilcrt ). :\tlotllcr ~xa r l~p lc  is tile l~nccrtail~ty about thc nlilount of work 
rrcluirr(l to bl~iltl ;I roatl. If the roatl l l a ~  ~ I I  tlcsigrlctl by orlc person atiti i f  
tliis p c r s r ~ ~ ~  has ovcrc*stia~;~tctl thc :Inlount of carth\vork, is it bccausc Ilc hm a 
s!+stcn~ntic tr~~nlericy to ovcrcst;ni;~tc--in which case lie will also probably Ilaw 
o v c ~ i ~ ~ t i r ~ i a t t ~ ~ l  :111 tllr otlrcr r l r~i le~i ts  of the road--or is it just by chancc? \\'c 
linvc : I E C I I I I I ( ~ I ~  tli;~t ~ l i r  latter i.; Illore likely than thc fo r~~ lc r .  or at least will 
cxpl:~i~i it grrrter part of the \ariatiofis in the anloulit of carth\vork. but tllc 
cltlcstio~~ is opr'rl for ( ~ ~ S C I I S S ~ O I I .  . . 

1 tic problr~li of corrrlatior~s kllol~ltl tlicrefore hc approached with great care. 
Ilo\vcver, its sol~rtiorl is rlot i~i~possiblc a~ltl. \vliile tvc aiay not yct hare 
~iixsti~retl it pc-rfcctly, I I IC  folIo\vial: poi~lts can scrrc as a guide. 

S~r~grst ions o! I V q s  10 .lIrt-I thc Problcrrr 

'1'0 lirliit clisa~gr(*g:~tio~~ is to wlvc tllc problcni of correlation by clin~inati~ig 
it. I f  \vc work with t l~c  tot:il C ( K ~  of ;A roatl, we do not h a w  to worry about the 
corrrl;~tior~ b c t ~ r c r ~ ~  talc cn*t of tllc bxsc arrd the cost oi  the sub-base. 'The dis- 
tribution \rc illall I I W  for the cost will implicitly include this relation. How- 
crcr, as \rc Itavc ir~~lic:~trtl, thcre is a liniit to the lcvel of aggregation which 
is fcnriblc ill ohtair~i~rg prob:ihility tlistril)~~tio~~s. l'hereforc i h ~  choice of the 
Icvcl of agprrg;~tiolt rcvllrircs a tr:~tlr-off bet\\-ccn the advantages o i  clarity 
of j t ~ d ~ ~ n c r ~ t  arlcl of  i~voitlir~g tlic hazartls of disaggregation. I t  is a difficult 
choice and oriv oftcell ~tritlrtl by the availability of time. Bccausc \ve belicve 
tlint tlir inlll~c.~~cc. of corrrJarior~s or1 the nrltconlc of thc a~lalysis is more im- 
portarlt tliarl tllc it~fltlc.rlcr of rhc sliapc of arly  a articular distribution, \vc h a w  



usually optcd for as little disaggregation as possible. T h e  distribution of vchicle 
operating cmts rricrrcd to c;~rlicr is a casc in point. For the sanie reason, ;ill 
the variables useel in the casr of the port of .\Iogadiscio project arc rather 
highly aggregatrcl. 

Isolation o/ the so1rrcc.s o/ unccr/nin/ic,s 

Linliting disaggrrgation can be considtrccl orily as an cmcrgcncy msasurc 
ill d e ~ l i ~ i g  with corrrlatio~i. 'l'hc advantage of risk analysis, aftcr all, is that 
it permits disaggrrgation, allel \vc \rant to retain this adva~~t ;~gc.  \Vc found 
that it helps to think not so ~nuch in trrliis of tlisaggregati~~g the technological 
con~ponr~~ts ;  of the projrct, but in tcrlr~s of disaggrcgatilig thc sources of UII- 

certainty. Let us ag:~i~i refer to the caw: of veliiclc operating costs for the Grc;~t  
East F.oad in %anbin. 'l'o c o ~ i i p ~ ~ t e  the r:ltc of rrturn \re have to distinguisl~ 
bet\vtc.n the opcr;~ti~ig cost of cars, trucks, :~ncl truck trailers; this is a trch~io- 
logical tiisaggregario~~. 120r the purpose of tlir risk a~ialysis, \vc may ignore the 
tcch~iological disti~lctio~is pcr se and think ill ternis of the sourccs of unccr- 
tninty on thcre vrhicle opcr:~ti~ig costs. \Vc nlay tlisti~lguish three essential and 
indrpcnclmt lourrcs of ~rncrrtai~ity:  errors in the general data on \rhicli \re 
I~ascci our estimation, crrors in tlie way \rc have cstrnpolatcd these dntn to tlie 
particular caw of tlie Great East Koacl,' :111<l 1111ccrtai1ity about the avcr:lge 
truck sizr. By so clrfi~ii~ig thc unccrtni~itirs. it is cssirr to asscss the corrcla- 
tions. \Vc !hale trrnrrcl as fully correlatccl for all typrs of vrhiclcs the unccr- 
tai~itirs rrsn~tti~ig from the first two sourccs, brcause the data for all vchiclc 
types originated i r o ~ n  the salrie sources, and alm bccause \re thought the con- 
dition of the road \vo~~lcl affrct operating costs of all vehicles in the same \\.as. 
But the third source of unccrtainty affrcts o~i ly  the operating cost of trucks. 
Variations of thr vchicle operating costs rrsulting frorn this particular source of 
uncertai~~ty shotllcl riot be treatctl as corrrlatrcl \\-it11 others. 

Applying the sanic l i~le of reasoning to the analysis of the uncertainty 011 the 
cost of a project, it may be t~srful to distinpuiJh brtween quantity uncertai~ity, 
unit cost uncrrtainty, ancl bidding uncertainty. In  making this dist inctio~~ ill 
the case of the 1'anz:lni highway, \re consitlerrd all the unit cost uncertainties 
ns indcpcndent and, rsccpt for the tcch~iologicsl corrclations, also all the 
quantity uncertai~itirs. lVe then allo\rcd for unccrtainty about bidding on the 
total cost of the projiu-t, i.c. we assumrd that this t~ncertainty \voulcl afirct tlic 
cost of all the conlponrlits of the project il l  the same dircctio~i. As a result, our 

'Tables usually give venicle operating cort for a typical earth road or a typical 
gravel road. T h e  roads 111e Hank considers for financing, hefore they are improved, are 
al\rays something of 3 cross bct\veen the two. 
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uncertainty ahout alic actual uuit price of each componcllt of the projcct is 
esplairictl to n very s~iiall estelit by \~~lccrtail~ty a b o ~ t  tlic ccolioiiiic unit cost, 
and ro n rllircll Iargrr cstelit by thc ulrccrtaility about the outcome of tlie 
bidding process. \\'llal ~)c~ssiblc, this isoIati011 of i ~ l d ~ p c ~ l ( l e ~ ~ t  S O ~ I ~ C C S  of uncer- 
tainty scc~lls to bc the C ; I S ~ C ~ ~  a~ltl ~llost rigorous way of Ila~ldlir~g corrclatiolls, 
but i r~  11l:uly c:lscs \re have also hacl to rely on the follotvi~lg approach. 

T h r  pcrsittristic-optirrlistic ap~ronclr 

Suppose \re suspect sorlle corrcl;~tiorl bct\veen ttvo variables but tvc cannot 
quantify its cs:ict cHcct on tlle tlistribution of rates of rcturn to a projcct 
tvliich Ili~s t~:~~clcd to look favoral~le in the analysis to clatc. \Vc can often 
reinforce our c o ~ ~ f i d c ~ ~ c c  about thc projcct by esarnining a pessinlistic view of 
the suspcctctl co:rcl:ltio~l. I f  \vc find the project still acccptablc, even in this 
light, the11 tvc can hccl our co~~fitlcllce in the projcct has bee11 justified. Con- 
versely, if to tl:~tc n 1)rojcct has tended not to loot good \re rliay be able to re- 
assure ourselves that \ve arc justifictl ill rejecting it by eramilling an optimistic 
view of the cfliu't of tllc suspectcrl corrclatior~. If the projcct still looks un- 
favorable, cvcn wit11 all the benefit of the dorrbt, our dotrbts are confirmed. Of 
course, if the rcversc colncs to light and the favorable projcct looks bad under 
pessimistic cou.rclation assu~tlptions or the unfavorable projcct looks good under 
optinlistic assu~l~ptior~s, we nlrlst try sollle other rorrte. 

For each cnsr, ~ v c  hnvc an csanlplc tvhcrc this approach tvorkctl for 11s: in 
the first case, the ;\Iogatliscio port projcct, a1111 ill the scco~~d,  the Grcat East 
Road. 111 the .\Iogadiscio case, \re \\-ere corlcerned wit11 the corrclatio~i bcttvcen 
protluctivity of labor xlicl port capacity. 7'he projcct had looked good to date, 
so tvc lookecl : ~ t  thc pessimistic case: the conlplcte d c p c ~ ~ d e ~ ~ c e  of the two 
\.ariables. Crrrvc I of Figure S illustrates the r c s ~ l t  \vc obtained. Also indi- 
cated in the figure is the curve if the tivo variables tverc con~plctcly indepcnd- 
cllt (Curve 21.: \Vc kno\\~ that thc true curve (3) lies son~c\vhcrc in bet\\-ecn. 

T h e  dccisicnl~ to accept a project is based-among other tIlings--o~l the p r o b  
ability of h a v i n ~  more thalt a 10 pcrcrrlr rcturn, if 10 percent represents the 
opportunity cost of capital. If w e  are sure in the 3Iogadiscio case that the 
project is acceptable under the assumption of complete dependence of one 
variable on another, it \\-ill be even more acceptable under the true assump- 
tions. In the .\logadiscio case, 10 perccnt fell at -4; this is still a favo~ablc 
result. 111 tllc caw of the Grra t  Ea>t Road, a projcct which did 11ot look good. 

-- 

2 T h e  figure 2s here rlrn~rn ~ n d  descrihed applies to the correlation of the variables 
mentioned in the pnrt of k log~disc io  case ant1 the Great East Road case; it is not a 
universal diagram. 111 fact, I ~ C  positions of the curves of complete depcntlence and 
independence as hcrc drawn may be reversed in different cases or using different variables. 
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Figure 8. Cumulative Distribution Functions with and without Correlation of Variables 

we were concerried witti the corrclatio~i of vehicle operatirig costs. \Ve made 
the optimistic assumption and got the sariie picture as iu Figure 8, cscept that 
10 pcrcclit fell at 13, still a poor result. 'l'hus, ititroducing a pessimistic corre- 
latioli hypothesis has not damaged the llogadiscio case; and introducing an 
optinlistic correlation hypothesis has not helpetl the Great East Road case. 

\Ye mention this approach for what it may be worth. \Ve have used it 
rather cste~isively because we did not have time to handle the prot!em more 
accurately a~itl bemuse it \\.as the best methoti \ve could think of. It turned 
out to be practical because the models \re were using were simple and it was 
easy to anticipate the colisequericn of various correlation assumptions. In the 
future, however, our models \rill undoubtedly become more and more com- 
plicated, making it difficult to say whether an assumption is more o r  less 
optimistic. Let 11s hope that a t  the same time \ve will improve our understand- 
ing of the correlation problem as it affects working practice and be able to  
handie it more rigorously. 

Collrction of rrlore dntn 

An essenitial step toward a better r~nderstandirlg of correlation is to make a 
serior~s cfiort to collcct more data. \Ve have noticed the great difficulty. and 

I 
1 

sometimes in~~oss ib i l i t~ .  of makinig subjective judgments about correlations. 
\Ve have imputed this to a lack of esperie~ice on a problem which is new to us, 
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Figure 9. True hlaintcnnncc Function and Lincar Approximation 

and for \s.hich \vc: niust somcho\v dcvclop a feeli~~g. \Vhethcr tvc do it by way 
of statistical anal!;sis or more cr rpirically, \\-c need tlata to acquire this feclitlg. 
In the case of the JIogadiscio project the availability of port data etiablrs 
11s to check a ~lurolbcr of possible corrrlntio~is. Uesitles the correlatioti betwccn 
inlports and esports, which \re ncglt~trt l  because it was rio: serisitivc, we 
suspected sotlie correiation bct\veen t11c productivity of labor and GNP, or 
anything which tvould reffcc improvetncnt of li\.ing conditions it1 Souialia. 
Fortunately, at  least for the sake of thc nirthernatical analysis, ;lvailable data 
indicated that thcrc is none. In the casc of roads tve have not been so lucky. 
As an example, corisidrr the case of the road maintenance cost ( I l l ) ,  tvhich 
we usuaJIy approsinlate by a linear fu~lction of the type: 

where x represents the projected average daily traffic (see figure 9). This  
formula is surrounded by uncertair~tics which affcct both the constant coefficic~it 
n, and the variable coefficient 6. 'l'hc uncertainh about these two coeflicic~its is 
likely to be correlated : if a is oreresti~ii:~ted, b is probably undeiestiniatetl, atid. 
cont.erscly. In  thc absence of more reliable data on road mai~ltenance cost this 
correlation has prryvrtl to br \-cry cliflicltlt to assess. T h c  only way to do brtter 
is to collect and arlal!.zc data, n rclitti\.cly ens!. assignment in this casc. I n  
other cases it tvill bc more difficult. I 



VII 
- 

THE CHOICE OF A 
PROBABILITY DISTRIBUTION 

C1ioosi1i;g probability distributions for the variables is what seen1 
111ost people about risk analysis, p~ssibly because they thiilk it. requires findi 
the true tlistributio~l of each variable. This  is indeed quitc impossible, thou' 
ways to inlprove the drawing-up of distributions through tcaln eval 
Ijaycsiah ;~pproaclies have beer1 studied.' T h e  ainl of risk analysis is 
 noda at. Risk a~lalysis does not aim to give the csact true rlistributio 
rate of return, that is, the distribution we would obtai~l i f  \ve were 
rather than human beings, but rather the one which best represents the 
ment of an appraisal team. Therefore, it is not s question of findi 
distributions of the input variables, but for each va;iable tllc distributi 
best esp1.esst-s the judgment of the appraiser. T h e  distribution corr 
to a vaque judgnle~it will be as appropriate and useful as tllc one co 
to a detailed judgment. 

IVc have already mentioned in the JIogadiscio case two \\.ays of o 
probability distributions, one which we have called the portrait app 
the other which leads to  the step rectanguIar distributions. Rank appra 
sions hare now practicaIly abandoned the portrait approach. IVhen pa 
ing in this approach the appraiser tends to  accept any ~11100th distribu 
Possibly he is aesthetically inflt~cncetl by the deceptively attractive appearance 
of the smooth curve, and impressed by the complicated fcrniulas. His judgment 

'See Robltrt L. [Vinkler. "The Consensus of Suhjectirc Prolnl3ility Distributions," in 
. I fnna i rmrnt  Sr i rnr r ,  1'01. 15, So. 2, October 1968. and its bibliography (19 articles). 



sccrns to lose its sharpues, arlcl i l l  the c11t1 the approacl~ ~nci t r~s  more work for 
fc\vrr r~u l ; s .  *I'hcrcfore, ai oftcn as possible the sccolltl :rpproach is 11sct1 \vhicl~ 
!c;~tls to step rect;rrigul.tr distributiol~s. tlttelnpts have also bcrn ~natle  to supple- 
rllerlt it by u s i ~ ~ g  Jistributio~rs \vhich \vould fit cases ill \\.hicll rlot er~olrgll ill- 

formati011 is ;rr.nilnble to o b t n i ~ ~  n good strp rccta~lgul;~r  tlistrib~~tioll,  but i t \  
\\hich infor~nat io~l  \vor~ltl be \v;rstcd 11)' ~ r s i l ~ g  n tlistril~ution \vllich failctl to 
discriminate bet\vi*rr~ tlre likelil~ootls of nrly t\vo vnlucs or1 ;I give11 1,allgc. l 'he 
~ ~ e e d  iclt by thc nppraiscrs ior sucl~ ilisr. '4utioris is a good illustr;rtior~ of \vllat 
s e e m  to be tlrc 111air1 objective of tllr (1 qbility clistribi;tio~~ choice, ~larllely, to 
nlakc 1 1 s  of all i ~ ~ f o r l n a t i o l ~  a\-ail:ll)le hut not to rctluirc Illore irlforrllatio~~ 
tlla~l ii .  in fact, available. T l l c  v;~riol~s distr ibutio~~s \ r e  sll:~ll 11oiv revictv, all 
of which hnvc br1.11 irscd, are ~>r~cicc ly  gc:~rrtl to lilnki~lg ~ I I C  I I ~ : I S ~ I I I I I I ~ ~  use o f  
nvailable i n f o r ~ ~ ~ ; ~ t i o ~ ~ .  

Thr Step K r ~ l n t ~ g u I ~ r  Dis l r ib~f io t~  

\Ve Iiave alrcatly described in tletnil iri the JIogacliscio case IIO\\. to obtain 
t lie clistributio~l s l~o \v~ l  in Figure 10. *l'his t l i s t r ib~r t io~~ is an attractive one for 
:I  lumber o i  rcnbolls. In the first pl:icc it t;lkcs csplicit :rtlv;u~t:lge of the fact 
t11:rt the qr~ar~t i f icn t io~~ of slrhjrctive probability judg~l i r~ l t s ,  i l l  bot11 tllrvry 
practice, is bwerl (111 prrfercnce r i~~ lk i~ lg .  I t  also l~ns  the ;~c lva~~tnge  that it  call 

! be t l ra~vn 11p by tllc appraiser Ilirllsrlf. I I v  has the f r e c d o ~ ~ ~  to cl~oose \vhatevcr 
i ~ ~ t c r v a l s  hc \\.ant< nntl t o  divitlc thrrr~ into ;IS Illany s r ~ b - i ~ ~ t ~ r v ; ~ l s  :IS Ilc \rants. . . I his complete frc*rtlorll of i~iitintivi*, which Ile lnrkctl i l l  the c;rse of the 
portrait approacll, .;relils to help 1ri111 co~~sitlrrnbly in the exprrss io~~ of I~ is  judg- 
rncll t. 

111 use. this tliqtrib~~rion has p~o\ .cn astonishingly reliable: \ ~ I I C I I  the data 
gcnrration process has been rcpratetl for  several rlistributio~~s after n period of 

Minimum Value of the variable 
F i ~ u r e  10. T h e  Step Kectnngulnr Distrihutioli 

Maximum 



time, it has usually come up tvith the same o r  a very similar ~.csult. I t  is also 
a distribution which fits ire11 with the rule of usirrg all tllr ilrfor~llatio~r i~vail- 
able but riot rcq~r i r i l~g  more. I f  tllc appraiser thinks tll:it Ilc car1 csprcss rllorc 
ycura te ly  a judgmcn: he has just made, hc call sub-di~i t lc  i~ltcr\.als o ~ l c  step 
f l~r t l i c r  and create a more tlctailctl distributioll. If,  011 tlrc contr:irp, hc tlli~lks 
that hc will be guessing to say that  OIIC value ill all iqltrrvi~l is marc probable 
than a~rothcr, he map stop sub-dividing. Furthcrnlorc, tllis tlistributio~l l c~ lds  
itself \vc.II to the fi11a1 revie\\- and polishing, describctl :is tllc fourth ant1 last 
stcp in the proccss described in 1:igurc 2. 

\Vc havc asked ourselves \vhcthcr it is useful to  s~nootli  out tllis clistributio~l 
before beginning the risk analysis. I n  many cases ;I co l l t i~ l i~o l~s  cl is t r ihut io~~ 
\\-ol~ltl appcitr better fitted to tlic type of jutlgnlc~lt \vc \rib11 to rsprcss. Ijut 
tllcrc are  difficlrltirs. '1-he final outcotlle of o u r  smootlli~lg 1 ~ 1 s  to he a clistrib~l- 
tin11 i r o ~ n  tvhich ra1lt101n nlrmbers can be easily gel~~r:itctl .  Ijut by trying to 
i~llprovc the prcser~tatinn of the jlitlgment \\.e i v a l ~ t  to s i ~ r ~ u l i ~ t c ,  \Ye may end 111) 

tvith a less useful distributiol~. First. it may be tliflic~ilt to f i ~ l c l  a s~rlooth 
~li.;:ributio~i which is c l m  to tlic s t rp tlistributioii. I.:vr~l i f  \vc (lo fi~ltl a con- 
tinuous tlistributior~ appros in~a t i~rg  \vcll thc one \ re  start with, the i~nprovc- 
Incllt \ce gain may not bc worth the trouble we  may run illto ill the gcncration 
of rantlorn numbers. ;Ill computer r a ~ r t l o ~ n  11111nber gtlrlrr,ttors s ta r t  f rom 
u~liforrnly distributed n l ~ n ~ b c r s ;  for the t!.pe of clictributio~r \\.c tlcscrihrtl in 
F i g ~ ~ r e  10 this gc:e!lrration is c..:trc~ncly simple. 0 1 1  tllC otllcr l1:111d, 111ost othcr 
t!.pcs of distribution rcquirc ~nathrnlatical t r a ~ ~ s f o r ~ i l n t i o ~ ~ s  ~ v l ~ i c l ~  ;Ire often 
tlitticult and ~asually t i m e - r o ~ ~ s ~ ~ ~ n i ~ i g .  Thcrciore,  the cstl.:t ilccurilcy ~ v l ~ i c h  can 
be obtai~~ecl  through srnmthing is uzually l ~ o t  worth the s ~ ~ p l ~ l e r ~ ~ c r ~ t a r y  work 
ivhich it requires. 

l 'he d i ~ r , - t e  clistrib~!tion is very sinlilar to thc stcp r c c t ; ~ ~ ~ g ~ l l n r  distrihutio~i. 
'I'hc only Jifierel~cc is that  the probabilities P,. 1':. . . . rtc., of Figure 10, 
irlstcatl o i  being assigned to a ral~ge. are  assigned to o ~ l c  v:~lue only. 'l'llis dis- 
trihution is obtainecl in the same way and has thc salnc prol)crtics as tlic step 
rrctangular distribution. IVe  havc used i t  when the vari:~hlcs \ rc  \rere con- 
sidering n-err, by nature. tliwrc.te v a n ' a b l e . ~ f o r  csnmplr. in thc T:ulzam Iligh- 
tvny case. thc year in which the 'Tarizam railway ~ n i g l ~ t  co~lrc into opcrntirn. 

Thr l itrifnrrn Distribrrtion 

From t'hc point of vicxv of itlformntiorr availability, tllr ~ ~ l r i f o r ~ n  t l i s t r i h r ~ t i o ~ ~  
covers the opposite case from thr  ctcp rec ta r lg~~lar  tlistribl~tior~. I t  is usctl tvhcrc 
i u d g i r r r t  i.; very vague and th r  appraiser is not able to tliffrr.c.ntintr hctivcen 



Minimum Maximum 
Value of the variable 

Figure 11. Uniform Distribution 

ariy two valurs withiri tlic rarigc of tlic variable. I t  is shown in Figure 1 1  and 
call be vic\vcc! as a particular case of tlie ztrp rectangular distributiorl, with 
only O I I ~  sub-ra~igc. A s  far as is posiblc, this distributiorl should be avoidrcl. 
I t  is alniost conitraclictory to suppose illat a project with all eq11al charice of 
costillg any~vhe~rc fro111 $1 0 rnillio~l to $15 nlilliorl \rill trllclcr no circtrnista~ires 
cost $9.9 ri~illio~i or $15.5 rnillior~, \\.hich is what \vc assllnic \vhen \re say 
tli;~t tlie cost of a projrct is unifor~i!ly distributrtl bct\ver~l $10 riiillio~~ arid 
$1 5 rnillioti. IVe have tlicreiore lrcrcl the tc~liforrn dictribittio~l orily in the case 
of low serisitivity variables or \vhe~icver rve wanted, to he on the safe side, to 
ovrrestimate the probability of the estremes of the variables' range. 

T h r  Reta clistribution is the first distribution \ve tcsted to fill thr gap 
bet\vern the step rectnrig~rlar distrihution, for which detailed information is 
neeclrd, arid the uniform distribution, for which minimal information is 

. , neetled. Figure 12 shows its appearance. Use of rhe Beta distributior~ was 
slrggestetl by the wide use niade o i  the Beta distribution in the P E R T  system 
(I'rogranl Evaluation arid Revie\\. Technique). T F e  nrtn distrihution is 
critirely tlcfiricd. ii ill acltlition to its range. one fixes t\\-o parameters. T h e  
literature c,rl PER?" suggests use of the mode and a ctarld:rrd tlcviation 

?See fnr example D. G. Xlalcom, J .  If .  Rwehrx~m, C. E. Clark and \\'. F. Fazar, 
"Application of .u Technique for Research and Dex-eloprnent Program Evaluation," 
Opcrationz Rcstarrir, 1'01. 7, pp. 646-669, 1959. 
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equal to ?i of thc range. \Vc Iiavc comj7;trctl the rt ..\Its of substit~itillg this 
di4t r bution for the strp I . c c ~ ; ~ I ~ ~ u ~ ~ I T  (li.strit)tltir)~l of the ~)rotI\~ctivity of I;ihor il l  

the .\Ing;ltliscio cnsc. -1'llc result, sllo\\.ll il l  1:igtrrc 13 (Curve' :I). illtlic;rtcs that 
this particular I k t ~  tlibtributio~l is :I b ; ~ l  cl~oie~c; it is far f1o111 brillg clo.sc to t l ~ c  
basic snnlple tIistributio~l. IVc I1;lt.c not i~~\.esrig;rtc~l 11lrr1lc.l. tllc- u5c of tI1(. I k t : ~  

value assigllrtl to tile best c.stiln;~te*. 111 our csj~rrir~lcc thc bc*t r~tirllntc. is I I ( I ~  ;I 

rcliablc datum, a11d in ~~rncricc it often is a11 i~uj)rt.risc ~ n i s t ~ i r e  of rllc v:~ltlc 
tvith tlle highest probability a1111 tllc mcntl. 

the cns~o of thc port of ;\lognrliscio. '1'llC stcj, tlis~ributio~l i l l  Viguru 13 sllotvs 
tllnt :ill vn111rs brt\crrrl 9 tolls ~x-r  g?.~lg-llo~:r ;~rld 10 tons ~ ~ c - r  gnrrg-11o11r 11;lvc 
thc salnc pro&,tbility. 'I'llc bcst cstf~~iatc ( 1 1 1 )  could tl~crc.;c~rc bc ;~rl!.tllirlg 

T I E  0 Dcfirccs of Frcctlonl of Selcctecl Iictn I)intrihutlor~u of Ranfie 0-1 

a 4.0 3 . 0  3 . 5  4 . 5  4 . 0  4 . 0  
. (Ll b 4 . 0  7.5 2.5 2 . 5  2.0 1.5 - - ----. - - 

a 4 . 0  4.0 4 . 0  3.5 .;, 5 
.65 b - 3.5  3.0 2 . 5  2 . 0  i . 5  - -. - - - - . - -- - 

7 3 . 0  4.5 4.5  4.5 J. 5 4 . 0  
.70 3 . 0  3.5 3 . 0  2 . 5  2 . 0  1.5 - b 

----. .--- --- - . .- 
a 4 . 0  4 . 0  4 . 0  3 . 5  

.75 b - - 3 . 0  2 . 5  2 . 0  1.5 --- .--- .--- 
a 4 .5  4.5 

. an b - 2.5 2 . 0  - - 
a 4.0 

-85 b - - --- - -- 2.0 

'Thc I k t a  distril,utiorl givcn in this tn l~ lc  i q  such that: 

1. P = - In-1 ( I  - t )&I  dl ' I :  R(n.I) 

>with B(n,b) = lo-' ( I  - f )&l  dl: ilcclrr;lcy on P = &0.02. I,' 
2. 'I'hc s tandard deviation is I w t ~ r r n  J i  a n d  ! ,;. 
3. The m t d e  fall\ r\ithin the range rtr - 0.10 to nr + 0.05. 
4. T h e  degre- of freedom n and b :Irr such t l l :~ t  7-0 and ? I  :Ire intcgrr.;. 



Ertrvcrri tlic valtuc or.igirlaliy c110sc (10 torrs per g;ltig-hour) :rid n vni~~c.  
irlfrrior lo this hy,nlnlo..t iO pcrce,,t of the r;urge. 1:roiri 'l'ablc I 0  it trill I I ~ \ \ .  

be sccri rli:rt if \vte try 10 keep thc ..t;ulc!;rrtl tlcvi;ttinri o i  tlic f3ctn cl is t l . i t~~~tior~ b e  
t\vcc.al !+, nlrtl !i of tilt. r:irigtn, n \1iiaI1 shift iri tllc 1not1~  will rcsr~l t  i l l  ;I subst;rrl- 
ti;il ~~io~:i l ic : r t i t~~-  o f  the. ~ I I ; I J ) C  oi t1:c Jistribirtiori. For c.s;~n~pfc, let us look at  the 
coi~~riiri  01 = 0.70. It  irvli, ire; t l~:~t  there cvist five tliffrrc.r~t I k t a  cli\tl.ib:rtitrris 
r,f r a r i g ~  0- 1 tvi!li ;I stn111i;ir~l clrviatiori bc t~vccr~  $5 ;riitI %I nritl a riioclc i~e::vccr~ 
. 6 ~  nritl .75. 'l'he t i n t  col~rriiri 410tvs tli ;~t f ~ r  thcsc five clihtribl~tioris tllc [)rob- 
;~brlIi:y or escectlirrg .70 ( o r  I - /') varies fro111 5 0  pcrccrit to L l  pcrccrl*. 'j'hcsc 
fivr tii.trih~~tioris :Irr, tl::.rrforc., cll~itc tliffc~rer:t. I f  rvc Irntl :Iccitlctl to 11.c ;I flcta 
tlibrril)uti(~rr tlcfilictl ill this way for thc ~)rodrlctivity of Inbor i l l  tllc .\Ioc:ltliscio 
c:r.c, 111:s .~i\tribr~tiorr ;voultl have givcri n probability for cscc..tlir~y IO toris p r r  
g;lr.g-Iro~~r of : r u ~ r r l ~ c r c  fro111 25 to 50 Fcrccrit, clcl;rlitli~i~ oli \\.lrcrc \vcS I::rd 
tlcci~lctl to 111:1cc tllc tnotlc. 

'I'liis lctl to (lie i ~ l r ; ~  o f  ~ii.rl.irig tlir cl~oicc- of the tlr!:rccs of frcrrlori! of tlie 
I k t n  tlistrib~~tiori I I C ~ C I I , I  110t t~rily 011 (.stirlintrs o i  tile ~rt;rrirl;irtI cl~vintiori nntl 
tlic ~iiotlc o i  tlic :li\tribrrti.>ri. but n:sn cri an cstirirntc of titi* prohrrhi/i/i. lltn/ 
I/II'!F rtrr,(lc ccnill bt. ~ - . r r ~ ~ t ~ d l ~ d .  'I'able 10 is tlchigricJ for tliis purptibc. Givcri ; I  hcbt 
c.htiriintc 111 i11ii1 thc 1)rob;ibilit; ( I - P )  oi esccccling rtr, it zivrs tlic d r g r e ~ s  
o i  frcctlolu of n I(rtn tlistribvtiori over 1E.c 0-1 rnrige ai~cir that  its nloclc wi!! 
he >ct~vccra rtr + 0.05 a1111 rtr -- 0.10 ntitl tlii. stnritl;~rd tlevintlo~i bct\vccri '5 
n.itl 'k. 111 irrtrotltrcir~g t!iis for111 of cstiriietiori. .tic a,)prnisnl trnrii's iden tvns 
rrnt orily to liriiit tllr irii l~o~tnrtcr of tilt best r~tir1ilhtc but i l v ,  to IP ' c use of 
irift~rrr~atiori or1 the j)robnbiI;ty of rscc~ctling tlic best chtirr~atc, \vl:-r', is oftcri 
n:.aiiable. F i g ~ r r c  1.3, curve C. shsrvs the resrrlt o i  iritroducing tliis inforrnr- 
tion: i t  is clrnrl!. clo\er t , tlic basic samplc thar, tile p:c-vior~s Beta tlistribrrtion 

-1). 

'Tlliz clistribtitiot~ is s h o ~ v r ~  in F'igurc !4 bt-To~r. I t  owes its annearanre liere 
:u tlic c::pericr~c-c of the lack of rcliab;lity of ilic best cstimnte, efcrreJ to i r i  

the P:PV~OIIS s~*.tiori. ntitl to the obsrrvatiun tha t  i t  is oftcrl he.pful 10 distin- 
gtr:sh a srni,ller r:lrrCc s r o ~ ~ n d  the brs: cr:imnte within the tratnl railge. T h i s  
srrx~iler rnri:: triil of trn corrciporltl to  what  riiny 5appen irndcr normal rir- 
cll:n.;tnrIccs 2.4 oppn.c.d :o \\I-.ar :iiny hnl3pcn rrn(lcr cs t r  .im cir~trmstnriccc. For  

criiplc :rrltlc.r riorrri;~l circ~~:n.tnrires a project niay . ost beta-ccri -5 prrcrrlt 
nrill + 10 pc;csrrtt ~f the ~ s t i r n a t ~ c l  cost. Urldcr t ~ r ~ t i s ~ ~ : r l  ~ i r c u n ~ s t a r ~ c e s  it nlay 
coqt hrt\c.ecr! -25 prrccrit and -!- 100 pcrcc!rt of tlic rstiniaied cosi. IVhilc the 
;~pprnizrr riia!; riot hr  ;~b lc  to say \ha t  it is niore likely that rhe pro-icct will 
rrcred 1i.s c ~ c t  h! 10 pcrcrrit thari by 5 pcicclit, he prohnhl!. tr!o\vs that  + 100 
I,rrreny is Irss likrly thnri +25 prrcent. ~l'hcrcforc. tvhilc ivithiri tlic iriricr rnrrge 



Value of the 
variable 

Fig-~re  I + .  Trapezoidal Distribution 

all ralucs h:~ve the same probability, ~u t s idc  of this range arid tc)svard the outer 
lirnit tllcsc probabilities d ~ r m s e .  Use ot this tlistributio~l indicates chat it fits 
\veil r7 large class of subjrctive judgments. 

. . I his tlistribution, ilIustratctl in Figure I5  bclow, is a particular case of the 
trapczoitlal clistribution and rcquircs little conlrncrlt I t  sirllply reflects tlic fact 
that orlc is trrnptcd to asign to a value dose to the cxtrcrne of a range a lower 
probability than to a value close to thc bcst estimate. I t  is or11y a convenicnt 
guess that this probability vaiirs linearly from tlic value of the best estimate 
to  the cstrrnle value of the range-a gurss \vhich lllalies random number 
genrratio~u vcry easy. Surprisi~i~ly,  especialIy i f  \vc cousitler the high sensitivity 
of this variable in the JIogatliscid anaIysis. curve ?' in Figure 13 shows that if 
we had s~rbstituted a triangular distributiorl for the basic sample distribution of 
labor protluctirity, we t\-ould hare obtained a result rrrnarkably close to our 
origilial result. 

Tlrr Yorrnal nistribrr~ion 

In our atlmittedly lin~itctl esperience, the normal distribution (see Figure 
16) sccms to be of little usc with risk analysis ~a r i ab les .~  Outsitle of its appear- 
ance in t l ~ e  llogadizcio rase ns the result of a portrait approach, n-e hare no\\- 
abanrlorlctl it. \\'e have usrcl it only a!: one occxslon whcri tlie arai!ability of an 

" f l o x ~ e ~ c r ,  normalit\- ma? be a good asrumptian almut ?!.r final rate of return d i s ~ r i -  
burinn. 
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Figure IS. I'rialigular I)isrribu~ion 

Figure 16. Xormal I)is~ribution 

esccptiorlal arnount of clata pcrrnittecl a stxtistical ar~al!-sis, ant1 it tu r~ led  out  ill 
thc arlalysis that a rlorrllal clistributio~~ was an appropri;~te choice. 13ut, escrpt in 
rxrc caws, tllcre is probably r ~ o  justificatio~l for expressing n subjective judg- 
Inrllt by a normnl distributiorl. ?'he variatiorls \ re  arc trying to anticipate are 
tllc result of ~lei thcr  statistical errors nor ra~lclorn disturha~lccs. T a k e  the dis- 
tr.ibutiorl of the v;1111e of all average tor1 of cargo ill the port o i  Jlogatiiscio. 
011lp  a minor part ot the uncertainty on this variable originate11 from the 
specificity of the sarnplc of rncrcharlciise frorn Ivhich tllc rncin was computctl. 
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Figure 17. 'frlrcr~n~muniratior~s I'rtrjrrt: Cumulative Distriblttior~ of the Kate of Return 
untlrr I>iffcrcrlt Ilirtrihutior~ nncl Correlation Ilgpnthcscs 

. . 1 hc bulk of the ~~rlccrtai~ltp \vc \\-alltcd to rcprcscllt rrsl~ltccl fro111 thrcc facts: 
( a )  in 1966, Sotlla!ia i~llposrtl restrictiorls OII its imports; thus thrir col~l~osition 
was likely to charlgc over tirl~c; ( b )  by tllc tirnc tllc port was corlstr~~ctccl, live- 
stock esports \vcrc likrly to rrprcxllt a grcatcr sharc of the trafic; (c! tllc data 
OII \vhich tllr arlal!.sis svxs bilsccl svcrc talcell from custolrls statistics alltl wcrc 
likcl y to Lx. bi:rsc.tl. -l'llcrc \v;~s ~lotllillg nbou t t hcsc r~l~ccrtnintics tvllich pointed 
to a nornlal ~listributioll. 'l'hcy rcprcsc~ltcd subjcctivc clo~lbts about the coursc 
of events. \vllith nlay happcll to be best rcprescntc*l by a skc\\-ccl clistribu ti or^, a 
bimodal orrc, or arlythirr~ clsc. 

\Vc havc cnlpllasizccl tllc inlportallcc of corrclatio~l and poilltcd out that it 
corlstitutes a ulrrch more s c r i o ~ ~ s  problcrll than thr choice of rhc r-obability I 
tlistributions. As all cs:rnlplc. Figure 17 she\\-s ivllat \vould have llnppcned in 
the case of sllother project' if \\.c had : I 

a )  rrplscctl tllr distributiorls of uncertain varisbIcs with uniform distribu- 
tions ( curve I3 ) ; 

T h e  rrleconun~u~~ica~ions prrrjcct in Slalaysia. 



b) rcplacctl all the cii>tritlutio~is \vitii r~orlnnl distr ib~~tior~s of tllc salile 
nlodc\ir~tl \:ullc ,t;l~~tl:~rtl deviatiol~ as the origirl;~l cli;tributiol~s~ ' 
(curve C )  ; 

c)  rrpl;~crtl ; i l l  tllr tli>trib~ltiorls by t rinllg~rlar clistrib~~tiolls of t l ~ c  s;inlc 
~ i i t ~ l e ~  :1r1(1 \;11i1c r;lr1gia :IS tllr origi11;11 t l ih t r ib~~t io~~s  (c~irve  1;) ; 

#I) kcapt tile S;IIII(~ t I i> t r ih~~ t io~~s  b11t co~~sitlrrrtl all the v:~ri;~blcs i~~clc l )cr~t lc~~t  
(cb~rvc 1)) ; :111tl 

I 
is) krpt tllc sa1111~ cli\trih~~tio!~s for rrvclltlrz J I I ~  :LSSI I I I IC~~ that the oprr;~ti l~g 

I 
rs1~c1lsc.h \vimrc f011!* corrr1:ltc~cI tvitll tlic ol)cratillg rrvrll1lc.s (curvr F).  

'I'llc rffrct c.f ;I t l i f irrc~~t a w ~ l i i o t i o ~ ~  at)cllt the correl;rtiol~s (curve 1); is as 
great ::s tlir grciltrst rffcct frolii c l~a l rg i~~g  the sllape of :I1c variable tlistribu- 
tiotls (curvc I{, ; I I I  cli~tributiti~~s ~~l l i form).  ' l ' l i :~~ cllrve I$ is so 111ucl1 less steep 
I t I S  "\tril)~itiorl is to Ijc rspecti-11, hrca~rsc the u~liforfil clistribtltion 
chs;rggcr ,tms tlit , 'i;tbilitiis of t l i s  rstrrrllrs. LTsir~g rlormal clistributiol~s for all 
variab' *s yi? rlllsvc I n s  clt,sc to the b:~sic clistrib~ltiol~ t1ia11 using tria~lgular 
distril 1ltio1,s. ! 13 ri.stllt colili~.~i~rtl csperirricc ill tlle ;\ logatliscio c;lscS. \vhen 
the r ;I. tlis :il,~ltio~i \\.;IS tl\r(l for thc profilr apl)ro:rcli ; tlie use of the r~or~na l  
(liht' ,111 I 11 cloes rlot :Il)pmr :~plwopriatc \ v l l r ~ i  s~~bjcctivc j~rclgmcrit is il~volved. 
Crl c (oprr;~tir~g cupcliscs fltlly corrcl;~trd to o p c r ; ~ t i ~ ~ g  rc* \ r~~ues )  sl~osvs 
111: at8 i l ~ g  :I full i.orrel;~titr~i : ~ s s ~ ~ n i l ) t i o ~ ~  l~rrcl rlot Ilattc.~~ tile tlistributiori 
curvc, IS it t l i t l  f7r veliiclc ~ ~ ( w r : ~ t i ~ l g  costs ill the Gre:~t I:;l>t 12oacl casc, :111d ill 
t h  cna : for t l ~ r  rorrrl;~rioli of port capacity a~lcl gal1g protluctivity in tile port 
of J I t  <:~tliscio, ;IS ~ I I ~ I V I I  ill Figure -I (curvr 2). ~\cltli~ig a corrclntio~i assump- 
ti 1 i r  tllc c a r  \vc arc now looking at has rrs~~ltet l  1i1 a curve sterpcr tlian the 
ol:gi~l?l or trur cli\tributiorl, h*c:~usc thc two variables ;~\cu~~iccl to be corrclatcd 
--opcratil~g espeli\cms all11 oprratilig revrn~~cs-j)ull 011 tlic rate of returli il l  

o,lposite tlirc.rtio~~s. C'orrel:~tio~i of tl~cir vari;~tio~i logically tcli(ls to i ~ i ~ r r a s c  t l ~ e  
likclil~ootl t l~ :~t  t11(. illtrr~ial riltr of return svill fall close to its ~notlc allcl to 
clccrca.;c the likrlillootl it svill f : ~ l l  ill the tails of the distrib~rtioli. thus tipping 
tlic c~lliiuI:~tivc cl i>t~*ib~~tio~l ctlrve to the vertical. I n  the rase o i  port capacity 
;ultl gall:: pl.oduc~ivity i r i  Jlog;~tliscio, the ttvo correlatctl variables pull the 
s;lnlcm way or1 tile r;ltc of rrttlrli: corrclatio~i t r~ids  to i~icrea>c tlic \\-eight of tlic 
lllorr r~trcblilc prr~l~;~hiIitim, t411s I la t tc~~i l~g tlw curve. I I o ~ s c ~ e r ,  e v r ~ i  this ki~icl 
of r r ;~sol~i~lg  ;il)orrt corrc.l;~tior~s shoulcl hr apl)lirtl svitl~ c ;~~~t in l i .  hc ra~~sc  often 
tllr c.firrt nf corrc.l;~tio~~ I)rt\vrt*t~ t\\m variahlcs \ \ i l l  be Inore coliiplcu ancl not a t  
:ill ol)vio~:.; hrfore t l ~ c  ~ l ; ~ t a  :~r(. :~~i;~lyzrtl. 'I'l~i.; is rcperially true n-lic~i tilore than 
t\vo varinl)lc..; ;trr corrr1n:rtl. 

V\\'l~er~c\.er 11ic rn~~clc  \vns ~r~nlr~rrrnined, rr-c chr~sc thc value origit~all pivc~i as best 
rstitn;~lc. 



VIII 

MEANS AND COST OF RISK ANALYSIS 

. . 
I l ~ c  financial cost ant1 tlie time constrai~its it~volvcd in a risk a~~alys is  arc 

i~liportant clcmcrlts i l l  tlic clccisio~~ \vIicthcr to u~lclertakc a risk analysis. 'l'hcrc 
follo~v a fcw colnnlctits, \vliich lead us to the conclusio~l that tliese constrailits 
shoultl not be allo\\-ccl to 1i111it the usc of tlie ~lictl~od. 

1\11 the silliula:la~ls \vc 111atlc have hrcn carried out on a computer. An  
i ~ i ~ l ) o r t a ~ ~ t  step of our work has, therefore, co~isistcd in thc devclopn~c~~t  of 
computer progranls. 111 the case o i  JIngacliscio this took us about six months 
a~itl i l l  the case of the first road project about t\\-o inonths. 'I'lie lo\vcr tiriic 
cost in the latter case results partly iron1 tllc fact that the model used for roacls 
is concrptuall~~ silnplcr ancl lnorc sta~ldartl than tlic one de\*eloped for ports. 
I t  elso results fro111 the fact that \re h;lvc been able to use for the roads so~ilc 
of tllc programs \ve hacl clevclopcd in tlle Jlogadiscio case. Ilcvelopn~elit of 
colilputcr programs, therefore, appears to be an important capital invcstme~~t 
\vhich ran speed ap  a risk ;lnalysis co~~sitlerably. For example, \\-e can now 
carry out a road risk a~i:~lysis il l  a nlaxillil~~ll of three calendar d;~ys, the actual 
prograniniing ti~zie s p ~ l t  by t l ~ e  progralillller bcing from one-half day to one 
tiny. I:V~II in the case of the pavenie~it cost anilysis rnnde for the 'l'anza~n 
Iligl~svsy, vrliich was n co~nr)lctely new cscrcisc, I\-c \\-ere able to use parts of 
tllc rsisti~ig progra~lls a~lcl the \vl\ole progrnnlnli~~g work did not take more 
than :I r a l e ~ ~ d a r  week. 

It slioulc! bc pointrd out, I~otvcver, that while \ve have tried to stanciardizc 



prrsol1s. I f , ,  ;IS \\.c t l~ i r~k ,  n gootl riak sr~;tlysis tlrl~cr~ds caarr~ti;~lly or1 Ilo\v \vrll 
O I I ~ *  is ;1111e to i*:Ipturr t11r ;~ppri~i~i*r 's  j ~ r ~ l g r ~ i c ~ ~ t ,  ;I v c r ~ ~  llrsil~lc irn~iir~vork is 
I I C C ~ I L - I I  tv11icl1 C ; I I I  ;~tl:ipt to : I I I ~  j~r(Igriic*r~t :IIIII  r i&t;~ir~ its ir~tc~grity, 110 111:11tt~r 
tv11;it fort11 it 111;ly t:~ki-. '1'11e-re* is, tllcrrforc, ;I Iiri~it to st:~~~il;~rtIizntior~. '1 .11~ 
11i;ljor- ~ I ~ ; I \ V I I : I ~ ~ ~  to :I I:II-k oi  st:~~i~lartliz:~tio~i t!oc-s riot S ~ * ~ ~ I I I  to hr t11c tlrl:~y 
\vliicl~ I I I : I ~  follo~v i l l  oht:li~lillg t l ~ i *  rc~s~rlts-tlirrc~ 11:1ys or tbviSr~ :I tvi-rk is still 
a11 :~cc(spt:~l~li* ti111c. for :I riak ;111;1lysi+1)1rt tlir grc:ltcr possibility of crrors, 

r\ roriilj~~ltc-r Ijrograril is ;I tlrliC:~tc tool \vliirl~, orirc it is trstc-tl, slio11l11 be 
tiiotlilic.tl ;I!; littlr :IS possihlc. \\:l~ilc tllc corlllIlltrr \rill rlot 111:1kc any rr*ror irl 
tllc rorl~lj~~t; l t io~l,  i t  \\.ill 11ot br :~hlc to tlctrrt ;111y rrror il l  tlic logic of tlic 11ro- 
gr:1111 11111rss i t  ia i~lbtruct~tl to (10 so. I t  is diniclrlt rrio11~11 to tlctrct nrl rrr-or ill 
;I r;ltcn of rrtur-11 ; ~ r i t l  rlcarly i~illjossiblc to tlrtrct :~ri  crror irl tile l>rol>:~l~ility 
tlis!r-ilj~rtio~~ oi tllis rntc of rc t~~r l l .  'l'lic hcst \v;ly io1111tl so far to ovcrcollic this 
t1:lrigrr srrllls to 11c. to prcsrrlt tllc I>rograrii iri :I form \vliicl~ rii:~kc?; its c11cc.kir1g 
:IS cu:lsy :IS ~~ossil~l(-. IIo\vrvc.r, this tlocs 11ot src*r~i goo11 ~ I I O I I ~ I I  i111t1 tvc arc 
riotv tl~i~iku'ng of i~~trotlt~cirlg irlto olrr riiotlrls built-ill tests trliic11 \rill tlrtcct 
possible ;~~~lorii;~lirs irl the rcslllts. 

011tsi1lc of tlic. l>rograniri~ir~g \\ark. \vllich rc-1111ir-rs n ~>rogrnr~irncr's :irilr ;IS 

\vrll :IS collilj\ltrr ti~l~c-a110 tllr forrllcr rii:ry hc \.cry cspc~isivc. nhout $5,000 
i n  tllc* .\rc)g:~tlisci~~ i.:~se-tl~i* risk :111:11ysis pr-oprr is iricxprr~sivr. rI-o give : I I ~  

itlr:~ of tllc ortlrr of rli:~gt~it~~tlc of  tllc cost. tllr .\Iogntliscio s in i~~la t ior~ t;lkes 
:~holrt 7 lliir~lltcs or1 ari IIl.\I T O W  roriil>tltcr ; O I I  tllc snllic roniputcr. t11c road 
sirii~~l:~tior~ tnkrs fro111 4 to 10 nii l i~~tcs drpcr~tl ir i~ 1111ori tlic ri~rriilcr of scctioris 
into \vl~icln tlic ro:ltl i s  tlivitlctl. :\t co~~~riicrci;rl r;ltrs tlic nlncliine costs ahollt 
SG :I rllilitttr. I l sc l~~sive  of tllr progrnm prcljnr;ltioll, n risk analysis tvill cost 
fro111 SjO to SIOO oi i-oriil~~ltcr tirnc. I t  niay ht.co!iic riiore cspctisive \rllrrl tlir 
rllotlrls hrc.-orl~c Illorr snpliistir:~~c.tl hilt, or1 tllr otlicr I~ar~tl, tlie cost oi  t l ~ c  
lwogr;lrll ~ ~ ~ r t - l ~ : ~ r : ~ t i o n  shotrltl hrro~llr chr:~pc-r as :I result of rliorc cspcrirr~cr. 
hettrr nrg;111i7:1tio11 ant1 thc. ruistc-111-c of a progr;\rll lihrnr!., tvhicli is :~lrr:ltly 
hr~ir~rlirlg to ; I C ~ . I I I I I I I ~ : ~ ~ C . '  

- . - .. . . - - --- -. . . . . - . 
' Kl l l~ r r t  Srl~l;lifrt., . I  rrt l ly,;~ of I ) c r . i r i n n ~  L'rrdrr I ' r r r r r ~ n i n ~ y  I S e w  York : \ fc<; r :~ \v-  

I I i l I ,  1 9 6 9 )  : 311tl "C'ot~>putcr l1ri~~rar~1*. for a First Cr>ttr.+c I>cci5io11 1-ntlcr ~ - ~ I c ~ ~ ~ : I ~ I I I Y , "  

I ~ \ I ~ I ~ I ,  1)irki1111 of l < ~ * ~ . I r c h ,  l I ; ~ r v : t r t l  li~tsincss SCII~~III. 



:I I;rst obscl-v;~tic~rl is that risk ;~rlnlysis rlors riot secrn to rcquirr :111y pnrticu- 
Inr rn;rtl~c~ll;~tic:rl skill. t'oirlts \vliicll rrclttire sornc kr~o\rlctlgc of rliatllcnintics 
or  s t ;~t is t ic~,  S I I C I I  ;IS tlie snrlll>lirl~ 1>rohliwl, orlee rcsolvcrl for oric project. arc 
rcsolvctl for ;ill. 1)iflic~rltie~ rliigl~t :lri$r i l l  grttirlg ;I good fcrlirlg for tllc iin- 
port;~rlct~ of tllc proI>lcr~~ r;iisctI 13s ~~orr r I :~ t ior~s .  Utrt, Ilcrc ; I ~ ; I ~ I I ,  tlw ~ i i a t l~c -  
n1ntic;rl trc:ttrl.rcrit of corrclntiorls (lor.; riot r;risr ;IIIJ. prol)~cril. : ~ r i t l  ;IS far :IS firid- 
irig ; I I I ~  (~~r;rrrtif!.irlg ~ o r r r l n t i o ~ i  ~ I I C S .  pr;rcticnl krio\\.lcdgc of  n proicct is lilorc 
i~ i ipor t ;~r~t  to tliosc in cli:~rgc of tlic :rlq)r:~i.;nl tl1;111 is tl~corrtii-nl kr:o\rli'tlgc of 
tllc prol~rrt i rs  of corrclntiorls. 



MISCELLANEOUS TECHNICAL PROBLEMS 

. . I lle cl;oice of an appropriate sample sizc relatcs to thc decisio~i as to 1 1 0 ~  

Inany till-cs the rolrlputer slloultl repeat tlic coillpr~tation of the ratc  of return, 
biibctl rach time on randolnly ge~lcratcd valucs for the variables. 'l'l~is is a 
p r o h l c ~ l ~  of statistics. 'I'he sol11tio1i csse~itially focuscs on : 

a )  tlrc mean and standard deviation of the tlistribution; o r  
b)  llle probability of a c h i e v i ~ i ~  a n ~ i ~ l i n i u ~ n  return ; o r  
C )  the shape of the entire distribution. 

J l o r r  clctails oli t!ie first two approaches c:m be fo~rnd in most statistics text- 
books, ; I I ~  011 the third one in the article 011 the subject by Fel!er.' Although, 
ill the c.lscs \ye hare  dealt with, the ratc of return is nearly normall!. tlistrib- 
utrtl n11tI thus use of the Crst approach may br  j u ~ t i f i e d , ~  tve ivcrc iriitially 
intcrc>tcd in the entire distributioli and therefore based the choicc of our 
sample .size on the third approach, using samplcs of size 300. Kolmc?gorov's 
thcorrnl tll~crl intlicatcs that there is 95 pcrccnt probability that  the iiiasirnuni 
vcrtiral dizta~lce brtivwn the true distribution a1111 the tlistributiorl w e  obtai~l  
wit11 this sample \rill be infrrior to S percent. 'l'liis sample size gives more 

\\'. Feller, on the Kolmogorov-Srnirnov limit thenrems for empirical dictril-utions, 
Tlir  .Irrrrrils of  .\latIrrmnfirs, volume 13, no. 2, June 19i8 .  
' See !allowing sccrhn. 
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t i~ne,  tElc. nlc;trl ;111tl st:l:ldard devi;~tio~l of tile total s;lnlplr. I1:vrn the s~llallcst 
sanlple ( 2 5 )  givw ;I I ~ I C ; I I I  which rliffrrs from tile 1ne;lll for the largest sarnplcs 
by not more tl1;11l 0.4 111lits or  -I p r ~ ( ~ l ~ t ,  \\.hie11 is acc~~r:lte i1110llgh for project 
appraisal. 'I'l~crcforc, ;I saalple of sizc 50 \voultl Ilavc !.irltlctl ;In acccpt;~ble 
esti~iiatc of tlic nlr;lll. I?ro~n t l ~ r  results for tllc st;~nclnrcl clcvi;~tio~~, it is nlore 
clitlic~~lt to rll:~kc ;I bil~iil;~r ju(1gli1i~1lt, but again, a sno~pic of sizc 25 or 50 
yicitls a sta~ltl;~rtl tlrviatio~a 1c-s t1ia11 7 I I C ~ C C I I Y  (liffCrcl~t f ro~n  the sta~~clartl 
tlevistion for t11t. I;~~.gibht sa~l~plt'~:'l'l~is is a11 ~ c c e ~ ~ t a b l ~  rrsult. Figure 19 
sllo\vs the type of cliq,ersion \vhicli call bc e~pccted svitli s:lliiprcs of sizc 100. 
\Vith tile s;~~ilplc of this sizc \vr 11;lvc all 80 percrllt prob;lbility that the 
Kolmogoro\~'s tliata~acr brt\veen si111iplc distrib~~tion ancl t l ~ c  truc distributiorl 
will not esccctl I I ocrcclit. 'l'his result scenic to bc co~lfirli~ccl by Figure 19 
\\*hicli-nss~~mi~ig tli;~t tlic cPistr ib~~tio~~ \vc obtaincrl wit11 a s n ~ i ~ l ~ l c  of sizc 1,000 
is vcry close to tllc truc clistrib~ttioli-iritlicam that o ~ ~ l y  two out of thc ten 
observctl tlistributio~~s of sample size 100 tliffer fro111 tlic truc clistributio~l by 
nlorc tlla~l 10 pCl.ccs~~t. 'l'lle rcsrlrr will of coursc realize thnt this is olily a 
simplistic illustr;ltioli of a con~plrx st:~tistical problem. 

Figure 19. .2log:ltli*cio I'ort Project: Ten  Cumulative Distributions of ihe Rare of 
Return 
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Figure 20. Quartile Shift of a Distrihution 

f' (S) = f (S + S) 

where S is  such that 

In jm4 f ( X )  dX = .PI 

df 
and m is such that: - - JX - O  

Norttrality o j  Rate o j .  Rciurtr 

l'hcoretical consideratiotis indicate that, under certain conditio~is, the rate 
of return shoultl follo~v a rlorn~al distribution.' If this were always the case, 
the distribution would be entirely defined by its mean and standard deviatiorl 
ancl our work would be somewhat simplified. In  practice, we did obtain 'norma 
distributions it1 the cases we undertook. Ho\vever, the coliditio~is of applica- 
bility of the central limits theorem (sufficient it1 proving a distributiot~ liorrnal) 
were otily partially fulfillccl. T h e  folio\\-ing tahle shows for the .\Iogarliscio 
case that the distributio~~ obtained was very closc to a ~ ~ o r m a l  clistrib~~tio~i, with 
the niean standard deviation equal to the ~ in ip le  mm11 a l~d  standard deviation: 

F. S. llillier, "The Derivntinn of Prohabilistic Infnrmatirm for the Evaluation of 
Risky Invcsrmcnrs," .\lacagcrrrrn/ Scirncc, April 1963. 



Cuttrulntivc probmbilitg o f  rntc o f  
rrturn R bring 1t .s~ or ttrorc 

thnn thc rate slrozcn 

Prob. ( R  4 6%) 
Prob. ( R  4 8%) 
Prob. ( R  10%) 
Prob. (R ' 12%) 

W e  have made the same .observation in 

assumption after all.* 

Tfiis applies, horve\-zr, to the rate of return, not to the individual variables, as \re 
explained earlier in Chapter \:II. 
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Figure 22. hlogndiscio I'ort Project: Effect of a Quartile Shift of Variablc Distributions 
on Distributioi~ of the Rntc of Rcturn 

Scnsitivitjl to  Q~rnrlikc* Flrifls 

any possible variations in the distribu:ion of 
quartilc shift as clcfilied in Figurc 20 on each of tlie variable tlistributi 
used i l l  the JIogatliscio port project (kccpi~ig 
and coniparc'tl tlie rcsr~lting ratebf retu'rll distributlo~~s 

inirrlatiol~ for eacl~ variabre. Ho\\.e\.er, we bcliev 
carry out this slrift serisitiviiy analysis without a 
tion, just by estracting irurn the origilial salnpiz 
thc variables is tlistributcd amortlil~g to tlie t~iotlificd distribution. Th i s  
!rani to rtsi~ig somc\vliat bigger sati~ples (say 5(10), but \vr~uld make it pel 

to make tlic sliift srrisitiviry analysis \\.ithout usi 

This exercise \ \ a s  suggested by Mr. L):rvrd Ilerz of McKinsey Inc. 

7 1 



Rate 01 return 

I:'l.'rrrian:ian of Low C rsitivity l'nrinblrs 

To simpiiiy thc simu1at:ons it \rzs . . :-. ii gc~icral rille thiit lotv *nsitivi 



THE USEkTLNESS OF RISK ANALYSIS 

-- 
. - 
1 he r.l.tjor advantage of risk analysis is that it c~iablcs us to attack problems 

that \vc \vo\rlt! otherwise avoiJ and to r~~a l i c  decisiolis lvc srould not othcnvisc 
iccl cmnipctrlit to nakc. In  c a w  like the 'I'anzam highway and the JIogadiscio 
port project, \rlscrc uncertai:ity is high. the appraixrs \vould usuz!ly follow 
the procctlurc of calculating xvcral  ratcs of return uncler different assump- 
tions, basiug thcir overall decision about the ~ r o j e c t  on these few calculations 
and t!lcir bcst jt~d; Rent, and presenti~ig that unique and final rate of return 
wli;ch 111ost nccuratrly reilccts the s ~ n i  total ot their kno\vledgc of the project. 
IVithout prohab:lity analysis, this is the best they car1 do: the best a t i m  
technique co11Cnrs thern to packing all the coriiplesities of thcir underscan2 
illto a siligle ritl~iibcr and tL-n deielidil~g it ;a \\-ell ~5 they can. Wi th  pr 
abi1i:y analysis, not only are the co~iclusio~is presented by the appraisers 
limitccl. but ~ l l c  supporting material lias all bccn quantified in easily comprehen- 
sible, sta~id;~rclizard form. ?-his means that, whereas previously it might have 
bee11 rccogriiisctl t' at some further i~itorma!ior \ \as  licerled in a partictllar 
area, \\.it11 this kind of prerrntatio~l it is usually possible ttr s p ~ f y  w5at kind 
of inf~rrl lat iol~ is rieeded and how ciucli differelice it \\.ill make-that is, prob- 
lrms call bc ~~ttacked \vhich might other\visc ha.-e had to be passed over. 

Sfit'ritrl ,Ir~r~ntrfngcs: Four Cnsrs itr rclrirlr Risb is n d ln jor  Fncfor 

r\molig thr projrcts tn .r.hich \\-e Iiavc applied risk ;uialys;s t ie rc  s e n 1  to 
hc four tli.*ri~ict kilids of problems in which u~icertai~ity plays an important 



role: ivhcthcr to  u~ldcrtake a n ~ a ~ c i n a l  project, how to halltllc a project with 
t~nujual u~lcertair~ties, ho\v to settle on the bcst conlbia:ctio~l of spccificatio~ls 
in a sirlglc projrct, ant1 hot\. to iclcrltify a project with only rlli~lin?al i~~forrna-  
tion. 

I .  Jfcr~irrnl I'r~jcrts. l.br elnlc projccts, like J!ogatliscio port or the tclc- 
communications project, the ratc of rcttlrll colnputrtl 011 the basis of tllc best 
csti~natr for racl~ variable is very close to the cstilllatcd opporrtulit!* cost of . . 
capital. I hc11 rltrr111al k i ~ l ~ l s  of urlccrtaintics zrbout the v:~luc of the input 
variables arc r ~ n o ~ ~ g l ~  to tun1 a satisfactory ratc of rcturrl illto a11 unsati.rfactory 
onc. 'l'hc decision to acccpt such a project i~nplics .iudg~ncnts or1 the likclihcmd 
that thc projcct will car11 a s~tisfnctory ratc of rrturn ~~onctheless ancl or1 the 
extreme ranges of possiblc T M I I ~ ~ S .  

2. Ur~urrrnl (.'rrc.rtnirrtic.s. For othcr projccts like the 'l'anznm highway, 
tlcspitc a satisiactory ratt* of retrlrl1 b;~ccd 011 the best estimate of each variable 
(say 13 percent to 18 percent), the urlccrt:~int~. on so~xc of the variab:es is so 
great that thcrin i.r a elistinct passibility :hat the projcct may not earn a satisfac- 
tory return. 'l'hia killel of wlcrrtairlty is built i r~ to  the projirt and callrlot be 
elirnir~atcd or even reducctl by ally arnount of additional st~ltly. 

3. Optirtrizrrtiotr o/ d'rojc-c.t Spc.cifications. In many cascs, the overall justifi- 
cation of the project has already bee11 cstablishcd at the idcatific?tion or  pre- 
appraisal stage. Ijut the a~lal!sis of design standartls, projcct timing, projcct 
phasing, and project size c;m o~t ly  be done at  the apprais:il stage, and such 
analvscs rnay lratl to s a v i ~ ~ g  millions of dollars in project cost, as the l i n z a m  
highway casc has suggcstctl. Specification analysis is basic to most Ba~ilr project 
work. In both the Great East Road case and the Jlogadiscio case thcre were 
problcrns of tirning wltl scale, though \vc have not tlescribctl them explicitly 
herc. Choicc mwng alternatives 011 such specific issues is ?lade particularly 
difliculr by uncrrtai~lty. 

111 the c'.-ice bct\vccn altcrnativcs A and B shotvn in Figure 24, for es- 
ample, ~rnccrtri~lty about tlata is not critical to the dccision whether t c  go 
ahead with thc projcct, for cithcr alternative \\-ill return an adequate yield. 
But it may still he critic11 to rhc choice bcttveen altcrnativcs. 

I n  thc ncighhrhood of S". alternative -4 should be preferred to alternative 
R because it ~ v o ~ ~ l t l  yicltl e rnuch higher return. O n  thc other hand, in the 
neighborhood c f  S*', I{ shtrirld be preferred to -4. T h e  choice between A a;ld 
B \\-ill thcrcft,;r in\.?: e some estimation of the probability distriblrtion of 
S, and if this choice also ir~volvts orhcr uncertain variables it will very likely 
require a probability analy.<is. 

4. Projrcr ddrcrifirntio~r. ' n c  brct example of projcct itlentification .-mong 
our four cxa~nplm is the <;rent East Road (Chapter V). Here no detailed 
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Figure 24. Choice bc~wccn Two r\l~rrna~ircs, Both with Adequate Rates of Return 

study had bccn rnaclc; o11ly rougl~ clrtrr crti~natcs were r\*nilablc. Yct a decision 
had to be ~llade to go ahmd wit11 tlrct prajcct, to postpone it, or discard it. ?'he 
uncertainty is less cl~lsivc tlliui tl1;11 ~tssocintcd witlr ~nc~rginal projects, since 
rnost of it could bc climinatccl tllro~~ylr stutlg. Hotvcvcr, studies are cspensivc, 
tillre time, and cvcrl the dccision to l~lltlcrtalre a study rcquires careful a~ialysis 
and involvcs a judg~ncrrt on tllc poviblc outcoinc of tllc study. 

The jrrqurrrry oj srrch mscs 

I t  is for thcse four clxsscs of problrrns t h t  risk analysis seems best designed. 
* .  1 hey sccm also to represent thc (*sse~ltial cases in tvhicl~ uncertai~itv has to 
bc dcalt with in otic way or anotlicr. 'l'hc first two classcs, marginal projects 
and projects with 111111sual uncertailltias, wllile they arc not frcq~tent, particu- 
larly anlong trnt~sportntiot~ projcctn, oftcrl raise critical issues becausc they . . 
involve important clccisions. I llc tllircl case (optinlizrttion) is much more 
frequciit but less critical bccal~sc in practice it is casp to bypass thc i s u c  by 
falling back on rulcs-of-thumb. I t  in  hard $nough to concei;.e a workable 
project untlcr the usu;~l unccrtaintirs \vithout also trying to optimize. Rut i f ,  
as our experiences sltggrst, risk n~lalysis pro\=itles an cflicic~lt tool to handle 
the dificultics of optin~ixation u~ltlcr ~~~ l rc r t a in tg ,  \rc lilay be ablc to do it Illore 
often. Fi~?ally. ill projcct identificntio~l, risk n~lnl!.sis can illcrease the scope for 
action. Tllc morc copllisttcatcd projrct plsnning bcco~iics, the longer in advance 



decisiolis niust bc made rnd the more elements-all uricertalr-i~itervc~ie in 
thc.?;e decisiolls. l 'he prewlit need to iniprove decision-making processes at the 
idelitilic;ttiol~ st;igc niay be rrHmed ill tlie prcsclit over\vlieltiiilig ~iuniber of 
projrct bt~~clics. 111 turti, tiiore arid bcttcr tlrcisions at the project iclct-tificatioti 
stage slioultl 1i;tve the cficct o i  dmrc;lsing the number of studies a112 focusing 
thi-111 "11 tlic ~iioct itiiport;tlit i s u -  

Risk n11:11ycis niiglit \vc!l fitid its iiiajor application in the optimization field. 
Co~iscc~uc~itly it niay beconic a tool ior tlie consultants cven niorc than for tlic 
Iialik. Ottcc :I project lias baen i d l y  ilcsigncil, it is oftell too late to optiliiizc, 
but if, :tt t l l r  liallk\ rccluest, the optiriiizatioti wcrc to be niadc by the con- 
sr11t:tnts or by the projcct ilm~pner. maliy inil)roveliiclits could probably be 
achievetl ;tt that rt:lge. 

Risk ;tt~:tlj*sis rrquires o ~ ~ l y  one *t of cotiiputations, eitlier by nlcntal caicula- 
tiori or by coniputer, to obtain a conipletc picturc of thc project. '1'0 obtain a 
silllilarly atlcquate picture oi  the project using the co.onventiona1 nicthod and 
tlir itlcliticnl coriiputational aids' onr tiiust rcpeat the entire co~iiputatiolial 

, . 
process nt lr;tst ~otice. I lierefore, eve11 tliollgh a single rate of rrturn can be 
calculatctl liiore quickly by the conventiol1aI tiictl~od, i l l  practice appraisers 
at tlir I3ank sclilolii stop at the Erst ratc of return obtailietl by conventiotia~ 
anal>-sis. 'l'lir final r;tnge of alternatives frorn which a clccision is nlade can 
br calctllatctl niore qtlickly by  ring risk alialysis. I n  the case of the Great 
Exst Ko:~tl i l l  Zaliibix, n-e obtained a r e v ~ l t  irom the risk analysis no Iater than 
thrre d:t!*s aftrr the rcturti of thr i i i i ~ ~ i o ~ i  fro111 tlie field. By the usual Ijalik 
nlrthotl, it \voulci prob:tbly hare taken two full \vorkilig days to figure out 
the traftir, tlie cost of tlic projm. the savings iii vehicle operatilip cost, the 
saving.; i l l  liiailitenance cost and. finally, tlie ratc of return. 'Then we \vould 
have foulttl that this ratc of return was too low and did not corrcspotid to the 
opinion \vc liar1 of thc project. \17e \vo~tlcl the11 have repeated the operation, 
changing 111e vaPue used for, say, the traffic level, savings in vthicle operating 
cost. or tli\ cost of the project- In this p;trticular caw, it \vould have been easy 
to pick secotlcl ancl thircl values jwt as good as our first, because of the great 
ulicrrtainty about niost of thr variables. This  unsystematic sensitivity analysis 
might 1 1 . 1 ~ ~  rcquirctl anotlier trt-o to f i t ~  days. In  the same tinie, using risk 
analysis. tlie fitiai rrport on the project was alrc*acly finished. 1:) addition, it 
took only :tl)olrt one programmer-hour to rerun the program 31s months after 

Snrlrr:lll!, tler.eloping computer program5 takes tirnc and  using them speeds u p  
~aIc~~latior~*, 11111 t l~eze facts a re  true for any rnerhod and cio not affect the ralitlity of 
the  nrgurnelll here. St.e also Chapter \-I11 



. . 

tlie origitlal decision, \vhcn 
\Vith faster computer tur~rarur~~rcl tinre, the tinle to get the conrputer resu 
cotrld be rcdllccd from thrw clays to o ~ r e  da!, which is the tinre it takes 1 

progrnnlnirr to prepare the probalrility part of the conlputer progralrl. 

r111other brllefit of risk a~lalysis is that it results in greater report clarity 
all11 tllercby permits t ro r i  people to 111altc useful co~~tributions to project ap- 
praisal-. Our  appraiml reports give ilre values of the cle~ncnts used in the 
cvi~!uatjo~r of a project. Hotvcvcr, they vcry scldorri give the judgme~rt lyi~r 
bei~ind tllese values and \ rhe~i  tllcy (lo, it is always in qualitative form. As 
conscquellce it is very diftirlllt for auyo~ic tn cliscuss tllese judgnrc~rts, an 
COIIIIIICI?~S often focus nmre on tlre prese~~tat io~i  than on the substa~rce of a 

1 report. In some cascs, a high degree of :crhnicality cieates a ~ ~ a t u r a l  barrier 

I wide discussion. Ilut often, as \vith the 'l'anzan~ highway, a discussion of t 
nssurnptio~~s I s  both possible auld desirable. 

1 This trallsparclrcy of the :uinlysis, while serving to makediscussio~i 
effective, also seenrs to facilitate tlre acloptio~i of rcrom~r~cndations. Ho\\-e 
our csperieirre is linrited a11r1 it \voultl b e  interesting to i~~restigate this p o ~ n  
further, in particular in c o r r ~ i ~ t i o ~ ~  with negotiations relati~rg to technical 

Because of its compacmesc. a probability distribution not only communicit 
i~rfornlntio~l well, but also is vcry co~rvenient to  1%-ork with.. It was surprisin 
to find that after even a very little experie~ice with risk analysis, it beca 
easier and more ~ ~ a t u r a l  to espress a judgmclrt in pro'3abilistic tcrms than 
terms of a best estimate or. i~ltlrcd, of ally other kin3 a f  estinratc. W e  foun 
that all expert consultant may he un\villing to  conimit himself to a single cos 

I esti~nate before the completion of his study, but he may quite readily proffer a 
I rx:. . of cost estimates and a full probability distribution over that range. 

I 

I Rigor in annlysis 

Risk analysis both demancls a11c1 pernrits the use of greater rigor in analysis. 
I Risk analysis demands more ~ i g o r  siluply bccatlsc it is a more ~ ~ ~ t e n r a t i c  

I nirtlrod. I t  permits more rigor tlrn~i the single-estimate approach because even 

I in a zimple a~lalysis it dIo\\x for nlorc than one course of action. Paradoxically, 
it is always easier to be rigomus than to approximate. 

I 



I:I t o ~ i c l u c l i ~ i ~  111is >l1al)tcr it 11i:1y be s t~ggc>tc~l  tli:~t, for tlic pclrpows of 
ri3k ;III:I~!*~-, i l l  I I I ; I I I ~  C:I>I-S prcwlit tvortll 1i1;1y I)(- ;I bcit1.r cl.it'rio11 tl1:111 tlic 

i11tcr11:11 r;itc ( I t  rctlrrn. 0 1 1 c  t l i f l i t *~~ l t~  i l l  t l c c . i > i o ~ ~ - ~ ~ ~ ; ~ k i ~ ~ g  is t l ~ c  c31i111:1tio11 of 
1111. op110rt111iity t ,~ . ;  (11 c;llii~i~I. ' l ' l~is is o i t c i ~  c.itc11 i11 11ic liiilik- :IS a11 :lrgu- 
I I I ~ I I ~  i l l  i:i\or I , I  I I - ~ I I ~  :III i11:c*r11;1l r ;~tc o i  rcttlrll r:i~Iicr ~ I I : I I I  :I prcsctlt v:1111e. 
\\.c 11ct+,1 I:UI !.IIII\V the I ~ ) ~ ) I I ~ I I I I I ~ I ~  co.t ot' c.;1pi1:11 to co11ip~1tc 111c i111rr11:11 
rate 01 lcttir!l ; i t  ib  11wt1 o111y ;it tile 1:1>t 31;tgc. I O  tlccitic iv l~c~l ic r  111c c:11c111:11cd 
rate 01 rt.ti;rnl i. ;~t.c.cl~t:~hlr o r  not. Sillcc i l l  ~ ) r ;~c t i c r  tile r:ltes (ti rctilrli obt;li~lrd 
:lrib o1tc11 I~igller I I I ; I I I  tlic lii~l~(b>t likitly v:~lt~c of tlic* opport1111ity cost of c-:~pit:~l, 
t11i. 11vtv1 to ~ , ; I I L . I I I : I ~ ~  tlic l i~t t i-r  i l l  11rt;liI tlocs I I O ~  11ic11 ;~ri>(-, l Io\rrvcr.  i f  risk 
: I I I ; I I ! ~ ~ ~  ib  11) 1 ) ~  :~pplicti to I I I ~ I ~ ~ ~ I I : I ~  projr~.tb or I O  I I I ; I ~ ~ ~ I I : I ~  t~o111po11c11ts of :L 

l~rojce.t, 111c ~tleci~ior~ :I< to tllc :~ct.t.pt;il)ility o i  111c project tvill IIO loiigcr be so 
III)\ ~ I J I I ~ .  1 l~ lg :~~l i \ t . i l ) '~  port ~ ) r o j c ~ t ,  t ~ ~ r  c \ : ~ ~ ~ ) j ) l c ,  i~~il)li(,s 1 1 1 ~  co1111):1ri~o11 ~i ;III 
~ I I I C : I ~ ; I I  r:itc o i  l('rur11. \.;lr) i 1 1 ~  11\(~1.  ;I tvitlc r;111gt.. 10 ;III r s ~ i l ~ l ; ~ ~ c d  0111)or11111ity 
C I J . ~  (11  c:~pit;tI, : I I \ I )  \;lrYilig o i c r  ;I \vide rallgt*. 'l 'l1i3 is 11ot c;15y. L'111lcr tlic-sc 
c i rc~i~~~~*tar ic r**  it >ct.1115 pos>il)lc to 1.1,11citl(*r tllr rr l)port~~~~it!+ co3t c l i  c:lliit;rl :I> 

:III 1111e.cr1~1i1t \ ;II i;~l)lc s i~~ i i l : ~ r  i r ~  : I I I  sc,pcct, 10 111c otllcr c:~ri;~blcs oi our  
: I I I ; I . ~ ~ \ ,  ; I I I~ I  to I I W  :I prc>(-llt tvortll :~ppro:lt.I~. '1'11~- 1)rob:lI)ility I I ~  f;ri111r- of 
tflc p ~ u j r t . ~  ~ ~ X I I I I ~ I  ~ l i u s  si111l)ly ; I I ) I ~ * : I ~  :IS Oit. j)r~~I):~!,ility t11:1t t l i ~  project 1135 

~ ~ c . g : ~ t i \ c ~  11c.t I ~ ~ I . . I * I I I  \vor111. ; I I I ~ ~  t11(* t l ~ c i \ i o ~ ~  ;I\ I I I  its :~c~cl)t :~hil i ty ev011111 be 
1ii:1~1c, I cry -i111plv, 



(<I) I)r,l>itr tl~c. ~~ic thot l ' s  v;~lur. t I ~ r  trr;itlilrl1t cli zorrc~l;itiorl.; brt\vrrll vari- 
:~blcbi ~ ~ I I I : I ~ I I ;  :I 111;1jor prol>1~111. It i; c.lv;~r 111:it rc.111ts ':III hc co111pIrtr1y :nis- 
Ir;~tlillg i i '  t l l c ' h ~  ~ o r r r l a t i o ~ l s  :lrr 11111 111.(11)crI!. ha11~11rtl. 'l'his d ; u ~ ~ c r  is :lot 
111rrrly t l~corrt i~. ;~l  ; 111rrr is :ipp;irr~~tIy ;I ,y$t(s~~~:~tic- ~~IIIICIIC!.  to ovrrlnnk corrr-  
I;itin115. It ~ ~ I I I O \ Y ~  I I I ~ I C  riqk :!~~al!~i. > 1 1 0 1 1 l t l  h r  ~ ~ t ~ t I r r t : t k r t ~  O I I I ~  \v i t l~  Xrcat 
c ; ~ ~ i t i o l ~ .  
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