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A MIX-OP-MODES EVALUATION MODEL
FOR TRANSFORTATION SYSTEMS

i . k%
Keith V. Szith

I. TDMTRODUCTION

Onc of the more important prodlems associatet with any systems oF
effectiveness analvsis is that of synthesizina the various sub-studies
which are made such that continuity of purpost amd method 3re maintained
and meningful results ave insured. ¥ithin the broad ares of transpor-
tetion planning and evaluation, the problem is particuliriy acute be-
cause the appropriaze piamning horizom may span nan;” years, and the ben-
efits ~f alternative transportaticu systems accrue to a host of ditfer-
ent concers within both the private and the putlic sectcors. Ome
approach toward such complex problems is to begin at the lowest level
of consideration and develop sub-models which eventually will feed into
higher- ieve1 models. The alternative appreach--and ons which is re-
flected ir this paper--is to begir at the highest level of decision end
wofk‘downward toward the lower levels of derail.

-kn important focus of a meaningfrl evaluatioa model for transpor-
tation systens is to evaluate alternatives within the conte«t of the

entire package or mix of tramsportation services. More specifically,

*The methodolog; presented in this paper was an early input by the
author into a research study conducted fcr the Northeast Corridor Proi-
ect of the Departicent of Transportation. 4n expanded version of tne
methodology sppears ia F. S. Pardee, et al, Measurement and Evaluation
of Transportation System Effectiveneas, The RAND Corporation, RM-5869-DOT,

forthcoming. A preliminary version of this paper wzs preseunted at
the Thirty-Fourth National Meeting of the Operations Research Society
of America, Philadelphia, November 6, 1968.

**Assiatant Professor of Finance and Business Economics, Univers-
ity of California, Los Angeles, and Consultant to The RAND Corperaticn.
Any views expressed in this paper are those of the author. They shou.!
not be interpreted as reflecting the views of The RAND Corporation or
the official opinfon or pclicy of any of its govermmental or private
research sponsors. Papers are reprocduced by The RAND Corpuration as a
courtesy to members of its staff.




it is the evaluation of the incrermental berefits and costs from adding
a modified or nmeuv rransportation mode tc the existing mix. If the
transporcation planning horizon covers the 1379-1995 period, for ex-
ample, new or improved modes must be evalusted relative to the total
nix-of-rmodes that is =xpected to be operaticnal during that period.
“The purpose of this paper is to develop a methodology which con-
ceptually rmay be useful in evaluating altermative transportation sys-
tems within such a mix-of-modes context. aAn impurvant chavracteriscic
of the suggesta2d merthodology is that zicermatives are evaluated along
several important dimensioms so as to reflect users of “ranspertation
systems, business firms that are involved in providing transportation
services, and also the gereral public. Ir order to concencrate on the
mere important aspecits of the probiem, it is counvenient t> confine at-
tention fo intercity transportation along & single link between two
wetropolitarn areas. The suggested model is adaptable, however, to the
larger prcblem cf transportarion within a networx of large citias. ‘
Ia Section II, a generalized model for evaluating the incremental
effectiveress of alternative transporcation improvements is develeped.
Section III explnres the reiative sensitivity of the model to changes
in the important variables and parameters. The model is extended in
Section IV to include cost considerations, and an appropriate decision
rule is explained. The henefit-cost wmodel and ita associated sensitiv-
ity analysis are then illustrated in Saction V, using an hypothetical
example which involves twc aitermative chenges to a basic system con-
sisting of seven modes over a planning horizon of five years. The final
gection explores both the iimitations and implications of the mix-of-

modes evaluation model.
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11. GENERALIZET EFFECTIVENESS MODEL

©

This section presents a generalized mcdel for assessing the total
cffectiveness of a transportation system consisting of several distinct
modes of travel. The fundamenta! unit of conzideration is one-way rrips
aleng a single link betweer two ncdes. Zach trip within such a simpli-
fied network is assumed to consist of intra-city travel on one or more
of HI feeder mcdes within each node 2ad inter-city travel on exactly
one of Hz feeder modes along the single link. The basic system, there-
fore, consists of a tetal mix cf M = Ml + H2 transportation moies.*

By making certain specifications concerning the number of allow-
able feeder modes within each node. it is possible to identify a unique
number of possible mode combinatiors that could be used by a traveler
for a single trip. For example, i1f exactly one feeder mode is used at

-~

each 2nd ol the trip, a total of possible mode combinations could

be identified. If two or more feeder modes are allowed, the total aum-
ber increases sharpliy since various combinations are possible. Con-
versely, many particular combinstions could be ruled out on logical

grounds. A usefui way of describimg a particulur mcde combination for

a single trip is with the vector

§=[x1,x2, ’XHJ (L)

where X, is a binary variable with value one if mode j is used or value

]

zerc if the mode is not used on the trip.

*The importance of considering the tcotal package of transportation
services has been emphasized in M. L. Manheir. "Principles of Transport
Systems Analysis,” Highway Research Recoxd: Humber 180 (Highway Research
Board, 1967), pp. 11-20.




Corresponding to the particular technological characteristics of
individual modes, as well as overall economic conditiors, there will
be a demand pattern for transportation services from the basic system
over the planning horizon. The demand pattern for a particular period
can be described by the triplet (Wt, Ewt’ 5) which highlights an impor-
tant distinction between primary demand and derived demand. Primary
demand is given by w:, the total number of one-way trips demanded be-
tween the two nodes during period t. Corresponding tc each trip will

be its usage vector X = _X ! where X is a binary variable, as
wt mwt mwe

44 L

defined above, and 1 7 w ~ wt trips, 1 <t ° T periods, and 1 " m % |
possible modes. Total demand for trips during the entire horizon is

simply

Derived demand, on the other hand, refers to the demand for par-
ticular modes resulting from primary demand. Derived demand is denoted
by the matrix D = :Dmt} where the demand for any given mode duting a

given period is specified by
W
t
mt B [ xmwt (3)
w=1

and where total horizon demand for mode m is given by

T T Mt
D™ L DT L L Xe (4)
t=1 t=1 w=1

The tinary variable for describing a particular mode combination is

thus secn to be a convenient means of distinguishing between primary




demand and derived demand--the lstter being central ro the purposes of
this study.*

The next step is to indicate the reiacive benefits tc ali thoce
groups involved with the basic transportation system. One useful clas-
sification scheme is to consider benefits (or disbenefits) accruing to
(1) users of the transportation system, (2) all those business firms
involved in design, implemerntation, operatioa, or maintenance of the
many parts of the transportatiocn system, and (3) the general public.**
Atiributes are particular dimensions of involvement, for each of these
categories, along which absolute or relative measurements can be made.
Possibie attrihutes for users might inclucde travel time, travel cost,
convenience, and safety. For operator firms, some measure of profita-
bility could be used as an attribute with sales and market share as
possible alternatives. Attributes for the general public are admittedly
more vague--possibilities here wight be noise level and air pcllution.
Assume, notationally, that a total of I attributes are considered.

Suppose further that it is possible to assign values of a matrix
B = [Bmi]. These values may be thought of as measures of relative util-

ity or benefit on a unit-trip basis. Thus, B

ni would represent the

*No attempt is made in this paper to establish a particular method
of forecasting demand. Considerable literature exists on this impor-
tant but lower level problem. See, for example, R. E, Quandt and W. J.
Baumol, "The Demand for Abstract Transport Modes: Theory and Measure-
ment," Journal of Regional Science, 6:13-26, 1966.

sk
An analcgous breakdown was employed by M. Hill, "A Method for
the Evaluation of Transportaticn Plans," Highway Research Reco-d: Num-
ber 180 (Highway Research Board, 1967), pp. 21-34.




particular value along attribute dimensica i from a single usage of
mode m. Furthermere, entries in the matrix B would consist of ordinal
type numbers--useful in ccmparing among tlie various .modes--where numeri-
cal assignments are made on a ''points" basis bets2en designated upper
and lower iimits.* Such limits would rerfer to the best and worst bene-
fits along a single attribute. For example, iun comparing modes along
the societal attribute of air pollution, modes guch as autowobile sand
bus would receive fewer points than subway.*

Althcugh the two important matrices, D and i, comprise the bhasic
variables in the mix-of-modes methodology, two additional input param-

1 of

eters are also needsd. The first of these is the vector R = [Ri
reiative weightings across the I attribute dimensions which are identi-
fied. That is, Ri represents the weighting assigned tc attribute i.**
The second parameter is given by the matrix S = islt] of relatvive weight-
ings across the T time periods. The represencation used for intertem-
poral trade-offs is deiliherately general, but it can he made more ex-
plicit {f so desired. For exemple, if such a weighting ccheme is to
folliow ¢the popular method of discounting all values back to the present

time using 2 schedule of rates X = [Ki]’ thea

*Although vtility or effectiveness values such as the B ; can be
questioned on several grounds, no further attempt is made here to jus-
tify theilr ussge. For a similar approach to this problem, sce W.
Jesgiman, et al, "A Rational Decision-Makiug Technique for Transporta-
tion Planning," Highway Research Record: Number 180 (Highway Research
Board, 1967), pp. 71-80.

**ﬁot unlike the case for i, specification of the values for R
poses a formidable task., A promising methodology for rationally deter-
mining both R and B, see J. R. Miller, "The Assrssment of Worth: A
Systematic Procedure and its Experimental Validation," unpublished Ph.D.
digsertation, Massachusetts Institute of Technology, June 196€,
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A two-diwensional schedule is used becruse the weighting may well vary
over time to reflect increasing risk and, secondiy, because they may
vary among cifisren'. attributes such as in the case of private versus
public sectoers.

The suggested model for evalivating alteruscive traaspu<tacion sys-
tems within 2 mix- of-modes context consists of the logical aggregation
oi the input information contained in'ﬁ, 3, i, and 3. Letting ¥ repre-
sent total system benefit or effactiveness, the model weuld be written

as

M i T
L A

o= } . }

* oL L Risitnmtsmi (6
m=1 i=l t=1

Operationaily, the aggrezating procedure would proceed as follows.

First, the utility or beaefit values Bm ar2 weighted by the demand

1

forecasts Dmt' This interim step ylelds a three-dimensional array of

demand-weighted values V= [v__ ] where

" tim

vtim = Dmtnmi )

Successive steps in the procedure aggregate the vtim across time,
attributes, and modes--in that order. The weightings Sit are used in

the aggregation over time, and the weightings R, are used in the aggre-

i
gation across attributes. The firal measure F represents the total
systew benefit--over the entire pilanning horizon--from the demand which

is expectud for the package of transportation services that will be
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available, Dimensionality of F is not important in itself since it de-
peuds on the range of allowable vslue for B. In addition, the model

is not intended as a means of measuring just one cystem, but rathsr as
a means of comparing on an incremental basis alternative changes in
the transportation mix, Before proceeding to develop a beunefit-cost
model, together with an associated decision rule, for evaluating incre-
mental changes, it is well to further explore the basic effectiveness

model as summz2riced by expression (6),
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I11, SENSITIVITY ANALYSIS

In a decisionmaking area as complex as transportation, it is not
enough simply to evaluate the relative benefits and costs of alternative
systems., Because of the highly complex interaction of a variety of
different considerations, it 1s also useful to examine the sensitivity
of resulting evaluations tuv changes in the input variables and param-
eters. A procedure such as sensitivity analysis thus zffords the deci-
sionmaker additional information which may be useful, not only in the
actual decision which is made, but in the degree of confidence that it
is the optimal decision,

Within the context of this paper, it is thus useful to examine the
sensitivity of thc total effectiveness measure to different demand pat-
terns, utility assessments, and also changes in the attribute and time
weighting parameters. One approach toward this end is to examine the
increwental change in effectiveness which is found by taking the total

differential of expression (6) as fcllows:

- AF AF OF .Q.L
dF (BD )dDmt + (ABm)dBmi +(ASinSit + ‘aa Ry (8)

me !

In this total differential, the partisl derivatives represent the re-
sponsiveness of the model to changes in its component parts, while the
other terms are the absolute changes expected to result from a changing
trangportation system,

Although the merits of a sensitivity analysis can realir not be
appreciated until applied to a numerical exemple, {t is of {nterest to

briefly explure the expected directions of change when the inputs are

e i
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altered. Tuis is readily acccmplished by examining further the parriai

derivatives of expression (8) as fellows:

1
aF N
= : >
I T S T &
=t .
i=1
T
E) 3 A
—— T > >
33‘1 i Risitnnt 0 (10)
t=1
o 4 T
2 _ A D B 0 (§39;
E‘Ri o L it mt =i
»=l =1
N
AF N .
——— I b, > :
s, F Ei nt =i 0 12)
it
m=l

Because all ¢ : inpu: values are positive, all of the individual changes
in F are also positive. For the special case vhere discount rates are

used as time weightings, substitution of expression {5) into expres-

s*m (6) woulld lead to

M T
) SRR i & T3 11 <0 (12a)
3~ L Lt '
o=l t=1 i

Bence, if a diascount rate is increased, benefits from a future period
are penalized more, and total effectiveness is reduced.

Since the suggested effectiveness model focuses on a mix-of-modes
context, it is also useful to examine sensitivity from that particular

viewpoint. Recalling that the "last" summation in expression (6) is

[y
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across the various =cdes of che transporracion systex=, it s possibie

to coedute the relative contribution of ezih =ode o the torr! trams-

portztlon systerx. The appropriate caiculatiom o do this would be

where Y_ represents the percentage coatribu

-

traaspsrtation system.




I¥. BENEFIT-COST DECTISION RULE

thus fax, only the relative benefits of the basic tramsporizticon

systen have beer refiected. In order £o choose azong alrermative trams-

pcotaticn proposals, 1t is pecessary to briag cost ccasideratioms ieto
the analysis. This sectioc explaias an appropriate benefit-cost deci-
sicn rulz which can be used in cotnecticn with the generalized effec-
tivenexs uodel vhich has been dewvaloped.

The suggesied procedure {s to utilize the benefit cost ratic which
is dut coe of a set af "discxmted-present-value”™ technigues which have
beau popularized ia the academic literatura as appropriate for rarking
and selecting investment preojects. The common theme of these techniques
is to penalize all future benefits and costs for each project into to-
day's value scheme--and chooss accordingly. 23s oppcsed to the internal
rate of return ané net present value methods vhich are cooronly sugges-
red for decisiommaking withia the businecs enterprise, the berefit-cost
ratio has become more popular ir decision problems invcolviag the pub-
1ic lectar.* A major reasoa for this {s that use of the benefit-cost
ratio does act recuire that benefitszs and costs de measured in the same
units. and this is a typicai characteristic of problems within tke
public sector--the transportaticn probleam being nc excepticn.

Recail thar tctal effscZiveness of the basic trzusporisatica sys-
tem expectel tc be operationai over the T-period hocizon is iencted by P.

If the -otal cost of that system in present dollar: is C, the berefit-

*
For aa excelient coxpsrisun of tnese three eveluation cethods,

see G. D. (uirin, The Tazital Expenditure De:ision {(Richard D. Irwin,
1967).
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valuated. Each particular change 1 £ § <7
¢2uld be an izprovexent fo 3 single mode, or it might bde a scheduling
or other nerworx immovation which zmight have ixmpest acr.ss several modes.

. in any 2vent, the suggestad pro_czure 1s t> creat eaci possitle change

} individually and compute its totzl system bemefit F, and systex cost €.
4 5
The increzental bemefit and c¢ost for zhat chinge would be givesn by
.
2F. = F. - F and 3C_ = C_ - C, respecrively. The approoriate benefic-
3 3 3 3
ccst ratio thus becormes ;‘.Fj.’.‘.ci and the suggested Jdrcisicn ruele i3 to
-

- ‘~ - - - - > -~ A >
choose that systex change vhich maxiwizes this ratio. More expiicitly,
the decision rule

' 2F ]

L]

Maximize EEJ (14)
i 3
is suggested as the relevant :riterion. Finally, the entire analysis

is deliberately built arcund trarsportation between only two nodes,

As such, the cecisicn rule may lead to solutions which are sub-optimal

SR Y
it de e L

relative to che ent:re network. Nonetheiess, exoression (14) do:s

serve to tie the generalized effectiveness model to the pcint of deci-

sion. Scme of the qualifications which hkave been mentionmed will be

RO VPPN

considered further in the final section of the paper.
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In order to adi further undersiandirng tc the generaiized efiestirve-
pess modei, the sensitivity analysis cf the wmodel, and thes associated
benefit-cost decision ruie, a sicplified exacple is presented in this
sectivn. As defore, attentien focuses on the easiest case of one-vay
travel zlng a singie link--for exwmpis, betwen Phiiadelphia and New
York <ity. Thz planming hcorizom cousists o€ T = 5 pericds (1971-1975).

The basic trapmsportation system that is expected to be operational
during that period consists of M = 7 travel avdes. In particular, the

systea counsists cf the following M, = 4 intra-city feeder modes: Autc-

1
acbile (XI), bus (xz), subvay (X3), and taxicad (xb). The M_ = 5 inter-

2

city m2jor modes are airplane (XS), freevay (Xﬁ), and railroad (x7).
Any one-way trip can be described by the vector X of binary-usage vari-
abies. For exulple,‘i = {1, 0, 1, G, 0, 0, 1] could represent a modal
combinatiop such as autcwobiie-ratilroad-subway. The case of an indi-
vidual traveler maxing the entire trip by pe;sonal automobile would be
described verbally as automobile-freeway-auturobi.e or by the usage
vector X = {1, 9, 0, 0, 0, 1, 0].

Suppose further that a demand analysis is made for the five-year
period and for the postulated system of seven total modes. Results in-

dicate a total primary demand of 35,000 one-way trips according to the

schedule

>
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u1(1971) = 5000 «rips
32(1972) = 6000 trips
H3(1973) = 7000 trips
H6(1975) =~ 8000 trips

¥, (19755 =_9000 erips

W= 35,000 trips

Furthermore, by specifying a usage vector for each trip (in some
aggregate sense) and by summatior using equation (3), the following

mcdal-time matrix is obtained as a measure of derived demand:

(1971) (1972) (1%73) (1974)  (1975)

7000 8000 9000 13000  12000] (Automobile)
2000 2060 2500 3000 3002 (Bus)

2000 3000 3000 4000 3000 (Subway)
2000 3000 3500 40C0 3000| (Taxicab)

1500 2000 2000 2500 3000{ (Airplane)
2500 3000 3500 4000 4500 | (Freeway)
1000 1000 1500 1500 1500] (Railroad)

Although these are only illustrative numbers, certain features
of the matrix are worth noting. First, derived demand increase over
time for nll modes--the single exception being 1975 where the overall
demand for feeder modes decreases. Secondly, since a single major
mode is used for each one-way trip, a total of the values below the
dashed line for each column in the wmatrix simply gives the demand for
trips in that particular year Ht. In addition, the demand for automo-
biles is always at least twice as great as for the freeway, since the

assumption is that only personai autos are driven on the freeway, but
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autos can also be used as a means of intra-city Cransportation te the
railrcad, airplane, or another feecder mode. Finally, for the entire
planning horizon, an average of 2.62 feeder mocdes per trip are used.

The next step is tc gpecify the different attributes which are to
be measured. For this simplified example, the following I = 4 attri-
butes will be considered: travel time, travel cost, return on invest-
ment, and air poliution. That is, users of the transportation system
are only interested in zravel time and travel cost, operator firms con-
sider only their return on investment, and the public is primarily con-
cerned with air pollution.

In order to agsess the utility or effectiveness orf this particular
transportation system, it is firact necessarv to specify the unit-trip
measures Bim as defined earlier. Hypothetically, these values might be

as follows:

Travel)(Travel) Return) Air )
Time Cost [lon Inv{ {Follution
8 6 10 3 7] (Automobile)
4 9 7 3 (Bus)
6 10 5 10 (Subway)
B={ J=| 10 & 7 ___._ 3 (Taxicab)
10 3 7 10 (Airplane)
7 10 10 5 (Freeway)
i 5 5 4 10 J (Railroad)

Assegsments are made on a relative basis within each attribute cate-
gorv with a maximum of 10 points for the "best'' feeder mode and also
the "best' major mode.

Despite the arbitrary nature of these rankings it is possible to

indicate obvious preferences. For example, along the travel time




attribute, taxicab rarks highest wirhin the city (node). Perscnal au-
tomobile is rated lower because of parking problems. Subway certainly
moves "faster™ in ar absolute sense but is penalized because the trav-
eler rust somehow get to anad from his home or cther <onnecting modes.
For the major mode category, airplane is clearly quicker as indicated.
Again, these value assignments zre independent of demand (at this point)
and representrthe relative contribution of each mode within the given
mix of modes.

The other important inputs are the two sets of weighting parameters.

The relative weighting among attributes Ri can be described by the vector.

[.25] (Time)
_ .25 (Cost)
R=I[R]= , )
i .25 {Return on investment) S
.25-J (Air pcllution) «.”. ﬁ
which simply means -hat the four attributes of this example are weighted L

equally. The weightirg across time will be made with th- special case

of Jdiscount rates. The discounting schedule can be rep:esented by

C.10] (Tize) - -
- .10} (Cost) i‘ .u}
k= [Kij 1 .10 (Return on investment) S
.05] (Air pollution) K
L. L

which effectively assigns a higher rate to the private sector than to
the public sector. The correspondence between X and the generalized

weightings S is given by expression (5). ;» ‘1




-18-

These inputs can ncw he used to compute the total effectiveness
of the basic system. As previously menticned, the firs: step in the
aggregation is to compute the three-dimensional array V =[V:im} of de-
mand-weighted benefit values. For example, if the first cclumn cf D
is systematically multiplied times successive columms of B. one obtaits
the aggregate 1971 utilities for each mode and attribute combination.
In other words, this takes intc account rthe expected demand pattern for
the first year of the planning korizon. The end result is a series of
five matrices--each representing one year of the horizoa. For 1971.
the matrix would oe as follows:

1 ‘ Return ( Alr
{Time’ .Cost) on Inv.) Pollutiony

S6000 42000 70000 21000 ] (Automobile)
8000 18000 14000 6690 | (Bus)
_ 12000 20060 10000 20000 | (Subway)
Vievorr = Vig71 1,0 = | 20000 8000 14000 6000 | (Taxicap)
155&6 ) 2569- ) 10;06 o 15606 ) (Alrplane)
! 17500 25000 35000 12500 | (Freeway)
5000 5000 4000 10000 | (Railroad
b .

This procesc of weighting by demand results in an entirvely different
picture. Alichough taxicab was ranked higher than personal automobilie
on the basis of travel time, the higher demand for using uvme's own au-
tomobi le reveraes the ranking in the vitm valueg. Other sim!lar changes
in the 1971 V matrix are alao noted.

The series of five V matrices (one for each year of the horizonm),
together with R and K (or 3), become the input valucs neaded for the
effectiveness model., Using expression (6), the total effectiveness of

the proposed transportation system 18 found to be 663,675. This is a
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"dimensicnless" quantity which reflects all considerations felt tec be
importart--at laast fnr this aimpiified example. The total cost of
this basic transportation system is estimated t> be ¢ = $10 hillion,
bus as mentioned before, this particuiar value is not essential to the
problem 5f choosing among prospective changes.

Conslder now alternative changes in the tramsportation mix. As-
sume for vontinued simplicity that only J = 2 distinct alternatives are

to be evaluated in addition to the base system already descrived, The

first is simply an improvemen: of an existing major mode, while the
second is the addition of a new major mode to the three already operational.

The first proposed change Iin the mix of modes available is to imple-

ment gz technological improvement in railroad locomotives. The improved
trains will be availapble at the beginning of the third period. The ef- H:Gf'éf
fect of this improvement, which can be realized at an added present- -y 'ﬁ
value cost of $200 miilion over the planning horizon, is to reduce travel ?;
time setween the two cities. :H }Eg
Although the primery demand for trips remains the same at W = 35,000, 3 :??
estimates of derived demand are altered to reflect tne impvoved status : iﬁ'ﬁ;?
of reilroad wviz-a-viz other major modes. The derived demand matrix for 3
the first alternative chnu e becomes o H?
T
(1971) (19723  (1973)  (i974)  (1975) -
7000 8000 | 9000 12500 11500 | (Automobile .
2000 2000 1 2500 3000 3500 | (Bus) .
. 2000 3000 | 3500 4500 4000 | (Subway) e
B v boped = Joown 3000 1 4600 5000 4000 | (Taxicab
1500 2000 + 1700 2000 2300 | (Airpisne) .
2500 3000 : 3300 3800 4200 | (Freeway) ‘_f 4
1000 1000 ' 2000 2200 2500 | (Railroad) FEN
- - R
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where the superscript simply indicates the first proposed change in the
mix of modes. The first twe columms of 51 are similar to B, while the
last three coiumns reflect (1) the increasad demand for railroad, (2)
the reduced demand for airplane and freeway, and (3] the in:zreaced de-
mand for feeder mcdes (particularly suoway and taxicab) which is postu-~
lated. The 3, E, and K input data are left unchanged for this case.

Tdeally, the B,., value for travel cime using railroad would be adjusted

71

upward--but is held ccusrant for simplicity, and aiso because the im-

vrovement does not take effect until midway through the planning horizon.

The second proposed change is the addition of VTOL as a major mode
for irter-city traval., It can be developed and implemented by the be-
ginning of the fourth period at an added present-value cost of $1.5 bil-
lion over the planning horizon.

The avaflability of this sdditional mode, together with its added
flexibility for rapid a{r travel, i3 expected to {ncrcase primary de-
mand (W = 38,000 trips) as well as derived demand for ttransportation
services. The derived demand over time is given by

(1971)  (1972) (1973), (1976) (1975)

7000 8000 9000 ' 14000 14000 | (Automobile)
2000 2000 2500 , 3500 4000 | (Bus)

2000 2000 2500 ' 3500 4000 | (Subway)

]
[]
[]
D2 = [p* ] = '
mt 2000 3000 3500 5500 5500 | (Taxicab
1500 2000~ 2000 ' 3000 3000 | (Afrplane)
2500 3000 3500 + 4000 4500 | (Precway)
1000 100 1500,: 1500 160U | (Raitroad)
L]

0 0 0 500 25001 (rreL)

- ~J

Note that, although this mstiix now includes an elghth row, vaiues of

the first three colwnns are identical to those of 1. During 1974, a

FERRRRA
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small demand fcr this "revoluticnary" demand results, but also an ad-
ded demard for airplane--perhaps because service cm the larter is im-
proved in the advent. of a close competitor. During 1975, however, trav-
elers begin to utilize the VIOL mode at the expense of the other modes.
Again, the feeder mode demand has been adjusted accordingly.

The matrix of per-iiip utilicy values is also augmented with an

eighth row as follows:

(Travel (Travel (Returm (alr
Time) Coat)} on lnv.) Pollution)
K 6 10 3]  (Automobile)
4 9 7 3 (Bus)
6 10 5 10]  (Subway)
B - [B:‘i] = |10 4 ? 3 (Taxicab)
;0- ) a 7 10 (Airplene)
10 10 5 {Freeway)
5 4 10 (Railroad)
9 4 6 lgﬂ (VTOL)

The other inputs, K and i, are again held constant for this proposed
change.

A benefit-cost comparison of these two alternatives can now be
made along the lines suggested earliar. For each of the prcoposed changes,
the total system effectivencss is calculated, and the incremental bene-
tit and increms#ntal cost--both measured relative to the bagi: transpor-
tetion system--ave used to calculate the incremental venefit-cost ratio.
Resuits of such calculations for the two alternatives are presented in
Table 1. 1t is immediately noted tha: the incrementa! benefit-cost
ratio for an improved raflroed mode is higher than that {or the alterna-

tive of intrnducing a new VTOL mode. Aopealing to tne decision trule of

-



Table 1

BENEFIT-C0ST ANALYSIS OF
ALTERNATIVE TRANSPORTATION SYSTEMS 1871-75

Izproved Nev VTOL

Basic Raiircad Mode Mode

System (j=1) £§=2)
System berefit 663,675 680,120 727,709
Incremental Benefic -- 16,445 65,034
Systexz Cos: ($300) 10,000 12,209 1,500
Incremental Cost ($0CI) -- 200 1,539
Benefir-Cust Ratio AFj/le -~ 82.23 52,63

expressior (14), one concludes t*at the optimal strategy is to improve
tre existing railroad major mode by making ir faster, rather than the
more ambiticus prcject of developing and implementing VIOL as another
Dajor mode.

Clearly, the inputs dictatad by this sinplified example are arbi-
trary, incomplete, and perhaps even inconsistent. Nonmetheiess, togerher
with th2 generalized effectiveness model Jdascribed in the preceding sec-
tica, they serve as an illustrative example of how one might evaluate
alternative transportation systems in a mix-of-modes context--at least
along a single link between two nodes over a finite time horizon. To
further illustrate thke use of the suggested sensitivity analysis, and
also to emphasize the importance of the mix-of-wodes context, iz was
coavenient to continve the example. A total of seven distinct changes
were investigated on the basis of how they affected che total system

* - - -
effectiveness. The seven changes were incorporated via the D, B, Kk,

*

In order to focus on the sensitivity of the total effectiveness
model as given by expression (6), costs were not considered for the re-
mainder of the illustrative example.
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azé X frjars. 2 oxplaretice of cack of the seven changes folicws:

{3: Ctange of attridute weighiivgs to

L
-

{Vraxe}l Tize)

.~C. {Izavel Cos%)

2 - } .
\ieturn oa Itvesti-ent)
. 1e tais Pollur:oa)
. shich plaves heavier exgdasis oz usevs thanr om operalors or socisfy.

[N

(3) Change of atztisule <eightiazs oo
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Y

W

@
[}
[
(&
(&)

r..... soerer s -.....1
(8]

<J .

[— 1

L]
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which places keavier exzjphasis oa 20 putlic attridute of
&:1r peilutien,
(c) Change of tie discounting sciedule to

; 0.0

¥ = 6.0
5.0}
{

0.4
vhich effectively byrasses Jdiscounting, and thus all years
are treated ggually.

¢) Chaage cof the wiscovnting schedile to
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wiiich neans that 21l attribure accoats are discryated asing the
3 Jetcent risi fres iaterest rarz--i.s., no dizgianczion iz made
Netween privatc azd public sectoce,

(e} Change >f Jemaand or TAJOT WOGRS Lo

D o= 23 IXC xD 3WT AT Iftec<av)
¢ Lo Lole X: R N L Aaiizoas)
- -

where the 5ig imcreas2 over tize is for {recwiy, Veanwhile, rail-
road decreases ovar tize. Tcizl demand fo: ona-way trips is
keld constant.

(f} Change of de=and for fcecer modes o

{sutooobile)
{Bus
3250 4590 5000 8000 700C 1 (Subway)

6000 6500 700 9703 3649,
2 E
7000

2000 3000 3500 4050 30600 | (Taxicab)
v
]

2000 200 2500 3300 3900

w1
]

- - - . .
- - - . -
- - - - . M

vhere the significant increase is €or taxicad at the expernse
of autoobilz. Total decand for feeder moces is held con-
stant, as is tha ratio cof feeder tc maior modes.

(g) Change of per-trip utility values. For the B wmatrix usad
earlier, ail values of 10 were increased to 15, while other
values were unchanged. The c¢ffect here {s to make "the best

even better."




At

ts >f these seven :adividual seusilivicy changes a-s presented
in Table 2. Total systez effect:ivencss for each is caiculatec--again
using expressisn (") Results of the individual changes were 2.l in
re2iacive directicr s as precdicted by axpressions (9) throeuph (i12a3) in
Sectivoe IITI. Several are worth zentioning. For exaszple, weighting
keavier tuvward user attributes increased the aggregate system benefit,
but decreased when the weighting was shifted toward ths 4ir pollution.
This resulted because there was oniy a singie public attribute as against
two user attributes. when time was ignored (i.e., no discounting), the
syster penefit increased substantially. Conversely, only slight in-
creases in total system ben=fit resulted when major mod2 demand anc
feeder mode demand were shifted (mot increased), respecntively. Finally,
a significant change was observed when the relative per-trip utility
values were increased. The percentage change in total system benefit,
for this {llustrative example and also fur the hypcthetical changes
which were made, ranged from -5.5 percaat for change (b) to +31.0 per-

cent for change {c).

Table 2

SENSITIVITY ANALYSIS FCR ILLUSTRATIVE EXAMPLE

Effective-
System or Change ness

Basic System 663,675
{a) Attribute weighting toward user 666,759
(b) Attribute weighting toward public 627,311
{£) No disccunting 869,625
(d) Equal discounting 743,195
(e) Mgjor mode demand 667,731
(f) Feeder mode demand 675,339
(g) Ucility values 814,227




]
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Also of inzerest, as part o0 a sensitivity analwsis for the exam-
e, is the relative contribution of different mcde to tofral system ef-
fectiveness. This calculation was made using expression /13). 2Results
are presented in Table 3 for the basic system, the tws alcernative (pro-
pased) transportation systems, and the seven changes which comprised
the sensitivity analysis. The total for each culurn in this table is,
5 course, 100 nercent.

An immediate observarion is that the percentage coatributions of
ditferent modes are relatively constant across the different transpor-
tation fimpruvements.and sensitivity changes which were nostuiated. Maior
shifts occurred mainly when demand patterns for major or feeder modes
were changed substantially. Conversely, for changes (a) through {(d)
which iavolved parameters fér weighting and discounting, the mix changed
very little. The value of this tvre of presentation will doubtless be
enhanced when more realistic demand and utility values are incorporated

into th2 effectiveness model.
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Vi. IMPLICATIONS

This paper has presented and illustrated a generalized effective-
ness model for evaluating alternative changes to a total transportation
system. Both a sensitivity anelysis and a benefit-cost decision rule
have been suggested as appropriate adjuncts to the effe-tiveness model.
The overall methodology is felt to have two importunt characteristics.
The first is that benefit-cost relationships are measured within the
context of the entire mix of transportation services. The second is
that the methodology serves as a useful vehicle for Jrawing together
or synthesizing lower-level consideraticns of demand, utility measure-

ment, and comparisons across both time and attributes.

Certain limitations of the methodology should be mentioned., The

first is simply a reminder that no sirnzle model is ever likely to pro-
vide a unique answer to a p:oblem as complex as transpcrtation plannirg.
Nevertheless, if one believes in the possibility of somelow aggregating
over the many aspects of the transportation problem, then the mix-of-
modes evaluation model may prove useful in providing at leust balilpark
answers. More realistic examples should prove to be useful in further
assessment of the mix-of-modes model.

A second limitation is that the model assumes a homogeneous user
for the transportation system. This was necessary in order to focus
on the important variables and paraneters of the model. Because of its
straightforward additive feature, the effectiveness model could be ex-
tended to consider several dist!inct classes of users--e.g., business-
men, shoppers, and vacationers. The cost of this added precsion is

simply that demand and benefits must be estimated separately for each
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class that is identified. Moreover, additional weighting across user
classes would be required.

A final limitation of the mix-of-modes mecdel is that it focuses
only on a single transportation link. It becomes of interest, there-
fore, to consider extending the model to include the relative effective-
ness and costs over an entire network of several nodes and links. One
possibility is to treat the network as a collection of individual links
such as in the basic model. The difficulty with this is that the im-
portant relaticnship between inter-city and intra-city travel is likely
to be blurred--particularly in the case of multi-link trips. It may
alsv be pessible to formulate the full network analysis into a program-
ming context. This would not only allow the interfaces between modes
and links to be made explicit, butr it would serve as a framework for
allocating a total systems budget across the various network links as
well as the several modes which comprise the transportation system.

These limitations, plus others which could be mentioned, would ap-
pear not so much to refute the usefulness of the suggested methodology
as to indicate the need for further extensions and earichment. That
is, the mix-of-modes evaluation model should be considered only the
first step in making explicit the myriad of considerations and relation-
ships that characterize the complex--and highly important--prcblem of

selecting future transportation systems.




