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the chance of not finding a seat while bringing the
average percentage of seats filled closer to 100.

Examples of generic actions that can reduce stan-
dee factor without reducing load factor are short-
lining, partial deadheading, and headway offsets.

By shortiining, or running buses over only a seg-
ment of the route, capacity can be shifted from a
portion of a line on which the seats are seldom
filled to another segment on which people frequently
must stand.

Headway offsets are a way to even the loads on
successive trips, where one trip reqularly tends to
have standees and a succeeding trip is regularly
light.

Partial deadheading is a technique for saving
buses by running a fraction of the buses without
passengers (and consequently faster) in a 1light
direction, in order to add a few trips in the heavy
direction. Correctly done, this raises the overall
load factor and reduces the standee factor.

CONCLUSION

The intent of this study was to gain a better under-
standing of two indicators of scheduling performance
before setting quantitative goals. Something has
been learned about the current system. Considering
the common perception that the system is over-
crowded, the 24-hr averages of both load factor and
standee factor are surprisingly low. The 1load and
standee factors clearly show how overcrowding is a
matter of time of day and line segment.

In setting goals for scheduling, what is subject
to scheduler influence must be borne in mind. Al-
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though the scheduler should endeavor to increase
load factors, she typically has little direct con-
trol over them--they are more directly a result of
budget balancing. Within the overall load factors,
however, schedulers should attempt to reduce stand-
ing as much as possible.

With this in mind, an informal goal of scheduling
has been formulated on the basis of the elasticity
results of this study. The goal is to hold rises in
standee factor to less than 1.6 percent for every 1
percent rise in load factor. A similar goal state-
ment could be made for declining load factors, but a
decline is unlikely to occur in the face of pres-
sures for greater productivity.

The transit industry knows relatively 1little
about how well it could do. Quantifying how well it
is doing now is just a first step toward determining
what is possible. What is needed next is a concerted
attempt to push the state of the art of service de-
sign and operation. This could give a better indica-
tion of just how high the load factors could be in
combination with low standee factors.
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Computer Application for Determining

Bus Headways and Timetables

AVISHAI CEDER

ABSTRACT

One component of an extensive program to develop applications for bus automatic
data collection systems (ADCSs) is presented. Current procedures for determin-
ing bus timetables are reviewed, and alternative methods for creating time-
tables using passenger load data are proposed. The major objectives set forth
are to evaluate timetables in terms of required resources; to improve the cor-
respondence of bus departure times with passenger demand; to allow headway-
smoothing techniques (similar to what is done manually); to integrate different
headway-setting and timetable construction methods; and to permit direct bus
frequency changes for possible exceptions (known to the scheduler), which do
not rely on passenger demand data. The final product of the study consists of a
set of computer programs that perform (a) conversion from the bus property
mainframe files to an adequate input file, (b) analysis of four methods for
setting bus headways, and (c) creation of alternative public timetables at all
the route time points. These programs are tested on a heavily traveled bus line
in Los Angeles, and the derived alternative frequencies and timetables are in-

terpreted and discussed.
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Passenger demand at the route level is generally as-—
certained at one or more selected stops along the
route where the bus carries its heaviest 1loads
(point check). A more comprehensive method is based
on load profile and running time information
gathered along the entire length of the bus route
(ride check). Point checks are typically conducted
several times a year; ride checks are often per-
formed only once or twice during the year.

The methods used by bus properties worldwide are
commonly based on the following service standards:
(a) adequate space will be provided to meet passen-
ger demand and (b) an upper bound is placed on the
headway to assure a minimum frequency of service
(policy headway). The first requirement is adequate
for heavy ridership hours (peak periods), and the
second for light ridership hours. The first require-
ment is usually met by the peak load factor method--
the required number of buses is obtained by dividing
the maximum observed passenger flow by a load stan-
dard (desired occupancy, number of seats). The sec-
ond requirement is met by establishing policy head-
ways (maximum allowed headways) that usually are 30
or 60 min.

Several researchers have approached the bus head-
way determination problem through mathematical pro-
gramming techniques (1-3). However, these mathe-
matical programming models have not been generally
adopted by transit schedulers because the models are
not sensitive to a great variety of system-specific
operational constraints. For example, they cannot
simultaneously determine evenly spaced headways and
unevenly spaced headways for situations involving
scheduling exceptions.

PREPARATION OF TIMETABLES

In current practice schedule changes are made using
a mix of manual and computer-generated reports. The
use of computerized reports has been established in
many large bus properties [e.g., Southern California
Rapid Transit District (SCRTD) in Los Angeles,
Toronto Transit Commission in Toronto, EGGED in
Israel]. The procedure employed by SCRTD to develop
timetables will be used as an example. On the basis
of ride- and point-check data, the following steps
are performed by the SCRTD scheduling department:

1. Running times are established for each route
by time of day (using the most recent ride-check
data).

2. Calculated bus speeds are examined for each
time period and route segment in order to correct
special cases of speeding up and slowing down of
buses (e.qg., drivers may speed up toward the end of
the route in order to extend their layover time).

3. Headways are determined at the peak point.
This is usually the time point at which maximum pas-
senger flow is observed; a time point is generally a
bus stop at a major intersection or facility that
appears on the public timetable.

4, 1Initial departures (passage) times are set at
the peak point.

5. Departure times are set at all route time
points including the departure and arrival terminals
by using the established running times and the head-
ways at the peak point.

6. Departure (passage) times are adjusted at the
peak point to take into account two additional con-
siderations: trips with short turns and the vehicle
block construction procedure.

7. The final route timetable is completed.

8. After the updating of the schedule, the
changes (or the new timetable) are marked on the
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timetable print instruction sheet that is trans-
ferred to marketing.

The scheduling departments at various bus proper-
ties including SCRTD are seeking improvements at
three different levels:

* Elimination of manual steps,
* Improved accuracy, and
* Cost saving and productivity gains.

The first improvement is anticipated to take
place in the relatively near future, due to the ac-
ceptance of a computer in the scheduling department.
However, it is understood that, even with the com-
puterized process, many decisions will be made on
the basis of the scheduler's judgment (e.g., the de-
velopment of timetables for periods with special ac-
tivities such as sporting events). The second im-
provement is directly related to the data collection
methods. With greater use of an automatic data col-
lection system (ADCS), it is anticipated that this
improvement could be easily attained. The third im-
provement is related to new and more efficient
scheduling methods; the data collected will provide
a reliable basis for the scheduler's decision. For
example, the ADCS might provide the required data,
but, without appropriate statistical models, the
data would be meaningless. The statistical models
should accurately reflect the varlations of both the
passenger demand and the vehicle performance meas-
ures. [For a statistical analysis of bus running
time data see Ceder (4).]

This study provides alternative methods for de-
termining bus timetables using passenger load data.
The major objectives set forth are (a) to evaluate
timetables in terms of required resources; (b) to
improve correspondence of bus departure times with
passenger demand; (c) to allow headway-smoothing
techniques (similar to what is done manually); (d)
to integrate different headway-setting and different
timetable construction methods; and (e) to permit
direct bus frequency changes for possible exceptions
(known to the scheduler), which do not rely on pas-
senger demand data.

METHODS FOR SETTING BUS HEADWAYS

Earlier work (5), which is strongly related to the
procedures described in the following sections, is
presented and clarified in this section. This early
work describes four alternative bus frequency deter-
mination methods to fulfill two major objectives:

* Setting of bus frequencies both to maintain
adequate service quality and to minimize the number
of buses in the schedule and

* Efficient allocation of
passenger load data.

resources to gather

The first objective is to evaluate alternative
methods of determining bus frequencies in conjunc-
tion with saving resources. The second objective
compares the costs and benefits of information ob-
tained from point checks and ride checks. The ride
check provides more complete information than the
point check, but it is more expensive because either
additional chcokers are needed to provide the re-
quired data or an automatic passenger counter is
used. There is also the question of whether the ad-
ditional information gained justifies the expense.
Certainly, for bus properties that have ADCS this
guestion is also relevant because only part of the
overall fleet will be equipped with ADCS. The ADCS
may be rotated among several groups of routes, de-
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pending on whether it is worthwhile to gather point-
check as opposed to ride-check data.

The four frequency determination methods in Ceder
(5) can be summarized by the following four equa-
tions:

¢ Two point-check methods for time period j

Method 1: (Frequency); = (Load at the daily maximum
load point);/(Desired occupancy); (1)

Method 2: (Trequency); = (Load at the hourly maximum

load point);/(Desired occupancy); ?)

* Two ride-check methods for time period j

Method 3: (Frequency); = MAX ({ (Area under the load profile in
passenger-km);/[(Desired occupancy);
x (Route length)] } (Load at the hourly
maximum load point );/Bus cnpucily) ?3)

Method 4: (Frequency)j is the same as in Method 3
but is subject to a constraint that 1limits the
length of the route over which the load may exceed
the product of (Frequency)j x (Desired occupancy) ;.

Note that hourly or other time periods that coincide
with j may be used in Equations 2 and 3 and that
passenger-miles may be used instead of passenger-
kilometers in Equation 3.

The first method is based on data gathered at one
point during the day. This point is wusually de-
termined from old ride-check data or from informa-
tion given by a mobile supervisor. It represents the
stop with the heaviest daily load along the route.
The second method is based on the maximum load ob-
served in each time period (usually an hour) instead
of the whole day. Certainly, it is less costly and
more convenient to station an observer (when <the
data are collected manually) at one point during the
entire working day than to assign observers to dif-
ferent points every time period. When ride-check
data are available (collected either manually or by
ADCS) , the program established in Ceder (5) compares
Methods 1 and 2, and, as a result, the scheduler can
decide about the appropriate point=-check procedure.

The third method is based on load profile infor-
mation. The load profile is plotted with respect to
the distance traveled from the departure point.
Thus, the area under this curve serves as a produc-
tivity measure in passenger-kilometers (or passen-
ger-miles). This area divided by the route length is
the average load as opposed to the maximum load in
each period j in Method 2. Method 3 also guarantees,
in an average sense, that the passengers on board on
the maximum load segment will not experience crowd-
ing above the given bus capacity (number of seats
plus maximum allowable standees). This method is
useful for situations in which the scheduler wishes
to know the number of bus runs that can be saved by
raising the desired occupancy standard without in-
curring overcrowding. However, Method 3 can result
in unpleasant travel for an extended distance over
which the average load is above the desired occu-
pancy. To control this undesirable situation, it is
possible to establish a level of service criterion
by restricting the total route distance that has
loads greater than the desired occupancy. This is in
essence Method 4.

A Programming Language, Version 1 (PL/1) program
has been written for all four methods. This program
compares the results of Methods 1 and 2 and uses a
load profile density measure in a preliminary exami-
nation of the point- and the ride-check methods. The
investigation of the load profile density measure
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suggests the use of a point-check procedure for
relatively flat profiles and a ride-check procedure
otherwise (5). The program calculates the bus fre-
quency for each time period and for each method.
Three criteria are selected for Method 4: 10, 20, or
30 percent of the route length is allowed to have an
observed load exceeding the desired one (these cri-
teria can obviously be varied).

ALTERNATIVE TIMETABLES

There is always a trade-off between inecreasing pas-
senger comfort and reducing the cost of service. Bus
schedulers certainly understand the need to accom-
modate the observed passenger demand as well as pos-
sible. However, at the same time, their effort is
also directed to the minimization of vehicle and
driver costs. Different bus properties use different
scheduling strategies based on their own schedulers'
experience. As a result, it is unlikely that two in-
dependent bus properties will use exactly the same
scheduling procedures at the detailed level. In ad-
dition, even at the same bus property, the schedu-
lers may use different scheduling procedures for
different groups of routes. Consequently, there is a
need, when developing computerized procedures, to
supply the schedulers with alternative schedule op-
tions along with an interpretation and an explana-
tion of each alternative. Undoubtedly, it is desir-
able that one of the alternatives coincide with the
scheduler's manual procedure. In this way, the
scheduler will be in a position not only to expedite
the manual tasks but also to compare his methods
with others in terms of the trade-off between pas-
senger comfort and operating cost.

Current timetable determination procedures pro-
vide the basis for establishing the spectrum of al-
ternative timetables. Three categories of options
can be identified: [a) sclection of type of headway,
(b) selection of a method or combination of methods
for the setting of frequencies, and (c) selection of
special requests. These three groups of options are
shown in Fiqure 1. A selected path in this figure
provides a single timetable. Hence, there is a
variety of timetable options.

In the first category, alternative types of head-
way are considered. An equal headway simply means
constant time intervals between departures in each
time period, or evenly spaced headway. A balanced
headway refers to unevenly spaced headways in each
time period so that the observed passenger loads on
all buses are similar. A smoothed headway is simply
an average headway between the equal and balanced
headways. It is an option in cases in which the
available data are not sufficient for concrete con-
clusions about balanced headways but in which the
scheduler believes that equal headways will result
in significantly uneven loads. Such uneven 1load
situations occur around work and school dismissal
times and for trips with short turns. The theoreti-
cal work and the detailed procedures for this cate-
gory appear elsewhere (6).

In the second category it is possible to select
different frequency or headway determination
methods. This category allows for the selection of
one method as well as combinations of methods for
different time periods. The methods considered, in-
dicated in Figure 1, are the two point-check and the
two ride-check methods described in the fist sec-
tion. In addition, there might be procedures used by
the scheduler that are not based on data but rather
on observations made by the road supervisors and in-
spectors as well as other sources of information.

The third category allows for special scheduling
requests. One characteristic of existing transit
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FIGURE 1 Alternative timetables.

timetables is the repetition of departure times,
usually every hour. These easy-to-memorize departure
times are based on "clock headways" of 1, 2, 3, 4,
5, 6, 7.5, 10, 12, 15, 20, 30, 40, 45, and 60 min.
Note that schedules do not generally consider that
headways of less than 6 min influence the timing of
passenger arrivals at a bus stop. However, for a
general timetable determination procedure, there
might be peak periods in which the headways are less
than 6 min but need to be marked explicitly on the
timetable.

The second possible special request is to allow
the scheduler to prespecify the total number of bus
departures during a time period. This request is
most useful in crises in which the scheduler needs
to supply a working timetable for operation on the
basis of tightly 1limited resources (buses or
drivers, or both). By using his intuition and con-
trolling the total number of departures, the sched-
uler may achieve better results than by simply drop-
ping departures without any systematic procedure.
Also, there might be cases in which the scheduler
would like to increase the level of service by al-
lowing more departures. Such situations occur when
there is a belief that passenger demand can be in-
creased by providing improved (more frequent) ser-
vice. Certainly, the latter special request can also
be approached through varying the desired occupancy

values, and it is up to the scheduler to decide
whether to control the passenger loads or the number
of departures, which directly governs the required
fleet size.

It is important to emphasize that not all the
paths in Figure 1 regarding clock headways are mean-
ingful. Selection of balanced or smoothed headways
cannot be performed if there is a clock headway con-
straint. Also, as shown in Figqure 1, the number of
departures cannot be specified for clock headways
due to the specific time restrictions on those head-
ways.

COMPUTER PROGRAMS AND TEST RUNS ON AN SCRTD ROUTE

In this section the product of the analysis, which
demonstrates that all the study objectives set forth
in the first section are fulfilled, is discussed.
The product is a set of computer programs that per-
form

* Conversion from the bus property mainframe
files to adequate input files,

* Analysis of four methods for setting bus fre-
quencies, and

* Creation of a public
route time points.

timetable at all the
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Recent ride-check data from SCRTD Line 217 are
used to demonstrate the programs. The use of real-
life data provides the possibility of studying the
full range of the programs' implementation potential.

Description of the Programs

The construction of alternative timetables is mainly
based on two PL/1l programs:

¢ Program l--setting frequencies and headways
by four methods and

* Program 2--setting alternative bus departure
times at the base stop (maximum load point) and all
the route time points,

The basic user input to Program 1 consists of

®* Route (line) number;

* Bus type;

®* Direction of travel;

* Bus capacity (number of seats plus maximum
allowable standees).
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* Number of time periods;

* Name of each stop (or time point);

* Distances between adjacent stops (or time
points) along the route;

* Number of observed departures in each time
period;

* Minimum frequency (policy headway in terms of
the minimum required number of buses in each time
period);

* Desired occupancy (load factor or load stan-
dard) in each time period; and

* Loads between each two stops (or time
points); averages are preferred in each planning
period (i.e., Monday through Friday, Saturday, Sun-
day and holidays, and exceptions).

The basic input to Program 2 consists of

¢ Description of time periods including their
length;

* Round-trip time including layover
around times in each time period;

* Determined (noninteger) frequencies from Pro-
gram 1 including possible user changes and addi-
tional frequencies (e.g., inserted by the scheduler)
for each time period;

°* Running times from the base stop (usually at
the daily maximum load point) to each time point
that appears on the public timetable (negative times
are assigned to time points that precede the base
stop) ;

* Observed average departure (or passage) times
for each individual bus at the base stop;

* Observed average headway for each bus; and

* Observed average loads for each bus based on
the selected frequency setting methods (e.g., load
at the daily maximum load point for Method 1, load
at the hourly maximum load point for Method 2, and
load profile for Methods 3 and 4).

and turn-

B schematic overview of the computerized system
is shown in a flowchart in Figure 2. This flowchart,
aside from describing the programs, advises the user
on the various available options. It is anticipated
that initialization will be at the mainframe com-
puter files of a bus property. A conversion program
has been written to prepare adequate input data for
Programs 1 and 2. This program assumes that ride-
check data are available in the bus property files.

The analyses made by Program 1 are explained
elsewhere (6) and further interpreted by Ceder (5).
In Program 2 the user can request various alterna-
tive timetables according to the options shown in
Figure 1. For each computer run using Program 2, the
user simply keypunches requests as follows:

1. Type of headway:
* 1 for equal headways,
* 2 for balanced headways, and
* 3 for smoothed headways;
2. "Number" of methods to be used (among the in-
serted frequency-setting methods) ;
3. For each method used the user specifies
* Method "number,"
* Time period "number" in which to start
using the method, and
* Last time period "number" to use the
method in the considered combination (i.e.,
the same method can be used several times
for different time periods and each com-
bination must be specified):;
4, Clock headway
* 0 for not required and
* 1 for required; and
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TABLE 1 Initial Data for Line 217 (northbound)
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NAMBER DF PASSENGERS PER INTVERVAL
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(]| 16 96 108 o8 47 30 11 12 5 ] a 1517
100 78 6 104 1 1} 53 N 14 12 15 9 q 1584
120 99 86 122 29 54 38 16 12 18 10 5 1696
142 103 104 129 11% 64 k1) 16 12 18 10 5 1916
181 142 149 151 134 73 a0 17 15 19 12 6 2269
188 164 156 170 158 7 4?2 18 16 19 13 6 2378
356 342 3BT 3IB2 43 190 91 40 24 )6 18 o 412
I65 347 398 IB6 43 188 94 4 27 Ja 18 8 4174
378 3%0 9B 391 239 191 93 42 27 J4 18 9 4219
381 387 4 2 4% 367 205 10t 86 37 38 19 9 4356
8% 373 422 440 J68 206 104 Sa I3 a9 19 9 4362
362 353 409 4%9 I77 218 1} 39 a4 a4 20 9 4289
366 1352 416 467 370 220 106 37 48 5 22 9 438)
376 367 A1p 481 371 214 102 51 80 L3 20 R 4413
378 365 427 439 2370 20! 101 L3} 4? 50 20 8 3774
358 3J4s 406 41% IS5 191 o1 L3 L] ag 19 6 3584«
292 273 322 383 299 17t 97 45 50 89 19 4 2911
281 244 300 132y 283 157 as a2 49 a9 20 4 2782
249 210 270 280 264 144 80 a4 4t a8 20 4 2433
248 206 269 287 2%9 146 [ Le] 4?2 4B a7 20 4 2447
248 206 260 288 253 149 kA ) 46 a0 10 4 2397
240 210 249 274 241 138 [ k) 4] a6 a5 AN a 227
228 206 2326 283 228 128 82 a0 47 45 V7 4 23236
220 193 232 260 222 129 [ B 3B 55 46 18 a4 2242
21y 177 222 2%2 28 122 (1] kL) sS4 a3 17 2 2130
199 172 313 242 206 127 [ B 36 %6 a2 16 v 2048
192 185 208 225 194 122 78 38 36 a5 17 1 20C2
176 166 197 204 179 113 7% 36 LY 43 17 11908
147 154 185 146 146 (1]} (1} 33 55 s 16 s 38y
126 140 1868 14t 139 [ L] L1] 3 55 Ja 13 2 1450
92 116 144 129 116 68 4 27 Lk 31 13 2 1229
B4 108 13y 119 o 58 Je 18 a4 27 12 2 102
80 $6 123 107 #s %0 40 16 49 25 1 1 100%
61 Ba 11y [ LI V] a7 35 Y] 2% 24 10 1 869
33 68 a? 73 67 47 25 t4 a4 17 9 1 623
44 €9 91 o3 66 47 a0 16 24 1% 10 o 8as
aa (1) 8 79 (1} 4 15 13 21 11 ° (<] %98
34 47 64 a9 'R 2% 11 10 17 [} 6 (o] a5
2 27 33 k1 30 10 L} [} (] [ (o} o 282
12 5 49 21 24 7 4 ] 3 [+] [«] o] 219
12 25 a0 19 19 L 2 s 3 (o} 0o o 20¢
1 16 a4 17 ] ] 4 2 L k] ] [} (o] 178
9 14 aa 14 (k] 3 2 3 3 (4] [+] (o] 156
[ ] 13 39 12 12 1 1 3 2 o] [¢] o 134
4 10 34 11 ? 1 1 3 3 o] 0 o 12
. L] 30 10 s 1 ! 2 1 0 [¢] o 26
] L] 26 ] a 1 1 2 1 [} [+] o] 87

3 2 ' [+] o] o (<] [¢] °

o] L] L]

5. Prespecified number of departures:
* 0 for no need and
* "Given number" of departures for using the
constraint.

For the equal headway timetable, an optional de-
cision exists about the comparison between the de-
rived and the clock headways. Finally, Figure 2 in-
dicates that there 1is always a possibility of
manually determining the timetable based on the
headways derived by Program 1.

Frequency Setting Methods (Program 1) for
SCRTD Line 217

Line 217 in Los Angeles has been selected to examine
the computerized system. Line 217 is considered a
heavy line that carries a relatively large number of

passengers. It is interesting to note that this line
includes ADCS equipment. However, the ride-check
data were collected manually and keypunched into
SCRTD files. At present, the absence of reliable
data from the ADCS precludes recommending its use.
It is anticipated, however, that the recurring ADCS
equipment problems will be resolved in the near
future and that this will create opportunities for
further examination of the computerized systems de-
veloped.

The geometry of Line 217 is shown in Figure 3.
This line is characterized by 60 stops and 9 time
points. Most of its trips are initiated at the de-
parture terminal and terminate at the arrival ter-
minal. Also, all of the trips cross the daily maxi-
mum load point from which the alternative timetables
are to be created.

The basic input data, which are arranged by Pro-
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gram 1 in a table form, are given in Table 1 for
northbound Line 217. This ride~check information in-
cludes, for each hour, the observed number of buses
in the third row, the minimum required frequency,
and the desired occupancy in the fourth and fifth
rows, respectively. The first and second columns in
the tables are the distances (in kilometers) bhetween
each two adjacent stops and the stop name. The last
column represents the total load across the whole
day for each stop where each entry in Table 1 is a
representative load for a given hour and stop. It is
expected that these entries will usually be based on
average values across several checks. A complete de-
scription of the input, including that for south-
bound Line 217, appears elsewhere (6).

The intermediate results of Program 1 are given
in Table 2. The data in Table 2 indicate that the
daily maximum load point for the northbound direc-
tion is the Fairfax/Rosewood stop with a total of
4,413 observed passengers during the whole day.
Also, computer—-generated load profiles are provided
for each time period to allow the scheduler to vis-
ually observe the load variation among stops. An ex-—
ample is shown in Figure 4. Each asterisk in this
figure represents five passengers. The area under
scale is not sensitive to distances of less than 0.5
km for this visual display and, therefore, it ap-
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pears that the stops are evenly spaced along the en-
tire route. The output of Program 1 includes a mea-
sure of density for each load profile: the area
under the profile curve divided by the maximum ob-
served load times the route length. This density
measure is 41.9 percent for Figure 4. Low densities
mean low productivity (relatively high empty seat-
kilometers) and may indicate the advisability of
considering short turns.

The frequency and headway results of Program 1
are given in Table 3. The statistical (chi-square
test) comparison between the results of Method 1 and
Method 2 reveals that, at the 95 percent significant
level, the null hypothesis about equal methods is
rejected for both directions of Line 217. Conse-
guently, for a point-check method, it is recommended
that the data be gathered at the hourly maximum load
points. The results of Method 4 in Table 2 are shown
for three different constraint levels: 10, 20, and
30 percent of the route length (13,9 km) is allowed
to have an observed load exceeding the desired oc-
cupancy. In the remaining parts of this section,
Method 4 is associated with the 20 percent con-
straint. Bus capacity for Methods 3 and 4 is con-
sidered to be 80 passengers (see Equation 3).

The dgraphic comparison of the frequency results
of three methods and the observed frequency is shown

TABLE 2 Maximum Load Information for Line 217 (northbound)

MAXIMUM LDAD POINT BY METHOD 1 IS FAIRFAX /ROSEWOODD

INTERMEDIATE RESULTS FOR METHOD 2

TIME INTERVAL MAXIMUM LOAD POINT
0600 0700 FAIRFAX /SAN VICE
0700 0800 FATRFAX /3RD ST
0BOO 0800 FAIRFAX /3RD ST
0900 1000 FAIRFAX /ROSEWOOD
1000 1100 FAIRFAX /6TH ST
FAIRFAX /DREXEL
1100 1200 FAIRFAX /ROSEWDOD
1200 1300 FAIRFAX /DREXEL
1300 1400 FAIRFAX /1ST ST
1400 1500 FAIRFAX /1ST ST
1500 1600 FAIRFAX /MELROSE
1600 1700 FAIRFAX /RDSEWDOD
1700 1BOO FAIRFAX /BEVERLY
1800 1900 FAIRFAX /OAKWOOD
1900 2000 FAIRFAX /OAKWOOD
2000 2100 FAIRFAX /BEVERLY
2100 2200 LA BREA /HOLLYWOO
HOLLYWOO/SYCAMORE
2200 2300 FAIRFAX /DAKWOOD

FAIRFAX /ROSEWDODD
FAIRFAX /SANTA MO

2300 2400 FAIRFAX /DAKWOOD

2400 2500 FAIRFAX /DREXEL
FAIRFAX /3KD ST
FAIRFAX /1ST ST
FAIRFAX /BEVERLY
FAIRFAX /OAKWOOD

- 4413 PASSENGERS FOR DAY

NO OF PASSENGERS

70
401
370

246

291

292

381

385
373
427
481
377
220
106

S9

56

51

22




84

Frequency (number of required buses)
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TABLE 3 Frequency and Headway Results for Line 217 (northbound)

M E T HO D 4
METHOD 1| METHOD 2| METHOD 3
TIME r
BY 10% | BY 20% BY 30%
INTERVAL T I
NO. OF NO. OF NO. OF NO. OF II NO. OF NO. OF
HEADWAY HEADWAY HEADWAY MEADWAY | HEADWAY HEADWAY
BUSES BUSES BUSES BUSES | 8usEs | BUSEs
| | |
06:00 07:00 2.00 | 30 MIN. 2.00 | 30 MIN 2.00 | 30 MIN 2.00 | 30 MIN : 2.00 ! somin! 200 ! 30 MIN.
07:00 08:00 s5.28 | 11 MmN, s.72 | 10 min sot l amin! s ar ] g min 5011 112 MmN 5.01 ) 12 MIN
0B:00 09:00 4.65 | 13 MIN 5.28 | 11 MIN. 4.62 | 13 MIN 5.02 | 12 MIN.| 472 | 13 MIN.| 462 : 13 MIN
09:00 10:00 409! 15 mIN 409 ! 15 N 307 | 20 MIN 397l ismn ! 307 | 20 MmN = 3.07 ! 20 MIN
10:00 11:00 5.75 I 10 MIN, 582 | 10 MmIN 3.63 | 17 MIN.| 5.43 | 11 MIN 4.93 " i2miv ! 363 ! min
11:00 12:00 l 5 h: 10 MIN 5.83 10 MIN 3.65 16 MIN 525 11 MIN { S 05 : 12 MIN 3.65 16 MIN
12:00 13:00 6,53 | 9 MIN. 7.61 8 MIN. a.76 | 12 mIN 6.76 | a MIN |' 6. 16 | 10 mIN 476 | 13 MIN I
13:00 14:00 7511 8 min 7.6 | 8 MIN 481 | 12NN 761 | B MIN 7. 21 8 MIN s 01! 12 min!
|
14:00 15:00 793! &M 7.46 | 8 MmN 4 6t amin ! 706! 8 mm 6.96 | 9 MIN a.66 | 13 min
| | | |
15:00 16:00 6.96 | 9 MIN. 711 8 MmN 5.33 ! 11 MmN { 6.93 | 9 MIN 6.73 1 9 MmN ; 5.33 'l 11 MIN
16:00 17:00 6.87 | 9 miv.! 687! o min 6.01 | 10 MIN : 6.31 | 10 min §.01 | 10 MIN | 601 { 10 MIN
17:00 18:00 s 30 : toMIN s.38 | 11 mMIN a7t | 13 min : s.31 ] 11 min 491 | 12 min : a7 : 13 MIN
18:00 19:00 356 | 17 min 3.66 | 16 MIN 275 b 2amin!  aas | yrmn ! azs s wmin! 295 | 22 win
| | | |
19°:00 20:00 2.00 | 30 MIN 2.00 | 30 MmN 2.00 | 30 MIN % 2 00 | 30 MIN 2.00 | 30 MIN : 2.00 : 30 MIN. |
20 00 21:00 2.00 | 30 MIN 2.00 | 30 MIN 2.00 | 30 mIN 200 | 30 mIN 2. 00 | 30 min I' 2.00 : 30 MIN :
21:00 22:¢0 2. 00 | 30 MIN 2.00 | 30 MIN 2.00 | 30 MIN I 200 ! omn! 200! 30 MmN : 2 00 : 30 MIN :
22:00 23:00 2.00 | 30 MIN 2 00 | 30 MmN 2 00 | 30 min l 2 00 | 70 MIN 2 00 ! 30 min : 2 00 : 30 MIN :
23:00 24-00 2 00 | 30 MIN 2.00 | 0 MIN | 2.00 | 30 MIN : 2 00 | 30 MmN 2 00 | 30 MmN : 2 00 : 30 MIN I
2400 25:00 2 00 | 30 mIn 200! somn! 200! somn! 200! 30 MmN 70_0,30:-&_! ?»0'07_!})0nm'|

TABLE 4 Computer-Generated Timetable of the First 30 Departures for Line 217 at all Time Points and at the Base or Maximum Load
(Fairfax/Rosewood) Stop

THIS PROGRAM 1S BASFD ON THE FOLLOWING INPUT

I R R T R R R RN Y

TYPE OF HEADWAYS :EQUAL (1)

TYPE OF TIMETABLE :ONE METHOO (1)

METHOD NUMBER : 4  FROM INTERVAL 1 TO INTERVAL: 19
CLOCK HEADWAYS: NO (0) TIMETABLE
............ ey e RN ERE O o e e e B AR R e A S R R R e R A R S e e T
'DEP, Nuni ADAMS i FAIRFAX i FAIRFAX i FAIRFAX ! FAIRFAX i LA BREA ! HOLLYW0O i GOWER i BEACHWOO i
! | WASHINGT | DLYMPIC | BEVERLY : ROSEWODD ! SANTA MO | SUNSET ! VINE FRANKLIN | WESTSH F |
i 1 3 5. 45 i 5.52 i 5.59 i 6.00 i 6.02 ; 6. 07 i 6. 14 € 16 ' 6. 21 i
2 = 6.15 | 6.23 | 6 29 I 6.30 | 6 32 I 6 38 I 6. 44 6.46 6. 81 |
a 6.4 i 6.51 i 6. 58 i 7.00 | 7.03 I 7.10 7.17 7.19 7.2% I
“ 6.52 i 7.03 | 7.10 7 12 i 7.1% i 7.22 i 7.29 2.3 7.37 |
5 7.04 7.15 7:4:22 7.24 i 7.27 7.34 | 7. 81 i 7 42 7 49 I
6 | 7.16 7.27 i 7.34 7.36 1 7.39 7.46 I 7.53 7.95 i 8.0 |
7 7.28 7.39 i 7. 46 7 48 | 7.51 7.%7 i 8.0% B.07 I 8 13 |
i L 7.40 | 7.51 | 7.58 8.00 8.03 8.10 8,17 8.19 8 2% |
i L 7.8 i 8.02 8 10 8 13 8. 186 B.24 | 8 32 B 34 8.40 i
| 10 8.04 I 8. 15 8 23 8 26 | 8.29 | 8.37 | 8.45 8. 47 8 53 I
11 8.18 8.29 8.37 8.9 8.43 | 8.51 | 8. 59 9.01 9 07 i
12 8.31 8 42 8.50 8.52 I 8 56 | 9.04 i 9.12 9. 14 9 20 |
13 8.47 8.58 9.06 9.08 I 9. 12 9.20 9.28 i 9.30 | 9 36 [
14 9.06 9.17 I 9.25 9 27 | 9.31 9.39 1 9 47 9.49 I 9.55% i
19 9.26 9.37 i 9 45 9. 47 i 9.51 9.59 10 07 10.09 1015 I
16 9.43 9.53 | 10.02 10.04 | 10.08 10. 16 i 10.25% 10.27 10.33
17 9.85% 10,06 10 14 10. 16 10.20 10,29 I 10.37 10 .39 10. 4% i
18 10.07 10. 18 10.26 10.29 10.32 10 41 i 10. 49 10.92 10,57 i
19 10.20 10 30 10.39 10. 41 1045 10.53 11.02 11.04 11.10 I
20 10.32 10. 43 10 51 10.54 10.87 11.06 11.14 1116 11,22 i
21 10. 44 10. %4 11.03 11.06 11.09 11.18 11.27 11.29 11.3% I
22 10.56 | 11.08 14,48 | 11.18 | 19,214 11.30 1139 11.41 | 11.47 |
23 11.09 11.19 11.28 11.30 11.34 11.43 11.%52 11,54 i 12 00 |
24 11.21 11.31 i 11,40 11 42 | 11.46 11,58 I 12.04 | 12.06 | 12.12 i
23 11.33 11.43 11.52 11.54 | 11.58 12.07 1 1216 I 12,18 | 12 24 |
268 11.44 11.54 12.03 12.05 12 09 12.18 | 12 27 i 12.29 12.3% i
27 11.53 12.03 12,12 12.15 12.18 12.27 12.36 12.38 i 12. 44 ‘
i 20 12.03 12.12 I 12,22 i 12.25 12 28 }2.37 12.46 12 48 i 12.%4 1
I 29 12.13 12.23 12.32 i 12.34 12 38 11 47 12.96 12.58 i 13.04 i
30 12.23 . 12.33 12.42 : 12.44 : 12 48 12.57 13.06 13.08 H 13. 14
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TABLE 5 Computer-Generated Timetable of the Whole Day for Line 217 at all Time Points and at the Base or Maximum Load
(Fairfax/Rosewood) Stop

YMIS PROGRAM IS BASED ON TME FOLLOWING INPUY

9000000000000 80900020000000000P0C000CRCRRREOBR

TYPE OF HEADWAYS : BALANCED (2)
TYPE OF TIMETABLE :ONE METHOD (1)

BEACHWOO
WESTEM F

22000vvvorsomaaduuac
o

- o -
tod
a

B 0D s e 0 ) ) e e A T G ) e il e e e b A e i
(-X-X X X N N K N RYEVEVEVETEYR ¥ N K R R RO N RURC NN RTINS S A 30 A W EXESEAGARXEARIE SNSRI N V)
[ 4
~

]
-
8y
[y

METHOD NUMBER: 4 FROM INTERVAL t 7O INTERVAL: 19
CLOCK MEADWAYS: NO (O) TIMETABLE
IR L E NN NN
io!w. Nuui ADAMS i FAIRFAX ! FAIRFAX i FAIRFAX i FAIRFAX ! LA BREA i HOLLYWOO i GOWER i
3 | WASHINGT | OLYMPIC | BEVERLY |, ROSEWOOD | SANTA MO | SUNSET { VINE | FRANKLIN |
i T 5. 45 5.52 i 5.59 i 6.00 i 6.02 i 6.07 i 6. 14 i .18
I 2 6 21 6.29 | 6.35 6.3 6.38 | 6.40 6.50 6.32
| 3 6.43 6.53 | 7.00 7.02 7.05 712, 7.19 7.24%
i ‘) 7.01 i 712 7.19 7.21 7.2 1.3t 7.38 7.490
i 5 715 7 26 733 7.35 7.38 i 7.45 7.82 7.8¢
| s 7.24 | 7.34 7.42 7.43 7.48 7.83 8.00 8.02 |
i 7 7.32 7.43 7.50 7.82 7.58 8.01 8.09 8.41
8 7.40 7.51 7.58 8.00 8.03 8.10 8.17 8.19
9 7 46 7.%7 8.05 8,07 8.1t 8.19 B.27 9.29
10 7.56 8 07 8. 15 8 17 8.21 8.29 8.37 8.39
11 812 8 23 8.31 8.34 | 8.37 8.45 8.53 8.55
12 8 .23 8.34 8.42 8.45% B.4as | 8.%6 9.04 9.08
13 8.43 | 8.54 9.02 9. 04 9.08 9.16 9.24 9.26 |
| . 8.59 I 9.10 9.18 9.21 9.24 9.32 9.40 9.42
| 15 9.17 9.28 9.36 9.39 9.42 9.50 9.5%0 10.00 |
16 9 42 983 | 10.01 | 10 03 | 10.07 10.16 10.24 10.26 |
17 9.56 10.07 | 10,15 10. 18 10.24 10.30 10.38 10.41 i
8 10. 10 10.21 10.29 10.31 10.35 10.44 10.52 10.84
19 10.20 10.31 10.33 10. 42 10.45 10.%54 11.02 11.04
20 10.33 10.43 10.52 10.54 10.58 11.06 11,15 1.7
| 21 10 45 10.55 11,04 11,06 11.10 11,19 11.28 .30
| 22 10 54 11.04 11.13 11.16 | 11.19 | 11.28 11.37 11.39
i 23 11.09 11.19 11.28 11.30 | 11.34 11.43 11.82 11.84
i 24 11 18 11.28 11.37 11.39 11.43 11.52 12.01 i 12.03
i s 11.32 11.42 11.54 11.83 11.587 12.08 1213, 1247
ELI 1143 | 11.63 12 02 12.04 12.08 1217 12.26 12.28
27 11,51 | 12,01 12 10 12.12 12.16 12.29 12.34 12.36 |
28 12.02 12,12 12 21 12.24 12.27 12.36 12,45 12.47
29 12,12 12.22 12.31 12.34 12,37 12.46 12.55 12.57 |
30 12 19 12.29 12.38 | 12.40 12.48 1%.83 13.02 13.04 |
i 3 12.29 | 12239 12.48 12.50 12.54 13.03 13.12 13.14
i 2, 12.41 I 12.519 13.00 13 .02 | 13.06 13,15 13.24 1326
i 33 | 12 4% 12,55 13.04 13.07 | 13.10 13.19 13.28 13.30
34 : 12.53 13.03 i 13.12 1315 i 13.18 1327 13.36¢ 13.38
35 13.03 13.13 13.22 13.24 13.28 13.37 13.46 13 48
36 13,12 13.22 13.31 I 13 .33 13,37 13,46 | 13.958 13.87
a7 13.24 ' 13,34 13.43 13 46 13.49 13.50 | 14.07 14.09
LLI 13.32 I 13.42 13.51 13.54 13.57 14.08 14.18 14.17
] 13.39 13.50 13.59 14 02 14.06 14,18 14,258 14.28
40 13.45 13.56 14.05 14.08 14.12 14.21 14.31 14.33
| 4 13.53 : 14.04 14.13 14.16 14.20 14.29 14.39 14.42
i a2 14.07 14.17 14,27 14.29 14.33 14.42 14.52 14.59%
| 43 | 14, 14 14 .24 14 .34 | 14 .36 14_40 14_49 14.39 1%.02
44 14,29 14.38% 14 .45 14.47 14. 9819 15.00 19. 10 19.13
a8 14.32 14.43 14.52 14.85 14.89 15.08 19.18 18,21
46 14 41 14.52 15.01 15.04 15.08 15,17 18.27 15,30
a7 14.93 18.04 15,13 1515 15.20 15,29 1339 18.42
a8 14.987 15.08 18.17 18.20 19.24 19.23 18,43 19.48
a9 15.08 15,19 15.28 15,319 1838 15. 44 19.84 18,87
s0 15. 14 15,29 18.34 19.37 1841 18.50 16.00 16.09
LT 18.24 15.38 18. 44 15 46 18,81 16.00 16.10 1613
52 1836 18.47 19 8¢ 15.88 16.03 16.12 16.22 16.25%
' 53 | 15 48 | 18.58 16.05 16.08 . 16.12 16.21 16.3¢ 16.34
! s¢ | 15.58 16.09 16. 18 18.21 i 18.2% 16.34 16.44 16.47
ss : 18.08 16.19 16.28 16.31 | 16.39 16. 44 16.54 16.97
88 | 16.20 16.31 16.40 16.42 16.47 16.956 17.08 17.09
87 16.20 16.37 18.46 16.49 16.83 17.02 17.92 17.18
58 16.37 18.48 16.57 17.00 17.04 17.13 17.23 17.26
89 1647 16.58 ! 17.08 17.10 17.14 17.23 17.33 17.37
1 6o 16.98 17.09 17,18 17.21 17.28 17,38 17.44 17,47
61 17.10 17.21 17.30 17.33 17.37 17.46 17.96 17.89
62 17.29 17.40 17.49 17.82 17.98 19.0% 18.18 18.18
63 17.41 17.%2 18.00 18.03 18.07 18. 1% 18.26 18.28
(7] 17.9%6 18.07 18.15 18.18 18.22 18.31 18.41 18.43
(1] 18. 18 18.26 18.34 18.37 18.41 18. 49 19.00 19.02
a6 18 3% 18.48 18.54 18 86 19.01 19.09 19.20 189.21
67 19.09 19.18 19.26 19.28 19.30 19.30 19.47 19.49
o8 19.39 19.48 19.58 19.37 20.00 20.00 20.17 20.19
(1] 20.04 20.12 20. 19 20.21 20.23 20.34 20.39 20.41
70 20.41 20.49 20.56 20.858 21.00 21.08 21.18 21.18
71 21.10 21.18 21.2% 21.27 21.29 24.37 21.4% 21.47
72 21.42 21.9%0 21.987 21.89 22.01 22.09 22.17 22.19
73 22.11 22.19 22.26 22.27 22.3%0 22.27 22.46 22.48
74 22.42 22.%0 22.97 22.89 23.01 23.09 23.17 23. 19
7% 23.00 23.08 23.18 23.18 23.19 23.27 23.38 22.37
76 23.49 22.81 23.98 23.8¢9 0.02 0.10 0.1 0.20
17 0.%8 0.03 0.10 0.12 0.14 0.22 0.30 0.32
7 | 0.43 0.919 0.98 1.00 1.02 1.10 1.8 1.20
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in Figure 5 for both directions of Line 217. It can
be easily seen that the provided frequencies in both
directions represent an excessive number of bus
runs. The desired occupancy for each time period
appears in Table 1 in the fourth row and was set
forth by SCRTD schedulers. The use of these load
factors and either Method 2 or Method 4 can result
in significant resource savings. It is interesting
to note that Method 4 results in much lower fre-
quency than Method 2, particularly in the southbound
direction. The absolute minimum frequency to accom-
modate the passenger load while neglecting the load
factors is presented by Method 3, and in most hours
is half the presently provided frequency.

Alternative Timetables (Program 2) for
SCRTD Line 217

The PL/1 Program 2, which is based on the procedures
described in Ceder (6), is used for the SCRTD Line
217 to construct alternative timetables.

Eighteen different combinations of runs have been
selected for each direction of travel. Tables 4 and
5 are computer-generated timetables for the north-
bound direction. Table 4 (for egual headway) gives
only the first 30 departures, and Table 5 presents
the whole day's timetable. Nonetheless, it is pos-
sible to examine the differences between the equal
and the balanced headway timetables.

Several observations can be made on the basis of
results presented elsewhere (6). The results of
Method 4 1indicate significant resource saving in
comparison with the results of Method 2, particular-
ly in the southbound direction. This can also be
seen in Figure 5. The combinations of methods used
indicate that the use of Method 4 during peak
periods only does not result in significant saving
in comparison with Method 2 results. Consequently,
Method 4 may be particularly useful during off-peak
hours. For the southbound direction, the clock head-
way timetable using Method 2 results in the same
number of departures and fleet size measure as
Method 2 without clock headway. This may provide an
opportunity to introduce the clock headway timetable
at the main (daily maximum load) Fairfax/Beverly
stop. It is worth mentioning that the clock headway
pattern is not maintained along the entire route be-
cause of different running times between time points.

Certainly, the large number and variety of time-
tables may complicate the decision-making process
for schedulers. However, it provides an opportunity

87

to examine rapidly different timetable and frequency
scenarios. It 1is anticipated, however, that the
skilled scheduler, while recognizing the full poten-
tial of the procedures, will select only a few al-
ternatives to compare.
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