32

REFERENCES

1. A Comprehensive Transportation Study for Proposed
Bridge Crossings. Creighton, Hamburg, Inc., and
the New York State Department of Transportation,
Dec. 1971,

2. Crossing the Sound: A Study of Improved Ferry
Service on Long Island Sound. Tri-State Re-

gional Planning Commission, New York, Dec.
1974,

Publication of this paper sponsored by Committee on Application of
Economic Analysis to Transportation Problems.

*Mr. Cohen was with the Tri-State Regional Planning Commission, New
York, when this research was performed.

Significance of Benefit/Cost and
Cost/Effectiveness Ratios in
Analyses of Traffic Safety Programs

and Projects

G. A. Fleischer, Traffic Safety Center, University of Southern California, Los Angeles

This paper is a critique of NCHRP Report 162, Methods for Evaluating
Highway Safety improvements. Several important conceptual errors in
that publication concerning the use of benefit/cost and cost/effective-
ness ratios in evaluating traffic safety programs and projects are identified
and discussed. Qualitative and quantitative arguments, as well as support-
ing numerical examples, are provided.

In the fall of 1971 the National Cooperative Highway Re-
search Program (NCHRP) of the Transportation Re-
search Board initiated a major research effort primar-
ily funded by the American Association of State Highway
Officials (AASHO). The principal objective of the study
was to develop a set of guidelines detailing the method-
ology and techniques for evaluating the effectiveness of
highway safety improvements in terms of reduced acci-
dents. It was also expected that a methodology would be
incorporated for evaluating these safety improvements
by cost-benefit analysis.

The final report, NCHRP Report 162, is for the most
part a well-written, useful document. But, in my view,
its usefulness is markedly diminished by several serious
conceptual errors concerning the proper application of
benefit/cost and cost/effectiveness ratios.

FISCAL OBJECTIVES

The authors of NCHRP Report 162 point out that '"the
method of analysis chosen to select from among mutually
exclusive improvements at a location depends upon the
fiscal objective of the agency making the selection' (1,
p. 8). They further assert that there are two fiscal ob-
jectives:

1. Optimum improvement, in which the goal is to ob-
tain the most net benefit from each investment opportu-
nity; and

2. Benefit maximization, in which the goal is to ob-
tain the most net benefit from the funds budgeted.

After reference to an example listing of candidate
projects (which will be discussed later in this paper),

the authors conclude: '"The theoretically correct fiscal
objective is the optimum improvement objective' (1,

p. 9). This statement is not only puzzling; it is mislead-
ing. A false distinction is created that has no meaning-
ful operational significance. For a given budget con-
straint, the agency's proper fiscal objective should be
the maximization of net benefits from all investment op-
portunities. The optimum budget is that combination of
investments —among sites, roadway designs, equipment,
and so on—that maximizes net benefits, All subproblems
at the design level can be accommodated under this rule.

BENEFIT/COST RATIOS

The NCHRP report discusses three methods for evaluat-
ing independent alternatives: (a) benefit/cost (B/C) ratio,
(b) rate of return, and (c) payback period. Here, alter-
natives are independent if the selection of one alternative
does not preclude the selection of any of the others.

The B/C ratio for a given project is defined in the
usual way, as equal to either (a) the ratio of equivalent
uniform annual benefits (EUAB) to equivalent uniform
annual costs (EUAC), or (b) the ratio of the equivalent
present worth of benefits (PWOB) to equivalent present
worth of costs (PWOC). That is,

B/C = EUAB/EUAC = PWOB/PWOC (V]

The authors then assert that the B/C ratios should be
used to rank independent alternatives: "Order the im-
provements by magnitude of the B/C Ratios, largest to
smallest" (1, p. 42). An example of the basic data for
this procedure, as well as calculations of the B/C ratios,
is given in Table 1.

The authors conclude that "the order by magnitude for
these independent alternatives is B, D, A, C" (1, p. 42).
That conclusion is strictly correct, but the inference is
unjustified, It is true that

B/C(B) > B/C(D) > B/C(A) > B/C(C) @

But it is not true that the economic preferences for these



Table 1. Economic data for four independent alternatives.
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Cost ($) Service Annual EUAC

EUAB

Terminal  Life Benefits at 104 at 104 B/C
Improvement Initial Annual  Value (§) (years) (constant) (%) ($) Ratio
A 200 000 4000 20 000 20 80 000 27 143 80 000 2.95
B 100 000 2000 10 000 15 55 000 14 833 55 000 3.7
(6 50 000 1000 0 10 25 000 9 137 25 000 2.74
D 75 000 0 0 10 40 000 12 206 40 000 3.28

Table 2. Capital budgeting problem.

Alter-  Initial EUAC EUAB Net Annual B/C
Location  native Cost ($) (%) ($) Benefits ($) Ratio
A 1 1000 228 800 572 3.51
A 2 2000 456 700 244 1,54
A 3 2500 570 1170 600 2.05
B 1 2000 456 750 294 1.64
B 2 4000 912 1750 838 1.92
e 1 1000 228 700 472 3.07
c 2 2000 456 900 444 1.97
c 3 3000 684 1000 316 1.46
D 1 1000 228 800 572 3.51
D 2 5000 1040 2000 960 1.54
E 1 500 114 500 386 4,39
E 2 4000 912 1600 688 1,75
F 1 1500 342 1200 858 3.51
F 2 3000 682 1100 418 1.61

alternatives are necessarily reflected by this ordering.

It should be observed at this point that ranking the
four improvement projects is unnecessary if they are
truly independent. The only relevant test is whether
the resulting B/C ratios exceed unity. In this case they
do. Each of the projects is therefore preferred to the
do-nothing alternative. All of these independent proj-
ects should be accepted.

Suppose that, contrary to the original assumption of
independence, ranking the four projects is desirable be-
cause (a) funds are not available for all improvements
or (b) the projects are, technologically or physically,
mutually exclusive, Then the correct ranking can be
inferred by examining the net equivalent uniform annual
benefits (or, alternatively, the net present worths):

1. Net EUAB (A) = $80 000 - $27 143 = $52 857;
2. Net EUAB (B) = $55 000 - $14 833 = $40 167
3. Net EUAB (C) = $25 000 - $9137 = $15 863; and
4, Net EUAB (D) = $40 000 - $12 206 = $27 '794

It is also true that the incremental analysis of B/C
ratio, properly computed, leads to this same conclusion,
Let IB/IC represent the ineremental B/C ratio between
a pair of alternatives, Then IB/IC (C) = 2.95 and thus
C > do-nothing alternative; IB/IC (D versus C) =
($40 000 ~ $25 000)/($12 206 - $9137) = 4.89 and thus
D > C; IB/IC (B versus D) = ($55 000 - $40 000)/

($14 833 - $12 206) = 5.71 and thus B > D; and IB/IC
(A versus B) = ($80 000 - $55 000)/($27 143 - $14 833) =
2,03 and thus A > B.

Using both the net equivalent uniform annual cost
method and the incremental B/C ratio method, we con-
clude that

A>B>D>C 3)

This is not the ranking that results from merely order-
ing on the basis of project B/C ratios,

In Appendix K of NCHRP Report 162, Alternative
Methods of Evaluating Completed Highway Safety Pro-
grams, three phases of a program are identified: light-
ing, signing, and deslicking. Initial construction costs,
operating costs, and benefits are given, and the PWOB,

PWOC, and resulting B/C ratios are then computed,
The results (1, pp. 59-60) are as follows:

Phase PWOB ($) PWOC ($) B/C Ratio
Lighting 66 200 56 550 1.7
Signing 19 650 8 200 2.40
Deslicking 147 900 133100 1.11

The analysis is correct as far as it goes. However, the
authors then state, '"Thus, the signing phase of the 1970
program is producing more benefits per dollar spent than
the lighting and de-slicking phases. The comparison of
these ratios gives top management an indication of the
relative merits of each phase of the program" (1, p. 60).
This statement is, at best, misleading. -

If management's problem is to choose between three
alternatives, then closer examination of the data indi-
cates that the deslicking phase is in fact preferable.

That is, net PW (lighting) = $66 200 - $56 550 = $9650;
net PW (signing) = $19 650 - $8200 = $11 450; and net
PW (deslicking) = $147 900 - $133 100 = $14 800.

But perhaps of greater interest in this example is the
use of the phrase "more benefits per dollar spent." Does
the benefit/cost ratio actually give a measure of eco-
nomic efficiency in the sense of output (benefits) per unit
of input (costs)? The answer is no, and for reasons that
may not be sufficiently apparent, particularly because
the magnitude of the benefit/cost ratio can be manipu-
lated by judicious planning of certain economic conse-
quences in the numerator or denominator of the ratio.
Consider, for example, the following consequences of a
proposed investment: PW of construction costs =
$100 000, PW of maintenance costs = $50 000, and PW
of user benefits = $200 000. There are two possible
B/C ratios for this project, both of which are meaning -
ful: (a) B/C = ($200 000 - $50 000)/$100 000 = 1.50 and
(b) B/C = $200 000/($100 000 + $50 000) = 1.33. The
same project is being dealt with in both cases. The
benefit/cost ratio can be either 1.33 or 1.50, In each
instance the ratio exceeds unity and the project is thus
preferred to the do-nothing alternative.

If the above example represents one phase of a cer-
tain program and there is a second phase yielding a
B/C ratio, say, of 1,40, does it follow that phase 1
yields "more benefits per dollar spent' than phase 2—
or less? The answer, of course, is that the B/C ratio
is not a measure of economic efficiency and should not
be used to rank alternatives. The significance of an al-
ternative's B/C ratio lies in its relation to unity; i.e.,
the ratio indicates whether the additional benefits (com-
pared to the alternative) are in excess of the additional
costs (compared to the alternative).

It should be noted at this point that, although the mag
nitude of the ratio can be altered by placing a factor
either in the numerator or denominator, it is not possi-
ble to change a ratio from less than unity to more than
unity. This conclusion—that the position of an economic
consequence in either numerator or denominator is ir-
relevant—has been discussed in detail elsewhere (2).

Table 2 (slightly modified from the table in NCHRP
Report 162) was designed to illustrate the objectives
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of benefit maximization and optimum improvement. It
reflects the problem of selecting from among a number
of mutually exclusive design alternatives at six problem
locations with a budget limitation of $5000. Although
only one design may be chosen for any given location,
several locations (independent alternatives) may be se-
lected within the overall budget constraint.

NCHRP Report 162 notes: '"Under the optimum im-
provements objective, the candidate projects with the
highest net benefit for each location are F-1, C-1, A-3,
E-2, and D-2" (1, p. 8). There are six alternatives, in-
cluding the do-nothing case. With the budget limitation
of $5000, improvements A3, C1, and F1 provide the
most net benefits as shown below,

Initial EUAC EUAB Net
Alternative  Cost ($) ($) ($) Benefits ($)
A3 2500 570 1170 600
C1 1000 228 700 472
Fi 1500 342 1200 858
Total 5000 1140 3070 1930

The report also notes that, under the benefit maximiza-
tion objective, the candidates from each location se-
lected on the basis of highest B/C ratio are E1, Al, DI,
F1, C1, and B2 and that improvements E1, Al, D1, F1,
and C1 will use up the $5000 budget (1, p. 9).

Initial EUAC EUAB  Net B/C
Alternative ~ Cost (§) (8}  (§) Benefits ($)  Ratio
E 500 114 500 386 4.39
A1 1000 228 800 572 3.51
D1 1000 228 800 572 3.51
F1 1500 342 1200 858 3.51
ct 1000 228 700 472 3.07
Total 5000 1140 4000 2860

It is clear in this example that (a) preliminary rank-
ing of mutually exclusive projects by net annual benefit
(or net present worth) can lead to suboptimal global solu-
tions when projects are combined and a capital budget
limitation is imposed and (b) preliminary ranking on the
basis of B/C ratios will lead to the optimal combination
of projects.

One should not conclude, however, that ranking by
benefit/cost is appropriate in all cases, There are two
important reasons for this, First, the EUAC in this ex-
ample consists solely of the initial cost, annualized by
multiplying by the appropriate capital recovery tactor.
That is,

EUAC = (initial cost) {i(l DM/ (1 +D)" - 1]} 4

where i = interest rate used for compounding and N =
project life. The denominators in all of the B/C ratios,
therefore, are directly related to the input, i.e., the
budget. Because the B/C ratios in this case are mea-
sures of economic efficiency and do reflect output (bene-
fits) per unit of input (costs), the substitution of a higher
efficiency alternative for a lower efficiency alternative
will have the effect of increasing the efficiency of the
overall budget, In other words, given the need for a
$5000 budget package, it is desirable that the compo-
nents maximize benefits per unit of cost.

In this case, because the denominators are '"pure"
in the sense that they account only for initial investment,
the numerator-denominator issue may not appear rele-
vant. But in real-world applications the denominator is
likely to include economic consequences in addition to
those dollars that are prospectively part of the agency's
capital budget, e.g., annual costs of maintenance or op-
erations or both, terminal salvage values, and construc-

tion costs incurred in time periods other than that for
which the current budget has been established.

This point is illustrated in the following simplified
example,

Alternative ___ Benefits  Maintenance Initial
Location ~ Design  ($) Costs ($) Costs ($)
X 1 200 50 100

2 140 0 100
Y 1 145 0 100

If B = benefits, K = maintenance costs, and C = initial
costs, then

(B-K)/C B/AC+K) B-K-C($)
150 1.33 50
1.40 1.40 40
1.45 1.45 45

There are two mutually exclusive design alternatives in

location X; there is only one design alternative in loca-

tion Y. The projects at locations X and Y are indepen-

dent but, since only $100 has been budgeted, only one of
the two can be selected,

The B/C ratios for these alternatives can be computed
by including the maintenance costs (K) in either the nu-
merators or denominators. If the maintenance costs are
considered to be negative benefits, then the objective of
benefit maximization would lead to the selection of X1.
If the maintenance costs are included in the denominator
as a cost, this objective leads to the selection of Y1,
There should be no ambiguity in this example, however:
X1 is preferred to Y1, and Y1 is preferred to X2, This
may be seen by examining the net present worths of the
three alternatives.

The second reason for using caution in ranking proj-
ects by B/C ratios is that such ranking can lead to op-
erational difficulties. In the example given in Table 3,
there are two locations, A and B, and two mutually ex-
clusive design options at each location, There are eight
possible combinations or budget alternatives (2°). The
maximization objective would lead to the selection of
projects Al and B1 at a total cost of $200. But if $300
were available, then A2 and B1 would be the proper com-
bination. How would the correct solution be identified if
the analyst was instructed to select, in each case, the
alternative having the highest B/C ratio?

This example is an illustration of the preselection
problem (3)., One cannot determine ihe givbal oplimum
simply by combining locally optimal solutions. That is,
the net benefits of an entire investment program cannot
be maximized, with budget constraints, merely by ag-
gregating design alternatives that appear optimal with
respect to their mutually exclusive alternatives. All
combinations of programs, or budget packages, must
be identified and the optimal program selected from this
set. There can be a large number of such alternative
programs. Fortunately, however, some efficient algo-
rithms have been developed through dynamic and linear
programming.

SIGNIFICANCE OF
COST/EFFECTIVENESS RATIOS

It is not always possible to evaluate all of the conse-
quences of a proposed investment in economic terms.
Evaluations that treat both economic and noneconomic
values are referred to as cost-effectiveness analyses;
in these evaluations the monetary consequences are
costs and the nonmonetary consequences are effective-
ness,

NCHRP Report 162 defines cost-effectiveness as ''a



comparison of cost to achievement of a given unit of ef-
fect. Cost/effectiveness is similar to benefit/cost ratio.
It is the average cost per unit of benefit' (2, p. 43). A
procedure is prescribed in whichthe analystis instructed
to calculate cost-effectiveness '"by dividing the equiva-
lent uniform annual cost by the estimated annual reduc-
tions in the unit of effectiveness selected." The next
step istoarray "the improvements by cost/effectiveness
ratio, lowest to highest" (2, p. 44). This view of cost-
effectiveness analyses is incorrect. Except in relatively
rare situations, the magnitude of the cost/effectiveness
ratio has no relevance to rational decision making.

The example used here to demonstrate this point is
drawn from NCHRP Report 162 (1). Four mutually ex-
clusive alternative improvements and their cost, effec-
tiveness, and cost-effectiveness per accident reduced
are considered, as follows:

35

Effectiveness Cost-Effectiveness

Improve-  Cost {accidents reduced (per accident re-
ment (EUAC) ($)  per year) duced) (§)
A 27 150 32 848

B 14 850 22 675

c 9150 10 915

D 12 200 16 762

According to the report (1), the order of preference for
these alternatives is B>D > A > C.

The problem is shown in Figure 1. Note that the C/E
ratio is the reciprocal of the effectiveness/cost (E/C)
ratio, and that minimum C/E is equivalent to maximum
E/C. Also note that the slopes of the lines drawn from
the origin to each of the four points (A, B, C, and D) are
the E/C ratios for the four alternatives. Again, the re-
port assertsthatimprovement A is preferred to improve-
ment C because the C/E ratio for the former islessthan
that for the latter; i.e., A > C because C/E (A) < C/E (C),
If the principle is accepted that only differences between
alternatives are relevant, these differences should be
examined more closely, as follows:

Table 3._ Economic analysis of independent and mutually exclusive Cost Effectiveness (accidents
alternatives. A_ltgrqqtilQ (EUAC) ($) FLdUCﬂpjfleﬂ[
Alter- Initial PWOB Net B/C A 27 150 32
native Location Design Cost ($) ($) Benefits ($) Ratio c 9 150 10
1 i 1 100 150 50 1.50 Difference 18 000 22
2 A 2 200 280 80 1.40
3 B 1 100 160 60 1.60 The choice between A and C depends entirely on the re-
: B 200 e e lation between the additional $18 000 expenditure and the
6 Al + B2 300 390 30 1.30 additional 22 accidents/year reduced. Specifically, if
Z A2 + Bl 300 440 140 1.47 the utility of an additional 22 accidents reduced is in ex-
43402 400 20 120 1.30 cess of the utility of saving $18 000, then the more ex-
pensive alternative (A) is preferred. Otherwise, the less
Figure 1. Effectiveness versus cost for sample problem. ]‘
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Figure 2. Differences in cost-effectiveness between a pair of alternatives: (a) equal effectiveness
(X and Z) and equal cost (X and Y), (b) dominance (X > Y}, and (¢} no dominance.
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expensive alternative (C) should be preferred. In the
absence of the relevant utility function, i.e., without
knowing anything about the trade-off between costs and
accidents reduced, the alternatives cannot be ordered
and no preferences can be determined.

The above argument relates to only one comparison
(A versus C) in the example given in NCHRP Report 162
(1). The same argument can be applied to any of the
six comparisons (A versus B, A versus C, A versus D,
B versus C, B versus D, or C versus D) given in that
example.

Conditions are detailed below and shown in Figure 2
in which alternatives cannot be rank ordered onthe basis
of their C/E ratios alone because effectiveness and cost
are unequal between alternatives (x) and (y) or no domi-
nance exists:

I(x) = E()/C(x) (%)
I(y) =E)/C(y) (6)

where I = index of cost-effectiveness. The following de-
cisions can be made by using C/E ratios [I(x)] and

[iy)l:

1. Given E(x) = E(y) or C(x) = C(y), if I(x) > I(y),
then x > vy.

2. Given E(x) = E(y) and C(x) < C(y), there is domi-
nance and X >y,

3. Given E(x) = E(y) and C(x) < C(y), or E(x) < E(y)
and C(x) < C(y), if I{x) and I(y) may be computed but
have no decision-making significance, then no conclu-~
sions may be inierred,

There are only three conditions under which ranking
by C/E or E/C ratios is appropriate.

1. Effectiveness for all alternatives is equal. Then
ranking by ratios is equivalent to ranking on the basis
of decreasing costs.

2, Costs for all alternatives are equal. Then rank-
ing by ratios is equivalent to ranking on the basis of in-
creasing effectiveness.

3. Dominance obtains. Consider any pair of alter-
natives, x and y. If E(X) 2 E(y) and C(x) < C(y), then
alternative x is said to dominate alternative y. Under
these conditions, of course, E/C (x) = E/C (y) and like-
wise C/E (x) < C/E (y).

Unfortunately, in the real world these conditions rarely
occur, The usual case is one in which an increase in
effectiveness is brought about by an increase in project

or program costs. When this occurs, it is not possible
to establish a unique, unambiguous ordering of alterna-
tives without knowledge of the utility function relating
cost and effectiveness.

SUMMARY AND CONCLUSIONS

NCHRP Report 162 is intended to affect significantly the
methods and procedures used by public agencies to evalu-
ate improvements in highway safety. Unfortunately, sev-
eral key concepts presented in the report are critically
defective and adherence to these concepts could lead to
misallocation of resources. The serious problems in
NCHRP Report 162 appear to result from failure to con-
sider properly the following principles.

1. B/C ratios cannot, in general, be used to rank
order a set of competing investment alternatives. Only
incremental B/C ratios are significant; that is, given
two alternatives, x and y, the appropriate statistic is
IBC = [B (y) - B®)1/LC (y) - C (x)].

2. The magnitude of the ratio is relevant only in re-
gard to whether or not it exceeds unity. That is, y is
preferred to x if and only if (a) IBC > 1.0, if C (y) -

C (x) >0; or (b) IBC < 1.0, if C (y) - C (x) >0. Other-
wise, y is not preferred to x.

3. The magnitude of the ratio can be modified by
moving consequences from numerator to denominator.
However, the result of the relevance test above cannot
be changed by this modification.

4. When effectiveness and costs are unequal between
alternatives, and where no dominance exists, alternatives
cannot be rank ordered on the basis of their respective
C/E ratios alone,
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