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Because riders diverted from surface transit comprise the bulk of 
patrons on new central-city rapid transit lines, effective estima
tion of sub-modal split is of major importance to rapid transit 
patronage forecasting. The estimation of sub-modal split for the 
National Capital Transportation Agency's initial subway system is 
described. Data from the Skokie Mass Transportation Demonstra
tion Projects were used fo construct a logistics curve sub-modal 
split relationship which compared satisfactorily with previous data. 
Weighted excess times were introduced to represent travel con
venience in curve derivation and in transit computer network cod
ing. Overall alternate travel times with excess time weighting of 
2. 5 appeared to be sufficient input to adequately predict sub-modal 
split. 

Analysis techniques used a combination of special computer 
programs and standard traffic assignment programs. The re
sultant diversion analysis was found very sensitive to the assumed 
rapid and surface transit routings and headways. Results indicated 
use of all-or-nothing assignment for diversion computation would 
not have provided the accuracy required for the NCTA study. 

•THE transportation planning process in its recent development has moved from con
cern with predicting the future of a single mode of travel to use of modal split tech
niques for evaluating the future interaction of public transit and the private automobile. 
Closer examination of the public transit mode is now leading to investigation of sub
modal split. We are now being asked if the trip-maker, having chosen the transit mode, 
will use bus, rail, or some other available alternate. 

This is not a question of mere academic interest. Experience with rapid transit fa
cilities opened in the past two decades both here and abroad indicates that the bulk of 
urban riders will be those diverted from surface transit. In Cleveland, Toronto and 
Boston, studies of patronage on new rail lines indicate a minimum of 80 percent of the 
riders are not new to public transit. Even the Chicago Skokie Swift demonstration, 
where the new rapid transit service was an extension entirely outside the central city, 
reports that 50 percent of the riders made their entire former trip by transit, and 74 
percent used transit for some portion of their former trip (1). 

These percentages are not presented to discredit the very real importance of trips 
attracted to improved transit service from the private auto, trips kept from ultimate 
loss to auto, or trips which would not have been made at all without the new service. 
The point to be made is that, particularly for central city rapid transit proposals, esti
mation of patronage should include detailed examination of the numbers of persons who 
will use the new facility in preference to surface transit. 

In Washington, D. C. , the initial rail rapid transit system authorized by Congress is 
to be almost entirely within the central city. The importance of sub-modal split in esti
mation of patronage on this system was recognized at the outset in the design of traffic 
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forecasts prepared for Washington's National Capital Transportation Agency (NC'rA). 
In the course of the project a sub-modal split relationship suitable for application to 
individual interchange volumes was derived, and methodology for its application to 
large numbers of origin-destination zone combinations was developed and applied. 

This paper reports on the sub-modal split relationship development and application, 
with the reporting being necessarily within the context of the studies conducted for 
NCTA. In these studies the sub-modal split computations were applied to a trip table 
of existing transit trips in the manner of a diversion analysis. The resultant trip 
table consisting solely of rapid transit trips was then subsequently modified to introduce 
the effects of estimated change in modal split (auto vs transit) and area growth and 
change. The relationships and methods discussed should, however, be equally perti
nent to any investigation where sub-modal split must be predicted for a given body of 
trips. 

DERIVATION OF THE SUB-MODAL SPLIT RELATIONSHIP 

Two important simplifying assumptions were immediately applicable in the deriva
tion of a sub-modal split model for the NCTA study. First, there were only two sub
modes sufficiently important to be considered: the future rail system and its comple
mentary bus network. Second, fares were to be assumed equal via either bus or rail 
for any given trip. 

In addition, it seemed not unreasonable to assume that passenger loadings and trans
port equipment conditions would in the aggregate not seriously affect sub-modal choice. 
The same general standards of passenger loading would presumably apply to both bus 
and rail. Although the rail equipment would initially be newer, this condition would 
cease to exist as operation continued. It was also felt that a satisfactory relationship 
could be found that would not require the socioeconomic characteristics of the trip
maker as an input. Certainly the principal effects of such characteristics are felt in 
the choice of the prime mode of travel. Once consigned to mass transit, there is no 
apparent reason why the captive rider should approach his sub-modal selection differ
ently than the rider by choice. 

In accord~ce with these assumptions and logic, a relationship was sought which would 
take into consideration the two remaining model split parameters of importance-relative 
travel time and relative convenience of travel. Several diversion curves previously 
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prepared were examined for applicability and to serve as a check against any new 
derivations. These curves are presented in Figure 1. All use time saving in minutes 
via rapid transit to compute the percent diversion from surface transit to rapid transit. 

The Philadelphia Transportation Commission curves are from early studies of 
Market Street Elevated patronage (2). They were reputedly used with satisfactory re
sults in estimating Broad Street Subway passenger volumes. The three curves apply 
respectively to trips requiring no extra transfer via rapid transit, one extra transfer, 
and two extra transfers. The first two were fitted to field data and the third was as
sumed on the basis of the trend shown by the first two. 

The Tennyson curve was based on surface-transit passenger counts of alighting pas
sengers and passengers riding through at points of sub-mode choice in Newark, Phila
delphia and Waukesha (3). In each case the alternative routes continued on to a common 
destination. The curve- is interesting in its use of the Detroit Metropolitan Area Study 
freeway diversion relationship to establish the shape of the curve. It is intended for 
use when one extra transfer is required via rapid transit. One extra transfer was 
similarly involved in the data collected for the NCTA Pilot Study curve shown (4). In 
this investigation interviews were conducted at a bus stop north of a mode change point 
on Philadelphia's Broad Street Subway. Each person was asked his destination and 
whether or not he intended to transfer to the subway. Travel times including walking, 
waiting and running time were computed in detail for the alternative routes. Thirty
five interviews of persons who had a true sub-modal choice were completed and the 
curve shown was drawn by connecting the resultant data points. 

The Penn-Jersey study linear diversion curves illustrated were the product of re
gression analyses of sub-modal split computed from origin-destinationdataandarrayed 
against sub-mode travel time differences derived from a coded transit network (5). 
The analysis was conducted using trips aggregated on a district-to-district basis-:- The 
regression was run separately for the Broad Street Subway as compared to other Phila
delphia rapid transit, for trips under and over four miles in length, and for city center 
and non-city center trips. Only the results for city center trips are shown. 

Although all of the existing diversion curves investigated were based primarily on 
travel time difference, a measure of the quality of service provided is implicit. The 
Philadelphia Transportation Commission curves were stratified by the number of extra 
transfers involved in the rapid transit trip as compared to surface transit. The Ten
nyson and NCTA Pilot Study curves were specifically intended for use when one extra 
transfer was involved. The variations between the various Penn-Jersey equations may 
well be reflections of differing quality of service offered the separate categories of 
trips considered. 

Research done in Toronto and Washington on choice of the prime mode of travel has 
indicated excess time to be a useful measure of travel service (6, 7). In the trip by 
transit, excess time is made up of the time spent walking, waitillg;- and transferring. 
In studies where excess time has been evaluated it has been shown to be a more heavily 
weighted factor in mode choice than transit running time when both are expressed in 
identical units. 

In recent work by Alan M. Voorhees and Associates the weighting of excess time has 
been applied directly in transit network computer coding . The network is coded not in 
true time but in equivalent time, with true walking, waiting and transfer link times 
multiplied by an appropriate equivalence factor. When a minimum path through the net
work is chosen it is the minimum equivalent or weighted time path. The overall travel 
time involved in the minimum path is expressed in equivalent time. 

An excess time equivalence factor of 3 has generally been used, based on a study of 
Washington modal split relationships developed from the 1955 origin-destination survey 
and more recent government employee surveys. Recent unpublished regression anal
ysis of origin-destination data from Calgary along with general experience with the ex
cess time factor indicates a somewhat lower multiplier of 2. 5 may be appropriate. 

In approaching the question of sub-modal split it would seem likely that the excess 
time measure of travel convenience would have the same or a similar effect as it does 
in the choice of the prime mode of travel. Accordingly this line of investigation was 
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Figure 2. Portion of Skokie, Illinois, showing analysis 
zones and competing transit sub-modes. 
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pursued in the work for NCTA. The 
weighting of excess time links in the 
future transit computer network was 
provided for and a sub-modal split 
model which would be responsive to 
equivalent tra:vel times was sought. 

Data recently made available from 
the Department of Housing and Urban 
Development CTA-Skokie and Intra
Skokie Mass Transit Demonstration 
Projects in Illinois made possible the 
derivation of a new curve. In the 
Skokie area the newly instituted 
"Skokie Swift" rapid transit extension 
parallels and competes with an es
tablished bus route also operated by 
the Chicago Transit Authority. At 
the same time the bus route provides 
feeder service to the rapid transit 
extension. The two facilities are 
shown in Figure 2, along with the 
system of Chicago Area Transporta
tion Study traffic zones to which pas
senger origins were coded. Transit 
fares on the two alternate sub-modes 
are the same except for local trips. 

CTA-Skokie Demonstration Proj
ect postcard surveys on the Skokie 
Swift rapid transit extension and the 
parallel Chicago Transit Authority 

No. 97 bus were used to provide origin data from 19 zones (1, 8). The 19 origin zones 
selected were those where other bus services were determined-to have a minimal ef
fect on the mass transit market. All trips were assumed to pass through Howard Ter
minal, terminus of the two competing routes, and this was used as a common destina
tion. Known percentages of local trips on the CTA No. 97 bus were removed using as 
a data source boarding and alighting counts from the Intra-Skokie Mass Transportation 
Demonstration Project (9). 

Equivalent travel times by alternate sub-modes were computed from each selected 
origin zone to Howard Terminal using excess time factors of 1, 2, 2. 5 and 3. Since 
trip-making data were for the full service day of the rail and bus facilities, weighted 
averages of peak and off-peak running times and waiting times were used. The com
putations were as follows (WF indicates the weighting factor): 

Time via Bus 

Total of: 

(Walk time to bus) x WF 
(Average bus waiting time) x WF 
(Bus running time to Howard Terminal) x 1 
(Howard Terminal walk time) x WF 

Time via Rail 

Total of: 

(Walk time to bus) x WF 
(Average bus waiting time) x WF 
(Bus running time to rail) x 1 
(Average rail waiting time) x WF 
(Rail running time to Howard 

Terminal) x 1 

or Total of: 

(Walk time to rail) x WF 
(Average rail waiting time) x WF 
(Rail running time to Howard 

Terminal) x 1 
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The smaller of the total equivalent times computed via rail was the one used. 
Walk time within terminals was included only for the bus-to-rail transfer at Howard 
Terminal, all other transfers being across-the-platform or nearly so. None of the 
trains or buses considered operated through to Chicago. 

Percent of travel by rail was plotted against equivalent time savings via rail (posi
tive or negative) for each of the excess time weighting factors tried. The values cal
culated using the 2. 5 equivalence factor were chosen for statistical analysis. 

Not only was the 2. 5 factor the most promising from the standpoint of previous 
modal split investigations, but the curve initially delineated using this factor (and as 
later purposefully formulated) passed exactly through the point of 50 percent diversion 
at zero equivalent time difference between sub-modes. The possibility that this effect 
was partially happenstance cannot be discounted unless further research using travel 
data from varied locations substantiates the positioning of the equivalent-time diver
sion curve. Assuming such substantiation, the prediction of 50-50 sub-modal split 
when alternative equivalent times are equal is most satisfying. It would imply that 
sub-modal choice is indeed less complex than the choice of prime mode, and that it 
can be adequately explained by travel time differences in conjunction with the use of 
weighted excess times as a measure of convenience. 

The final equivalent-time diversion curve was formulated by first applying regres
sion analysis and then hand-fitting a logistics curve to the data points. The resultant 
sub-modal split relationship can be expressed by 

100 
y = 

e-0.3X + l 

where X is the equivalent time saving via rail (equivalence factor of 2. 5) and y is the 
percent using rail. Weighting each data point by the number of observations, the R2 

of the curve is 0. 886. This R2 value is computed by comparing predicted and actual 
percent sub-modal split on an interchange basis. 

The data points and curve are shown in Figure 3. Note that no attempt was made 
to fit the points for analysis zones 12, 17, and 19. The data points for these zones, 
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Figure 4. Equivalent-time sub-modal split curve shown in comparison with previously derived curves. 

which produce 221, 105 and 68 trips respectively, are found in the left-hand portion 
of Figure 3. For these zones the path to the railhead is quite divergent via bus and 
via auto. Although auto was not explicitly considered in the analysis, some moderate 
percentage of the trips from the origins chosen to the rail line are park-ride or kiss
and-ride. It was felt that for these zones where the paths were divergent a bias was 
being introduced in favor of rail. 'l'his is seen in the placement of the data points. All 
points were considered, however, in computation of the 0. 886 R2 value. 

There are obvious dangers in dependence on a curve derived from a single data 
source. It was felt necessary therefore that the new curve compare satisfactorily with 
previous data on the subject. To make this comparison the Philadelphia Transportation 
Commission, Tennyson, and NCTA pilot study curves were plotted in the same context 
as the new equivalent-time diversion curve. (The Penn-Jersey curves were considered 
inapplicable to universal predictive use because of their identification with individual 
subway routes.) The plotting is shown in Figure 4. For comparability the placement 
of the curves had to be recomputed using equivalent times. In the cas e of the NCTA 
Pilot Study curve, full information was available to do this reconiputation. For the 
other curves excess times were approximated. The new curve appears reasonable 
when compared with the previous data, lying as it does mostly within the space cir
cumscribed by the older curves. 

APPLICATION OF THE SUB-MODAL SPLIT RELATIONSHIP 

A perhaps obvious but very important first step in applying a mass transit sub
modal split relationship to a future system as was done for NCTA is to develop in de
tail the total system that is to be tested. Trip choice between surface and rapid transit 
is, within the central city, heavily dependent on the character of feeder service avail
able to serve the rapid transit, and on the character of the bus lines remaining in com
petition with rapid transit. Furthermore, the situation is not like that encountered in 
a central city freeway diversion analysis, where the competitive system (the surface 
streets and arterials) will not be changed significantly by the introduction of the free
way. A bus system can be expected to radically change in character upon introduction 
of rapid transit. The surface transit emphasis will change from that of trunk line op
eration to that of feeder and local operation. 
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The results of the NCTA forecasts showed the sub-modal split to be very sensitive 
to the assumed bus system. Both bus routings and bus headways were important. Re
sults of this sensitivity are illustrated later by means of a contour map of percent 
diversion. 

The future feeder and local bus system designed for the purpose of allowing diver
sion computations as part of the NCTA analysis was developed with the cooperation 
and assistance of the local bus operators. It was desired that it represent the most 
logical coordination of bus and rail service which could be devised pending availability 
of traffic forecasts. Routing, running times and headways were prepared for each 
proposed line. Although the system was for study purposes only it was reviewed with 
the bus companies, the local regulatory body, and NCTA to insure that it was in fact a 
viable and practicable proposal. 

Once the system lo be tested was designed, the sub-modal split computation pro
ceeded utilizing both special computer programming and standard Bureau of Public 
Roads traffic assignment programs (10). The NCTA study involved 580 traffic zones 
and a 29-station rapid transit system-:- The basic computational problem at hand was 
to compute for each combination of zones the minimum equivalent time via surface 
transit and the minimum equivalent time via rail rapid transit, and to use these times 
to compute the interzonai sub-modal split percentages and volumes. The computational 
design was influenced by the desire to produce station-to-station tables of rail trip 
volumes later in the study process. 

The future bus and rail system was computer coded using the link-node system of 
representation including links for walking, waiting and transfer time. There were two 
departures from standard coding procedure. As previously discussed, the link times 
representing excess time were multiplied by an equivalence factor of 2. 5. In addition, 
the nodes depicting the 29 rapid transit stations were numbered in sequence following 
the 580 zone centroids and included on the parameter card as centroids. This allowed 
minimum paths to be traced and times to be computed not only between all zones but 
also between all zones and rapid transit stations. The need for this will be seen shortly. 

The computation of minimum time via rapid transit posed special minimum path 
building problems. For many zone combinations the rail route involved use of feeder 
bus, so use of the network links representing bus routes could not be disallowed. This 
meant that under normal path-building techniques it would be possible for an all-bus 
path to be chosen, and this would indeed happen whenever such a path was any amount 
faster than the minimum path via rail. But it was this latter path which was always re
quired for comparison, 

Freeway diversion analysis techniques have in the past used reduced-time freeway 
network links to attract minimum paths to the freeway even when they would otherwise 
have lain elsewhere (10, p. ill-60). A similar approach could be followed with rapid 
transit links. However, there were two disadvantages to this approach from the point 
of view of the NCTA study. First of all, not all paths can be forced through a set of 
links by the expedient of using reduced times. Some "paths via rail" would actually 
not use rail links and the corresponding minimum times would be erroneous. The re
sultant spurious trip diversions could be weeded out only by means of a traffic assign
ment, as is done as an integral part of the freeway diversion procedure. Secondly, 
such a procedure would not provide basic data required to build simply and cheaply a 
rail station-to-station table of trip volumes, which the alternate procedure devised was 
able to do. 

The technique adopted was to write a special program which utilized minimum paths 
computed between zones and stations, along with rail system station-to-station times, 
to choose a minimum combination. The program computed the total equivalent time 
for all reasonable combinations of origin-to-station, station-to-station, and station-to
destination minimum times for each zone pair, chose the minimum total, and recorded 
the two stations involved. The record of the minimum combination stations for each 
zone pair allowed rail trip volumes from zone-to-zone trip tables to be, at any subse
quent stage of analysis, accumulated by means of a simple program into zone-to-station 
or station-to-station trip tables. These could be assigned to produce link volumes or 
formatted for direct presentation. 
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The computation process is summarized in the flow chart in Figure 5. Steps 1, 2 
and 3 use Bureau of Public Roads programs PR-6, PR-1, and PR-130 respectively. 
Steps 4 and 7 require special programs, as does the volume accumulation into special 
trip tables mentioned in item 5. 

Note that as shown in step 2A the zone-to-zone, zone-to-station, and station-to-zone 
trees are built with minimum paths through centroids not allowed. This keeps these 
paths off the rail links of the network as is desired. It also means, however, that steps 
1A-3A cannot be used to compute station-to-station rail times. This must be done in 
steps 1B-3B using a separate computer network which need consist only of the rail 
system links. 

The use of a diversion curve, as contrasted to any all-or-nothing assignment tech
nique, produced a very fine-grained sub-modal split analysis. The detail of the re
sultant analysis is shown in Figure 6 by means of a contour map. The map shows the 
Washington, D. C., rail system tested for NCTA and contours indicating the percent 
of transit trips from any geographic area using rail for at least part of the trip to the 
one specific destination zone indicated on the map by the letter A. Contours are drawn 
at intervals of 10, 25, 50, 75 and 90 percent rail sub-modal split. Note that for a 
complete picture of the sub-modal split using this method of graphic presentation, one 
map would have to be drawn for each destination zone of interest. 

The destination zone used in Figure 6 is sufficiently removed from the rail system 
that rail trips to it must use a feeder bus for delivery. Hence the use of rail to get to 
this particular zone is lower overall than to zones served directly by stations. 

The sensitive interaction of the bus and rail system can be seen by reference to 
specific points on the map. As an example, note the low rail usage from area B to A 
despite the presence of a nearby station. The cause is a frequent direct bus service 
coded into the network between the two areas. By contrast rail usage from closer-in 
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Figure 6. Percent diversion contours, transit trips to and from zone 2 (from Washington, D .C., patronage 
forecasts for NCTA authorized system). 

area C to A is much higher. The reason is closer headways on the rail line involved 
combined with relatively indirect bus service. 

An anomaly purely caused by bus routing can be seen at the areas identified byletters 
D and E. The rail usage from Dis high because of good direct bus service east to a 
rapid transit line. At E, bus service to the same rapid transit line is poorer, and 



percent rail usage is predicted to be lower. Equivalent through bus service headed 
toward zone A passes through both areas D and E. 
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A final point to be made can be illustrated by reference to area F and the 50 percent 
contour line in Figure 6. In an all-or-nothing transit assignment us ing the same equiv
alent times as was done in this analysis , all areas beyond the 50 percent line would be 
assigned to rail. In essence, ther e would be 100 percent diversion·. All trips from F 
to A would by all-or-nothing assignment go by rail. The curve-derived diversion is 
just over 70 percent. 

In highway analysis the approximations caused by all-or-nothing assignment are as
sumed to adequately cancel out, thanks to the diversity of auto trips. Transit trips 
are not as diverse. In the NCTA estimates, for instance , over half of all present-day 
transit trips and over three-quarters of all projected 1980 rail trips are destined for 
the downtown area. A serious error of approximation in estimating sub-modal split 
to downtown will not be canceled out. 

Contour plots, including the one illustrated, to different parts of downtown indicate 
area F in Figure 6 would be assigned 100 percent by rail to all of downtown us ing all
or-nothing techniques. Yet the diversion curve rail percentages for such trips ranged 
as low as 58 percent for the specific destination zones plotted. The station serving 
area F would have its patronage overestimated by all-or-nothing assignment by perhaps 
15 to 25 percent. This situation is probably not unique. In any case, individual station
to-station volumes derived by all-or-nothing techniques would clearly be meaningless 
for close-in stations. 

CONCLUSIONS 

Use of diversion curve techniques as compared to all-or-nothing assignment would 
appear justified in transit sub-modal split analysis where close-in central city rapid 
transit stations and routes must be evaluated in detail. Such analysis can be feasibly 
accomplished for small rail networks by the methods discussed. Overall patronage 
estimates or estimates for stations sufficiently removed from downtown probably do 
not require the diversion curve approach for sub-modal split analysis , although an 
actual direct comparison of all-or-nothing transit assignment and diversion curve re
sults would be helpful in reaching a more definitive conclusion. 

Sub-modal split analysis using equivalent times, i.e. , weighted excess times, ap
pears to be an effective technique , par ticularly with the weighted times made a part of 
the transit network description. Although sub-modal cost differentials were not in
volved in the studies described here, there would appear to be no reason why they could 
not be investigated and treated in a similar manner. 

The sub- modal Split curve and corresponding excess time equivalence factor pr e
sented her e s hould ideally be refined and verified using data from several more loca
tions. Preferably this should include a network analysis using city-wide transit origin
destination data for alternative transit modes. Such an investigation would have to 
consider in detail the excess and running times involved in each interzonal interchange, 
or in some other manner explicitly consider travel convenience. Without such detail 
it is doubtful that further research would be very fruitful. 

With the next generation of transit assignment computer programs now becoming 
available, gr eater flexibility is being made possibl e in both fac tor ing and tabulating of 
particular interzonal values such as walk time, initial wait time and transfer time (11). 
The computational abilities of these new programs will give an ass ist to r esearc h into 
the effect of such factors on mode choice. Many of these factors could probably be 
investigated most easily by first r eaching an understanding of their effect on sub-modal 
split before evaluating them in terms of the more complex choice of prime mode. 
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