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Abstract: To accurately capture the measurement of bus
reliability and evaluate whether the transit system is properly
operated, an evaluation framework is established to assess the
reliability of the transit system from different stratifications,
including stops, routes and network levels. The bus operation
data of the Hefei city is analyzed as a case study. Comparison
is conducted to show the improvement made by using the
advanced method, and an example of adding exclusive bus
lanes to the existing bus route is provided. The proposed
advanced method can avoid the shortcomings of the traditional
method. For example, the value of the reliability using the
traditional coefficient of variation (CV) is not between 0 and
1, and the value of reliability can decrease with the increase in
the transit headway, etc.
advanced method can represent the real operation condition of

The case study shows that the

the transit system and can be used to evaluate the transit
headway reliability more reasonably.
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mproving the reliability of bus service has the poten-
tial to increase the attractiveness of public transit to
the current and prospective riders. The ability of transport
operators to understand and improve reliability relies on
their ability to measure it'"'. The transit agencies need to
know how efficiently and reliably their transit system op-
erates by using operation data. The data can be obtained
by traditional investigation ( survey on vehicle, survey at
stop) and advanced technologies (automatic vehicle loca-
tion ( AVL ) and automatic passenger counters
(APC)"™™"). By analyzing the historical data, trends in
service reliability and factors that contribute to service re-
liability can be obtained, which help a better understand-
ing of the current transit operation system and the imple-
mentation of future improvement strategies.
This paper presents an in-depth analysis of bus arrival
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headway reliability service based on operational character-
istics in Hefei, China. First, an improved index on bus
arrival headway reliability is proposed. Then, a series of
calculating formulae at the stops, routes and network lev-
els are described. Finally, the bus arrival headway relia-
bility is analyzed based on the bus operation data in
Hefei. The analysis demonstrates that the new measures
provide additional insight to the headway reliability,
while the traditional measures of reliability are relatively
limited.

1 Overview of Headway Reliability

As far back as the late 1960s some people were devoted
to the topic of transit reliability dating and these works
have continued until today, not only because the transit a-
gencies place great importance to it, but also because it is
a complicated problem that it is still far from being re-
solved.

1.1 Service reliability

Three types of measures of reliability have been studied
in recent research. They are on-time performance
(OTP), mean and excess passenger waiting time (EWT)
and headway reliability (HR). These measures of relia-
bility are widely used in the evaluation of bus operational
reliability™' .

On-time performance, the commonly used measure, is
used to describe the schedule adherence. It can be deno-
ted as the percentage of vehicle departures that take place
in a defined on-time window at a specific location.

Mean passenger waiting time and excess passenger
waiting time are measures of estimating the passenger ex-
perience indirectly from vehicle location data and meas-
ures of operational performance. The excess waiting time
is a relative measure that represents the extra amount of
time a passenger waiting on average above the scheduled
waiting time. It is the waiting time that will result from
perfect adherence to schedule, and is noted for being use-
ful'® .

For high-frequency service, often defined as headways
of ten minutes or less, variation in vehicle headways be-
comes a more relevant measure. The headway reliability,
defined as the percentage of headways that fall within a
specified range from the scheduled headway, is a reliabil-
ity measure frequently used by transit agencies and re-
search studies.



Evaluation method on bus arrival headway reliability

317

1.2 Headway reliability

There are three types of measures that represent the op-
erational quality of the transit system based on the head-
way reliability.

One definition is based on the variation method. The
headway reliability of a stop is represented by the varia-
tion of the headway, and the headway reliability of a
route is the average value of all stops on this route'” .

h,
Py=t-1 (1)
hy,
Z_IPHi
P = @

where P, is the headway reliability at stop i; P, is the
headway reliability of a route; £, is the actual headway of
stop i; and h,, This
definition is simple to explain and calculate. Neverthe-
less,
0, which is not reasonable.

Another definition is based on the probability method.

is the scheduled headway of stop i.

the value of P, is probably larger than 1 or less than

The headways reliability is presented as the probability
that the actual headway is less than the defined head-

way'" .

S?:P(S,<otS,0) VielL (3)

where ST is the reliability of the headway; S, is the actual
headway in a particular serving period; S,, is the sched-
uled headway; o« is the modification coefficient, o >/,
and [ is the obstruction coefficient, / € L. Based on this
definition, three performance parameters were proposed
in the case study on transit systems of Beijing in Chi-
na”. However, in this definition, the impact of bunc-
hing to the reliability is never considered.

The third definition is based on the statistics method.
In the transit capacity and quality of service manual ( TC-
QSM), the coefficient of variation (CV) of the transit
headway serving a particular route arriving at a stop is
calculated as

standard deviation of headway deviation

Cun = mean scheduled headway

(4)

The headway deviation is measured as the actual headway
minus the scheduled headway. From the definition, the
coefficient of variation of the headway presents the aver-
age variation of the headway, which means unreliability,
so 1 minus C, is suggested as the headway reliability.
However when C is larger than 1, the headway reliability
is smaller than 0.

Transit service reliability has been defined in a variety
of ways. In China, almost all of the bus routes have no
scheduled arrival time for each stop, and the headway re-

liability is a proper index with which to evaluate status of
the vehicle operation and the reliability of waiting time
for passengers.
index have some shortcomings, such as the value of relia-
bility is not between 0 and 1; bunching is not considered
in the definition; and there is not a series of indices for
different levels such as stop, route and network, etc.
Few studies notice it and carry on deep research on the

However, the existing studies about this

definition of headway reliability. The calculation method
is required to be modified to fit the evaluations for those
routes with high frequency.

2 Methodology

Given the shortcomings of the existing headway relia-

bility measures, a modified measure is proposed here.
2.1 Advanced definition

The headway reliability based on a particular vehicle is
formulated in the following equations:

H ijkm hzjkm h 0,
3 H ijkm € el &€ Ukm)
8[jkm - ijkm
h., e [,91 g% )
RB _ ijkm ijkm > ijkm
Hiikm - I:I h H (5)
IIL ik~ A ijkm h 2
3 H ijkm € [e ikm> € ljkm)
% Eijkm ~ H jjm
3
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The headway reliability based on a particular stop is de-
fined as

_ Ijkm 6
Ijk Z al]km l/km z ljkm ( )
z Hl/km

The headway reliability based on a particular route is
defined as

= YauHyp =} %HSE (7)

The headway reliability based on the studied bus net-
work is defined as

RL
Z oy Hiy

is the headway reliability based on a particular

8
ZQkﬂc ()

where Hj, e

vehicle; Hj; is the headway reliability based on a particu-

RkL is the headway reliability based on a particu-

lar stop;
lar route; H" is the headway reliability based on the
studied bus network;
the set of evaluation stops; j is the route index, jeJ, and

J is the set of evaluation routes; k is the interval index, k

i is the stop index, i e/, and [ is

e K, and K is the set of evaluation intervals; m is the ve-
hicle index, m e M, and M is the set of evaluation vehi-

cles; h,,, is the actual arrival headway of vehicles; H,

ijkm

is the scheduled arrival headway of vehicles; grl'ikm

ijkm

is the
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i 15
the upper bound of headway under normal operation; 6‘ka
is the acceptable maximum headway when the vehicle is

late under an abnormal operation; generally, g, < H,,

lower bound of headway under normal operation; &

i
< af,k,,, < sz.km; @y, 18 the passenger flow weight for vehi-
cle m; «ay is the passenger flow-based weight for stop i;
a, is the passenger flow-based weight for route j; g, is
the boarding passengers at the vehicle m of stop i, route j
in a given time period k; Q,, is the total sum of boardings
at stop i of route j in a given time period k, Q, =

Zqiikm; Q, is the total sum of boarding passengers
along route j in a given time period k, Q, = z Qs O

is the total sum of boardings of all the routes in a given
time period k, O, = Z 0, -
J

2.2 Discussion of performance parameters
2.2.1 Threshold value

1 2 de
Eijtam> € jjrom ANA E i,

are used to define the lower and up-
per bounds of passengers and/or operators acceptance lev-
el of headway. For instance, In England, the percentage
of vehicles arriving earlier within 2 to 8 min than sched-
uled arrival time, and that of vehicles arriving later within
8 to 15 min than scheduled arrival time are used in evalu-
ating the bus operation in the route with a high frequency
service (headway <10 min). In Queensland of Australia,
those vehicles arriving up to 1 min early and 5 min late
from the schedule, are regarded as reliable'” .
passengers’ tolerable degree about waiting time and

Since

operators’ acceptable level about on-time operation are
different. These three parameters are usually determined
by a questionnaire survey or the operator’s experience.

2.2.2 Definition of H},,

There are four different situations describing whether
the transit vehicle arrives accordant with the satisfaction
level.

1) When h,,, [.s‘,'-jkm, sfjkm) , the vehicle is regarded as
arriving under normal operation and the reliability is 1;
that is, Hj, =1.

2) When h o« ), the vehicle is regarded as
arriving too late to endure and the reliability is O; that is,
Hp =0.

ijkm

3

€ [gljkm’

ijkm

3) When h,, [a?jkm, g?jkm) , the vehicle is regarded as
arriving late but tolerable, and the reliability varies with
the length of late time, which is expressed as H, =1 -
h

ijkm H ijkm
3
e —H

ijkm

4) When h,, €10, &,

ijkm

ijkm
), the vehicle is regarded as
arriving early, and the reliability varies with the length of
RB_ 4 Hy,, —h

ijkm -3
Eijkm H ijkm

ifkm ijkm

late time, which is expressed as H,

In order to ensure consistency between early arrival ve-
hicles and late arrival vehicles, passengers’ delay is ana-

lyzed to evaluate the reliability of early arrival vehicles.

If the vehicle arrives early, that is, <Hg,
those passengers arriving in the period of time (g,
H,, ] cannot take the bus on a regular timetable. The
-h

ijkm .

when A,

ijkm

scheduled waiting time of these passengers is I

ijkm
H ijkm hijkm

Gijiom > , where g, is the theoretical boarding

passengers of vehicle m at stop i, route j in a given time

H ijkm
< . Q-
2 Hijkm

m

waiting time caused by the early arriving vehicle is
H B h Hi"m B hi' m
H qijkm = 2 = H

ifkm

period k as scheduled, g, = The actual

ijkm ijkm  —

and then the delay

ijkm | 2
time of those passengers is (H, = ) @i
If this delay is caused by late arriving vehicle, the
headway is supposed to be h,, , hj,, > H,, , and then the
delay is (hjy, — Hy,, ) q;,,- Command that (H, —hy,,) -
Zlijkm = (hzl’jkm - H[jkm ) Q[jkm , then hz,’jkm :2Hijkm —h
Based on the above analysis, when vehicle arrives early
(hy, e [0, &,)), the reliability can be calculated as
Hl.{.B -1-— hl"jkm _H[jkm -1- Hijkm -h
ijkm 3 3
Eijkm ~ H Eijkm ~ H

3 Case Study
3.1 Data used

ijkm *

ijkm

ijkm ijkm

Hefei is the capital and the largest city of Anhui Prov-
ince in China. The operational data used in this paper
cover almost all the vehicles of 97 routes of Hefei in a
normal weekday, including detailed data on arrival time,
passenger flow of boarding and alighting at each stop,
during AM peak, PM peak, and off-peak periods. By an-
alyzing the data, we compare the headway reliability
using existing measures along with those using the defini-
tion presented in this paper.

3.2 Comparison between existing methods and ad-
vanced method
3.2.1 CV method vs. advanced method

According to the level of service grades based on the
coefficient of variation of the headway established by TC-
QSM as shown in Tab. 1, we analyze the transit survey
data using the CV method.

Fig. 1 demonstrates how the CV calculation and sched-
uled headway correlated with LOS evaluation. To be not-
ed is that based on field data, C,, drops with the increase
of the scheduled headway, which means that the level of
service improves with the larger scheduled headway. The
growth in the standard deviation of the headway deviation
is less than that of the mean scheduled headway. The in-
consistency of the growth of numerator and denominator
leads to the fact that the value of the fraction C, is
doomed to get smaller along with the increase of headway.
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Tab.1 Transit level of service by headway regularity

Level of service Coefficient of variation of headway
A 0 to0 0.21

0.22 to 0.30

0.31 to 0.39

0.40 to 0.52

0.53 to 0. 74

=0.74

RO AW

0 1 1 1
3 S 8 10 15 20

Scheduled headway/min

Fig.1 Distribution of C,, and LOS of bus operation in Hefei

We can conclude that it is not reasonable to evaluate the
reliability level of service by C, only. By the method
proposed in this paper, the statistical average headway re-
liability of bus routes corresponding to different scheduled
headways is shown in Fig. 2. We obtain a relatively flat
curve of the headway reliability. This overcomes the
shortcoming of the CV method.
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Fig. 2
vanced method in Hefei

Average headway reliability of bus routes using ad-

3.2.2 Probability method vs. advanced method

Bus Line 1 is selected to compare the differences be-
tween the probability method and the advanced method.
It has a 5-min interval headway at AM peak with 18
stops. Fig. 3 shows the arrival time of vehicles at each
stop on this route.

For the probability method, o =2. 4 is required, which
means that the reliability of the bus with a headway grea-
ter than 12 min is considered as 0 (unreliable). For the

advanced method, parameters are selected as follows;
1 2 3
ijkm ijkm ijkm

that the reliability of the bus with the headway smaller
than 8 min and larger than 3 min is considered as 1 (reli-
able) , and those with the headway larger than 12 min are
considered as 0 (unreliable ), which coincides with the
probability method.

&y, =3 min, g, =8 min, g, =12 min, which means

Fig. 3 shows that in some segments of the line, vehicle
3 and vehicle 4 arrive at the stop as a bunch between stop
1 and stop 11. Using the probability method, the average
reliability value of vehicle 4 is 1. Differently, that of ve-
hicle 4 is 0. 50 using the advanced method. Fig.4 shows
the value of the headway reliability of vehicle 4 at each
bus stop. From which we find that the values of headway
reliability vary from 0. 14 to 0. 28 between bus stop 1 and
stop 11 using the advanced method, while those values
are 1 at each stop by the probability method. This makes
more sense since the advanced method can accurately cap-
ture a less reliable situation when buses arrive like a
bunch, while this situation is completely ignored by the
probability method.
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Fig.3 Aurrival time of each bus at AM peak hour on Line 1
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peak hour on Line 1

Headway reliability of vehicle 4 at each stop at AM

3.3 Application of advanced method
3.3.1

Using the advanced method, we calculate the headway
reliability values for vehicle, stop, route and network lev-
els in Hefei. For the network level, the average values of
the headway reliability of all the survey routes are 0. 87

Evaluating the transit reliability

for the whole day and 0. 81 for peak hours ( including
morning and evening peaks) , which implies that the tran-
sit system is well operated at a relatively high reliability
level. For the route level, Fig. 5 shows the headway reli-
ability for several routes during a whole travel day and
during peak hours. It shows that the value of the headway
reliability during peak hours is lower than the average val-
ue during the whole day. For the stop level, the average
values of the headway reliability of each bus stop varies
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from 0. 56 to 0. 91 in peak hours, which are not related to
the location of the bus stops. For the vehicle level, the
average values of the headway reliability of each vehicle
varies from 0. 21 to 1. 0 in peak hours. These values pro-
vide a general picture of the operational reliability of the
transit network. For the transit management agencies, it
is the basis of establishing measures to improve the opera-
tional level.

[0 Peak hour ; @ Whole day

—
[=]

e e o 2
S - )

Headway reliability AR

1 3 4 6
ID of route

12 25 105 130 168

Fig.5 Headway reliability of some routes in Hefei

3.3.2 Evaluating the effect of exclusive bus lane
(XBL)

Here we show a case of using the advanced method
presented in this paper to evaluate the effect of adding the
XBL to one route. Bus Line 4 is selected in this case
study, which has a length of 12.8 km and 20 stops.
Some segments on this route ( Link between stop 5 and
stop 10 is about 3 km) have been upgraded into an XBL
since June, 2010. With the before and after survey data,
we can evaluate whether adding the XBL improves the re-
liability of this route or not.

The scheduled headway of Line 4 is 8 min during peak
hours. Considering the passengers’ acceptable level on
waiting time, we define that a:jkm =6 min, afjkm
sfjkm =16 min. As shown in Fig. 6, the headway is more
equally distributed after the XBL is implemented. Also
the headway reliability is increased after providing the
XBL. As shown in Fig. 7, the headway reliability level is
improved not only for those segments which are upgraded
into an XBL but also the overall bus line. More specific-
ally, the headway reliability of Line 4 is 0.768 ( peak
hour) and 0. 807 ( whole day) before adding the XBL,
while after adding the XBL, these values increase to a
high level of 0.953 (peak hour) and 0.967 ( whole
day). This indicates that adding the XBL is very effec-
tive on the transit reliability improvement.

=12 min,

4 Conclusion

This study provides a comprehensively advanced meth-
od to evaluate transit headway reliability which overcomes
the shortcomings of the existing methods such as the CV
method and the probability method. More specifically,
the advanced method presented in this study has the fol-
lowing advantages: 1) The value of reliability is between
0 and 1, which facilitates a better explanation of the transit

Segment upgraded into XBL

120
100

[
(=]

Arrival time/min
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(=] (=]

20

Arrival time/min
o
o

~ -

i After
7 9 11 13 15 17 19 21
Bus stop

1 3 5

Fig. 6 Arrival time of each bus at AM peak hour of Line 4 be-
fore and after adding XBL
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Fig.7 Headway reliability for each stop at AM peak hour of
Line 4 before and after adding XBL

headway reliability. 2) The value of headway no longer
depends on scheduled headway. 3) The advanced method
takes into account the situation that vehicles arrive as a
bunch. Arriving as a bunch can bring uncertainty to tran-
sit operations. Ignoring this phenomenon can provide
misleading information about transit reliability. This ad-
vanced method is more reasonable and practical in evalua-
ting the transit operation. It is useful for the transit man-
agement agencies to thoroughly determine the weak points
of the transit network.

The limitations of the definition on the headway relia-
bility proposed here is how to determine the value of the
threshold, which is the embodiment of passengers’ ac-
ceptable level of waiting time. It is difficult to measure
the acceptance level for different people accurately, be-
cause this is affected by many factors, such as family in-
come, trip purpose and distance,
traveler’s ages and gender, etc, which are well worth
studying deeply.

car ownership,
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