




































































































































































































































































82 TRANSPORTATION RESEARCH RECORD 1221

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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Statistical Evaluation of Spare Ratio
in Transit Rolling Stock

MaAJID JARAIEDI AND WAFIK ISKANDER

In this paper, the results of a study of the problem of the spare
ratio in the bus transit industry are examined. Statistical tech-
niques were used to investigate the relationships between var-
iations in spare ratio and characteristics of bus transit prop-
erties. Section 15 data for 1984 were used as the basis of the
analysis. The use of cluster and discriminant analyses made it
possible to specify 14 important variables that affect the spare
ratio and use them collectively to classify properties into three
groups, with high, average, or low spare ratios. It was deter-
mined that there is a significantly lower average total number
of road calls per vehicle hour for properties that have a low
spare ratio than there is for those that have medium or high
ratios. Mechanical and total road calls per vehicle mile exhibit
similar patterns. The percentage of federal assistance to total
revenue has a lower average in systems with lower spare ratios,
which means that properties that have high spare ratios have
relied on federal assistance more than have those that have
low spare ratios.

The rolling stock in public transit consists primarily of buses,
light rail vehicles, and rapid transit cars used for carrying
passengers. The majority of the vehicles in these fleets are
dedicated to prescheduled service. To promote effective use
of their resources, therefore, transit companies usually go to
great lengths to ensure that the service they offer is available
as advertised.

An aggregate ratio of the total number of active vehicles
in a given fleet to the maximum number of vehicles scheduled
on the street at any one time (during peak service) is referred
to as the ‘“‘spare ratio.” The subject of this paper is the sta-
tistical evaluation of the spare ratio among bus operations
and, more specifically, the exploration and identification of
characteristics that are common to bus transit systems with
similar, or close, spare ratios.

A great deal has been written about two closely related
issues: bus maintenance and bus/vehicle replacement theory.
Although these two subjects are closely related to the issue
of spare vehicles, the latter topic has not been specifically
addressed in the literature. An American Public Transit Asso-
ciation (APTA) working committee dealt with the issue of
spare ratio and decided that the present across-the-board 120
guideline is not defensible. Instead, APTA has developed a
rather complex formula for computing the spare ratio. In
APTA’s response to UMTA’s proposed grant application
requirements, it was concluded that “a single nationwide spare
ratio guideline is inadequate to oversee the varying and com-
plex circumstances affecting vehicle fleet management” (7).

Department of Industrial Engineering, West Virginia University,
Morgantown, W.Va. 26506-6101

DATA DESCRIPTION

A data base was constructed with information from more than
200 transit systems in the continental United States. Data for
each property consisted of 58 variables, 43 of which were
obtained from the 1984 Section 15 data (2). The first five
variables provided information on the code, name, size, and
location of each property. The next 38 variables were per-
formance and status indicators reported by each property for
1984. Because it was postulated that climatic characteristics
might aiso aifect the mainienance operations of a iransii prop-
erty and hence the number of buses considered as spares, 15
additional variables were created to provide information on
the climate in which each property operates. For a complete
listing of all variables, refer to the report by Iskander and
Jaraiedi (3).

STATISTICAL ANALYSIS

The first step in the statistical analysis of the data was com-
putation of some simple descriptive statistics. The spare ratio
ranged from 1.00 to 2.54 with a mean and a standard deviation
of 1.30 and 0.23, respectively. Transit systems were placed
into categories on the basis of the number of vehicles operated
in maximum service. Descriptive statistics were computed for
each category separately (Table 1). It can be observed that
the number of vehicles in maximum service does not exhibit
a significant effect on the mean or on other statistics of the
spare ratio. The average spare ratio is somewhat higher for
smaller systems.

Through regression analysis the relationship between spare
ratio and the independent variables was also examined. A
stepwise regression procedure with the objective of maximiz-
ing the coefficient of multiple determination, R?, was used.
For the model that includes the best 15 variables, R* was only
25 percent. Even after inclusion of all variables in the model,
maximum R? increased to only 53 percent. Needless to say,
inclusion of all these variables in a regression model is extremely
inefficient, causes high variability in the coefficients, and reduces

the prediction power of the model
the prediction power of the mode..

USE OF CLUSTER AND DISCRIMINANT
ANALYSES

The objective of this analysis was to classify transit properties
into categories with different values of spare ratio: high, aver-
age, and low. The first step involved the use of cluster analysis
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Spare ratio (%) Rates of Failure D TISYS LQU
Low 0.9716 5. 1.3 1 .18
11.4 Average 0.9420 5.56 1:.70
High 0.8847 6.30 2.66
Low 0.9947 5+19 l.25
20.5 Average 0.9880 5.77 1.82
High 0.9626 635 2.70
Low 0.9994 5.14 1421
29.5 Average 0.9962 5.46 1.70
High 0.9940 6.24 2.58
Low 1.0000 4.99 Aopee 87
40.9 Average 1.0000 5:37 1.60
High 0.9994 5,99 2.38
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CONCLUSION

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 failed buses, as well as other characteristics of the sys-

LQU (buses)

11.4 20.5 29.5 40.9
Spare Ratio (%)

FIGURE 9 Impact of rates of failure on LQU.

tem, on the value of the spare ratio and the overall perfor-
mance of the transit system. The model was successfully val-
idated and was used to simulate and study the operation of
an existing bus transit system. The results are pertinent only
to the system under consideration; however, the general rela-
tionships among spare ratios, number of mechanics, main-
tenance scheduling policies, rates of failure, and several sys-
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TABLE 1 DESCRIPTIVE STATISTICS FOR THE SPARE RATIO BASED ON FLEET SIZE

Category Number of Number in Apare Ratig

Number Vehicles Category Mean S.D, Min Max
1 > 1000 6 1.25 0.16 1.09 1.49
2 500-999 12 1.25 0.20 1,06 1.74
3 250-499 16 123 0.11 1.02 1.49
4 100-249 38 1.20 0.16 1.00 1.87
5 50-99 48 1.32 0.20 1,00 2.54
6 <50 82 135 0.28 1.00 2.54
All systems combined 202 1.30 0.23 1.00 2.54

TABLE 2 SUMMARY OF CLUSTER ANALYSIS

Cumulative Cluster
Cluster Frequency Percent Frequency Mean
1 81 40.9 81 1.12
2 79 39:2 160 1.30
3 38 19.2 198 1.59

procedures, which are commonly used to place observations
into groups or clusters so that all observations placed in one
group are similar to each other and different from observa-
tions placed in other clusters. Transit systems were clustered
into three groups, according to their spare ratio value. Results
of the analysis are summarized in Table 2.

The next step was a stepwise discriminant analysis, in which
a subset of quantitative variables is selected to produce a good
discrimination model. A significance level of 0.25 was used
for entering or removing variables to or from the model.
Before this analysis was performed, all observations had to
be organized into three groups on the basis of the cluster
analysis results. The boundaries between the three clusters
were defined as 1.21 and 1.41, where a suitable breakdown
in the spare ratios was observed. All systems for which the
spare ratio was less than 1.21 were defined as having a low
spare ratio and were placed in Group 1. Those with spare
ratio between 1.21 and 1.41 were defined as having an average
spare ratio and were placed in Group 2, and the rest were
defined as having a high spare ratio and were classified in
Group 3 (Table 3). This procedure identified seven key vari-
ables that have a significant correlation with spare ratio.

Because many statistical studies with empirical data dem-
onstrate that the logarithmic transformation of variables tend
to yield better results (in terms of alleviating deviation from
normality), the same analysis was repeated with a model that
contained both the independent variables and their natural
logarithms. To accommodate the large number of variables

in the data base, the significance level used for entering and
removing variables was reduced to 0.15. This procedure resulted
in the identification of 14 key variables, 9 of which were in
the form of log transforms.

Linear discriminant functions were then produced by using
these 14 variables. Each observation was then placed in one
of the predetermined classes on the basis of its squared dis-
tance from the center of each class. Table 4 presents parts of
the results obtained. Of the 71 properties that belong in Class
1, 45 (63 percent) were correctly classified in the same class.
Of the 69 observations from Class 2, 52 (75 percent) were
placed in the same class. For Class 3, 16 of the 33 observations
were correctly classified. Overall, more than 65 percent of
valid observations were correctly classified.

The average values of the key variables identified previ-
ously for the three classes of spare ratio (low, medium, high)
and overall are presented in Table 5. The annual number of
days with a temperature of 0° and below was significant both
in its original and transformed forms, but only the original
form is included in Table 5.

Examination of some of these variables provides interesting
results. For example, the total number of road calls per vehicle
hour (X,) has a significantly lower average for properties with
a low spare ratio than it does for those with medium or high
ratios. The coefficient of simple correlation between the spare
ratio and this variable is 0.161.

The second and third variables, which are mechanical and
total road calls per vehicle mile, also exhibit the same pattern.
Systems with low spare ratio have a considerably smaller aver-
age mechanical and total road calls than do other properties.

The percentage of federal assistance in total revenue (X,)
has a lower average for systems with lower spare ratios. This
means that properties with high spare ratios have relied on
federal assistance more than have those with lower spare ratios.
It should be noted that the rate of increase with spare ratio
for this variable is not significant.

An examination of variable X5, the number of revenue

TABLE 3 STEPWISE DISCRIMINANT ANALYSIS SUMMARY OF
RESULTS FOR ORIGINAL VARIABLES ONLY

Variable

Total vehicle mi/total employees

Annual passenger mi/vehicle revenue hr

Annual number of days 0° and below

Total mi/value of state and local assistance
Maintenance employees per total employees

Annual number of days above 90°

Revenue hr/value of state and local assistance

F Stat. Prob > F
4.4 0.014
4.1 0.019
4.3 0.016
2.4 0.094
22 0.110
23 0.101
2,2 0.114
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TABLE 4 CLASSIFICATION SUMMARY FOR THE SPARE
RATIO: NUMBER OF OBSERVATIONS AND PERCENT
CLASSIFIED

To
From Low Medium High Total
Low 45 17 9 71
(63.38) (23.94) (12.68) (100.00)
Medium 13 52 4 69
(18.84) (75.36) (5.80) (100.00)
High 8 9 16 33
(24.24) (27.27) (48.48) (100.00)
Total 66 78 29 173
(38.15) (45.09) (16.76) (100.00)

Note: Percent classified in parentheses.

TABLE 5 AVERAGE VALUES FOR ALL IMPORTANT VARIABLES FOR EACH SPARE RATIO CLASS

Spare Ratio

Variable Definition Low Medium High Overall
Xy Total road calls/vehicle hr 4.6 6.4 6.9 5.7
X, Mechanical road calls/vehicle mi 27.2 35.1 37.5 323
X, Tortai road calis/vehicie mi 35.4 51.4 52.4 450
X, Percentage of federal assistance in total revenue 19.4 20.1 22.2 20.2
X Revenue mifvalue of total federal assistance 576.1 181.2 197.0 345.9
X, Total mi/value of state and local investment 155.6 1519 782.3 273.7
X, Operating expenses per vehicle in maximum service ($1,000) 109.8 107.3 115.7 110.0
X Revenue mechanics per total no. of maintenance employees 56.1 53.8 50.0 54.1
X, Total vehicle mi per total employees 15.3 14.0 151 14.7
X Annual number of days below 32° (freezing) 87.9 81.2 81.9 84.1
Xy, Annual number of days 0° and below 6.3 3.6 4.0 4.8
X, Annual passenger mi per 1,000 directional mi 136.4 96.9 108.0 115.5
X5 Annual passenger mi per vehicle revenue hr 149.5 118.4 120.0 131.7

miles per total dollar value of federal assistance, reveals that
systems with low spare ratios have a much higher average
value for this variable. In other words, having a higher number
of revenue miles per federal dollar puts a property in a stronger
position to maintain a low spare ratio. Similar arguments can
be made for variables X, X,,, and X;.

CONCLUSIONS

Multivariate statistical analysis demonstrates that only a few
of the variables that characterize a bus transit system exhibit
a statistically significant correlation with spare ratio. Cluster
and discriminant analyses were used to specify 14 important
variables that affect spare ratio. These variables were used
collectively to classify transit systems in three groups with
high, average, and low spare ratios.

It was demonstrated that the average total number of road
calls per vehicle hour is significantly lower for properties with
low spare ratios than it is for those with medium or high spare
ratios. Mechanical and total road calls per vehicle mile exhib-
ited the same pattern. Systems with low spare ratios have
much smaller average mechanical and total road calls than do
other properties. The correlation coefficient between the spare
ratio and these variables are positive.

The percentage of federal assistance to total revenue also
has a lower average for systems with lower spare ratios. For

some properties, however, this result may not prove valid
because the level of federal subsidy reported in Section 15
does not specify subsidy by mode. Systems with low spare
ratios also have a much higher average value for the number
of revenue miles per total dollar value of federal assistance.
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