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Simulation Study To Evaluate Spare
Ratios in Bus Transit Systems

WaAFrIK H. ISKANDER, MAJID JARAIEDI, AND SEYED A. NIAKI

A simulation model was developed to investigate proper choice
of the spare ratio to maintain a desirable level of service
dependability. The objective of the model was to study the
effects of the time between bus breakdowns and the time to
repair broken buses, as well as other characteristics of the
system, on the value of the spare ratio and the overall per-
formance of the transit system. The model was successfully
validated and used to simulate and study the bus operations
of an existing transit system. The model can be adapted to
simulate the operations of different bus transit systems.

The overall reliability of the service provided by a bus transit
system is a function of a number of factors, including mechan-
ical reliability of buses, availability of spares to replace broken
buses, and total time elapsed until disabled buses are fixed
and sent back to operation.

The main objective of the research described in this paper
was to investigate the proper number of spare buses needed
to maintain a desirable level of service reliability. The inves-
tigation includes a study of the effects of bus mechanical reli-
ability, time to repair failed buses, and repair schedule policies
on the spare ratio level. The spare ratio is defined as the ratio
of the number of spare buses in the fleet to the maximum
number of buses scheduled at peak periods. A simulation
model was developed to examine

® The relationship between frequency of bus breakdowns
and the spare ratio and its effect on the level of service;

® The relationship between the number of mechanics work-
ing at the repair garage (or repair turnaround) and the spare
ratio;

e The relationship between the frequency of breakdowns
of individual bus components and the spare ratio; and

@ The relationship between scheduling policies practiced at
the repair shop and the spare ratio level required.

A bus transit system with a fleet of 57 buses was selected
from a hilly, medium-sized city in the Mid-Atlantic region as
the basis for the simulation model. The model can also be
used to simulate the operation of other transit systems if some
of the input parameters and parts of the model are changed.

LITERATURE REVIEW

Although a great deal has been written about issues related
to bus maintenance, no literature has specifically addressed
the spare ratio. Several researchers have studied bus systems
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and developed models to predict or enhance performance
indicators. These indicators have usually been linked to oper-
ating costs (1, 2), preventive maintenance policies (3), resource
use (4), repair scheduling (1), bus scheduling and bus boarding
time (5), passenger waiting and traveling time (6), transit
system reliability (7), and other issues, all either directly or
indirectly related to the spare ratio problem. In general, research
reported in the literature can be classified into one of five
areas:

® Data collection and preparation. In this area, Maze et al.
(8) provided methods to obtain information on maintenance
planning and fleet management. Maze and Dutta (9) illus-
trated a statistically based method to quantify and compare
life characteristics of bus components in an operational set-
ting. Kosinski et al. (10) also provided methods to generate
statistics on bus component failures.

® Application of universal methodologies and guidelines. In
1981, UMTA attempted to develop standard maintenance
guidelines to be used by transit systems (/7) but had to aban-
don its effort for lack of agreement on universally accepted
standards. Tradeoffs between capital costs, operating expenses,
and maintenance work were addressed by Dutta et al. (/) and
Wilson (2), but no guidelines were developed because of the
unique characteristics of the individual transit systems.

® Analysis of relationships between resources and system
performance. Maze et al. (12) developed a simulation model
of a hypothetical maintenance system to examine different
policies in maintenance planning. Maze et al. (13) and Sinha
and Bhandri (3) developed simulation models to investigate
relationships between system performance and availability of
resources.

® Analysis of relationships between environmental condi-
tions and system performance. Effects of terrain, climate, fleet
age, and other factors on maintenance manpower require-
ments were investigated by Wilson (2) and Drake and Carter
4.

® Impact of maintenance policies on system performance.
Sinha and Bhandri (3) investigated the relationship between
preventive maintenance policies and system performance.
Guenthner and Sinha (7) studied the impact of maintenance
strategies on service reliability. Dutta et al. (), and Martin-
Vega (14) also investigated the impact of repair scheduling
policy on the performance of bus transit systems.

MODEL INPUT

Information collected from the transit system under consid-
eration consisted primarily of bus breakdown records and
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TABLE 1 BUS SCHEDULE
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No. Scheduled on Weekdays (Saturdays)

E())t.a(l)f Morning Niid-Day Evening
Group Buses Off-Peak Peak (Off-Peak) Peak Off-Peak
1. Bluebird 10 2(6) 6(6) 2(6) _6(6) 2(6)
2. National 5 2(2) 4(2) 2(2) 4(2) 2(2)
3. AM General 7 0(0) 0(0) 0(0) 0(0) 0(0)
4. GMC 23 15(15) 22(15) 15(15) 22(15) 15(15)
5. Flxible 12 10(11 12(11 10(11) i2(11 10(11)
Total 57 29(34) 44(34) 29(34) 44(34) 29(34)

repair data for system operation during fiscal year 1986—1987.
This information was used to produce summaries and statis-
tical distributions for the number of miles between break-
downs and repair times for the individual components of dif-
ferent bus groups used in the system. Data were collected for
only a single year, but they cover several types of buses with
varying ages.

In generating breakdowns in the simulation model, it was
assumed that failure patterns vary between types of buses but
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were therefore categonzed into five groups accordmg to their

type and age. The number of buses in each group is glvcu in

Table 1.

Data files were maintained for work performed on more
than 200 individual components. To simplify the simulation
input, these components were grouped into the following 19
categories, each containing several components:

e Scheduled state inspections;

@ 3,000- and 9,000-mi inspections;
® 6,000-mi inspections;

@ 12,000-mi inspections;

® Axles;

® Braking system,;

@ Cooling system,;

@ Drive line;

@ Electrical system;

® Fuel system;

® Farc box;

@ Heating system;

@ Air conditioning system;

@ Body, seats, doors, and windows;
@ Engine;

® Steering system;

@ Suspension system;

@ Transmission system; and

@ Other repairs and maintenance.

A team of 12 mechanics was scheduled for work during the
morning shift (7:00 a.m.-3:00 p.m.), and teams of 5 mechan-
ics were scheduled for the other shifts (3:00-11:00 p.m. and
11:00 p.m.-7:00 a.m.), 6 days each week, Monday through
Saturday. During the second and third shifts, minor jobs such
as cleaning, washing, checking fuel, repairing lights, fixing
flat tires, and mending radio equipment were performed.

Buses are scheduled for operation between 4:35 a.m. and
12:55 a.m., weekdays and Saturdays, according to the sched-
ule presented in Table 1. On Sundays, five buses from Group
5 are scheduled to operate for 2 hours only. The spare ratio
for this system can thus be calculated as 13/44, or 29.5 percent.

DATA PREPARATION

A data base was created with 6,466 records, one for each
inspection or repair job completed. This data base was used
to generate distributions for time between failures and repair
times.

Distributions of Time Between Failures

Each of the five bus groups was considered a separate entity
in the simulation model. This approach was easier and more
practical than considering each bus alone. Buses of the same
group were assumed to be similar in all aspects and to possess
the same characteristics, including failure patterns.

All records were classified into five files, corresponding to
the bus groups. Each of these files was then broken down
into 19 different smaller groups, corresponding to the 19 cat-
egories of bus components. Thus 5 x 19 = 95 different groups
were obtained and used to generate time between failures for
each component category within a bus group.

The repair data contained the date of the repair, which was
assumed to be close enough to the breakdown date. The bus
mileage at the time of breakdown, however, was not recorded.
Because the number of buses on the road was not constant
at different times and dates, it was necessary to convert the
time between breakdowns into mileage between breakdowns.
The number of inspections performed at 3,000-mi intervals
was determined and used to calculate the total mileage per
bus group per year and the average mileage that each bus
was driven per day. For each bus group, the average speed
was estimated as the ratio of total miles to total number of
hours on the road per year.

The average mileage per day for each group of buses and
the number of days between breakdowns were used to obtain
frequency distributions for miles between breakdowns for all
component categories within each bus group. These distri-
butions were then used to generate breakdowns in one of
three ways:

® Exponential distribution. Data for the group were suc-
cessfully tested to fit the distribution. The x? goodness-of-fit
test was used for this purpose.

® Cumulative probabilities (empirical distributions). If no
standard statistical distribution could fit the data, this method
was used directly to generate miles between breakdowns.

® Generation of breakdowns. If few observations were
available (e.g., two or three breakdowns), the exact numbers
of breakdowns were generated at equal intervals during the
year. This method was also used for inspections.
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Repair Time Distributions

To generate repair times, individual bus components were
grouped into the 19 categories identified earlier. Unlike fail-
ure rates, repair times were not assumed to depend on the
bus group. The 6,466 records for repair times were thus placed
into only 19 data groups. The Shapiro-Wilk and Kolmogorov-
Smirnov nonparametric tests were used to test whether the
repair times for each category followed a normal distribution.

The units used for the repair time were small enough that
the data could be considered continuous. It developed that
none of the groups followed a normal distribution. Grouping
the data into a larger number of more homogeneous cate-
gories could lead to better normal fits, but this procedure
would add to the complexity of the model. Because no other
probability distribution could be identified to fit the data closely,
cumulative probabilities were used directly to generate repair
times.

SIMULATION MODEL DEVELOPMENT

An investigation was made of the effects of the following
parameters on the desired level of the bus spare ratio:

@ Number of mechanics on duty,
@ Time between bus breakdowns, and
@ Policies practiced in the repair shop.

The simulation model was designed to provide the following
information under various operating conditions:

e Usage of mechanics,

@ Average waiting time for repair,

® Average time spent in the repair system, and

® Percentage of time that the system is faced with a bus
shortage and cannot fully meet the schedule.

To represent the transit system and its maintenance facil-
ities as closely to reality as possible, all buses were classified
into one of the following categories:

e Active buses. Operative and regularly scheduled for
service;

@ Spare buses. Operative but not regularly scheduled; and

® Failed buses. Inoperative because of mechanical failure,
preventive maintenance, or inspection.

This method of classification is not standard practice; however,
it was the method used by the system under consideration.

Assumptions of the Model

Various assumptions were made and maintained throughout
the simulation. Failures were classified into critical and non-
critical categories, in which critical failures are those that
cause interruption of service and put the bus out of commis-
sion until it is fixed. Noncritical breakdowns do not interrupt
the bus service but require repair work at the end of the
scheduled operation of the bus. The ratio of critical to non-
critical failures can be changed as a parameter in the simu-
lation model, depending on the characteristics of the system
under consideration.
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When a critical failure occurs, a mechanic takes a spare
bus, if available, to the location of failure. The spare bus
replaces the failed one, and the mechanic either fixes the
failed bus on location or tows it back to the garage, where it
is scheduled for repair according to the priority set at the
shop. The following order is followed when substituting a
failed bus with a spare, depending on the availability:

1. Replace the failed bus with a bus from the same group.

2. Replace the failed bus with a bus from Group 3, which
consisted of buses designated as spares.

3. Replace the failed bus with a bus from another group
that has the same capacity.

The same order is followed when buses are scheduled for
operation.

The percentage of times that a mechanic can repair a failed
bus on location can be changed as a parameter in the model.
It is also assumed that maintenance workers are interchange-
able and can perform all repairs.

The model assumes that repair times and miles between
breakdowns are stochastic in nature, but inspections are per-
formed at fixed intervals. Maintenance equipment, tools, and
replacement parts are assumed to be always available. Travel
time to location of a failed bus and back to the shop is uni-
formly distributed between 10 and 20 min, and towing time
is uniformly distributed between 20 and 40 minutes.

In general, noncritical breakdowns need smaller repair times
than the critical ones. Inspections are treated as noncritical
failures.

Elements of the Model

An overall flowchart of the simulation model is given in Figure
1. The model consists of five elements.

Breakdown Generation

Five entities representing the five groups of buses were con-
sidered to be subject to periodic failures. Each entity has its
own attributes that define its status and characteristics. Miles
between breakdowns were generated separately for each com-
ponent category within each bus group according to its pre-
determined probability distribution.

As the simulation progresses, mileages are accumulated for
each bus group according to the number of active buses on
the road for that group and their average speed. The number
of buses on the road changes with time and depends on both
operation schedule and bus availability. The time of the next
failure was therefore not easy to predict because it was con-
stantly changing with the number of buses on the road for
the group.

Scheduled Changes in the Number of Buses

The number of buses scheduled for operation changes several
times during each day, Monday through Friday. Different
schedules are also planned for Saturdays and Sundays. To
simplify the bus operation schedule in the simulation, a com-
plete cycle with 39 periods was developed for the entire week
and repeated throughout the simulation. Whenever the num-
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ber of buses in operation was reduced, during the change
from a peak period to an off-peak period or at the end of the
day, buses with noncritical breakdowns were pulled first and
scheduled for repair.

Scheduled Changes in the Number of Mechanics on
Duty

Different numbers of mechanics are scheduled to work during
the three daily shifts, Monday through Saturday. A complete
cycle of 19 shifts (three 8-hr shifts for Monday through Sat-
urday and one 24-hr shift with no mechanic for Sunday) was
used for the entire week in the simulation.

The morning shift is usually staffed with more mechanics
than the other two shifts. For simplicity, it was assumed that
when the mechanics change between shifts, the new crew
continues the work started by the old one. If the number of
mechanics between shifts increased or decreased, appropriate
action, such as starting repair on a bus or interrupting repair
work being performed, was taken.

End of Repair on a Bus

Two actions are taken whenever a repair job is completed.
First, the freed mechanic checks for waiting buses and starts
working on the first bus in the queue. If the queue is empty,
the mechanic becomes idle, which in reality means performing
other jobs such as fueling, cleaning, and so on. Second, the
bus that was just repaired is returned to service, either as an
active bus or as a spare, depending on the number of buses
scheduled for service and the number of buses available.

End of the Day

The end of the day is defined as the time at which all buses
return from service. At this time, all in-service buses with
noncritical breakdowns are scheduled for repair.

Program Overview

The transit system operation was simulated using a FOR-
TRAN and SLAM II simulation program (15). The program
starts by reading all input variables, arrays, and parameters
and performing the necessary initialization. Breakdowns are
then scheduled for each bus group, and control of the program
is transferred to SLAM II. The SLAM II program finds the
next event to occur, calls the appropriate subroutine for that
event, and controls the flow of events and all operations. After
a warm-up period, statistics are collected on the system per-
formance measures. By changing the parameters of the sys-
tem, these statistics can be collected under different config-
urations and operating policies. The main parameters that
were investigated are

® Spare ratio (the value of the spare ratio was controlled
by changing the number of spare buses available),

® Number of mechanics,

® Repair scheduling policies, and
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e Rate of breakdown for different component categories
of the five bus groups.

MODEL APPLICATION AND ANALYSIS OF
RESULTS

The simulation model was successfully validated against the
actual operational data of the system. The number of break-
downs per bus type, number of breakdowns per component,
use of mechanics, and repair times generated by the model
were compared with the actual operational values, and no
significant difference was found. Sensitivity analyses were per-
formed on the input parameters and model variables, and the
model responded as expected [for details of the validation
process and results, refer to the report by Iskander and
Jaraiedi (16)].

The model was then implemented under different condi-
tions by varying its parameters and input variables. The main
objective was to investigate the effects of several parameters
and variables on the value of the fleet spare ratio required to
maintain a desirable level of service. The following measures
of performance were selected to represent the level of service
rendered to the riders and the turnaround in the repair garage:

@ System dependability. System dependability, D, was defined
as

D =1 - (By/By)

where B,, is bus-hours of missed runs and By is total bus-
hours of operation. The higher the number of bus-hours missed
due to breakdowns, the lower the dependability of the system.

® Time in system. TISYS is the total time (waiting plus
repair) spent by a bus at the repair shop.

® Average number of buses in the repair queue. This meas-
ure is represented by the variable LQU (for “length of queue”).

The effects of the following parameters and variables on
the desired level of the spare ratio were investigated:

® Availability of resources (mechanics) at the repair shop,
® Repair scheduling policies, and
e Rates of failure of different bus components.

The rates of failure depend on several factors, such as age of
component, climate, terrain, and so on. By individually
adjusting the rates of failure of the bus components, the effects
of different factors on the value of the spare ratio required
can be investigated.

Relationships Among the Spare Ratio, Number of
Mechanics, and System Performance

Because the reliability of a bus or its components is primarily
measured as a function of the mileage between breakdowns
under normal operating conditions, its value does not change
with the spare ratio or the number of mechanics available. A
higher spare ratio, however, increases the probability of hav-
ing a spare bus when one is needed. Also, a higher number
of mechanics usually results in faster turnaround at the repair
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TABLE 2 RELATIONSHIPS AMONG SPARE RATIO, NUMBER OF MECHANICS, AND
SYSTEM PERFORMANCE

Number of Mechanics at

Spare Ratio Evening & Night Morning

(%) Shifts Shift D TISYS LQU
3 5 0.9266 6.09 205

3 6 0.9440 5.%2 1.85

11.4 3 8 0.,92520 5.56 1.70
4 5 0.9647 4.68 1.14

4 8 0.9662 4.55 1.10

5 5 G.. 9797 4.24 0.81

3 5 0.9824 6.09 2.06

3 6 0:9897 5. 85 1.89

20.5 3 8 0. 9899 By T 1.82
4 5 0.9964 4.89 1.22

4 8 0.9972 4.62 1,19

5 5 0:9979 4.28 085

3 5 0.9964 6.29 2.18

3 ] 0.2265 5.80 .92

29:5 3 8 0.9966 5.46 1,69
4 5 0.92986 4.84 1420

4 8 0.9988 4.79 1.13

) 5] 1.0000 4.28 0.81

3 5 0.9994 5276 1.86

3 6 1.0000 5 .52 1.68

40.9 3 8 1.0000 5«37 1. 60
4 5 1.0000 4.72 1:15

4 8 1.0000 4:55 1:07

5 5 1 4.16 0. 79

.0000

shop and improves the availability of buses. An increase in
the spare ratio or the number of mechanics should therefore
improve bus dependability.

Table 2 presents the relationships among the spare ratio, 989
number of mechanics, system dependability, average time
spent in repair facilities, and average number of buses waiting
for repair. Statistics were collected for a duration of 1 year, 977
which covers 223,723 bus-hours of scheduled operation. Results

1.000 1

- (3.6)

indicate that with the same number of mechanics, as the spare :; 565 [ ] (4.8)
ratio increases, system dependability improves. For the same < @‘gﬂ 5

spare ratio, system dependability also improves with the increase Y -
in number of mechanics. Both time spent at the repair shop L 954

and length of the queue of buses waiting for repair (LQU) 3

decrease with the increase in number of mechanics. Under

the assumptions of the model, maintenance workload depends 943

mainly on total bus mileage, so performance characteristics

at the repair shop are not affected by the value of the spare

ratio. 931
Plots of dependability for different numbers of mechanics

against different values of the spare ratio are shown in Figure 920 —

2 and Figure 3. For a spare ratio of 11.4 percent, system 11

dependability increases from 0.9266 to 0.9662 when the num-

ber of mechanics is increased from 5 to § in the morning shift

and from 3 to 4 in the other two shifts. Similar conclusions FIGURE 2 Impact of number of mechanics on dependability.

20.5 29.5 40.9
Spare Ratio (7)
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FIGURE 3 Impact of spare ratio on dependability.

TABLE 3 CHANGE IN DEPENDABILITY ASSOCIATED
WITH INCREASE IN SPARE RATIO

Spare Ratio (%)

Number of Mechanics® 11.4 20.5 29.5 40.9

N/A 0558 .0140 .0030
N/A .0457 .0068 .0035
N/A 0379 .0067 .0034
N/A .0317 .0022 .0014

, N/A .0310 .0016 .0012
5:.8 N/A .0182 .0021 .0000

>

B W LW
o L 0o N W

Note: N/A = not applicable (base system)
“Evening and night shifts, morning shift.

can be made with the spare ratios of 20.5, 29.5, and 40.9
percent. In addition, for a fixed number of mechanics, system
dependability increases with the spare ratio increase.

These results were obtained when the percentage of critical
breakdowns of the total number of breakdowns was 25 per-
cent, as estimated by the operators and managers of the sys-
tem under consideration. The high levels of dependability are
not unusual in bus transit systems, where a level of 1.00 is
always mentioned as a goal. In fact, a level of 0.98 can be
considered low because this means that during 2 percent of
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the time, one or more buses cannot meet their schedules. In
this system, a 0.1 percent change in dependability is translated
to 0.001 x 223,723, or about 224 bus-hours of shortage.

Results also demonstrate that, as expected, TISYS and LQU
decrease as the spare ratio or the number of mechanics increases.
Tables 3 and 4 summarize the incremental change in depend-
ability associated with the increase of the spare ratio and the
number of mechanics, respectively.

To decide which combination of spare ratio and mechanics
can best fit a system, a formal cost analysis should be per-
formed. Factors such as cost of acquisition, maintenance cost
of an additional spare bus, mechanics’ salary, and so on should
be investigated in the analysis.

Effect of Repair Scheduling Policy

A bus repair system consisting of eight mechanics in the main
shift and three mechanics in the other two shifts, 6 days a
week, was selected as the base system for all the following
analyses. This combination of mechanics was selected because
with more mechanics the system would not be sufficiently
sensitive to changes in the parameters. A smaller number of
mechanics, on the other hand, could cause long queues of
buses waiting for repair. The percentage of critical break-
downs used for the base system is 25 percent, and the per-
centage of time that buses are fixed on location is 50 percent.

The following policies were investigated for repair sched-
uling:

e First come first served (FCFS);

® Schedule the bus that requires the shortest processing
time (SPT) first; and

® For buses that have waited for more than a specific num-
ber of hours (8, 16, or 24 hours), use FCFS rule; if none,
apply SPT rule.

The results of 20 runs on systems with spare ratios of 11.4
percent, 20.5 percent, 29.5 percent, and 40.9 percent are pre-
sented in Table 5 and Figures 4, 5, and 6. Results indicate
that a significant improvement can be achieved by applying
SPT policy over FCFS. It would be slightly better in most
cases to apply the SPT policy and revert back to FCFS when-
ever one or more buses have been waiting for 16 or more
hours.

These results agree, in general, with those obtained by
Dutta et al. (), who found that performances of transit sys-
tems vary significantly with different repair scheduling poli-
cies. They also concluded that systematic scheduling rules

TABLE 4 CHANGE IN DEPENDABILITY ASSOCIATED WITH
INCREASE IN THE NUMBER OF MECHANICS

Spare Ratio

Number of Mechanics

(%) 3,5 3.6 3,8 4,5 4,8 5,5

11.4 N/A 0174 .0080 0127 0015 0135
20.5 N/A 0073 .0002 .0065 L0008 .0007
29.5 N/A 0001 .0001 0020 0002 0012
40.9 N/A .0006 .0000 10000 .0000 .0000

NoTE: N/A = not applicable (base system)
“Evening and night shifts, morning shift.
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TABLE 5 IMPACT OF REPAIR SCHEDULING POLICY

Spa:(:oe)Rat:i.o Scheduling Policy D TISYS LQU
%

FCFS 0.8780 6.91 2.60

SPT 0.9420 5 .56 1.70

11.4 SPT+8 hrs. Wait Time 0.9250 5.70 1.83
SPT+16 hrs. Walit Time 0.9580 5.49 1.67

SPT+24 hrs. Wait Time 0.9280 5.64 1:74

FCFS 0.9565 6.61 1.: 79

SPT 0.9880 5,7% 1.82

20.5 SPT+8 hrs. Wait Time 0.9771 5.86 1.84
SPT+16 hrs. Wait Time 0.9868 5,61 1.87

SPT+24 hrs. Wait Time 0.9769 5.:92 1.89

FCFS 0.9819 6.63 2.44

SPT 0. 9962 5.46 170

29.5 SPT+8 hrs. Wait Time 0.9966 5.52 Lo 72
SPT+16 hrs. Wait Time 0.9976 5.78 1.82

SPT+24 hrs. Wait Time 0.9940 6,01 L 97

FCFS 0 9953 6.5b 2.34

SPT 1.0000 5.37 1.60

40.9 SPT+8 hrs. Wait Time 0.9996 5.69 1.76
SPT+16 hrs. Wait Time 1.0000 5.42 1,62

SPT+24 hrs. Wait Time 1.0000 5:39 1:62

perform better than random scheduling policies and that the
application of the SPT rule with limits on the waiting time
yields better results than those obtained with other rules.
Because the current study indicates a significant advantage of
SPT over FCFS and no significant difference between the SPT
policy and any of its variations, it was decided to use SPT in
all the remaining analyses.

Impact of Rates of Failure

Several factors can affect the rate of failure of individual bus
components. These factors include age; environmental char-
acteristics such as climate, terrain, and road conditions; and
preventive maintenance policies followed by the system. Inde-

pendent studies may be performed to estimate the effects of
these factors on the rates of failure, but they can be costly
and intractable. Alternatively, estimates may be obtained from
experienced transit personnel. By adjusting the rate of failure
of the individual components, the impact of these factors on
the value of the spare ratio and on the overall system per-
formance can be investigated.

The rates of failure observed for the system under consid-
eration were assumed to be average. Two additional levels
were investigated for the rates of failure, a higher level with
20 percent more failures and a lower level with 20 percent
less. The results are given in Table 6 and in Figures 7, 8, and
9. As expected, all measures of performance demonstrated
improvement with lower rates of failure and with higher spare
ratios.
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tem performance measures should hold true for most systems.
These relationships provide valuable information to decision
makers and to operators of bus transit systems. The model
can also be modified to simulate the operations of different
bus transit systems.
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