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ABSTRACT

This paper presents an oxtended value-impact methodelogy whinh aids
dacision makers 1n ranking various alternative actions for reducing the
riok oasoeiazted with nuclear power reactora. It extends the state-of-the-
art value-impact methodolagy by using the Analytic Hierarchy Process
{AHP}, a formalized decision making tool for ranking various alternatives
based on Judgment. The method has been applied ko a weilue-impact study of
the implementation of either a vented-contalmment system or an alterpative
decay heat removal aystem a3 a means for reducing risk at the Grand Guif
nuclear power plant. & ranking of several policy actions which could
reduce the economlc risk of nuclear power is performed herein, The
results af this apalysis show that the method provides considerable
insight to the solution of topics of interest in the decision making area
af nuclear power risk management,

KEY WQRDS: Hisk assessment; Decision analysis; Hnalytie Hierarchy Process
(AHP); Nuclear reactgr regulation; Cogt=-kensfibt; Value-impect

1. INTRODUCTION

Decialoms regarding Light Water Reactor (LWR) safety involve
procesasing large amounts of information. Major decisions require Inpub
from experts in teehnical, economic and palitical areas, a3 well as from
those who have some 1nterest in the future af nuciear power; these
wnterested parties are called stakeholder graups and include the Naelear
Regulatory Commission [NRC}, electric utility, ratepayers, 1nvestors, and
the Public vtility Commissien {PUCY. Therefore, a method is needed to
organize the decision maker's thinking proceas and to include data, both
guantitative and qualitative., The purpeose of this paper is te pravide a
fermalism for structuring complex deciaions in such a way as to
inecorporate subjective judgment in a quantifiable procedure.

The method proposed to accomplish this objective is the Analytice
Hierarchy Frocess (AHP) developed by T. L. Saaty {1977). The AHF handles
qualitative as well aas gquantitative factors in an organized structure,
which allows for the uze of sulbtiple attributes. Altheugh this formal
analysis cannot be guaranteed to improve decision making, 1t cap clarify a
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decision by making expliglt the assumptions am which the decision 13
bastd.

The purpose here 15 o inwestigate the uwse of the &HP method in
multiple eriterton decision making 1n the nuciear industry. The goal 1s
to derive weights for a =et af policy agtiong in order to determine the
mp3t important alternatlve wibh respect to the objective of insuring the
future of the nuclear Lndustry Importance ig usually judged according to
criceria which may be tne objectives themseives, of meagurable qualities
of alternatives, as well as intangible qualities of alternatives. The
weights reflect the impéttance of both quantitative and quatitative
eriterla, named atkrlbutes hepein. The arrangement of the attributes into
levals and these ranked one above anather defines the hierarchical
structure.

The methodology developed in this atudy ls described briefly below,
it requires thakt the decision maker compare attributes two at a time in
order to determine how lmportant one 1s relative to the other. The series
of compariscns is called pairwise comparigeong (PWCs). This data 1S
anaiyzed by the largeat eigenvalue approacn. In this paper, tne AdP
method shall be ugad 1n an 1terative apprgach to discover Lhe most
effective policies to assure the nuclear industry's future.

2. METHODOLOGY

The Analytic Hierarchy Frocess {2HP) is used to erganize prohlems
within a framework that allows For interaction and interdependence amcng
factors. It still enables the decl3ion maker to condider them Ln a4 3imple
and logical way, and to determine the reisztlve 1mportance of each
stbribute. The AHP, 1:Ke many other decisicn methods, eonzizcz of 1)
ident1fyinrg alternatlves, and 2) generating information om the suteomes of
alternatives. Unigqua to the AHF 13 a third step whieh allows far
amsesszing the preferences of the decision maker and stakeholders. This 15
accomplished by transiating a serisa of paired comparisons into weights
for the attributes in the hierarchy. These weights determine the
contribution of each alternative to the ohjective. The method 1s
described below, in terms of types of attributes to use, how Ko construet
the hierarchy, and the evaluation of the AHP. A descripblem of the
mathematies in the AHP is provided in References 1, 2, and 3.

Z.% The Attributes

The attributes making up the hierarcay may be quantitative and
gualitative; that .s, measurable by scme methoz, ar only qualifiable
througn sotie measure of Jjudgment. FPotentially measurable attributes such
as risk redyction may be quantified through Probabrlistic Aisk Aggessment
{PRA) metheds. [n addition, less tangible effects such as changes lh
publiec opinion regarding ruc.ear poHer are considered deelsion
attributes. These attributes may be evaluated through questionnaires. If
a value-impaet analysis i3 to be performed, tha attributes consist of
e03ka and benefits of the alternatives, IF the analysis 1s to inelude
stakeholder groups, the attributes censist of the stakehelders and their
ablectives. While there 1s no restriacion as to che number of attributes
allowed, it Ls more efficient o restrict the numper of attributes ta nine
per level: it has been found Snat more than this would be too many for the
deg1310n maker to compare {Miller, 1356).

2.2 The Hierarchy

The AHP consists of dividing the decision 1nto atteibutes which are
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crganized inte a structurs called the bierarchy. Flgure 1 1ls provided as
an illustrative example. The top level af the hierarchy is concerned with
choosing the best plant for a partigelar electric company. The batbom
level includes the three alternatlves to be conaldered: nuclear plant,
Fusion plant, cor coal plant., The reamaining levels of the hierarchy
consider the time frame, in lewsl 2, ard the 1mportance of cast, enargy
demand, feasibiiity and public opinion, 1n level 3. The fFourth level
conkains measurable attributes of the plants, 1.e. capital costs,
axperiencd With the technology invelved, etc.

2.2.1 Guidelines

Some guidelines have baen developed in this study. Figure 1 shall be
use¢ to 1llustrate these recommendations far structuring the hierarchy. A4
hierarcny 1s complete when each level sonnects to all eiemenkts 1n the next
nigher level. The placemert of the levels should be such that the
relaticn between a given level and Lhe one above explainsg why the
attributes of the level are impertant, the level below explains how the
attributes on the givern :evel may be achieved: the intermediate level
skould link the adjacent levels. Furthermere, it is convenient to place
any guantifiaple attributes ou the level directly above the
altermatives,

LowsL 1 "BESY FLART"
{f
LEVEL 2 SHOMT TERMW LOKG TERM
LEVEL 3 cosT EHERGY CMAMD FEASIBILITF PUBLIC OFIHNGN
LE¥EL 4 | sapE7y T i TERANCE A bonmaiogy [ [TFFreituey | 3 emeueTson
LEVEL 5 HIZLEwR FLANT FUSIDN FLANT COAL PLANT
Figure 1

Sample Hierarchy
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For example, consider _ewel U in the sample hierarchy in Figure 1.
This level contains the msasurab_e attributes of the alternatives, safety,
capital cost, maintenance cost, kaesn technology, effieiency, and
production. How these are achieved im through implesmentation of the
alternatives, in the level below. Why they are important ls to obtain
information about ©ost, energy demand, Feasihility, amd public opinlon, in
lavel 3, and teo relate the alternatives o the atiributes in level 3
through level 4, for which data exist. More details ot now to structure a
higrarehy can be found in Reference 2.

In additisn to providing a tool for amalysis, the hierarchy ia a
representation of the decision maker's thinking, and the decision maker
should devote sufficient time to the structuring step and review of the
suggested structures., Cnmoe the hierarchy has been established, the
evaluation is conducted.

2.3 Evaluation

In order to quantify the hierarchy, a comparisom is made for each
pair of attributes in a level with respect So each Abtribute on the higher
tevei with which they are linked. These pairwise comparisons [PHCs)
resuit in a rankirg number which assesszes the degree of importance ar the
likel ihoed oF ane attribute over.ancther, and is refleeted In a scale of
nine urits developed by Saaty (Saaty, 1977), In this schems, a "
reveals equal impurlance ang a 4" absolute importance of gne attriute
over another; the irtarmefiate numbers are shown in Table 1. The process
of assigning values far the pairwise comparisons translates subjective
judgment into a numerical ranking of the attributes in each level.
Finally, the values for the pairwise comparisons are acrangad intc a
matrix form, and matrix manipulation yislds the relatime values of the
alternatives in the bottom level with respect tw the objective defined for
the assessment.

Especialiy important in the analysis of nuclear regulatory decision
making i3 bhe wa¥ In which stakcholders' interests are ineluded.
Stakeholdar grovps include the regulatory organisms, the electric
utllities, tne ratepayers, the investorg, nug¢lear opponents such as
intervenor groups, eto.  Albthougn each group may have a stake in the
outcome of the decision, the group's opinion may or may not affect the
decision. For a very teckrical cnolce, the knowledge and expertise may lie
with the utility; for a decisizn regarding whether or not to pursue
Further risk reduction, which ultimately invoclves Lhe question of how safe
is safe enough, the stakeholdera may prove Lo be extremely important, each
playing a different role in the economie, pol:cical, spcial and
technological areas,

Special emphasis can be placed on the integration of varyIng opinisns
intc decizicns in two ways. First, a number of people may be asked the
quessions recessary to gquantify the hierarchy, and seecond, stakioolcer
groups' objectivea may be included in the hierarehical structure. The
first approach is suitable Sor establishing a consensus and evaluating the
sensibivity of extreme aplnlaus; the latter approach has been found to be
more helpful when the staseholders kave some contrel in the outcome. The
gecmetric mean was found to be the best way to repragent the cellection of
results as a consensus, In thiz manner, the extreme waluez dld not
distort the results as can be the case when Lsipg the arithmetlc mean.

One way to handle digressing opinicns 1z to perform semsibivity studics
using the extreme wvalues as input to the hierarchy. il the ordinal
rarking =f the aiternatives 1g changed in any of the cases, further wark
‘e reqldired to reselve the inconsistency.
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Tehle 1, DCescriprions for the five point scale

Descriptian Rating
A & B "are equally important”™ 1

"equally centributa'
lequally perfoem"

4 "is somewhat more (mportant than" B 3
"wontributes somewhat more than'" B
“syomewhat cutperforms" B

4 "is strongly more important than® B a
"strangly contributes more than" B
*strongly outperforms" B

A "is deménstrably more important than" B T
"very strongly contributes mare than™ B
"very strocgly cutperforms” B

A "ig abspiuteiy mere important that™ B g
"abaolutely contributes more than" B
"absolutely outperforma™ B

B "more 1mportant than" A recLprocals

Saurce: NUREG/CR-38L7

Finally, if a level 15 to be incorporated into the hierarchy wWnich
contains the stakehalder zroups, the néxt level down shpuld contain a set
aof independent objectives for each group. This spproach works best 1n a
plannirg application of the AHP. In the case that the actors have some
cartrol over the outcome, the AHP 1s very useful 1o determining policies
which may be incorporated in orde— ta achieve some desired future. For
this approach, the wzportance of the groups must be asgsessed with respect
to each of the criteria acove. An example of this uze of the AHF follows.

3. APPLICATION: POLICY CHOLCE

This example illustrates the use of the AHP as a planning toal: the
goal of the applicatien 1s to rank policies which, !{ implemenzed, could
cdirect the nuelear industry toward a degired future., The costy of
Llmplementing &such palicises are not included here ard will be the subject
af 3 fusare paper, Giveh the costs, a value-impact analysis could be
per{armed as a4 way to compare the value-1mpact racles of implementing a
policy ana packfitting a syscem, 1n epder to prieritize tne many cpiiuns
for improving nuclear power plant safety,

The AHP 13 used in an iterative process in this axample, First, a
hierarchy 's construsted in such a way as to determine the weighting of
sgveral sgenarios given the stakenaldera, their abjectives, and the future
they project. This i1s3 the First farward hierarehy; the results of which
are used in the next step, the construction of the backward hierarchy. In
the backward process, the objective on the top level L3 3eb as the desired
future as opposed to the projected future asz i1r the first forward
proee3s. The solution of the backward hierarchy :informs which pelleies,
an the battom level, would have to be employed by kke 3takeholders in
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order =a achieve the desired future Finally, anather forward hlecarchy
Is eonstructed similar to Lhe previous forward hierarchy, except the
objective is row a preolected desired future. This iz because the top-
ranked policies from the backward process are inserted as ztakeholders’
objeetives, in additlon ta those 1n Lhe first forward hierarchy, 1n arder
to teat the eff=ct on the ranking of scenarlos.

3.1 Fipst Forward Hierarchy

The weighting of the stakeholder groups in level 2 in Figure 2 wWas
obtained from the responses to 3 questicnnaire, in the form of PWCs, le
the partleipants compared each pair af stawehslders with respect to their
wmportance to the future of nuclear poWer. Then, the geometric mean of
the resulting eigenvector was used to best express a cohcensus. Of course
this weighting Ls subject to chang2. The abjectives of the stakeholders
are located on level 3; the priorities of the zb|sctives were taken frem 3
study performed far an eiectric company in Referance 2. for which the
arareholders' priorities were salleited. It was becessacy to construct 15
43 PHWC mstrices in order to compare the seenarios' Impaces an each
obiective 1o level 3 above. The rirst of the scerarios 18 a contlnuation
scenario of the present status of the wnduztry, whicn means that the
present shart term pelicies wouid be pursued. The secohd scenallo
Lndleates pursuing aitermative forms of energy other than nuclear, sugn aF
coal The third seenar:a 15 Lo pursue and plan for an assured industry;
this 1§ described as pelng financially staple, able to satisfy the energy
demand, and prestigicus., Finally, the matirix multiplieation 15 performed
and the resuiis are 1ndicated in the Figure. The evaluatlen of the
hierarchy ranks the diversificabion seenaria above the others glven the
objectives of the stakeholder groups which are speeified in the figure.

3.7 Baciward Approach

GCiven the ilnsight and structure of the forward hierarchy, the
backward hierarchy was developed and is shown in Figure 3. Althaugh
diversificatlon was found to be the most likely scenario in the forward
prosess, an assured fadustry is assumed to be the more desired [lubure, and
Iz thus logated on the first level. In additlon tp this change from the
First forward hierarchy, this hierarchy determines the effgetiveness of
some suggested policies in ach:eving the desired scenario, an assured
industry. The attributes of an assured industry, financial atability,
zatisfaction of energy demand, and prestige, are located on the second
level of the backward hierarehy. The importarce of the¢ chree are taken to
be egual; the weightings way be varled ln order ta check sensitivity. The
third leyel contains problems assoclated with achieving bhe desired
spemarios. A few are briefly described here. Lack of safety ilncentives
indieates that there exists little motivation for self regulated
wodificatlion oy the utility. Equity invester prablems gontain the
inwestors’ coneerns of receiving steady, high returna. Excesmive
regulation refers ke the utility's costs of disproving the necessity af a
proposed NRC modification for the remctor, MWext, the stakeholder groups
that can affect the problems are included in the fourth level in order Lo
model their ability to do so, The bottom level contains the palicies
which are introduced 1o order to test theiwr effectlveness in rgacring tie
desired scenarios im leval 2.



FROJELTED FYAURE
OF NUCLEAR POWER

{

I

L

StakehoTders THVESTORS ple MRL RATEPATER UTILITY THDLSTRY
22 .21 .14 . 25 14
r
STABLE ADEQUALE LI L HIGH RATE LNCREASED
RETLRN RELIABLE HEALTH RATES OF RETURK NUCL
SUPPLY USAGE
Objectives &0 £5 33 . 7z a0
LW Low PUBLIC SERYICE HIGH ( GROWTH
INVES THERT cosT SAFETY RELLABILLTY 8ASE
RIS L0ad
1% 21 .33 ] 20 60
FINANCT AL CDSY Lo
STABILITY EFFECTIVE EXCESS
\ OF UTILITY EXPENDI TURES CAPALITY
STATUS QUO OIVERSIFICAT 1IN ASSURED [NDUSTRY
Stendrlos 32 43 19

Tigure 2

First Forward Hlierarchy
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DESIRED FUTLRE

OF NUCLEAR POWER : AN ASSURED TNDUSTRY

]

FINANCIAL SATISFACTION PRESTIGE
STABILITY OF ENERGY
DEMAND
.33 W32 33
I | | i ! [ ]
CONSTRUCTION] [ INCREASING EQUITY PUBLIC COMPETITIVE LACK OF EXCESS
TIME LOsTS INVESTOR OPPOSITION| |OIL PRICES SAFETY REGULATION
PROBLEMS INCENTIVE
.165 .182 165 .139 132 .083 132
UTILITY P.U.C. INVESTORS N.R.C. INDUSTRY
224 .286 152 .250 .09%
ADD ACCIDENT TAX INCENTIVES SELF SOLVE FEEDBACK.
T:sggg:gziro FOR [NVESTORS REGULATION Lis FROM P.U.C.
(UTILITY)
RATINGS TO UTILITY
L172 201 L7 28 . 149
Figure 3

Backward Hierarchy




The pollcies employed here are derived form a previous study for
which a digraph method was used Lo model the relationships between
stakenolaer groups ard policy accipns (MNelson, 1986). Tnese policies are
compared with respect to their effeck on the stakeholder groups on the
level above. The rest of the levels are compared Pollowing the usual AHP
procedure. The Fipal rankings for each level are shouwn in Figure 3; these
anow thab solving Licensing [ssues (LIs), increased self-regulatien. and
bax inoentives are the preferred policles. These policiles are dlisgussed
next.

3.2.1 The policies

The policies were ntroduced from a logical extension of the digraph
mathod 10 a previcus study. In this study, financlal issues wers found to
strongly 1nfluence the future of a nuelear power company. For this
reason, iNVesKOrs Were considered important ataseholders, sspecially
thase With investments in companies with nuclear plantzs under
acnstruction. Therefora, several of the pollcies generated inciude goals
to improve lnvestar perceptlon which could aligviate some of the financlal
pressures of today. The policies were gemerated thraugh solving a digraph
sysbes whizh includes the stakeholder groups and major attributes which
may 1nfluence the nuclear industry, such 45 acgident frequercy goal,
nuclear companies' investment ratlhgs, and licenrsing tlme. Then, for
instance, licensing time was decreased ta getecs the averall effect on
Jt1lity expenditure. A large effsct censtitutss a pelicy suggestion, sueh
as salving licensing 1ssues. Also, ares were introduced wnere the
nfluence of one attribute on another was found o be negllgible,
genarating several policy suggesticns. For example, decreasing plant
accident frequency had littie effeer on Loveatment ratinga; an arc was
introduced between these two attributes which generated a _arge cost
decrease thus suggesting that those Inwesting 1n plants with low aceident
frequency recelve a tax break. The preferred policies obtained from the
backward process are dlscussed below; Lmplementation 1s beyond the zcope
of this study

Solving licensing issues

Solution of Licaensing Tssues {LI3) by the NRC was introduced as a
policy to reach the fggsired zeanarlo of an assured industry. Because
lizenslog delays 1ncrease plantC ¢osts, thls 1ssue 1S directly related ta
snanoele 1dsues. Licensing lssues are not directly related to profectlng
the health and safety of the public. They inelude issues related to
inereasing knowledge, certainty, and understanding of safety 1ssues 1n
prder so iccrease confidence 1n assessing levels of safety; improving cr
ma:intaiaing NAC capability to make independent assessments of safety;
establisning, revislng and carrying out programs to 1dentify and resolve
safaty issues, dacumenting, clarifying, or collecting current requiremernts
acd guidange; and Lmproving the effectiveness of the review af
applications.

“nereased wzility aelf regulation

Thia 1s suggested as a way 1n which to inerease =afefy ineentives and
dacrpaze costs, Thres suggestions are fourd in the industty, 1) 4
utility "good practice manual" has been suggeated by the GFf1ce of Nuclear
Feactor Regulation (Speis, 1984). The mamuel would include potential
actlons not passing a cost-benefit test, which the WAC be:leves the
uatilities should implement volunmtarily  NBC action to encourage such an
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effort could be proposed as a commission action, perhaps in a safety-goal
context. 2) A "five or tem year plan" could be established which would
propose the implementatian plan Fer self-regulated reactor modifledatlons
(Nandy, 1984). This wouid decremse both NRC regulation and disagreamenc
over generic 1ssues not applicable Lo a specific reactor. 3} An
"integrated living schedule,” firat suggested by the Delian Corporatian In
1683, consists of a continuing pracess of selecting and scheduling plankt
betterment activities 1n order to optimize the alleeation of resources
(beilan Corp., 1983}, Tt would encompass sither plant medificaticns
initiated by utilities ar baekf1ts mandated by the NRC.

Tax incentive

Tax rates for investora L an electric utility could be based -n part
on the peactor's accident frequency. This could be modelled after Zax
incentives ereated for energy conservation in the past. In additiom,
wncluding aceldent frequency im Lovestor rakings eouwid further infiuence
investors, which in turn provides safety incentives for the utilit:ies.

3.3 Second Forward Process

A mecond forward hierarchy Wad constructed which incorporatas the
insight obtained from the backward process. The {iest step is to
recalculate the weights of the stakenolder groups as shown in Figure 4.
This s done by multiplying cthe final ranking of the policies by the
ranking of the stakeholders in tke backward process and normalizing oo
one. In Chis, the NRC and the PUC are the most Lnfluentlal in
impiementing policies to achieve kha desired sceenario, The policies Zrom
the backward approach are inccrporated 1n the third level of the
hierarchy, which represen=s the objactives of the stakeholders., Finally,
the possible scenarios are ranked zgain. This time, however, due ta the
changes n objectives and weighting of the important groups, an assurad
industry has resulted as the =ore Lixely scenario.

L. CONCLUSION

An attempt has been made to Lntroduce and rank policies which could
increase the outlook of tke nuclear power industry. The AHP is empioy-a
1n an lterative approach Lo radk CHe palicles 1n sueh 3 way A% €0 &tbain a
desired future Por the ftakenoldera, Firat, the forward hierarchy was
used to determine the plan of acticn to follow given the future pro’ected
by the present state of the nueciear industry; the results indicate
diversification, Next, g:ven that an insured future for pursuing -Lelear
power is desired, a backkarc h:ararchy was used to indicate the policies
nécessary Lo achieve this goal. e palicies are directed toward
Inereasing Lnvestor percepbicn through solving Licenzing Issues which
speeds up the licensing process, providing incentive for the electric
utility to decrease accident freguency through tax incentives, ard
inecreasing utility self-regulzbian ta decrease unnecessary experditutras.
Finally, a second forwar? hlerarcay .S constructed to see the effeet af
implementing the policles on tke ceciston of which scenario to pursue: In
thiz oage, pursuange of A asrong nuclear future 13 ranked highesl #LWen
the implementation af the suggested policies. The backward hicratocay
could be evaluated again, zcding mare pollcies or changlng the w2Lghts, 1o
order to detect the sensitivity 1n the results of the second forwardc
hierarchy. Of course, this is a stabic analysis; further study is
necessary in order to thecitde choangocs o0 the industey 'n otime.
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Level L
Llewel
-
ievel 3 é
.~
Lewel 4

PROVECTED fIESIRED FUTURE

|

I

IMVESTORS BUt N.R.C. UrILLTY
216 -H .30 .25
HIGH RATE HOEQUATE ~SENERATE HIGH
GF RETURN EHERSY KNCWLEDGE RETLIM
RUPPLY
CAPITAL Pt I N
APPRECTATION LW rosT HEALTH RELIAHIL]
*DECREASED
FENARCE SELF
ACCIDENT
FREQUENCY I REGULAT LCK
RATEFAYER uggg%ﬁrﬁn
PERCEFTIO
) FREGUEKTY
*FEELENCK,
TE UTILLTY
STATUS Quo OIVERSIFICATION ASSURED INDUSTRY
32 25 43

*These are the new stake holder cbjectives
obtainad from the bachward process

FLgure i

Second Forward Hierarchy



The surengths of the =othed nave seen aighl.gntea in the papar. The
flexibility and ease of use are central to 1ts Jesirapility. Ity adility
to incorporate non-quantifisales, compare incommensurables, include
stakenaldsrs' opiniens, and obtain numerical rankings {eom qualitative
campar(sons 13 especially useful Lo regulatory de2ision making.

The weaknesses of not only the AHT but of all deeision methods is
their imability to solve a problem, Decision methods rather provide a
skrucbiure for thinking. In the AHP spec:[leally, a hierarchy which 1s
developed te study decision alternative= 15 not a umigue structure: it ia
highly depend=rt on expert opinion. Finally, the methed Ls excellent for
elarifying a aroblem, displaying the decision process, and performing
sensitivity znalysi3; hawever, 1t 15 not suited for determicing
guantitative uriteria.

4.1 Future Work

As mentioned, further stuay .S needed to Incorporate the costs of she
policies in nrder to prioritize 1zplerentation of various policies and
backfits according te Lheir value-:mpact ratios. Future work iz needed in
the develcpment of standardized hierarshies for deeisionz involving
sLmMl.ar atsributes, ip addition to betber defining cthe limitations of the
AHP., Bettar techniques for including uncerzalnty n the AHP could
increase e applicabllity of this method, Further stedy of the AHP could
orove useful to regulatery and utility planning. The major task yet
remaining 15 to wmplement the AHP in regulatory deeision making.
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IMPROVING AUTCOMOTIVE SAFETY:
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ABSTRACT

This paper icentifies three groups that canm Improve automotive
safety. The three groups are ths automabive industry by designing into
cars sueh safety devices as seatb belta, roll kars, or air bags; the
Evvernment by taking such measures as improving rcad conditioms, enforcing
seat belt usage laws, ar enforcing stricter anti-drunk-driving laus; and
finally, the driver by modifying driving habits such az Wearing seat belts
and nob driving wnlle intoxicated.

Of the seven strategiex we define for improving automotive safety,
this paper argues that "as low as reasonably achievable" (ALARA) iz the
most applicable risk reduction strategy within the context of imprsving
automotive safety, By appiying the ALARA principle t¢ past and proposed
safety imprevements, we demonstrate that the most lives sawed per dollar
spent wguld cecur 1f drivers modifled their driving hablbs.

KEY WORLS: Autemotive, Safety, Begulation, Design, Driver hablt, Air
bags,. Seat belta, acd Crunk driving

PREFACE

This paper ts written in briefing format and is intended to serve two
purposes., First, it was presented at The Intarpational Seelety of Risk
Analysis meeting (Dcrober '985, Washington, D.C.), and second, 1t supports
a Fand Graduate Inztitute courza and a University of Califernia at Los
Angeles tutourial entitlad Risk and Unecertainty in Public Policy Decrsions.

The paper examinea alternatilwe meaps of wmproving automotive safety.

OBJECTIVES

The purposa of this paper 15 te attain the following four oblectives:
* Review generic risk reduction, or zafety improvement.. goals:

= Select one partisular goal to examine 1n detail;

= Apply this goal to improving automotive safety; and
* Dizcuss how three distinet groups can implement this goal.
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The goals Will be discussed later. With regard to our fourth
cbjective, the three groups that can implement our selected goal are
industry, the government, and drivers themselves. Industry can improve
safety by adding protective devices such as seat belts and air bags to
automcbiles [1-8]. Government can improve safety at each of three
levels: federal, state, and local administratioms [2, 3, 6-12, 13].

Each level of government must play its respective role to the fullest
to attain the highest possible automotive safety standards. For example,
the state must maintain highways and roads sufficlently. State and local
law enforcement agencies must strictly enforce laws against speeding,
moving violations, and drunk driving. Judicial systems must strietly
punish lawbreakers to prevent recurrent offenses as well as to deter
prospective offenders. Last, each driver can influence safety through
good driving habits. Buckling seat belts, cbeying speed limits, and not
driving while intoxicated are several positive habits that will imprave
automotive safety [2, 3, 6-8, 14-17].

2. DEFINITIONS

Identifying Alternative Risk Reduction Goals

Although the safety level of any technology can always be improved,
there is no unique approach or philosophy for making such improvements
[18-20]. Several prior studies have identified a number of distinct
philosophies for reducing risk assoclated with various technologies.
Seven measures to reduce risk and acnieve specific safety levels are
discussed below [1B]. Imbedded within this discussion are examples
specific to automotive safety.

Wnat Are Some Alternative Risk Reduction Geals?

Minimizing maximum accident consequence is one method to reduce the
risk associated with automobile operation. For example, we can eliminate
all accidents involving a large number of fatalities in a single
transportation event. This could be achieved, for example, by preventing
all fully occupied buses from driving on any highway or road. Because .the
maximum number of passengers on board a bus could be 50 or 60, the worst
possible accident would cause the death of 50 to 60 people. This
particular philosophy seeks to reduce total risk by minimizing the maximum
number of pecple that could he killed in any single accident. Another
appiication of this philosophy is to require that not more than two people
occupy any one car at a time, and that cars be positioned far enough apart
to eliminate the possibility that two ears could ever by involved In an
accident. We would minimize the maximum numper of fatalities per accident
to four. in this case. Of course, this is neither a realistic nor a
feasible risk reduction goal when applied to automotive safety. The
impracticality of trying to reduce the number of pecple riding in any one
vehicle at a given time outweighs any benefits gained.

Minimizing the probability of occurrence for the most probable types
of aceidents is a second method of improving safety which thereby reduces
risk. Because rear-end collisions are a common type of aceident, an
extreme application of this approach would seek to eliminate all rear-end
collisions [2, 3, 9-13]. To fully ensure that ail rear-end accldents are
eliminated we would have to permit only one car on the road at a time, an
obviously impracticable solution. A more practicable cne requires the uge
of center-mounted, high positioned brake lighting. Use of such a light
would reduce rear-end collisions by more than half [2, 3, 10-12] and avert
as many as 1800 fatalities per year. We would also try to identify other
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types of common accldents to reduce their probabllity as well.

Minimizing the total accident risk is a third risk reductional goal.
Risk 15 defined as the probability of an event times Lke consequence (or
outcoome]) of that event integrated over all negative events Therefore, as
we appLy Ehls goal to automotive safety we find that we need to reduce
ootk the total number and the wtensity of aeclgents {1.e., limit both the
totali number of buses oh the road and the numbér of passengers per ous),

Eliminating ali accidents is a fourth risk reduction goal that
appears to be ukmaktainabkle in any context, however it 15 applied,
Enfcreement of the Food and Drug fct's [elsney Clause ham prevented the
use aof any ecarcinogenic food additive [181. Presumacly this would
eliminate the ineremsntal cancer risk that we derive from using food
additives. However, withim the context of autOmotive safety, the only wWay
to eliminate all oecurrences of property damage, lnjuries, and fatalities
would require that no automobile 13 every permitted to operate.

Requiring those who partake in the benefits bo take propartional
share af the risk im a fifth risk reduction goai. &pplying this broad
goal to automotive safety, we Cind this is eaxactly what happens. For
example, the more miles cne drives per year, elther as a driver or
paggenger, the greater one's prebsbility of beimg invelved in an accidaent
[2, 3]. When this goal 1x applied to other aspects of automobive safety
1t becomes complicated, Risks and benefits are not alkays camparable.
The risk of injury to passengers of small cars im greater than the risk to
those iz large cars. However, the beneflts of smal.er cars are
different Smaller cars offer hetter er* egpnomy--a benefit that may
compensate for cthe higher risk af injury.

Minimizing the sacially perceived risks 18 risk reduckien goal number
51X, These are risks perceived to be large, but are nmat techoically or
quantitativaly large (18-20]1. For instance, suppose a passenger bus with
Ld cooupants falls off a 100-foot cliff', and there are ne survivors., This
is mocially percelved as far warse than 40 individual, fatal accidents.

By eliminating all =spectacular or well-publicized events we minimize tn=
3oclally perceived risk. Another example of minimizing this risk ig ta
eradjcate all Fire-related automobile accidents, regardiess of whebher or
not the flre caused the fatality. Wille we may peroelve this pris<
reduction mMeasure as soclally desirable, 1t may In Faet be costly to
implecent, and may not reduce the annuai number of Fatalities.

Reducing risk to as low a8 reasorably schievable (referred to hare as
BLARA) 1s our seventh risk reduction goal. Appliecatign of the ALARA goal
Lo 1ndustry. governmenk. or individual drivers required a fixed budget te
reduce the total accident risk to af loaw as reasonably achievable.

Table ! summarlizes these geven risk reduction goals.
Which Goal Makesz the Mos} Sanse?
We will deduce which one of the seven goals memkes the most aense when

applied both to general situaticns and to the specific 1ssue of automotive
safety. First, Goal 1 (minimize the prebability} and Goal 2 {minimize the

Iy is interesting to note that passengers of sporis cars
have a more severe injury and fatality rate than their
gounterparts in larger ears [14], Yet, sports carg are far less
likely 0 cause an accident [18].
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consequence) are contained in Goal 7, the ALARA Goal. Therefore, we will
not loze anything by eliminating Goal 1 ar Goal 2 a8 long as we stlll
consider the ALARA Goal.

Minimizing total risk, Soal 3, Is really a special case of the ALARA
Goal. In this spoelai case, there is not budgetary constraints. He
minimize total risk without considering how much it costs to minimiza such
risks and tkere 15 nat risk/cost tradeotf.

Goal U4 seeks zero Lotal accident risk. The only way ta completely.
avoid all auvamobile accidenta ia to eliminate all wehicles froam the
road. Obvicusly, this solution 15 not practicable wher applied te
katomotive safety, even though it may have been far carcinogenic food
additives (Delaney Clause),

Tabla 1

ALTERKATIVE RISK REDUCTION GOALS

{1} Minimize the maximum accident congequence (e.g., eliminate accloents
inyolving large number of mortalities in a single event).

(2) Minimize =he probability of the more probable accijent types (e.g.,
determire the rear-end gollisions are a probable type of sccident and
reduce Lhelr Frequensy).

(3} Minimize total accident risk (e.g.., for all types of automotive
aceidents, reduce the product of thele freguency and outcome).

[k} Peduce total accident risk to zero {e.g., zers fatalities per year
and zero injuries per year {l.e., eiiminake the automobiie).

{5} Share risks and benalfits equitabiy (e.g., the more miles you drive
per year, the higher the risk wou take).

(6) Minimize sccially perceived risks (é.g, eliminate spectasular
accidents sueh 25 a bug falling off a 100-foot ciiff)

(7) Reduce risk to aLARA (e.g., for a fixed budget, reduce tatal accident
rigk te a low as possible,

MinizZzing soclally perceived risks is also difficult to attain (Goal
5 includes removing large-scalé or spectacular accidents). 1In addition te
beirg diffiecult to attain, this philesophy dees not have a predictable
payoff. We have illustrated that total risk may remain unchanged (reeall
the 40 paasenger bus acclcent wergus the 40 [ndividual acecidents). In
fact, Goal 5's application eould resuit In a substantial increase of total
risk 1f different types af acpidents are traded off against one anather
[18-20].

As we nave disoussed, Goal Y (sharing risk proportisnately with
benefit) 15 Impilcit in any automotive design issue.

Firally, we feel the ALARA Goal makes thz most sense. By definition
it 13 ickerded to provide the most safety at bhe smallest dollar cost.

Wy L_AEAT

Let us examine ALARA mcre carefuily and try to understand why 1T L a
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zensible goal for the automotive safety application. Realistically
speaking, our society is constrained in expenditures and budgetary
resources. Therefors, we cannct spend an infinite amount of money to
avold a fatality. currently, approXximately 50,000 fatalities and hundreds
of thousands af injuries result each year from automobile acoidenta. If
everyone drove a Sherman tank at a speed of 3 mph or less, these
gtatistics would be reduced substantially {(but not likely eliminacedi. On
the other hand, the costs associated with this scenario are

inswrmountable. This example illustrates hew lmpractical it i3 to
giiminate risk without regard to budgetary conatraints. Therefore, as
long as we drive thare will be a finite probabllity of a fatality. As
anothar sxanmple of minimizing risk without a budget constraint imagine
eliminating air-travel riak. This would mean that all gress-country travel
by aircraft would stop. If soteone needed to travel from Los Angeles to
Washington, D.C., the traveler would be Fforced to take a slower, safer
means of transportation such as a train. But for some people, safer means
of transpertation do not compensate for resource costs (such as time
loat). Conzequently, this does not efficiently allocate resources.

From these examples the ALARA risk reduction goal iz cleariy the most
sensible. When speaking of automotive safety we want to minimize risk <of
injury, death, or property Jdamage but budget constraints do exiat. 3y
using the ALARA Goal we achieve our goal whiie ¢pnaidering rescurce cogts.

Befare applying the ALARA prineiple to automotive safety and degign,
we must emphasize the fact the there is no unique definition of ALARA as it is
applied ko improving automotive safety. We can concalve of abt least three
rather distinot, operational definitions.

{1) For a fixed societal expenditure, we can maximize automotive
safety--reduce the risk of driving ta as low as pesaible;

{2) For some prescribed lgwel (accepted scandard) of safety, we can
spend whabever it cakes to achieve that; or

(3) We can Weigh the marginal costs of reducing risk against the
marginal benefits that result, The optimal decision 1z to add
automotive safety measures until the benefit of the saferty
measure i3 &gual to, or exreeds, (ts cost. However, this
approach requires that the value of human iife oz explieitly
stated.

We do nof contend that any one of these threg is better than the
other two, bukb, for the purpose of cur dempnstration, we have elected to
pick the first operational definition.

Assuming a fixed societal ezpandliture, hew do we maximize automotive
safety? We propose that a specifle way of implementing such a measure
would be to enforce the mast cost-effective measurez firast. We would see
the highest payoff-in tertiz of improved safaty--at the lowest dollar cost
{6]. A good example of this is a mandatory seat beit law which will be
diseuzsed later in mors detail.

Cefining Roles in Improving Safety

As diseuzaed earlier, three groups can cantrol the safety of
automabileg-~the industry, the government, and the driver. The industry
could add seat belts or air baga or =ake other design changes to (mprove
safety. At the state level, the government could improve nighway
conditions and add road signs, the poiice and law enforcement agencies
could provide stricter enfercement of drunk-driving and speed limiz lauws,
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and the judicial gystem could more stringenmtly pemalize offenders. Last,
the driver could improve driving babits in many ways such ag by reducing
speed and using a seat belt at all times. Associated with each of Lthese
actions 13 a cost. For thuese examples, cost is Lh the form of dollars
expended or time lost  Wnoever pays these costs i3 determined by tLhe
measure taken.

We find chat some Issues are rather distinet in terma of who can
contrel safety; the veluntary maintenance of ane's sutomcbile [s clearly
the driver's prercgative. Other issues are hybrid; that 15, a combination
of the gavernment, or the i1ndustry, or the drlver eXerclses some
ponktrol . An example of a hybrid issue iz seat belk use. The industry
puts the meat b#it in the car andl the driver elects to wear :t. Flgure 1
succinetly summarizes the interrelablonghip between industry, law
enforcement agencies, and the Lndividual driwver.

Governmant bahavior and
Industry law snforcement

Driver

Figure 1. Zefining lndustry/law enforcement/driver rzle 1n improving
safety: a typical isaue.

In some states, law mandskes the use of seat belts. In che sgecific
cases of child restraint seats and seat belt use there 1s a move toward
mandatory use. In the State of California, and a number of other atates,
the parent (or any other person) driving with a child under U years old 13
obligated to Kesn thabt child restrained in a state aparoved car seat while
riding in an automcbile, In addition, a number of Air Feroe bases,
wneluding Kirkianc Air Sorce Base in Albuguerque, NoW Mexica, requirsg Che
driver and all passengers to wear $eat belts whilie driving on base gven
theugh the speed limit seldom exceeds 3I0 malza an hour. Anyonse caught
Wlthout thelr seat belt will be fined.

3. AMNALYSIS

Cests of Risk Reduction

Before disousslog cur analysis, we must define reduced risks (or
autometive dea.gn and the costs assoclated with reducing them Reducing
r13kgs, 1wmproving safety, and increasing bemefits are eguivalent events
An 1ncreased benef1t may be a deereased provpakility of ineurring death or
zevere injury. Improved safety can be accomplisned in a number of ways'
and each tethod of improving safety has 1t5 own cost and benefit
implicationg. It 15 up to the policymaker to determine wnich methoas nzve
the optimal mix of cost and bernefitb.

One measure of palicy effectiveness is theg number of fatalities
averted per year. 3efore 1974, the speed limit on U.5. highways was 65 to
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70 miles per hour and statisties showed in average of 55,000 deaths
apnually. When the speed limit was reduced to 55 miles per hour during
the 1974 gasoline crlzis. We saw a rapid decline in the number of
fatalities per year to approximately 45,000, Currently, the number ot
fatalities has leweled ta arouvnd 50,000 per year. Therefare. we see a
redused risk or inereased benefit assoeiated withn i particular aetion.

Tke bereflt iz the lower probability of death and Tne ackticn 15 decreasing
the speed limit. As we can see, there are acditicnal benefits assoclated
with chis action~-a lower probability eof bach severe injury and oxtensive
property damage. Furthermore, becauge there are fewer accidents, there aru
fewer investigatlons by insurance companles, less compensation by
1hsurance companied, and so ob, resulting i1 eveh more dollars saved
Changing the zpeed limit will give rise tp costs in the initial public
announcement campalgn, replacement of road signs, and law enforgement.

What are the costs of taking memasubte to reduce risks? The first
thing that we want to censider iz who 1s responsible for the cast. There
15 3 ooat o the industry for installing seat belts and gther safety
devices on cars, but that cost iam very typically passed an Lo the consumer
by adjusting the purchase price of the car. The consumer pays an
ineremental amount for each mafety device that is added. Clearly, Ehere
L5 & cost assoclated with lomproving roads, addlng road si1gts, and
enforeing deiving lawsg, This 15 a ¢o3t to the government that .s passed
on to the tarxpayers. Commerclals on television cor on billbsards that say
"Sueele up," don't deive while lnto¥icated,” anc other suckh publlce service
anrgauncemeltz may be paid for by large companies and organizatlons. In a
sense, a DUplic service annoubcement 18 something that the consumér or the
taxpaper ends up paying for in the form of higher produect costs or Cax
benelits enjoyed by the orgatilzatton offaring the commercial.

Approximate Dollars Spent Der Averted Fatality

In Tablas 28 through ZE we list a number of measres that ¢an be
taken to reduce tne r13r asscclated with automobiles. In some 1naTances,
we have identified the number af fatalities, injuries, and eecurrences of
propetty damage that are reduced. Also, we have comparsed tne 2stimated
benef1t of implementing the measure. wWith the cest of pubting the measure
inte place. We will discuss a few of the sxamples shown.

Symbo: definitions for Tables 28 through ZE are zs
follows:

G = Government Wag primary tantrol over safely improvements
TmEasure.

[ = Criver nas primary control over safety impravement measzuir:.
i = Industry has primary control over safety 1Tprovement
measure.
4F = Decrease im fafalitigs per year stouldg 3afety measure be

implemented w0 all cars.

Al = Decreasze in lojuries per year should safety measures be
wzplemanted on all ears,

AC = Decrease in accident dellar cost Der year Should safety
Imeasure be i1mplemented on all aars.

45 = Cogt of implementing measures per Year, Lndustry-wWide,

S/averted fatality = Cost oer averted facalibty tmeasured In
thousands of dollars.
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Table 24
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Benefits 17 aviried
Mangurs Com Intuiity
AF al AN 4% Lihousand $i
Stronger a Upto |100.000+)200,0007 | Bilsns BO
drunk laws 25,000
Stronger eat G Upto [100,000+10 or smail { Billions 200
beit laws 15.000*
Volunary D Upto |200,000+(Q or amail § Billions 100"
sant bult 28.000%"
Rall bars — | 100°s 10003 (O or small [ 100°s 1000
Jeep miions
Bumpera — t 0 i} 20% 25% =
2 5/8.0 mph raduction jreduction
Chuld car seat G 00" T000°s Small Billiona 100
Ruasr light I/7G/0) 1800 80% B80% 1.29 ag
raduction | reduction | biltian
1988-1970 [ 280
auto equip
‘B0% piect "Pubhc serncs
“80% airech Fammareias
Cden
Tablz ZB
Banefits S/ avertad
Measure C:;t fatality
AF Al AN {thouaand %}
Steanng | 200
column *
Airbags §000- | 3004 540
9 Q00 reduction
Tire Inspection [Egn] 800
655 mph to a-o 700G 5100 000 50
55 moh himit 10,000
Rescue G 10's 130
hahcoptars
Pazzive 3 ot. i 500
harnass
Passive torso 1 220
belt
Cirivere sd. G/D 100's 180
Highway G 40
Mmamtensnce €]




Table 2C

Benstitn 3/ avertad
Measure Cu;l fatality
AF a1 AN a {thousand 31
Signs G 10040's 58
Guard rail G 100 BB
IR MmNt
Skid mustance ! ~500 -2
Bridge rails G 250-50a 92
Wrong way G 250+ 100
antry
impact = 1000"a 218
absorbers
Break awsy G 500+ 232
IgnE
Madian barrer G 1000 486
improvamant
Clear recavary G 588
Ramove trucks ] 1.250 very large
Table 20
Senesfits i-averted
Massure Caat fatality
AF al AN A% Flthousand 3}
Ramove large G 10 000"y very large
cars
Eliminare ail 1 250 1000's -
auto lires
Eliminate sl ] 100 100's +
autn fires
rear end only
Standerd 301 G 100°a 200
Pink cara G0 1000 s 511
Anti-gkid brakes ! 10%
Tube tire va. D/G 360% 50 (%)
non tuba
Recap tubs va 0/G 480% 50 (7
non tube
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Table 2E

Banafity S averied
Miskdurs Caat favality
AF ar | an A3 |{inousand 3
Tubs v&. racap 0/G 260%" 50 1)
tubsiean
Depth of tread DG 200%"* &0 (7
Lightaaninday | D- G A15%
tront and
Raflective G 13%in
plates rear ang
Mud flaps o 1 3%

0% stated previously, =here are approximately 50,000 fatailties per
year ¢ue to automobile aceidsnts {2, 3]. One-half of these resulbt because
at least one of the drivers involved was driving while intoxicated [6].
Imaglne if all druck driving was elimipated, by some fortunate method.
could prevent up to 25,000 Fatalities and hundreds of thousands of
injuries per year. Based on estimates by Solomon, Ratten, and Phelps |6
the cost of such a measure might be approximately 50,000 per fatality

averted.

We

An innovative and practical methiod to deter driving under the
influence of alcohol has taken im Midwest City, Oklahoma, by impiementing
a "scarlebt letter” approach [21]}. Speceifically, when a driver has zesn
conviated of driving while intoxicated he or she makes a cholipe between
spending 30 days in Jail or agregeing to flaunt an ostentatious bumper
sticker stating the the driver has been convicted of drunk driving, and
asking other vehicle operators to report any odd or erratic driving to the
police, ODrivers whe choose to "wear the scarlet bumper sticker” may not
park outside of any bar or liquer store and must ¢iaplay it for a full six
months; any wiolators of these simple rules rizk being sent to jail For 30

days.

n the other hand, let us examlns a measure that improves driving
hab!ts volunterily, such az aeat pelt use. If this measure proved S0
pereent effective, ag many as 28,000 lives might be saved. The [inancial
campaigr (the publie service gcommercial asgoeiated with it] could cost
only $100,000 per fatality averted (6]. Another measure, a law requiring
seat belt use, may save an many as 10,000 to 15,000 lives [&6]. This
agssumes that the law was only about 50 percent effective in increasing
seat belt use. We estitate that the coit of implemerting such a Measure
might be $200,000 per fatality averted.
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The State of New Yorlk implementad a mandatory seat belt law in
December 1984, and began enforcement on January 1, 1985 [22). This move
already has proved very effective, leaving many officiais sturnel at the
dramatic decrease in fatalities. By the end of January Tnizs year, the
State of New York documented its lowest motorilst fatality statlstics since
1926. And, the 1% percent of New York drivers who previcusly LUsed §hc1r
seat belts on a regular basis increased Ta a remarkable 70 percent. A
tatai decrease in fatalities of 27 percent was recorded 1n New York 3tate
after the First three months of 1985 [23]. Figure 2 relates the
cogurrence of Fatalities and use of seat belts.

Offictals believed thak passagze of the mandatory ssat belt law would
go largely ignored [22], but Tlnes af $10 to $50 for failure to uze a s2BL
peit have provern an effective way to decrease fatalibies. The increase in
the percentage of seab belt users proves that adheremce o the law, thougn
considered a great annoyance hy most drauvers, 1§ not ac .nconven.ence o0
great to he overlooked 1n hopes of not being caught. The public i1s now
showing support for the law. After seeing the actual sStatisbica,
appreciabtion for the benefits gained {reducticn of serigug 1njuries and
fatailitlaes, lower insurance rates, and a feeling of making a pesitive move
ta redueoe their own risk) are clearly cutwelghing any inconvenience.

Even though the fines incurred from nonceémpllance are minimal. the
measure remains cost-effectlve becaude enforcement agengies are not going
out of their way to seek sut every affender. Ratber, alpost all of tra
4,500 offenders cited 1r January had been inmitially steppec Fer another
violation [22}. The aubomctive industry has contributed about $15 mill.en
to help pass these laws to aveld costly design reformations to inelude alr
bags and lmplementartign whiich they nave long fought ta awc:d.

after obaerving statistics in Canada anc Jreat Britain, countrles
wnich nave cnfeoreed the mandatory =eat beit law [or several yezrs,
regearchars note that the automebile operators =wst likely to be invaived
1n a serlous or potentially fatal accidert are also those least prone to
adhere to the seat beit laWw _2Z.. Hopefully, continued stringent
enforcement of these laws will eventuglly conform the views of thusa
motorists who still may teng to defy the law by showirg ing furcher
decline in the number of highway fatalities

ZReference 14 suggest that 1f everyons used Zeat belts, e
night see a reduction of about 10,000 fatalities per year
jeference b speculates that up ta 15,000 fatalities might be
avertad.

3gstimates from the U.S. Department of Transportation state
that national seat belt uae averages 15 percent, and that 100
percent compliance would mean a S0 percent reducticn in serious
njuries apd fatalities [22].
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Automotive taslites aa B parcenl of
sutomonve Ineiies in July 1964
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W
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July/84  Aug. Sept Dt Nov. Dec./84 Jan. /85

Figure 7., Fatalities and use of seat belts. ™Parcent" -efers both to
Smat belt use and to fatalities. Frr ssaT 2eit use it refers to
the percentage of drivers who wear seat belts; this figure varies
frem L: percent use In July 1984 to 70 percent use in Januanpy
1385, Tze percentage ot fatalities is measured relative to 104a
percent in July 1884, so that, for example, In January Z985 fatal-
ities were reduced ts 30 percent of what they were in January
1984, Source: [iZ]

ke zan look at some examples where the industry nas made design
changes, tkereby reducilng fatalities and njuries. The installaticn of
roll bars cn usility vehicles (jeeps) has esliminated hundreds af
fatalities rer year a2t a cost of hundreds of milllions of dollars. Tha cost
per fatality averted is one the grces 17 a million dollars {6). Anothoer
industry design change, bumaers tkat orevert damage to cars if accidents
are below 2.5 mph Por rear oumpzris, ar € mph for front bumpers, generally
dass nat reduce the number of fatalitles. Thls makes Sense Begause we
wazld not expect any fatalities in an accident under 5 apn.  Alsa, the
impraved bumper design probably did not reduce the aumber of severe
injurieﬂ by wery =uch, bu:t there was clearly a reduction in propersy
damage. Based cn estimates in [13] there is a dramatic dollar savingz in
repair costs assouiziac .ith improved bumper design. Thesze sawvings can ne
represented as a4 porcercze savirgsd rolatlive to 1972 designs.  Model 1973
cars were the first to have za2 Z.3:/5.0 mph bumpers, The savings in
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repair costs are clearly a funetion of the relative sizes and weights of
the bullet car and the impacted sar. Table 3 {llustrates the percentage
savings across all sizes and weights From 1973 shrough 1978,

In another case, if the gayvermment regquired natilonwide that children
under U years of age use child restraint seats, Chen the numoer of deaths
for children under 4 ygars old would be reduced by 500 per year, &t a
minimum. The cost of enforcing such a law would be millicns of dvilars
and we might see about a $100,000 cost per fatality averted. A1l would
agree that this was very cost effective. Unfertunately, cniy a few statas
aresenkly enforee the use of child car restraints.

& nuwhar of studies have e¢ensidered the effect of having a rear brade
light at approximately the height of the bottom of the car's rear
window. Several concluded that as many as S0 or 50 percent te all rear-
end accidents could be reduced by using thils rear light,” The number of
fatalities reduced might be as many as 1,000 te 2,000 par year and the
cost of implementing such a system could be a3 high as a willion
dollars. 5S¢, we 3ee that dollar cost per daath averted ia $30,00 per
year. Again, Such a measure would be very cost effective.

Tanle 3

REPAIR COST SAVINGS FROM
1973 IMPROVED 3UMFER DESIGN

Ferecent
Year® Javlngs
1973 L ko "7
1974 21 ko 35
1975 B ko 2
1976 19 ko 33
‘gTT 1 ta 32
1978 L co 24

*[Smpared with 1972 models,

4Eerure 1373, roughly 20 percent more acoidents were
reported,  This 20 percent corresponds Lo those accidents
reaulting in damage in rear-end and front-end bumpers for Lmoacts
under 2.5 mph and 5 mph, respectively. The 1978 demign
‘mpravement eliminated most of these cliaims,

SReference 16 credits at 66.5 percent reduction in rear-end
crash probability, and states that the cost of the average rear-
end aceident would be reduced From $1,041 to $398. References
11, 12 estimate that ©,200 fatalitlies per year would have been
averted if all passanger tars were eguipped with such a light.
They further estimated that pearly 150,000 injuries could be
averted, and that insurance companies could save perhaps $1.3°
tillion in 1979 alane.
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We cen look at a number of ocher entries on Tabhles 24 through 2% and
demonstrate by example how the cost per averted fatality was estlmated.
The use of air bags on all nars (roughly 100 million cars}), which would
alearly be a design changs, could save as many as 6,000 to 9,000 .:ves jer
year, and could reduce injuries by 300 percent. 3Bepause alr baps might
cost up ta $1,000 per car to install, the cost per fatality averted could
be as high as onhe or two mililon dollars. If we assume that airlbags cost
41,000 per car to install and, Lo one year, they are installed in all ears
manufactured in that year (rougnly 19 miilicn cars), then the cost to
install air bags in all cars manufaptured in ope year would be Table 3

($1,000 per car’(10 » 10° cars) = $10 % 109,

or 10 billicn dfllars. Because 10 million cars represent about 10 percent
of she total number of cars on the road, then perhaps 500 lives could be
saved per year. If we further assumed that each car wibth air bags had a
life expectancy of 10 years, then during %he lifetime of these 10
milllon cars perhapa 5,000 lives could Be saved. Then the coat per
averted death opuld be estimated at

9
B0 x 107) | g5 4 inPriire 6
5 % 10° lives
Some studies suggesht that Lf air bags were uged on all cars {(azout
00 millizn in the United States} then some pumber substancially less than
5,000 lives zolld be 3a%¥ed and, hence, the cost per death averted would be
substantiaily greater than two million dollars.

Further, the use of air oags may, in fact, inerease risks in a number
of ways:

* They may provide a false confidencs and cause people whu would
otherwlse wear s2at belts net to wear them. (The air bag is
designed to work in only frontal~type crushes, and peaple not
waring =eat 2elss in other types of crashes could be more
severely injured, or even killed, if they neglectad to wear seat

beits.)
. Lir bags have been known te fail, ewen in Fatal crashes.
. When the air bags funection praserly, they may by their very

nature induce specific injuries, Since air bagsz are designed to
expand #ltnin one-Tortieth of a seeond, the additional amourt =f
energy that must be managed irmeciately following a frontal
impact i5 inereasea. This increaszed energy, by ita very nabure,
may cause .o ury., For example, the unrestrained zhild learnicg
dgainst the windshield before a fronzal collisicn could be thrown
back instanvaneousiy as the air bag explodes.

. The propellants used ir air bags may be carcinogenic. If air
bags are installed '3 all zars on bhe road, we might expeat to
have to dispose of roughly ktwenty million canisters {2 per ear
for 10 million cars) of careiccgenlc propeliant per year.

If we perform an extremely conservative caleulation of the worth cf

ﬁfhsse terms are stated in scientific netation., The beerm
$10 x 107" translates to ten billian dollars; the term "5 x 10
lives" translates to 5,00 lives; and Eke term "$2 x 10Y/LLife"
translates teo two millior per averted latalicy.
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air bags, we might disregard the negative features of air bags discussed;
we might assume that alr bags 1natalled on 100 milliom cars wenld save
19,000 lives per year, and that air bags would =ost only $04C per car to
:nstall., Uslag these wery conservatlve assumptions, we yoluld estimate a
cask per averted death of 3640, 000--5t1l1l 4 k1gh number. The uue of 21n
pags would be ceonsidered far isss cost effeccive than the use of chilc
resLralnt seats.

These tables list a number of other measures that pouid be taken by
government, industry, of drovers, stated in dellars per averted
tatality, Coat per averted fatailby ranges from as low 2a $30,000 1o as
high as =several millicn dellars,

wWhat the fLutomobile Industry Has Done to Improwe Safety

Figure 3 divides measures that have actually beel .mplemented from
those that have rot. It also illustrates cost per death averted urd
Wnether the measures are predominately contrelled by Induatry, government,
or drivers. For measures actually implemented, we Tind that approximately
$180,000 to $600,00 per Fatality averted has bean spenc oy Tne auto
induatry  Thege measures :nolude: adding skid reaistant properties to
the praking systen. lmproving steering columns, adding additisnal rear
raflectars, and offering a three point harness seat belt

| Inatail sirbage
Skid remwtinon |
fDOO'l‘ E::::‘:u.t: ail renr
Raar light
- :! Lghte on Ml dey
L] ipomharness| 3
5 1000'y.§ Aemowe ail truchks =
E Drivss sducitan E—_:: g
%_ Oniy pank card -
g 465 1wy 54 mph imnt E é
> Tiee laws -]
s Additional rear retector I? é
‘=,j 1009 1 } Elmunsts ! hres 3
< Chedcwrsmat f| | a
! 99% waL el unk 1valuntary)
1808-70 aute wguip
S0% saut DalT usw 1ibw)
Steer.ng col mprow m Governmani

Strongar druih laws 1 Driver

o industry

:[a113 400 300 200 0 200 400 400 a00
Thousands of dolipry par Swhrisd Hraw

Figure 3. Measures implemented by the autemotive industry ic improve safety

?It 18 1mkaresting to note that 1f alr bags weére usac in
aanjunction with much stricter antl-drunk-driving laws, the cost
per averted fataillby ot axr bag use would Increase, since many
of tke accldent-causing drunk drivers would e re longer on the
road,
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Te look at what severa. atate gnvernments have spent to reduce Zae
number of fatalities per year we conaider the law requiring ohild
restraint seat use. The cost of lmplementing child care seal laws ta
these states s upproximately $100,000 per Fasalitby averted. Otner
pazsible =easures subject bo government control Are reducing the speed
limit from 65 te 55 mph and mandating the use of the high, center-mounted
rear orake light. Each measure would cost an tke order of $30,000 to
$50,000 per death avercsd.

If we campare measures that were actually implemented with those that
have not been Lmplemettrd, we see a rather [nteresting contrass. Qf theae
not yet impiemented, we can civide the measures into twe general
categories: thase that arg very expensive to implement (millions af
dollars per fatality averted), and those that are relatively inexdensive
te implement {typically, 350,000 to $200,000 per fatality averteal. OF
those that are very costly, three of the four fall on the industry's
skpulders; these are (1) to eliminate #pewitically, rear-end fires in
automctive accidents, (&} to eliminate all fires iIn automotive
aceldents, ana  (3) to inatall air bags. The I'turth, to remove éli trucks
From higkways. falls on the regulatory branck of the government.

On the otker nand, for relatively mpdest costs a cumber cof fatallities
could be preveried. Such fatality-averting measures might inelude,
atronger drunk-drivice Zaws’ or a requirement that head”igkts be on all
day. The former reguires government action, and to a lesser cxtenk.
driver action. The latter ‘s more a function of driving habit, aut in
tact could alse be a furnctian of _aw enforcement agencles, Uoth would
save a fatality for appraximately every $50,000 expended,

Take what aesms to be a ridiculous situatian, requiring that all cars
be pirk. We find that the cost of implementing such A measure would be
faitly modest relative to the number cf lives sawed, This is partly due
to the belief %hat pink ears are icast likely to be ievalyed in
acecidents. nm all Falrmess, this iz a correlation z2s cpposed =0 A
causation. Thazt ia =0 say, it is not beuause they are piek that they are
involved in f2wer zocicdents; it is that perhaps peaple who drive pink cars
tend to be more cadtiouz. 11 anv event, if we Look bthe information rathor

EHhi;E trucks account for 6 to B percent af total freeway
m-le use, they contribute to as many as 50 percsnt of the
faka_ lties due to rear-seng collisions [16], A typical accident
invelves a par rear-gncing a slow-moving truck on a Creeway.

9Implementation of such a measure as stronger drunk-driving
laws may have significans social cests associated with it such as
inereased police patrels, osusier acurts, larger Jails, and so0
on. The i3s5ue of how t0 Lmplement =tronger drunk-driving laws
will be the subject of a Forthoaming paper,
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literally and cld not assess it carefully. we might facetiously say tra:
if everyone drlves plnk cars. the pest of reducing the number of anoiued
fatailties {s rather modest,

& number of other measures g¢ould be taken by the goverrment and
drivers which, if imp_emerted, would cost a rather modes zmount of money
te preverz deakbhs.

4. TIMPLICATIONS

The $10,000,000 Mem

How many lives ¢an oe aaved for a $10,000,000 sxpenditure? Another
way of comparirg risk reductlon measures Ls to consider that we have znly
a limited amount of money to spend. Suppose you had ten million
dollars. Thers are several ways in which Lo spend this meney, and each
way determines a different number of fatalities that could be averted.

Figure I gummarizes seven ways to save lives given a fixed resource
of ten million dollars. 1In Case One, you would mandate that all
automobile Fires be eliminates, and you can spend tenh million dollaras In a
lump sum to eiimihate these deaths. Eagh ten million dollar expenditure
will prevent approximately one death. We have already seen z 300 percent
reduction in fire deaths when Federal Vehiele Safety Standard {FMYSS) 301
was imp.emented. Thils standard, FMVSS 301, dictates certal- test
requirements that cars and trucks must satisfy. These standards reduce
the probability of fire. &n example is that passenger rars must be able
to withatand a 30 wph frental bareier imgpact wWith fluid loss of less thun
1 ounce per mirnute, Case Two, a gituationm that has oeen implemented,
reduces the spesd limit from 70O or 65 miZes an hour to 55 miles an hour.
Eaok —enm million dollars expended will buy you approximately 200 averted
deaths. In Case Three, stricter enforcement of seat belt ilaws, eazh ten
millian dollars will buy you approximately S0 averted deathsa. To some
extent, that bas been implamented in New York State and ch several Alr
Forces bases. In Case four, stronger drunk-drivicg laws, each ten million
dollar experditure will buy you perhapa 200 averted doaths, We have =een
stronger and strongetr drunk-driving laws being implemented cver the past
few years, Case Five, child car seat enfurcement, suggest perhaps 100
averted deaths for each ten million dollar expenditure. ¢hild car seat
laws are required as of mid-198% in 7 states., Ailr oags, Case Six, will
buy aoout 12 averted Fatalities, and pink ears, Case 3even, might buy
2,000 for each ten million dollars expended.T

1DA5 discussed earliier, the uge of pink cars is orly
correlated with reduced accidents, and does not likely reduce
accldents themselves. Feoole whe drive pink cara may be more
careful drivers, Also, if all cars were pinks, we may not expect
much of a deocrease In acpidents,
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Case 1: Eliminate all death by fire
~about 1 averted death

Case 2: Reduce speed limit from 65 to 55 mph
~about 200 averted deaths

Case 3a: Seat belt enforcement law
--about 50 averted deaths

Casae 3b: Voluntary seat belt use
~about 100 averted deaths

Case 4. Stronger anti-drunk laws
~about 200 averted deaths

Case 5. Child car seat
~about 100 averted deaths

Case 6 Install airbags
~about 12 averted deaths

Case 7: Buying only pink cars
~about 2,000 averted deaths

Figure 4. The $%$10,000,000 menu: Save as many lives as you can.

The Bottom Line

Industry has, in fact, implemented a number of cost-effective
measures to date. Changing driving habits and stricter law enforcement
Wwill lead to mere cost-effective means of saving lives.

While the means of implementing measures to improve safety is beyond
the scope of this presentation, it suffices to say chat more effective and
stricter law enforcement against drunk drivers and pecple whe fail to use
seat belts and child restraint seats will provide the greatest benefit per
dollar spent,

The decision by the State of New York to enforee the mandatory seat
belt law is a direct and effective step in improving safety on ocur
highways. Enforcement in New Jersey, [llinois, Michigan. and Missouri for
seat belt use will begin this summer, and 32 other states are considering
instating such a law. Should the implementation and enforcement spread
nationwide, a great number of fatalities will be averted in the future.
Hopefully, law enforcement agencies will be influenced enough by the
statistics of deaths averted to enforce this law stringently. Ana,
agencies nopefully will go after the drunk driver with a rigid campaign to
help rid our highways of another great hazard--a hazard over which the
drinker has sole control--tc provide more complete safety for law-abiding
moforists.
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1. INTRGODCTION

For a long tlme it nas been knowe that large cars are safer than
small cars. Recently, this has been widely publicized by The Car Book
+1980), published by the National Highway Traffic Safety Administpration
upder Prezident Carter's administration, and in publications af =he
Highway Loss Data Ingtitute (HLDT, 1981}, some firdings of which were
cited by General Motors Corp. in newspaper advertisements in 1982.

The Cay Book states thab: ™3 the automobiles currently on the road,
a 4000 paund car is twice as safe as a 2000 pound car (p, 181." Sewera:
graphs are of'fered to support this summary statement. A& reader of the
HLDI reports (and of the M advertisements) wiil immediately recognize
that the !9 car models with the best Lpsurance injury claim experience
{i.¢., the lowest) are larger and heavier than the 17 medels with the
Horsh 2uperisnce==3500 pounds versus 2200 pounds. Readers of these
pzblications receive a clear message,that buying a heavier car will reduce
fatality and injury ri=sk in a crash. {2 automobile manufacturers believe
that lower injury and fatality risk is a selling point for their cars--as
is reflected by the General MoLors advertiszements--they should have an
incentive to produce keaviet cars; on the other hand, the higher cost of
weavisr cars and the Corporate Average Fuel Economy standard wnich
implicitly fawers lighter cars counteéract this incentive, Consumers have
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a choice among many manufacturers' products, and manufacturers attempt to
influence it, of course. If manufacturers and/or consumers should tend to
promote or elect the purchase of heavier cars, then certain consequences--
inciuding important ethical ones--follow. We intend to pursue these
consequences in what foilows.

2. THE CRASH INJURY AND FATALITY RISKS FOR OCCUPANTS OF LIGHT AND
HEAVY CARS: THE EMPIRICAL BASIS

2.1 Struecturing the Problem

One must first note that occupant injuries or deaths-per-vehicle-year
reflect (1) the effects of vehicle miles driven per year, (2} occupants
per vehiele, (3) the accident risk per mile of travel, and (4} the risk of
injury or death in an accident. The first two factors do not depend on
the vehicle; the third depends more on the driver and the environment but
may be influenced by vehicle factors; only the last depends strongly on
the vehiele {and also on the accident severity, e.g., as measured by
impact speed). Therefore, the occupant injury and fatality risk in an
"average" crash is the best measure of the car's safety, except in those
cases where a car might have a definitely higher accident risk.

The weight of a car plays very different roles in single car in
contrast to multivehicle accidents. In single car accidents, where a car
hits a fixed object, or rolls over, there is no physical reason why a
heavier car should be safer than a lighter one (except in situations where
a heavier car could break an obstacle that results in a "softer landing").

Empirical data reveal that the injury and fatality risk in a single
vehicle crash depends relatively little on car weight; the effect is
probably indirect because heavier cars tend to be larger, and larger cars
can better absorb the impact. In car-car crashes, however, weight plays
an important and direct role: the changes in velocity that the two cars
experience are proportional to the weights of the cars--the lighter car
experiencing the greater change of velocity. This change of velocity has
heen found to be the single most important variable influencing the
accupant injury and fatality risk. Empirical investigations have shown
the strong effects of car weight in car-car collisions. Collisiens
pbetween cars and trucks are similar to collisions between cars, but the
stiffer and higher frame of trucks further complicates the analysis.
Although multicar collisions are similar to collisions between two cars,
we snall restrict our discussion to the most common types: (1) single car
accidents, and (2) car-car cellisions.

2.2 Quantitative Relaticns

The effects of the weights in tw car collisions on the oeccupant
injury risk were first quantified in the early 70's (D. Mela, 1974). This
relation shows that the injury risk for occupants of a car of weight w (in
100 lbs.) colliding with a car of weight w' is proportional to

exp(-.054 + .02w")

More recently, H.C. Jokseh (1983) reviewed all the available information
on injury and fatality risk in car crashes and found that a formula of
this structure still gave an adequate representation of the data, though
the exact shape of the relation may be somewhat different, and individual
car models may deviate, because characteristies other than weight alsc
play a significant rele. For the fatality risk, Joksch found the relation
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exp(-.07Tw + .056uw").

For the fatality risk in single car acoeidents, bthe relation ig much less
certain:
exp(-.02u}

gives an adequate representzation of the empirical data. One should note
that this relaticn is neariy the same a3 in collisions between two ears of
the same weight, wsw', This ia plausible because a collision with ancther
var of the same weight ig equiwvalent to a collision with a flxed cbject;
it would be exaectly equal, if the coefficients were slightly different:

exp(-.0Tw + .05w'}.

We will use this relation for cpnceptual clarity. This equation can then
be written as follows:

exp{-.02w) *exp(-.05w + .05w'},

The first faetor represents the intrinsic ¢rashworthiness of the ecar of
weight w and the second faetor is the advantage or disadvantage it has
when colliding Wwith a car of welght W'. If we look at the corrasponding
equation for the other par, Shen

expl-. Dow’ I*exp]~.05K" +« ,05u),

We see that the effect of the welght difference on the second car 13
akackly the inverse of its effect on the first ecar. Whereas the first
Facsor reflects a true reductlon of injuries or deaths, the second Cacicor
zimple reflects shifts to deaths and injuries from heavier to lighter
cars. A clomer look, however, reveals that this is not just a simple
shift; If the second factor serves te redlice Tne risg Far the cecupants
of heavy cara to one haif, then it doublas tkat for occupants of light
carz, This amcunts to the sacrificing of twe lives in order to save

one. Tha first factor, however, reduces this effect. Te¢ illustrate these
relations, we shall gonsider <hree cars with welghts of £000, 3000, and
4000 1lbs., respectiwely. This describes most of the present range of
weights., Table 1 reflects the fatality risks relative to that in a
collision between twa I000 1b. cars.

Table 1

Illustration of Relative Car Driven Fatality Hisks
Lt: Zalllsions of Twe Cars and in Single Car Accidants

Weight of Waight of Sing.e Car
Vietim's Qther Car [ibs)
Car (lbs.)

ZC00 3000 Looo
2000 *.22 2.01  3.32 1.22
1

3000 .62 o0 1,85 1.00
4000 3o 1Y) .82 .82

2.2 Mudeling the Cverall Effect of Car Variety

To study the overall effects of having cars of dilferent weights on
the road, and the effacts of shifts in "epar smopaiation,” we shall assume a
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gar population composed of three types of cars. With the praporiior p, .
and r for the Llght, medium and heavy cars, respectively. Herce,

p+]#r=1. We shall also assume that the probabllity ot accicent
involvement is independent of car weight, and that cars in accidents are
randomly mixcd. We can then zay, 'the proportion p*p' af crashes involves
two light cars; '2®p*g" & ligkt and a medium weight car, =tc. The

total Jnumber of cooupants killed is a quadratic function of p.q, =nd r:
t=1.22pp + 2.63pg + 4ypq + 3.62pr + 2.15qr + 0,37 re, Since only two of
theze propertions are independent, one may represent the vehicle mix in a
plane. as in Figure 1.

HIGHT
122

100
MEDIUN

re 1. Toral occupant deaths in car-car collisions as functiozs 27 the
aomoogition of the car population. Each potentizl mix of <ne
three car classes (heavy--%000 lbs.; medium--3020 1>s.; .Ight:-
2000 lbs.3} is repreaented by a point in the triangle, the cor-
ners resresexting Zlpets =f all heavy, all light, wnd all medium
cars., Curves of sonstant numbers of total deaths are tshown,
The numbe:s are tatal Zatalities relative to that fur a [leet
of all medium-weight cars.

i)
Fr
o

Esch corner of the triangle représents a 2ar popalakion wWnicn
consists of only one type of car) a population with ane-third af anch of
the three :iypes is represented by the point in the center 4l the
triangle: a oopulation of one-half heavy and one-half light cars 13
roprésented by the midpoint on the upper edge.

The absolutely minimal =ummer af deaths occurs in A flest of all
large cars (82). The abssiute!y largest number, however, dosa not occur
for a fleet of all _Ight cars: ib occurs at a point at the upper edge of
the triangle whloh vopresents zoout ons-third large and two-thirda light
pars. To illustrate the implications of this it soma cetail, let's assume
a fleet which corresponds to the point [on Figure 1) with the highest
number of fatalities - 144, Thiz poirt, then, reprasectz 63% of light
cars and 3I7% of heavy cars. If there wers nmob Lhe Interaction of car
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weighta in erashea, them there would be (.63 * 122) 77 deaths in light
cars, and (.37 * B2) 30 death2 in heavy cars. The total number of zaaths
woult ke 107, of which 72% cccurred inm light and 28% in heawy cars.
However, the difference of car weightS in wepiiisiona increases total
fatnlitiea by 38, wnicn 13 egual te 3B6%; this also alters Lhe
ristribusion: B8% of those who die were in }ight cars; ana orly 2% of
thzze wha qiv were in heavy cars.

Imagine a fleet of all :iigkt cars (viz, upper right corner): If an
owner would replace his light car by a medium or heavy car {wikthour addire
a cak ko the fleet)=, this would shift the peint which represents the car
population to the left or lower left. Tke sifuaticon 18 s.milar iIf severai
owners do this. Exgept if thls shift is very large, the result is an
ircrease in the total humber of deaths.

Figure 2 describes the resuits of a more dezailed acalysis. [f the
fleet is represented by a peint right of the line A, then a amall ahift
frem 1lght be medium cars (leaving the proportion of heavy sars uncharged)
resulbs in an [acrease (n the total number of deaths. A shift from ligkt
to heavy cars (leavihg the proportion of medium cars Unchanged) leads to
an increase in the fabtal number of deaths, if the starting pelnt ls right
af ~ine B. 3Similaely, line C is defined for a shift from medium Lo heawy
oars.

HEAYY LIGHT

MEDIUM

Figure ?. Chanrges in total occupant deaths in car-car cellisicns resitlting
from changes in the car mix. & change in the zar mix in the
diresction of the arrows increases deeths on the right sides of
rae —ines dividing the triangle and decreases them on the left
sidey «of the lines.

1* somecne shifts from a lighter to a neavier ¢ar, he will reduce his
own fatality risk. However, from this model We must draw the conclusion
that this does not necessarily reduce the humber of tolal fatalities.
Depending on the nurrent compositlen of the fleet, he miy so inorease the
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rigk to others——ir rars ligaker as Liell as heavler than hia--thak overall
there will be an increase -n the tetal number of deaths in car-car
collisions On the otker hznd, scmeane shifting to a lighter car will
inerease his or her own Fatality risk, but may so decrease that of others
zuch that the number of tosal fatal:bles decrcases. Whether thia
condition will actually prevall depends upen the exact compesition al Lhe
current automoblle fleet. Zlgure 2 lllustrates now different the results
of a shift 1n the compzs:ztion af the fleet can be, depending on the
initial positlon of the flest.

The model has Lo be modifieg slight)y {f one includes single car
accidents.  They contribuke the terms

*.22p + 1.00g + .82r

to the total number of deaths. 3Since about the same number of car
occupants die in single car zoeldents as in multivehicle acclidents, we may
comblie the modela so that Far a fleet of All medium cars haif of the
deatha cecur in single vehicla aocidents and half in car-car ¢ollisions,

The results of thls model are shown 1n Figure 3. The overall pattern
of the function of total deaths is similar to that in Figure 1; however,
the function 1s much “flattar " There 1s one difference as is shown 1n
Figure 4: there 12 ro d:viding line corresponding Lo line 4 1n Figure 1,
here a shift from ligh® 14 medium ecars will never lherease the total

number of deaths.

HEAYY LIGHT
a2 122

100
MERLUM

Figure 3. Total occupant deaths ia sar-car and single-car collisions. Each
potential mi® rt the three car olasses (heavy--4000 1lbs.; medium——
3000 lbs.; Lignt--2000 los.) 1s represented by a point in the tri-
angle, The corners representing fleets of all heavy, all light and
all medium cars. Curves of constant total deaths are shown. The
numbers are total deaths, relative to that for a fleet of all med-
ium cars wheve nalF of the deaths ceccur in single-cer and half in
cap-var accidents.
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HEAVY i . . . . LIGHTY

MEDILM

Figure 4. Changes in twotal cccupant deaths in car-car and single-car acci-
dents resulting Zrecz changes in the car mix. A change in the car
mix in the direction of the arrows increases deaths cn the right
sides of the lines dividing the triangle and decreases them on
the lett. A chazpe from TIght- to medium-welght cars will always
reduce total deatha.

In short, our model shows that someone might decrease his Guwn
fatality risk by shiftlng from a _ighter to the heavier car, One certain
consequence of this caolee s thac 5 will lnerease the fatality risk for
usrtaln other car ocoupants ance poasioly to such a degree that the total
number of deaths will alsa be increased.

2.4 Limitations of the Model

Though our medel prabasly a8fers a realistic, qualltative pieture of
the real automobile ascident werld, the numerical results may not pe quite
accurate, for a few reasans: First, the empirical relations are based on
the experience of 1980 and earliser car models; second, the relation that
ex15ts between weight and risk I=s orobably far more complicated than our
model reveal; third, thaugh bhe effect of weight 15 always manifest 1n
car-car collisiens, okhar fasksrs alzo play » role 1o energy management .in
crashes, Fipnally, khe real automobile fleet 13 composed not of three
types of cars, but of many, thersby covering a rather wide range of
automobile weights.



