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Evaluation of transportation improvements by conventional 
benefit-cost analysis raises the problem of trying to eval
uate benefits (or costs) which cannot readily be converted to 
dollars and cents. Sometimes these benefits are neglected. 
Sometimes they are converted to dollars no matter how 
crude the estimate. Most often they are merely qualitatively 
weighed in the mind to determine whether or not they are 
sufficient to alter the decision recommended by the eco
nomic analysis based on the quantifiable factors. 

To help in these situations, a technique or framework is 
presented which would treat all pertinent factors more ra
tionally and systematically. Examples are presented show
ing the results of the technique at each intermediate step. 
An extension of the technique is made to consider a system 
of possible projects and the optimal allocation of available 
capital among them. This extension results in a problem 
which may be solved by .integer linear programming tech
niques. The formulation of this linear program is shown. 

•MOST major transportation facility plans today evolve from a procedure wherein 
various alternatives are generated and evaluated, and the one which appears most favor
able is selected. The evaluation process utilized is quite often a benefit-cost ratio 
technique or something closely related to it. This means that each of the benefits and 
costs associated with an alternative are itemized and appraised in dollars and cents to 
avoid the "apples and oranges" comparison dilemma. 

Several problems confront the engineer or planner who is trying to evaluate alter
natives by this method. He must be sure he has stood far enough away from an alter
native to have considered all its effects on the overall system. For many effects which 
he has delineated there are serious problems of how to convert their impact on the 
system to dollars and cents. Quite often the solution to the problem of not being able 
to assess the dollar value of some of the benefits or costs is to ignore this factor on 
the grounds that its impact cannot be measured accurately enough with the monetary 
yardstick. There is also the frustration of having singled out a pertinent benefit or 
cost and converted it to its estimated dollar value, only to realize that the factor is an 
order of magnitude more important than some more obvious factors which he has pains
takingly developed and evaluated. Perhaps he is reluctant to believe this, even though 
the dollars point it out. Finally, although everyone is in favor of better transportation, 
there is considerable difference in points of view as to what this means. The transit 
manager, the city engineer and the local communities may have radically different 
goals for "better transportation." 

It is useful to consider the example of a public transit agency or a highway depart
ment evaluating a facility being built in a growing suburban region. Many objectives 
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or goals, both public and private, must be considered in selecting the optimal length 
and location of the facility and the level of service to be provided. It should be ap
preciated that all examples of objectives used here should be viewed liberally since it 
is the decision technique and not a recommended set of objectives that is the central 
theme in this paper. The following are some examples of objectives which might be 
deemed important: 

1. The facility should show the best possible revenue-cost picture or tangible re
turn on capital invested. This includes not only the facility being considered, but any 
other facilities in the system which are also affected, including feeder bus service and 
private transit companies in the case of transit. 

2. The highway or transit facility should serve as many users as possible. 
3. The facility should remove as much congestion as possible from neighboring 

facilities . 
4. Priority should be given to an area which has long been without sufficient serv

ice, or one which has a critical transportation need. 
5. In the case of transit, an improved quality of service should be provided to en

hance the public's image of transit and to halt the general trend of diversion from 
transit facilities to automobiles. The type of improvements in service quality may 
vary from area to area depending on marketing recommendations. 

6. The alternative selected should further the economic development of the com
munities it is affecting. In addition to the level of economic impact on the ·community, 
this objective involves both the timeliness of making this impact now, and the direction 
of the communities' own plans for development or redevelopment. The generation of 
potential tax revenue by new residential or industrial development along the new route 

7. The agency must satisfy certain political requirements and constraints. 
8. The facility should have the most flexibility to meet anticipated future growth 

or a variety of assumptions on anticipated growth. 

This very general list of objectives would need to be refined before being applied 
to a particular facility study. Still, all the above factors merit inclusion al:l legitimate 
objectives of a transportation agency. Collectively they present an appealing descrip
tion of what an agency is setting out to accomplish. However, when it comes time to 
apply these objectives to the evalualion of alternatives, some difficulty is usually en
countered. 

A good deal of time and effort is spent analyzing the first objective, maximization 
of direct return on capital. This is especially true in the example of a transit agency 
planning a new extension, where the return on capital is in the form of increased net 
operating revenue. The third objective, removal of congestion from highways, is 
often evaluated by determining the number of minutes the average automobile com
muter on the highway saves and multiplying by some dollar value of time saved and the 
number of automobiles using the highways. However, in transit cases, this estimate 
can rarely be as accurate as an operating balance forecast because of the crudeness 
of present-day dollar values for time. Yet, it is probably the same order of magni
tude as the estimated operating balance even if logically it might not seem as import
ant. For instance, a typical rapid transit extension may result in an increased operat
ing balance (increased revenue minus increased operating cost) of $200, 000 per year. 
Yet, H the trausil exteusluu results lu tlecniasetl veak.-hour highway congestion such 
that the 6000 rush-hour commuters still in their automobiles save 5 minutes each way 
on the average, this can be calculated as a saving of (6000 people) (2 directions) (5 
minutes) ( $1. 501 per hour value of time) (250 days per year)/ (60 minutes per hour) = 
$375, 000 annually-and this is for the rush-hour alone. Most transit agencies would 
probably feel that the increase in operating balance really is worth far more than the 
decrease in automobile congestion in spite of these figures. 

1$1.50 per hour is typical of a value assigned for this type of estimate, although there is, of course, 
much discussion about what amount should be used. 
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The same situation applies to the objective of maximizing the economic welfare of 
the affected communities. Some crude value estimate is often made for this factor, 
but usually it only serves to water down the effect on the decision of the more accu
rately measured costs and benefits. Often the recourse is to abandon any attempt to 
quantify these factors for benefit-cost analysis purposes and merely use them in an 
all-or-nothing manner. In effect, this means determining whether or not these factors 
are sufficient to alter the decision recommended _by the economic analysis based on 
the quantifiable factors. 

Other objectives in the above list are almost always considered qualitatively only. 
Improvement in quality of service, the satisfying of a critical transportation need, and 
the satisfying of certain political constraints are examples, with the latter managing 
to demand a large amount of attention historically. Still other objectives are converted 
dogmatically to dollar units in spite of difficulties or inadequacies. 

The problem, therefore, is to find a way to consider explicitly the significant bene
fits and costs not given to monetary measurement simultaneously with those which can 
be estimated in dollars and cents. 

THE SINGLE PROJECT EXAMPLE 

The solution described in this paper to the stated problem is best introduced in the 
context of planning a single project. Such a project may, as before, be a radial high
way or a transit extension to be built in a rapidly growing suburban corridor. The 
alternatives in the case of the highway vary in terms of the location and lengths of new 
highways, the design standards to be applied, number of lanes, etc., and, of course, 
whether or not to build any facility at all. In the case of the transit extension, the 
alternatives vary in the length and the location of the line, the type of cars, the seating 
standards, the operating speeds, number of stops, etc., as well as whether to build 
anything at all. 

The technique offered for the evaluation of alternatives is given in five steps. The 
corridor transit extension is a useful example since it is characterized by both public 
and private motives. 

Itemize the Objectives 

Assume that the transit agency feels there are five major objectives which ought to 
be met by the extension of transit service into a particular corridor. Again, this list 
of objectives should not be thought of in any way as a recommended set of goals, but 
rather merely as examples : 

1. The immediate direct rate of return on investment, i.e., the increase in 
operating balance at the end of the first year of operation divided by the annualized 
capital cost of the extension, should be as large as possible. (Operating balance is 
passenger revenue less total operating costs.) Reference to changes in net revenues 
over a longer period of time are left out here to avoid excessive complication. 

2. Riding volume on the line after the extension and the system have reached a 
state of equilibrium should be maximized. 

3. The image of the transit agency should be enhanced by offering as much comfort 
and convenience as possible. 

4. The transit agency feels it is desirable for political reasons to extend as far as 
possible into the corridor to promote development of an area rendered relatively in
accessible by inadequate transportation facilities. 

5. As many automobile users as possible should be diverted to transit so as to 
relieve congestion on the corridor's primary highway. 

Next, assume that five feasible and different alternative extensions, varying in lo
cation, length, and service characteristics have been proposed. (The no-action alter
native is not included for purposes of the illustration.) These will be called alterna
tives A through E and are to be evaluated according to how well they meet the five 
objectives. 
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Define the Best Measure for Each Objective 

The transit agency decides that the measureable characteristics of the alternatives 
which best exemplify the five objectives are as follows: 

Objective 

1. 

2. 

3. 

4. 

5. 

Weight the Objectives 

Measure of Objective 

Increase in annual operating balance 
divided by annual capital cost of 
building the extension. 

Total daily inbound rider volume. 

Average percent seated during the 
peak hour at the peak load point. 

Miles of extension into the corridor. 

Auto-users diverted to transit during the 
peak hour. 

The transit agency further decides that the first objective is worth about 40 percent 
of the total decision. Similarly, weights or fractions of the decision are assigned to 
the other four objectives so that the objcctivco arc weighted as follows: 

Objective Weight Alternate Weighting Scheme 

1. 0.40 0 points 

2. 0.20 4 points 

3. 0.15 3 points 

4. 0.15 3 points 

5. 0.10 2 points 

1. 00 20 points 

Since the weightings are relative only, fractions which total one do not need to be 
used; any set of numbers with the appropriate relative values may be used, as indicated 
by the alternate weighting scheme. For purposes of this presentation, the alternate 
weights will be used. 

One point to note regarding the selection and weighting of objectives is that it is 
easy to choose objectives which are not mutually independent. For instance, hauling 
the most people possible and divertin~ the most automobiles from the highway are very 
much related to each other as objectives for a transit line. It is not wron~ to usP. non
independent objectives as long as judgment is used in the weighting of them. However, 
it probably helps to select just one of the two if they are very closely related. 

Evaluate the Way Each Alternative Meets Each Objective 

Assume, for this example, that values of the pertinent descriptors of each alter
native have been estimated by various suitable techniques. Discussion of the actual 
techniques used are not important to this paper and will not be discussed. The esti
mates assumed for the five alternatives in the example appear as follows: 
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Measure Alternative 

A B C D E 

1. a. Increase in annual operating 
balance ($ millions) 0.780 0.812 0.550 0.702 0.675 

b. Annualized capital cost of building 
the extension and purchasing 
rolling stock ( $ millions) 6.000 5.800 5.000 5. 200 4.500 

c. Annual return on investment (= a/b) 
(%) 13.0 14.0 11.0 13.5 15. 0 

2. Daily inbound riding (thousands) 25.0 23.0 20.0 18.0 17.0 

3. Average percent seated, peak 
hour (%) 25.0 35. 0 40.0 50.0 50.0 

4. Miles of extension into corridor 8 7 6 5 5 

5. Peak-hour auto users diverted to 
transit (thousands) 3.5 3.0 2.0 1. 5 1. 5 

The simplest method of evaluating the alternatives with respect to a particular ob
jective is to arbitrarily say that within each objective, the best alternative in the cate
gory receives the full number of points under the weighting scheme, and the worst 
alternative receives no points. Each other alternative receives a number of points 
which is linearly proportional to where this alternative lies in this category relative 
to the best and worst alternatives. For example , in meeting objective 4 (length of 
extension), alternative A rates highest with 8 miles and receives a full 3 points. Al
ternatives D and E each get zero points s ince they a r e the s hor test with 5 miles . Al
ternative B gets 2. O points since it is % of the way from the worst alternative to the 

best G=~ x 3 pts. m ax. = 2 pts.) . Similarly, alte rnative C rece ives 1. 5 points. 

Selecting the Best Alternative 

When each objective is evaluated for all alternatives, the rated points can be sum
med for each alternative and the alternative with the highest number of points is said 
to best meet the combined objectives of the transit agency. Had the fractional weight
ing scheme been used (sum of all weights equals one) , the sum total for any alternative 
would be a fraction less than or equal to one. The fraction would express how close 
this alternative was to the "ideal" alternative, that is , one which ranked best in each 
category. With the point scheme used in this example , dividing each alternative's 
total by the number of points possible, 20, accomplishes the same thing. Complete 
results for this example are shown below. 

Results of Evaluation of Alternatives 
Objective Measure 

A B C D E 

1. 4.0 6.0 0.0 5.0 8.0 

2. 4.0 3.0 1. 5 0.5 0.0 

3. 0.0 1. 2 1.8 3.0 3.0 

4. 3.0 2.0 1.0 0.0 0.0 

5. 2.0 1. 5 0.5 0.0 0.0 

Total 13.0 13.7 4 . 8 8.5 11.0 

% Total of Ideal 65.0 68.5 24.0 42.5 55.0 
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It should be pointed out that some objectives might not be so easily quantifiable. In 
this case it would be perfectly legitimate to use a quality judgment scale such as high-
3 points, medium-2 points, low-1 point. 

One shortcoming of the particular "relative" rating scale chosen for each objective 
in this example is that the best alternative gets a full score even though it may be far 
from perfect, while the worst alternative gets zero, even though it may be almost as 
good as the best alternative. However, for other objectives there may be large dif
ferences between two alternatives and they can end up with about the same number of 
points. This shortcoming is illustrated by considering what happens in category 4 
(mileage of extension) if a new alternative is added. Before the inclusion of the new 
alternative, alternative A had 3. 0 points in this category, while alternative D had zero. 
Suppose the new alternative proposes only 2 miles of extension into the corridor. Al
ternative A still has 3. 0 points but now alternative D has 1. 5 points since the new al
ternative becomes the zero point on the scale. Thus it is conceivable that addition of 
the new alternative, even if it is the worst of the six, has the ability to change the rec
ommended outcome from one alternative to another. This problem may be avoided 
by the use of utility curves2 to evaluate alternatives within each objective. However, 
in defense of the simple-to-use "relative" rating scale, the problem is not as severe 
as it may appear at first glance. The original weights could be attached to each ob
jective, keeping in mind the magnitude of variation within the alternatives to be eval
uated. If, for any objective, a large range of values among the alternatives is antici
pated, more or less weight may be assigned to that category to properly express the 
importance of the objective. Thus, the addition of another somewhat different alter
native could very well mean that a new weighting of the objectives is in order , and 
therefore the problem cited in this example is unlikely to occur. 

Use of Utility Curves in Evaluating Alternatives 

One way of avoiding the problem altogether is to use a predetermined absolute scale 
for each objective instead of using the relative scale. For example, the agency may 
decide before examining any physical alternative that a 10-mile extension is the ulti
mate and should be worth 3 points, while building no extension at all should be the zero 
point alternative (see Figs. la and lb for comparison of the two scales). As can be 
seen, alternative B now rates 2. 1 points instead of 2. 0 under the relative scheme. 
The utility curve approach has the advantage of not being affected by the addition of 
another alternative. 

The relationship represented in Figure 1 b need not be linear. For example, the 
first mile extension into the corridor may be more desirable than the second, and so 
on, until the marginal utility (with respect to achieving the proposed objective) ap
proaches zero beyond a 10-mile extension. Figure le expresses this relationship. 

Figures lb and le are utility curves in statistical decision theory terms. They 
represent the agency's feelings about the utility of each mile of extension with respect 
to the satisfaction of the particular objective. 

There are pros and cons to each of the two methods of evaluating objectives -or three 
methods if the linear utility curve is thought of as different from the nonlinear one 
because the simplicity of the former requires only two points to be defined. The utility 
curve approach is more difficult to use, yet it forces the planner to think in terms of 
the complete range of values of an objective within which any of the possible alternatives 
may lie. It may be advantageous to carry out this thought process before proceeding 
to examine the alternatives in detail. The relative technique has the advantage of 
simplicity of use, and bypasses having to define the utility curve. (However, one of 
the bigger objections to utility curves is the difficulty in getting a person to define his 
utility curve.) In reality there is no reason why a mixture of techniques could nol be 

2Utility curves are described in detail in: Schleifer, R., Probability and Statistics for Business Deci
sions, McGraw-Hill, 1959; Shelly, M. W., and Bryan, G. L., Human Judgments and Optimality, John 
Wiley and Sons, 1964; and others. 
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used for different objectives, if so de
sired. For example, automobiles taken 
from a highway might well be measured 
using a nonlinear utility curve, whereas 
net operating balance increase could be 
analyzed using the relative technique. 

An important exercise which could be 
very interesting as well as very revealing 
in the examination of certain controversial 
highway or transit projects would be to 
have (or to simulate having) each different 
faction involved in the controversy
planning staff, city officials, academics, 
etc. -weight the objectives and evaluate 
the alternatives according to their own 
value schemes. The question to be an
swered is, How do the different value 
schemes affect the decision reached? 
Often the decision is the same for the dif
ferent spheres of interest. However, the 
decisions sometimes differ, and the know
ledge gained as to why they differ may be 
valuable. Persons familiar with the 
thought processes of the various interest 
groups in a community can gain much in
sight into underlying reasons for contro
versies surrounding a project. They may 
thus more easily achieve a suitable com
promise for implementing the transpor
tation improvement as well as promote 
good planning. In addition, a user may 
find it valuable to vary his own weights 
where he is unsure about them, to test 
the sensitivity of the final decision to his 
weights. 

THE COMPLETE SYSTEM SOLUTION 

In an earlier section, the five-step 
technique for aiding in decision-making 
was presented in the context of alternative 
proposals for a single transportation 
project. 

One objective which was not explicitly 
mentioned previously, but which is a 
legitimate one in some single transpor-. 
tation facility studies, is the goal of min
imizing capital cost. In fact, using this 
decision technique, the capital issue could 
even be handled by plotting various total 
values of the objectives against the capital 
necessary to achieve this degree of sat
isfaction of objectives. This sensitivity 
analysis on capital cost could then be an
alyzed and the most desirable combina
tion of cost and level of satisfaction could 
be chosen. Another variation involving 
capital cost might be the introduction of 
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an objective such as maximizing total utility per dollar spent for situations where 
there is no budget as such. 

A more common situation, however, is one in which the transportation agency has 
a limited but definite budget and a number of projects to be constructed from that 
budget. Now the emphasis is on optimal allocation of the budget among projects rather 
than the minimization of capital expended on all projects. The expansion of the 
decision-making technique from a single project to a system-wide set of projects, each 
with several alternatives, may thus be considered. The decision technique becomes 
part of the structure of an integer linear program for complete system analysis. 

Assume that several transit extensions into various corridors are being considered 
and that a limited capital budget exists with which to carry them out. These corridors 
can be generalized as subsystems, since corridor extensions need not be the only pro
jects which the agency is contemplating. Within each subsystem there is a set of al
ternatives to be evaluated, including the null or do-nothing alternative. The agency 
defines four objectives, weighted as indicated: 

No. 

1. 

2. 

3. 

4. 

Weight 

Z1 pts 

z2 pts 

z3 pts 

z~ pts 

Description 

Maximize daily passengers hauled 

Divert as many cars as possible from the 
highways during the peak hour 

Exhibit the maximum annual net operating 
balance with the new system 

Operate the most comfortable and con
venient service possible during the 
peak hour 

The agency has decided that for each alternative the parameters which best reflect 
the above objectives are, respectively, (a) total daily volume carried; (b) total peak 
hour volume carried; (c) increase in net annual operating balance (increased revenue 
minus increased operating cost); and (d) average percent seated during peak hour. 

The agency has decided to use the linear utility curve for evaluation of objectives 
(although the formulation is identical if the relative technique or the nonlinear utility 
curve method is used). The formulation is as follows. 

Define: 
N number of subsystems or corridors 

number of alternatives in subsystem i 
total budget available 
weight assigned to the k th objective 
total capital cost of subsystem i, alternative j 
total daily volume carried under subsystem i, alternative j 
total peak hour volume carried under subsystem i, alteTnative j 
net annual operating balance estimated for subsystem i alter -
native j 
average percent seated, peak hour, for subsystem i, alternative j 
upper, lower limits of utility curve for daily volume chosen so 
that no Vij lieo outoide the range~ to v (or v, ~ could be the 
largest and smallest volumes among each subsystem's alterna
tives if the relative technique is used) 

w, Y!__ = upper, lower limits of utility curve for peak hour volume 
b, b; p, p; etc.. respective upper, lower limits 

(Note: the above terms all are estimated parameters whose value is fixed for this 
analysis . ) 

Let xij be the variable describing subsystem i, alternative j such that xij = 1 indicates 
project is selected and xij = 0 means it is not; xij can only be O or 1. 
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Normalize each of the parameters v, w, b, and p for ease in notation: 

= 
Vij - V 

- for all i; 
V - V 

(Such normalization applies to the two linear methods only. The nonlinear case is no 
more difficult, however. ) 

This calculates the percentage of full points to be awarded to subsystem i, alternative 
j under: the highest daily volume objective. :iror example, if z 1 was 4 points, ~ was 
1000, v was 5000, and vij was 4000, then vij would be 0. 75 and the value of that al
ternative and that objective would be (0. 75) . (4 points) = 3 points. 

Now the problem can be stated as 

Maximize 

N ni 

LL 
i=l j=l 

or equivalently, 

Maximize 

N ni 

Z1 v··' x·· l] l] Z2 w··' x·· + l] l] 

L L [(z1 vij' + z2 wij' + z3 bi{ + z4 Pi() Xij] 

i = l j=l 

Subject to 

ni 

(2) L Xij 

j = 1 

1 for all i 

(3) all Xij = 0 or 1 

(Budget constraint.) 

(One and only one alternative will be selected within 
each subsystem. If it is feasible to build more than 
one project within a subsystem, let a new alternative 
be defined to describe each such combination.) 

(All or none of a project must be built.) 

The formulation is now an integer linear program and can be solved as such. How
ever, it is really a special, simpler case, since Xij = 0 or 1 only. This special zero-
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one variable case can be solved by some different, shorter algorithms which are 
available~ 

It should be noted that this full system example was formulated assuming that the 
same objectives and objective weights apply to each subsystem. However, it is usually 
relatively simple to extend the linear programming formulation to a group of sub
systems which do not have the same set of objectives or objective weights by revert
ing to the fractional weighting scheme. The possibility of having different objectives 
and weights in different project areas is a realistic one and each sector can set its 
own criteria. 

One other direction which may be taken from this point is the use of parametric 
programming techniques4 to study the behavior of the system under a wide variety of 
assumptions for costs, benefits or budgets-for example, the sensitivity of various 
objective measures to a wide variety of changes in budget assumptions. 

CONCLUSION 

Although the examples used in this paper generally refer to a transit situation, the 
technique appears equally applicable to a state highway department situation, or any 
number of other public works situations. The technique is not offered as a panacea 
for all transportation alternative eval1rntion problem8r, It is presented as one other, 
perhaps more systematic, way of handling such an analysis, and appears to have sev
eral advantages over conventional economic analysis procedures in certain applications. 
It is characterized by the inclusion of judgment and subjective feeling in an organized 
framework and provides for the mixing of subjective measures with those derived by 
rigorous mathematical technique. This would seem to be in tune with recent tendencies 
to empha11ize judgment and subjective probabilities more, possibly a natural h::ickl::iRh 
to the rapid expansion in development of computer models. 

This concept of weighting objectives and evaluating the degree to which each alter
native meets the objective is not a new one, although it may be relatively new to the 
transportation field. It is similar to techniques currently being used in personnel 
evaluation as well as in other fields of engineering. 

It should also be pointed out that, while the examples in this paper deal primarily 
with the benefit side of the economic picture, the same techniques are equally useful 
in dealing with the cost side. 

This decision-making process was applied to the Massachusetts Bay Trai1::;portation 
Authority's 1966 Master Plan for system modernization and expansion. All actual 
numbers, formulation of objectives, and statements of policy used in the examples in 
this report are fictitious and were not intended to reflect the results of any MBTA 
studies. 

:iExa111ple~ ur ulyorilh1115; Glover, Fred, A Multiphase Dual Algorithm for the Zem-Or,P lntP.oP.r 
Programming Problem, Operations Research, Vol. 13, No. 6, Nov.-Dec. 1965; l:lalas, Egon, An Ad
ditive Algorithm for Solving Linear Programs with Ze ro-One Var iables, Ope ratiom RP.searc h, Vol. 
13, No. 4, July-Aug. 1965. 

4Dantzig, George B., Linear Programming and Extensions, Rand Research Corp. Study, Princeton Univ. 
Press, p. 245, 1963. 




