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TRANSPORTATION SYSTEMS EVA:.UATION 

1.0 INTRODUCTION 

For a number of years, the Operations Research/~'lanagement Sciences staff 
of Boeing Computer Services, Inc., a ~!holly o\Jned subsidiary of The Boeing 
Company, has been actively engaged in the development of analytical tools 
for analyzing transportation requirements and associated systems. The 
purpose of this paper is to present a framework for analyzing transportation 
systems which accounts for the interaction between demand and system per
formance. This frameIYork is applicable to systems ranging from intraurban 
Personal ized Rapid Transit System (PRT) networks to trunk airlines. It 
has evolved from and been used in studies of inter and intra urban air, 
ground, and water transportation systems to move both commodities and 
people. 

In order to illustrate the flexibility of this methodology, intra and inter 
problems will be discussed in what follows. In Section 2 the framework is 
presented; Section 3 consists of a lengthy example sho\'dng ho\-! the appr')ach 
was used to study a~ intraurtan commuter air SjSl6m. Finally, irl SectlQn 4 
a proposed study using the arproar:h to investigate P2rsonal ized Rapid 
Transit (PRT) is described. 

2.0 ANAL YTI CAL FRM1EWORK 

The steps· required to analyze a transportation system are shown in Figure 
1. The procedure begins with the calculation of travel demand. Then, 
based upon assumed performance, the demand is split between travel modes. 
Next, the sys tem iss imul ated and performance is cal cu I a ted. Thi s per
formance level is fed back and a ne~1 modal spl it is calculated. When 
assumed performance and calculated performance are equal, the cost and 
revenues of the system are calculated. Capital costs' and non-revenue 
benefits are also calculated. Finally, the syste~ is evaluated based 
upon accurate estimates of service level, capjtal costs, non-revenue 
benefits and operating costs and revenues. Each of the above functions 
will now be described in more detail. 
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2.1 TOTAL TRAVEL DEMAND ANALYSIS 

The first step of the analysis is to calculate total denjand for travel 
for the region under study. Past "and forecasted demographic and geographi 

characteristics of the study areas together with current travel patterns 
form the basis of the analysis. In particular, land use forecasts may 
enter the analysis at this stage. 

To begin the demand analysis for the intraurban" problem, the study region 
is broken into analysis zones by the analyst. Information describing each 

zon"e is fed to the program. Base year travel information from a travel 
survey (if available) is also given to the model. The model calculates 
total travel (by all modes) between all zone pairs. T".e analyst produces 
time of day and day of week distributions of demand. 

The intraurban demand model consists of t~o parts; Trip Generation and 
Trip Distribution. The former creates a forecast of total trips produced 
in and attracted to each analysis zone. The trip distribution portion 
spreads the trips (calculated in the trip generation phase) over all zone 
pairs. It is this trip table I'lhich is needed by the modal split model. 

Demand forecasts for the airlines are based upon the CAB traffic surveys 
and econometric forecasts of basic economic variables. For the domestic 
trunks, for example, the first step is to calculate total RPM for the de
sired year from the forecast of GNP and other economic variables. Next, 

the demand is assigned to city pairs. The assignment for a given city 

pair depends upon the share of the total RPH carried by that city pair 
in the past. Different gro'lith rates are forecast for different city pairs 
depending upon ~Ihether the market is new or mature. The result of thE: 
assignment is total origin and destination travel for each city pair. 

2.2 MODAL SPLIT MALYSIS 

The function of the modal spl it module is to apportion the total demand, 
previously calculated, to the various trav"l n:~des availcolr,. Required 
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2.2.1 

2.2.2 

inputs are user costs and times for each mode to be considered. and 

users attitudes tO~lards the competi ng modes. Output of the modul e 

is a market share forecast for each mode. This forecast is based 

upon assumed performance levels and hence is a preliminary estimate 

of market shares. After the system is simulated and true performance 

calculated, a neyl modal split must be performed. 

INTRAURBAN mDAL SPLIT 

A marginal utility approach forms the basis of the intraurban modal 

split model. The utility of a mode to a given user is calculated as 

a function of its time and cost and the income of the user. Attitudes 

toward travel modes can be incorporated into the model. The marginal 

utility of one mode over another is simply the difference between the 

two utilities. The percentage of travellers taking one mode instead of 

another is c.,lculated from this marginal utility. 

To calculate the market share for each mode. the marginal util ity analysis 

is applied to each zone Dair seoarately. Access and egress times and costs, 

~Iaiting ti:11es, ~,arking costs, line haul times and costs are all calculated 

for each zone:: pair. From these, the utilities of each mode and hence the 

market shares Ciln be determined. In addition to market share. the model 

calculates demand for transit by station pair. This is the information 

needed by the simulation model. This approach is used for intraurban 

systems as well as short haul air systems in which auto, bus. and train 

are sig~ificant com"etitors. For long haul air systems a different approach 

is taken. 

INTERURBAN MODAL SPLIT - PASSENGER PREFERENCE ANALYSIS 

For nearly ail interurban rnarkets the total demand for air service can be 

calculat,"d from thO' CAB surveys, as ylaS described in the demand analysis 

section. The nDdal split problem in this case involves assigning dellldnd 

to the competing airlines. Historically this "as done according to number 

of frequcncies off~rGd. With the advent of significant differences be-

I.':~:':i -.. '.!i~' 'r: \-::'," 
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technique involves carrying out surveys to obtain passenger reaction to 
the equipment and then calculating market share from these ratings, air
line image and frequency. To finish the den~nd calculation, the market 
share must be multiplied by the true 0 & D traffic pl'eviously computed, 
to obtain daily 0 & D traffic for each airline for each city pair. The 
fl na 1 step is to convert the 0 & D into segment flow. 

In order to calculate the type and effects of passengers equipment pre
ferences, we have carried out several surveys. These include in-flight 
as well as mock-Up surveys on several different airlines. Over 14,000 
people have responded to these surveys. 

The basic tool we have used to quantify peeples' subjective feelings is a 
survey form vlhich asks a respondent to rate certain aspects of his trip 
on a scale from 1 to 9. Descriptors are furnished for each aspect to 
define the scale. For example, when rating seat comfort, a rating of 
is defined to mean narrow, cramped and hard, 5 means moderate width and 
leg room and 9 means ample vlidth and leg room. The resulting ratings al'8 
amenable to statistical analysis. This L,,"colnique has been used in situ
ations other than travel surveys. For e;:aic.p18 Ule Ai r Force uses it fer 
personnel evaluation, as does BCS, and it has been used in the white 
goods industry. 

Our surveys ha ve covered a wi de range of equ i pment, both wi de and na rrow 
aircraft in many configurations. The mock-up surveys tested reaction to 
characteristics such as seat comfort, spaciousness, and cabin appeal as 
well as many other aspects of an aircraft. The in-flight surveys tested 
these reactions as well as the reaction to flight experience variables 
such as smoothness and service. 

The mock-up and in-flight surveys produced similar results. The relative 
importance of the characteristics common to both sets of surveys were the 
same. In particular, it vias found that seating comfort. spaciousness, 
and cabin appeal ratings were sufficient to predict overill flight ratings 
in the mock-up survey. To these, service '.f.,j flight s!"'')oth~ess ne~d to b8 

added to predict overall ratings for the in-flight survey. 
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In order to rate equipment for ~Jhich no survey has been conducted, 
relationships betl·:een physical characteristics and passengers attitudes 
have been produced from survey data. For example for a given pitch, seat 
comfort ratings corresponding to various seat widths used in the surveys 
are used to produce a curve of rating as a function of width. Such curves 
can be produced for several pitches; When a new airplane is being con
sidered, its seat comfort rating can be obtained from its seat width and 
pitch by using the curves. 

One of the questions asked on the in-flight surveys requested the time 
interval within which a passenger was willing to re-schedule his flight 
in order to fly on the particular aircraft he chose. From the responses 
to this question we produced curves showing the percent of people willing 
to re-schedule their flights as a function of the deviation from the 
desired departore time. Different curves apply to different aircraft. 
These curves allcw or.e to predict flight loads for different equipment 
given the schedule and the passengers arrival rate curve. 

One rna h, pu rpv,,, of the surveys was to produce data a 11 ow; ng more accura te 
market share calculations. A computer program was written including time 
of day d~nand, variations, equipment preferences, and airline image in the 
market share calculations. This program gives roughly the same answer as 
the simple fOrr1~la shown in Figure 2. In the formula PA is the preference 
for flight A, including the equipment rating and airline image. 

The formula and simulation model were both applied to a market (JFK-LAX) 
for which on bo~rd load data was available. Both the simulation and the 
formula gave ar'\'lers \'Ihich differed from the observed loads insignificantly. 

Using either the ~ormula or the computer simulation one calculates the 
market share for each airline in each market. These percentages are 
multiplied by ths total 0 & D air travel, previously calculated, for each 
city pair. The resulting 0 & D demand can then be converted into segment 
flow (on board loads) using our segment flow model. 
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.3 SYSW1 SIMULATION 

So far we have shown hO~1 demand can be cal cul ated and spl i t between 
competing transport modes for a variety of transportation systems 
including intraurban transit and airlines. The process described 
produces an interim estimate of modal split based upon assumed system 
performance. The system must be simulated to get actual performance. 
This information is then given back to the modal split module. The 
process ends when assumed and actual performance coincide. 

The market share forecast produced by the modal split module. in addition 
to the specifications of the system are the inputs required by the simu
lation module. For a nevi system, the simulation must be done by actually 
having the computer assign passengers to vehicles. move the vehicles to 
their destination, etc. For existing systems, an analytical approach may 
be satisfactory. The result of the simulation is a set of operaticnal 
data shoviing how the system performed. This includes vehicle require
ments, loads, and utilization. Another result is the cost and revenue 
information re~uired to ("lculate op~rat;ng profit. The average time 
a passenger was forced to deviate from his desired departure time is 
also calculated. This "average passenger vlaiting time" must be compared 
with that assUi;ied in the modal split calculation. 

Once the simulation has been run, complete information regarding system 
operation is available. This information includes: average vehicle 
utilization, number of vehicles used and vehicle loads,among other oper
ational statistics. For a transit system, labor requirements are calcu
lated from the operational data and then labor and non-labor costs are 
calculated. Finally, G & A costs are added to get full system operating 
costs. 

For an airline, the routing and scheduling done by the simulation model 
allows accurate cost calculations. Cash DOC (excluding hUll insurance 
and depreciati(m) is calculated from the ATA or some similar formula for 
each flight. Depreciation and insurance al'c calculated for each aircraft. 

Furt~lcr, having all dr=tails 
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of the system operation (e.g. number of peak hour movements at each 
airport) allows one to base the IOC calculation upon system elements 
which actually cause IOC. 

2.4 CAPITAL INVESH1ENT 

The capital investment module determines the cash required for debt 
service for each year the system operates. The vehicle requirements 
have been determined by the operating simulation. Other capital 
expenses, (e.g., guideway construction, computers, statior. construction) 
are required inputs to the model. 

For a municipally owned transit system, this module ba.lances capital 
requirements against available funds. During the construction phase, 
any capital expense not covered by specified grants is assumed to 
require municipal bonds. The capital investment module "issues" such 
bonds when needed. For the operating period, the module calculates 
yearl y ope rat i ng surpluses necessary to cover debt servi ce. The modui e 
also calculates the present value of t1is str~~m. 

For an airline we have av~il~01~ _ f~~ancial analysis proJram which 
treats taxes, fleet additions and retirements, invest~ant tax crecit 
and all other financial aspects of airline operation. 

2.5 SYSTEt1 WORTH EVALUATION 

The results of the previous four modules together "lith the results of 
the non-fare benefit analysis come together in the system worth evaluation. 
This process is not computerized. It requires an analyst and must be spe
cially tailored to each application. Usually several different transportatioG 
systems are compared with respect to some criterion, e.g., maximum profit, 
within certain constraints, e.g., adequate service level and sufficient 
transit ridership. The aim is to find a balanced transportation system 
for the study region. Usually many systems need to be processed through 
the model before an adequate syst"m worth evaluation can be made. 
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The economi cs of a transi t system don I t tell the full story. In some 
cases community val ues l'Ii11 be better served by a system l'iith poorer 
economics b~t better non-fare benefits. In some cases the non-fare 
benefits ars: directly n:(~$urabl2 economically, e.g., taxable real estate 
retained rather than lost to parking. In some cases the economic benefits 
are harder to measure. Where possible, these benefits are evaluated eco
nomically by the non-fare benefits module. 

Figure 3 shows how the results of the capital investment and simulation 
modules int'2t'cct. The capital investment module gives the operating sur
plus required, ~hereas the simulation module shows the operating surplus 
achieved. If an in5uffici~nt operating surplus is achieved, some aspect 
of the system must be modified, e.g., fare level, number of vehicles, 
size of vehicles, station locations. This modification will effect modal 
split, so that an entire new analysis is required. 

Figure 4 s~~:"s t~? s~r:~:~ur2 of th~ entire ~:d~l. Any transportation 
study must t~ver all th~ elem9nts shown in this chart. The major 
advantage cf TSE!' (Tran"portation System Evaluation nodel) is that all 
the elements ar~ linked together so that interactions between the elements 
is considerd, The fine level of detail treated by TSEl1 allOl-iS accurate 
systems evaluation, which in turn ma~es possible intelligent transportation 
planning. 

A study vjhic~ ~;8',;:n cu~::mf:-=d for ilASA sho,!s clearly hoI" the methodology 
described pl'~vicusly c.n be applied. The ourpose of tho study was to test 
the feasibilLy r.f usir:'l '.'/STQL~ircriJft in commuter service. Al.l aspects 
of the 5Y:,:::'.:·,,·'" Vi ~_:, s':·.:diec!. In addition to thr;, b·r;e case results, 
many s.ensi::'I-ity s~,;~~i~:s ~··(~re to bC? conductQJ. ImpGI'Ldr;t areas for future 

research wer~ to be id~ntified. 
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The study covered the nine county San 
periods, 1975 and 1985 were studied. 
2 VTOL concepts Nere i nves ti gated. 

Francisco Bay area. 
In each time period 

Two time 
2 STOL and 

The scope of the study was quHe broad covering all aspects of an ai r 
transportation system. Aircraft design, travel demand, modal split, 
aircraft operation, and economic evaluation vlere the major tasks of the 
study. 

These are also the basic blocks in the methodology presented earlier. 
Vehicle design wasn't mentioned in the methodology, but in order to 
choose a design the analytical procedure must be applied to each candidate. 

In some respects the intraurban system resembles a domestic trunk airl ine. 
Characteristics of a typical intraurban system are 1 isted bel 0\'1: 

Daily Passengers Carried 
Total Daily Flights 
Average Passenger Trip Distance 
Ai rcraft Requi red 
Average Load Factor 
Number of Terminals 
Number of One Way Segments 

48,551 
2,292 

23.4 

73 

.45 

24 

65 

Both in passengers carried and daily flights the system rivals such an 
airline. Of course, the fleet size is much smaller than that of an air
line, showing the large number of daily flignts made by each aircraft. 
The largest difference bet,leen the intraurban and trunk airline is, of 
course, the average segment length. 

Figure 5 is a picture of one of the STOL aircraft designed for the study. 
Its mQst interesting feature is the large nurr.ber of doors. The plane is 
configured like a European train without any aisle. Each compartment has 
a door on each side of the aircraft. This design came about as a result 
of simulations showing that sate tim~ 

The weight penalty caused by multiple 
reduced gate time they allowed. 

~,,'-)s a critical vari;;t-'12 in thr:? sy~t':::~1. 

doors ':Ias more than pa i d for in the 
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3.1 MODEL STRUCTURE 

Since little historical data exists for intraurban air systems, a 
detailed simulation of the system was required. A demand/modal 
split model was built to calculate station pair demands. A routing 
and scheduling model \~as produced to simulate the operation of the 
aircraft within the system. An economic module was created to take 
the routes. schedules. and flight loads and calculate revenues and costs. 
This is exactly the process described in the preceding general discussion. 

Figure 6 shows some of the data flow within the model. The traffic 
generator for this study was a set of input demands. The modal split 
will be described later. Note that the vlaiting time assumed in modal 
split (as part of the trip time) is compared with the waiting actually 
achieved by the scheduling module. If they don't match, a new modal 
spl it is performed and a nel-l schedul e produced. Once the two are equal 
the economic evaluation takes place. 

The zoning of the study region and total demand for travel by all W.cc:i2S 

for each zone pair in the Bay area had been forecast by the i'letr'opolitan 
Transportation Commission before our study began. These forecasts of 
total travel Were used in our study. They had al so conducted a home 
survey of transportation. From this survey we developed time of day 
demand curves. 

A plot of demand by time of day was made for each zone pair from data 
collected in the home surveys. However, since there were only abcut 
100,000 trips to distribute in more than 2 1/2 million time slots (using 
1/2 hour intervals for each zone pair). most zone pairs had very sparse 
curves. A pattern emerged. however. One curve ~Ias used f}'om all zone 
pairs to downtown S.F .• a second ~Ias used from dOl'mtol'In S.F. to all other 
zones, a third curve was used bet\'/een all other zone pairs. These 3 
curves adequately represented the survey data. 
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The demand (properly speaking modal split) model calculated demand for 
V/STOL between each port pair. The model works exactly like the intra
urban modal split model described earlier. Each zone pair is treated 
in order as follows: nearest V/STOL ports to the centroid of origin 
and destination zones are found, costs and times for auto and V/STOL 
trips are calculated and a diversion curve is entered with the cost 
and time differences to calculate the percentage of demand choosing 
V/STOL. This percentage is multiplied by t~e total zone pair demand 
and the result is added to the appropriate V/STOL station pair demand. 

The diversion curve used in this study was a plane, with cost difference 
and time difference as independent variables, percent diverted the de
pendent variable. Of course, negative diversion and diversions of over 
100% were excluded. 

The demand model calculated travel demand between all V/STOL port pairs. 
Figure 7 shows the length distribution of these trips for the base (ose 
(1975 augmentor wing STOl aircraft with 49 seats). Also shown is the 
demand fed to the simulation medel. This consisted of all port pairs 
with traffic of 250 passengers per day. The demand actually carried 
during the simulation is also plotted. The model only carries demand 
when it makes some sense to do so. The requirement was that all air
craft achieve at least two hours of utilization per day. 

Because the system ~Jas being simulated, all aspects of the operation 
were calculated. This allowed the IDe to be assigned to variables 
which caused IDe to be incurred such as number of gates. For each 
cost category (e.g .• aircraft servicing, ground facilities) coefficients 
were determined for each independent variable (terminals, departures, 
gates, etc.). The cost for each category Vias the sum of these coeffi
cients multiplied by the variables. Total IOC is the sum of all cost 
categori es. Cash DOC curves I'/ere produced for each des i gn to be 
eva 1 uated. 
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3.2 RESULTS AND SENSITIVITIES 

The results for the 1975 aircraft are showni n Fi gure 8. The small 
STOL aircraft make an operat i I\g profi t but the debt servi ce requi re
ments cause substantial losses. The helicopters lose less because of 
the reduced land requirement for ports. 

Figure 9 shows cash flows for the best aircraft. Profits from concessions 
10cated in VI S TOl ports ha ve been inc 1 uded in revenues. In 1920 bo th VTOL 

and STOl aircraft require subsidies, 19 million pe~ year for the helicopter 
and 25 million per year for the STOl. By 1990 the STOl subsidy is 16 mil
l ion and the VTOL makes a profi t,. 

A number of simulations were run using time of day demand curves with 
different peaking characteristics. The results show that both fleet 
size and profit' are quite sensitive to the peaking characteristics. A 
flat time of day demar.d curve led to a requirerrent for 51 aircraft and 
an operating profit $23,000 par day. The standard case required 76 dir

craft and produced an operating profit of 52,COO per day. If the peaking 
were three times as severe as in the standard case, 82 aircraft Vlould be 
needed and a $5.000 per day operating loss would be sustained. 

The demand and simulation models vlere run for several different fare 
levels. The demand grows rapidly as fares are reduced and the loss per 
passenger decreases. The total loss increases slightly as the fare is 
reduced. At 70% of the base fare the system carries 173,000 passengers 
,instead of 49,000 and the loss per passenger is 51.53 instead of $4.05. 

The 1975 aircraft were flolm in the 1990 market and the results compared 
with the 1985 aircraft in the market to measure the effect of technolo~y 
change. Both the 1975 and 1985 STOl aircraft experience the same demJnd; 
a slight reduction in loss per passenger is achieved by reduced DOC in 
the 1985 aircraft. The 1985 helicopter has a faster block speed than does 
the 1975 vehicle ~nd hence attracts more demand. This in addition to the 
lOI'ler D"'ur of +-h,,=, lC'i;"!:) \'n!~;cl" r"-,J\~p tl"~r' O.(C~:~i. ~+-,... n' -:,-,1,'::)" ;-1'\~"',.-·lcP r.f-ir'~ "" ..... - '" "" .- ~ I, • ~ "_ , ,_ ~. _, ,I -' - '. I •• ~ , I J '.. ,'" ~" ' .. " _ 1"'" • __ • 

The 1985 helicopter loses almost half of what the 1975 vehicle loses p~r 

passenger. 
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Simulation model runs were made using different gate times (turnaround 
times). The results were quite dramatic: going from 3 to 8 minutes 
of gate time increases the loss per passenger from 4 to 5 dollars. This 
effect is due to the lower peak period utilization of the aircraft which 
requi res 1 arger f1 eets to serve the same demand. The need for short gate 
times led to the multi-door design of the aircraft. 

One run through both demand and simulation models was made including the 
BART system as well as the automobile as a competitor to V/STOL. Because 
of its low fare EART is a tough competitor. The demand for STOL shrinks 
and the loss per passenger climbs from $4.05 to $6.93. 

Many sensitivity studies similar to those just described were carried out. 
Some of the results of the sensitivity studies were: 

Low gate biT,e is critical to the system 
Cruise speed is important up to 250 KN 
Commuter type peaking increases costs substantially 
Downtown Darts contribute most to the system 
System cannot compete over the same segment with BART 
Costs are lOllest at very short fi e 1 d 1 engths 
Lower fares (to a point) reduce the loss per passenger 

Both the base case results and the sensitivity studies required the use 
of the demand and simUlation models. This example shows the need for 
using the methodology described in Section 2, including all the inter
actions betVieen e~e:nents. Had the analysis for this study been done in 
aggregate form, ~he base case results would have been suspect and the 
sensitivity studies could not· have been performed. 

4.0 APPLICATION OF TSEf·' TO A ~'AJOR CITY 

A proposed study for a major U. S. city shows application of the method
ology described in Section 2. In this case TSEM (Transportation Systems 
Evaluation model), our integrated intraurban model, will be used. 
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The objectives of the study involve preliminary design. evaluation of 
a PRT system. and a comparison of PRT and non PRT solutions to the 
transportation problem. 
have already been made. 
(total demand) have been 
data. 

Several transportation studies of this city 
Zones have been created and 1985 trip tables 
produced. The study will be based upon this 

The first function of TSEr.! will be to aid in the prel iminary design. 
A base case will be designed and run and then many modifications (dif
ferent vehicle sizes. station locations. station capacities. headways. 
vehicle speeds) will be tried. The modal split and simulation modules 
will be cycled for each modification until convergence is obtained. 
All these runs will be made at a base fare level. 

Once the system has been adequately refined, several fare structures 
will be tried. The service levels. ridership and operating profits 
will be calculated. The "best" fare will be chosen and the resulting 
system evaluated, including the non-revenue benefits. 

Next. the service level, costs, and benefits of a freeway solution vJil1 
be calculated and compared to the PRT solution. 

The demand module will then predict demand for the future time periods. 
Modal-split and simulation modules will calculate system performance and 
costs in those years. The capital investment module will predict debt 
service requirements. Non fare benefits will be analyzed for each eval
uation year. Finally, cash flows over the life of the system will be 
determined and this will permit final system evaluation. 
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5.0 SUMMARY 
I 

We have presented a methodology for the analysis of transportatlon 
systems consisting of five major interacting elements. The analysis 
begins with the causes of travel demand: geographic, economic. and 
demographic characteristics as well as attitudes toward travel. Through 
the analysis, the interaction of these factors with the physical and 
economic characteristics of the transportation system is determined. 
The result is an evaluation of the system from the point of view of 
both passenger and operator. Service levels, economic and non-economic 
aspects Qf the system are ascertained. 

The methodology '.~as shO\m to be applicable to the intraurban transit 
systems as well as major airlines. Applications of the technique to 
analysis of a PRT system and a study of intraurban air travel were 
given. In the di scussion several unique models or techniques were 
mentioned: i.e., passenger preference modeling, an integrated intraurban 
tra.nsit mod,:l a~d a series of models to perform airline analysis. 
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