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Transit System Reliabili

10.1 INTRODUCTION

Reliability is an important consideration in the planning, design, and
operation of transit systems. The discussion in this chapter is focused on
track bound transit systems: the principles can, however, be applied to |
other types of transit systems as well. The term track bound is used here to
describe systems whose vehicles are captive on a common track. This

includes steel wheel on steel rail, rubber wheel on concrete guideway, and

magnetically levitated vehicles. In the case of a road system, the failure of
a vehicle affects the concerned vehicle and some delay may be caused to

the other vehicles. The effect on the system is, however, more or less
localized since the failed vehicle can be pulled to the side or bypassed by
the other vehicles. The bypass capability of the track bound systems, on
the other hand is extremely limited. The failure of a single vehicle in such
systems could affect or immobilize the upstream vehicles and depending
upon network configuration, the degrading or immobilizing effect could
spread over the entire or a major part of the system. This serial effect
makes the reliability an all the more important consideration in track
bound transit systems.

Reliability is important for both the transit operator and the passengers.
Lower reliability means increased unscheduled maintenance and decreased
equipment availability, If availability is low, more vehicles are needed to
meet the passenger demand but even with more vehicles, system perfor-
mance may not be satisfactory. More vehicles can increase system availa-
bility but do not decrease the incidence of system failures. Reliability is
important to passengers as it reflects the ability of a transit system to keep
operating schedules,

Traditionally, the transit operators have been relying on warranties to
assure the procurement of reliable equipment. The warranties are, how-
ever, more like maintenance or service contracts and do not necessarily
serve as deterrents to system unreliability. Warranty makes the manufac-
turer pay for repairs during a limited period of time but once the warranty
period is over, unreliability becomes the headache of the transit operator.
The operators are now realizing that economical reliability can be built
into the systems only during the design, development, and manufacturing
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I10.2.1 State Space Approach

In this approach, the possible states of the system (state space) and th
!:nndes of Lransalt{ng from one state to another are identified. Fach mode ';
interstate transition is assigned a specific value called its interstate tranﬂ'h
tion rate. The state equations can be written using the frequency balancim-
approach [10]. The frequency of transiting from state i to state j is dcfiu:;g
as the expected transition rate from state i to state j and is given by P\
The fn.*:q:uency balancing approach states that the rate of change qu tth
lf'.!mba:ﬁllt}' of belng in state { equals the frequency of transiting into statﬂ{:‘
iir::hma : jSlﬂm remaining states minus the frequency of transiting out of state
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?*"}“f'-"l;.-—f’.-{flzlu'ﬁ(f} (10.1)
)

In the equilibrium condition, P,(¢)=0, and therefore (10.1) reduces to

?ﬂhrﬂghmﬂ ; (10.2)
¥

that is, the frequency of encounterin ]

: g state §/ equals the frequency of
encnu_ntmng the rest of _statu space from state {. For n states t?uere a};enn
tt._tq1.1.31t1+[:u:4_'; and _L'b:n:y are linearly dependent; any equation can be obtained

rom the remaining (n— 1) equations. Any (n— 1) equations together with
the total probability equation,

2 P=1

can be solved to obtain the state iliti
_ probabilities. These state iliti
be used to obtain the reliability measures. prosstiira e

The nufnher of states tend to be large due to the size and complexity of
t]:teitral.:sxt system. The models can be reduced using the concept of
equivalent transiti i ilibri iti
v nsition rate [10], which under the equilibrium condition is

X'y -y + =the equivalent transition rate from subset X ~ to subset X *

P

- E i

iEX~ jEX™ E _p[
eEX—

if

(10.3)

The other tealchpiques used for keeping the number of states within
manageable limits are state space truncation and sequential truncation

[10]. These techniques systematically omit : ;
low probabilities. y omit or delete states with relatively
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10.2.2 Measures of Reliability
Transit systems, like other commercial or public systems, are designed to

~meet a certain demand. Therefore, the reliability of transit systems can be

viewed in two ways. The system is comprised of hardware, software, and
the human interface, although in most of the reliability studies only
hardware and computer-based software (if any) are considered. One way
of looking at the reliability is in terms of the system deficiencies. The
measures relating to this approach are termed system-based reliability
measures. It is also desirable to know how these system deficiencies relate
{0 the inability of the system to satisfy the demand and the corresponding
measures are called the demand-based reliability measures. Obviously both
of these types of measures are interrelated.

System-Based Measures. Reliability indices are usually defined in terms
of success or failure. Many complex systems like transit systems or electric
power systems have, however, several levels of failure and it is, therefore,
‘appropriate to define the calculated reliability measures in terms of subset
X*, which may contain a specific number of system states. This subset
defines an event or a particular mode of degradation of the system. The
various modes or levels of system degradation can, therefore, be repre-
sented by suitably defining the elements of X *+ . As an example X may be
used to represent the system states having the number of failed passenger
stations greater than a particular number. The following measures defined
on X+ have been used in this chapter.

1. Probability of X* . This can be defined as the limiting value of the time
spent in X* as a fraction of the total operating time and is given by

P.= 2 P (10.4)
ieXx*

2. Frequency of encountering X *. This is the mean number of occurrences
of X* per unit of the operating time and can be calculated by

fom P E Ky (10.5)

JEX- 1EXT

3. Mean cyele time of X*. This is the mean time between successive
encounters of X* and equals the reciprocal of f,, , that is,

s (10.6)

+
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4. Mean duration of X*. This is the expected time of stay in X* in o

cycle (one cycle constitutes X* and X ™) and is given by

=Tty (10.7)

Demand Based Measures [13]. The primary purpose of a transit system is
to move passengers between the various points of a network. It is, there-
fore, important to have a measure of reliability as perceived by the

passengers. As an example [7] consider a jeep having an MTBF of

approximately 260 hours [5]. If this vehicle were driven on the average for
30 miles/day at an average speed of 15 miles/hour the average interval
between two failures would be 130 calendar days, whereas this interval in
terms of operating time would be only about 11 days. Coming back to
transit systems, consider a system that breaks down on an average of every
15 calendar days with the average down time duration of half an hour. A
passenger who travels for only, say, 15 minutes twice a day will not be
affected by every system failure. Assuming uniform service level of 16
hours/day operation, the passenger may be affected on the average
approximately by every seventh failure and therefore will tend to see the
system failing on the average approximately three times a year. The
perception of the failure is further affected by several factors such as
whether the delay has to be tolerated in a comfortable, airconditioned
environment or in a hot stuffy vehicle and the personal temperament of
the passenger. Media reports and the stories of system failures told by
other passengers add something to the direct exposure to failures. It can be
appreciated that it is extremely difficult to measure or predict the pas-
sengers perception of the failures. Nevertheless suitable measures related to
the impact of system failures on the passengers can be devised.

The ability of a transit system to continue providing transportation
services as scheduled or advertised may be termed as the operational
reliability. In this definition, it is assumed that schedules are set within
normal capabilities of the system. If the transit system cannot provide
scheduled service when every subsystem is working normally, it is a
problem of planning, scheduling, or operations management. A failure in a
subsystem, however, causes a perturbation that may affect the system's
ability to provide adequate service. The impact of failures on the schedule-
keeping ability of a transit system is the concern of operational reliability.
The demand based measures of reliability are, therefore, also the measures
of operational reliability. Some measures are described here.

DELAY, THE BASIC MEASURE OF OPERATIONAL RELIABILITY [11). Solong asa
passenger can get from one station to another in a comfortable, safe, and
timely manner, a failure occurring in a system does not bother him. A

o the p
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“inor delay may be hardly noticed, but if the passengers suffer long ddiﬁ
. if the delay is too frequent, the transit system would appear unre]_ ia e
assengers. The failure-induced delay 1s, therefon_a, a mea.m:lgtfh

ure of operational reliability. The delay may be incurred at the

Departure points. When a passenger arrives at a departure point, the

;ystgm may be inoperative or operative in‘ a degraded mode. This adds to
'ﬂm waiting time, making the total travel time longer.

board the vehicles may suffer
Delay during travel. The passengers on
-ﬂ:la;r due tcgr- the breakdown of a subsystem. The delay can be broadly

classified into three categories:

1, Minor delay <x units of time,
9. Major delay > x units of time. . .
3 Entrapment, a major delay requiring passenger evacuation.

There does not appear o be enough relevant data on l;ht passenger

intolerance of delays and this appears 10 be a useful althnugt_n difficult nr:ﬁ

for investigation. Despite extensive investigations, sm;m _judg;l‘ﬂﬂ:.;'.‘a ::rc
i in fixi f x. Some basic quan

always be involved in fixing the ‘value 0 .

m:a:ur&s of operational reliability in terms of delay are discussed below

[11].

i ili will encounter a
_x,), that is, the probability that a passenger :

L ggfa? ;2}31 and <x,, on a trp. The length of the delay 1s defined by
the iélerva‘l (xy, ¥3). The interval (0, x) means a delay less than x,
whereas (x,20) means delay longer than x. :

2. MTBD, the mean time between (WO successive delays suffered by a

passenger.
3. Expected value of delay.

Using the frequency concept of probability, PalXs, xﬁ}_mha‘hfu be gi:far-
preted as the limiting value of the proportion of the trips :r:Eg a . 3;
(x,, x;) to the total number of trips. Suppvuse_lha.t a W[E : kes ;-md rga
number of trips of varying lengths. If the trips on wh e :in:d o
delay of say greater than 3 minutes were counted and then d”];a bﬂ‘tym
total number of trips, it would approximate Pp(5, o). The probability s
be further converted into MTBD by knowing the number of trips in a [!;a mi
1t will also be desirable to compute the expected value of dnlaly, laﬁm::
however, may not be available to compute lhezfc measures. The ﬂr;a m;h g
of these measures could be simplified by relating the deia;,r to .j,e:l,: m;d e
rather than the passengers. In such a case the ratio of vehicle \| P

to the total trips would be calculated.
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Many measures of operational reliability can be defined [2-4]. These
measures should reflect the delay incurred or travel time lost by the
passengers or vehicles. The real difficulties lie, however, not in defining
measures of operational reliability but in developing suitable analysis
techniques and obtaining valid data for calculating these measures,

LOCE OR LOCP. As noted earlier it is not difficult to define more sophisti-
cated measures of operational reliability. The harder part is the data and

subsequent synthesis of this data to calculate the measure. Any measure =

may prove to be satisfactory so long as it reasonably reflects the ability of
the system to provide adequate transportation service. One simpler mea-
sure may be called “Loss of Capacity Expectation™ (LOCE) or “Loss of
Capacity Probability” (LOCP) and can be defined as the probability that
the system will not have enough capacity to meet the demand adequately.
This can also be interpreted as the expected value of time during which the
system cannot meet the demand. This will include the periods of degraded
operation, for example, not enough vehicles being available or some other
subsystem failure causing deficient operation. The LOCE is computed as

LOCE= 3 P, ' (10.8)

where P,=probability of the system being in state
Q,=probability that the system will not be able to meet demand in
state ¢

The LOCE gives the same weight to all system deficiencies irrespective
of the magnitude of the impact and it is therefore likely to be a conserva-
tive measure. This approach is identical to the use of LOLE (loss of load
expectation) in power generation planning studies [1] by the electric power
utilities.

103 VYEHICLE SYSTEM MODEL

This section first describes the model for a single vehicle and then for the
system of vehicles. The vehicle includes the body structure and all onboard
equipment carried by the vehicle. A vehicle can have several modes of
failure. For the sake of simplicity, however, each component of the vehicle
is assumed to have two modes of failure.

Retrieval or Total Failure Mode. With this type of failure, the vehicle is
immobilized on the track and it cannot move on its own. External
assistance is normally required for clearing it from the track. This kind of
failure is severe and causes serious delay to the passengers as not only the
affected vehicle is stuck but the upstream vehicles also come to a halt.

: own. Such failures cause

s
e System Model

i i i degradation of vehicle
sial Failure Mode. This type of failure causes
formance but the vehicle is not immobilized and can r.:‘lea:}he track :]I::
system slow down but do not interrupt

chicle clears the track by getting into a siding

T defective v i
. Yhen 1S cCic8 . the normal flow of traffic 1s resumed.

or into the maintenance yard

10.3.1 Vehicle Model 1. |
“The reliability model for a single track bound transit vehicle is shown 1n
Efigure 10.2, where the following notation is used:

—the retrieval and partial mode failure rates of the ith compo-

nent, that is,

A,=1/(mean
component)

A,p=1/(mean tim
component)

rate= 1 /mean time to retrieve a vehicle ,
te=1,/mean time to clear a partially

?'lﬂ.f :"II

time between retrieval mode failures of the ith

e between partial mode failures of the ith

p, =retrieval

p,-parﬁﬂl failure recovery ra
failed vehicle

u,=repair rate of the it
ith component

h component= | /mean time to repair the

Figure 102  Vehicle model.
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The normally operating state of the vehicle is denoted by “0.” From this
state, the vehicle can fail into a retrieval mode failure (denoted by RET) or
a partial mode failure, denoted by P. The vehicle is either retrieved from
the track or in the case of partial failure it clears the track on its own
power and passes into the down state (denoted DN) in the maintenance
area. The vehicle is then repaired back into its normally operating state 0.
It should be noted that the mean retrieval time is assumed to be the same
for failures originating from different components. The same is true for the
mean time to clear a partial mode failure.

The vehicle states can be grouped using the concept of equivalent
transition rate defined in (10.3). The equivalent model is shown in Figure
10.3 where

X*=(0)

E Pl
i

=
2P
I

e

Piyop=Pyp,+Pap,

Equivalent state Original states

(Figure 10.3) (Figure 10.2) Description =PoAa+Pohi
0 L8] operating state

RET (11;21,...,41,..5) retrieval mode failure

P E12:2.. 0200 partial mode failure (A +A2) P
DN (13.23,....73,5.) being repaired off track =

B
Substituting P,, from (10.11) into (10.10)
PACYREYY

T ST

Strictly speaking, the merging of states (13,23,...,3,...) is correct only if
the component repair rates are equal (see conditions of mergeability [10]).
The error introduced because of nonequality of repair rates is, however,
relatively small. The equivalent transition rates of Figure 10.3 can be
calculated using (10.3). As an example, for calculating A,, the equivalent
transition rate from the state O to state RET,

K

1
T:,=. —_—
X~=(0) firncre B

and

X*t=(11,21,.:,i1,:..)

Ina similar fashion it can be [.'.I'I'D‘.I"Bd that the equ : ;
and I in Flgll.l'f 10.3 have the same values as L. and jL, 1m0 Flgl.l.‘l'ﬂ 10.2.
" P

(10.10)

(10.11)

(10.12)

ivalent transition rates jt,
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10.3.2  Vehicle Systern Model
The state space model of a single vehicle is described in section 10.3.1 and

this section now describes the model for the system of vehicles, that is, a]]
the passenger carrying vehicles in the system. The model is based on the

following assumptions:

I. Only the operating vehicles are liable to fail and the vehicles on standby

or maintenance are not subject to failure. This assumption results in

assigning zero failure rates to the vehicles being maintained or in
standby mode. The failure rate of a cold standby can be generally
assumed zero. If the vehicles are in a warm standby mode, that is,
partially powered, this assumption is valid only so long as the failure
rate in warm standby mode is small as compared with that of the
operating vehicle,

2. The failure of a single vehicle in the retrieval mode causes the whole
system of vehicles to be down. The duration of the down time of a
vehicle is considered from the time it comes to a halt to time of
resuming normal operation. The down time of all the vehicles, the
directly affected vehicle and the vehicles coming to a halt as a result of
blocking, is assumed to be the same. This assumption was made because
of short headways and a relatively small loop length. In a larger loop
and longer headways, all the vehicles may not be equally affected and a
correction to models may be needed.

3. A vehicle in a partial failure mode is assumed to be removed from the
system as soon as possible after the occurrence of the failure and
therefore the probability of another unit failing during this period or the
partial mode passing into full mode is assumed zero.

4. So long as there is even one standby, a unit on which maintenance is
completed will be interchanged with an operating or standby unit.
When, however, no spares are left, the unit passes directly from mainte-
nance into the operating mode, without going on stand-by.

A section of the state transition diagram of the model for the system of
vehicles is shown in Figure 10.4, where n, 5, and m denote the number of
operating, spare, and on-maintenance (preventive) units, respectively. The
bigger squares represent the operating states and the small squares denote
the corresponding partial and retrieval mode states. The index in the top
left corner of the operating state is the state number and the number of
failed units is indicated in the lower left corner. The first column of states
has m units on maintenance and is called group m in Figure 104, the
second column is called group (m—1) and has (m— 1) units on mainte-
nance and so on. Only two groups are shown in Figure 10.4. In the state

GROUP GROUP {m — 1)
L
o
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1 1
H, K
nhy
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F=1
imhy why T
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gection of vehicle system state transition diagram.
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index i, i denotes the state number and x denotes the affiliation

o=operating state
r=retrieval state
p=for partially operating state

For example, 2, indicates state 2 is in the operating mode and 2,and 2,
indicate the assnmated retrieval and partial modes. The relatmnshjps
between the various states can be better understood by tracing through a
few of the states. Starting at the top, 1, represents the state when every unit
is as it should be. In this state there are n operating units, s spare units to
replace the failed units and preventive maintenance is being carried on m
units and there is no failed unit. From state 1, the system could transit
into state I, or 1, by the failure of a unit in the retrieval and partial mode,
respectively. In state 1, the failed vehicle sits on the track and brings the
system to a halt. After the failed vehicle is removed, the system enters state
2,, there is one failed unit, and this failed unit has been replaced by a
spare unit, reducing the number of spares by one. Similarly from state 1,
the system will transit to state 2, by the partial failure recovery. From smt:
2,, the system could transit mtu state 1, by the repair of the failed unit or
it could transit into 2, or 2, by the failun: of another unit. This pattern of
transitions continues until state (s+ 1), with s failed units and o units on
stand-by is reached. In state (s+1),, in addition to the pattern of transi-
tions discussed earlier, another mode of transition is introduced, that is,
when maintenance on a unit is now completed, it is put in the standby
mode (group m—1). Now consider state (s+2), in which (n—1) units are
operating, that is, one less than the required number, If maintenance is
now completed on a unit, it is put into the operating mode and the system
transits into (s+n+3),. The rest of the states can be traced in a similar
manner.

10.3.3 Reduced Vehicle System Model
The number of system states can be derived from Figure 10.4 as,
NVS=3(s—1)+(m+1)(3n+4) (10.13)

For example for n=>50, s=2, and m=4, NVS=773 states. The number of
states can be considerably reduced by merging i, and i, with i . The
reduced model is shown in Figure 10.5 and its state i is eqmvaient to
(i4:1,,1,) of Figure 10.4. The number of states is given by

RNVS=(s—1)+(m+1)(n+2) (10.14)

Now for n=50, =2, and m=4, RNV5=261 as compared with NVS§=773.
For m units on maintenance, there are (m+ 1) groups of states of Figure

GROUP m

e System Modsl

F+m+d

f+n+3

MNow

and

GROUP: (m —1] ..«

Mg y™=

Frd

Figure 105 A section of reduced state transi-

tion diagram of vehicle system.

10.5. The equivalent transition rates between various states of the Fi
10,5 can be calculated using (10.3).

Egquivalent Transition Rates within a Particular Group. The transition
from state i to state i+ 1 is

P;F’.“ﬁ"'Pir'"'r
'P!u+PJ'F+'P"

O
Il

gure

rate

(10.15)

(10.16)

(10.17)
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where 0, is the number of o i its i
perating units in state /. § SR
and P,, from (10.16) and (10.17) into (10.15), I SRtsttmting G

Aian= Gf{h“—ﬁ_lz}
Z, (10.18)
where
Z=1 +ﬂ;.(£‘-+ﬁ)
b g,
Similarly

R
=1} E‘n+ P[,"'P"P

az LD,
z (10.19)

where D, is the number of failed units in the state i.

Equivalent Transition Rates from a Parti
: : cular Group to the Next Gr i
to j+1). The equivalent transition rate from state i to i+n+1 wﬁ:;@h;

M 1 P,
F.*::ﬂ-n-l;-ﬁﬂ—_'_;r-—
e r ip

= mp. 1,
Z, (10.20)

where m, =number of units on maintenance in state
pm=1/T,
I, =mean maintenance time

I;=0 for number of spares in state i >0
= otherwise

The Egquivalent Transition Rates Fr ]
om a Particul i
Group. Shown in Figure 10.5. e

10.3.4 Solution for State Probabilities and Reliability Measures

State Equations. The steady-state equations for the squivalent model

(Figure 10.5) can be written using (10 ; ; .
written in the form, g (10:2). In the matrix notation this can be

AP=0 (10.21)
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here A=an NN matrix such that its §jth term represents the transi-

tion rate from state j to state i, N being the total number of

states
P=a column vector whose i th term is F,, that is, the probability of

being in state |
O=is a column vector having all elements as zero

The N equations of (10.21) are linearly dependent, that is, any equation

can be obtained from the remaining (N—1) equations. Therefore any
(N-1) equations of (10.21) together with the total probability equation
(10.22) can be solved to obtain P

S P=10 (10.22)
i

In the matrix form any row of 4 and the corresponding element in O are
changed to 1.0 before solution. The linear equations can be solved using
pumerical methods like Gauss elimination. Once the probabilities of the
equivalent states have been determined, the probabilities of the original
states can be calculated using the following equations:

P
P= (10.23)
AP
P“_= DI Fl i {]ﬁ,u}
and
O\, P,
.,-;:P—‘— (10.25)

Vehicle Exposure Factor. The vehicle system model described in Section
10.3.2 is good for the on-line stations. When, however, the stations are
off-line, the retrieval mode failure of a vehicle within the station limits
does not immobilize the rest of the vehicles since they can bypass on the
express lane. The retrieval state i, can, therefore, be decomposed into i,
and i,,, representing failure within the station limit and on-line, respec-
tively. The probabilities for these states can be computed as follows:

P, =P, E (10.26)

and
P, =P, (1-E) (10.27)

where E is the exposure factor, defined as the limiting ratio of the unit
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t‘m]u:es_ within the station limits to the total failures and is assumed
app‘mnr_nalcly equal to the ratio of the length of the guideway withi
station limits to the total length of the guideway. g 1
1?13 vehicle failures within the station limits will, however, shut down the
station lane and are, therefore, considered a part of lh'e station lane

failures. The equivalent failure rate com
: ponent to be add :
lane failure rate is calculated by, ed to the station

S RONE
=] P

i (10.28)

E_ Fio Ner
i
where Ng, is the number of passenger stations.

Vehicle System Reliability Measures. Once the state probabilities have
been calculated, the event (subset of states) probabilities, frequencies, and
other measures can be calculated using (10.4)—(10.7). There are many Iwa 5
of defining the events and two of them are described below. "

EXACT MEASURES. These measures calculate the probabilities and frequen-
cies 11::-f encountering states in which the operating vehicles are equal to a
particular number and can be designated as P(N, =n) and JUN, =n) where
N, denotes the operating vehicles. The pmbﬂbﬂizy of N,=n l::aﬂn be simpl

calculated by adding the probabilities of all states having cperatii

vehicles. The frequency and other meas i
iy ures can be calculated using

CUMULATIVE STATE MEASURES. Another way to represent these measures is
to calculate the probabilities and frequencies of encountering states in

whi-::h_ there are fewer than a particular number of operating vehicles. The
equations for these measures are given below.

P[Nd{".}=‘l_ﬂz‘: {ﬁn+ﬂrl+ﬁp]+2ﬂr2 {]n‘zg}
thSn i
and
S(N,<n)=P,, O\ E+ P+ 3 P.ON(1-E)  (10.30)
i

where state k, is such that for (k,+1), N,=n.

10.3.5 Vehicle System Example

The models described in this chapter have been implemented in a com-
puter program [12]. Starting with the component data, the program gener-

éw System Model o

ates the transition rate matrices for the subsystem and system models and

then solves these matrix equations to provide with system-based reliability
measures.
" The vehicle system data for this example is printed out in Table 10.1A.
The system consists of 14 vehicles out of which 2 are on maintenance and
two are kept as spares. The assumed failure rate and other data are also
isted in Table 10.1A. The probabilities of being in various states (see
' Figure 10.4) are printed in Table 10.1B. The state description on the
right-hand side pertains to o, that is, the operating state. Column P
| contains probabilities of the operating states io and the associated columns
PR. PS and PP give the probabilities of ir2, irl, and ip. It can be seen that
the most significant probability values are for states (10,2,2), (10,1,2) and
the operating states of (10,1,1) and (10,1,0). The state probabilities are
grouped as a function of the exact number of vehicles in Table 10.1C. The
second column, “PROB OF OPTG,” gives the probability of being in the
operating state with number of vehicles indicated in the first column. The
third column “FREQ OF OPTG" can be interpreted in either of the two
ways: (a) the number of times the system transits out of the state in a day,
or (b) the number of times per day the state is entered by the system. The
fourth and fifth columns indicate the probabilities and frequencies of
encountering the partial operating states. The probability and frequency of
the system being in the retrieval state are given at the bottom. The
reliability measures arranged in the cumulative form in Table 10.1D, where
the reliability measures for N,<9 and downward all are approximately

Table 10.1A  Vehicle system data

50000000

MEAN TIME TO VEHICLE FATLURE (PERMANENT ) = HOURS
MEAM TIME T0O VEHICLE FAILURE(PART IAL MODE)} = 500. 0000 HOURS
MEAM TIME TO VEHICLE RETRIEVAL = 0 .5000 HOURS

MEAM TIME TO CLEAR PARTILAL MODE VEHICLE = 0.2500 HOURS
MEAM TIME TO VEHICLE MAINTENANCE = 3.0000 HOURS

MEAN TIME TO VEMICLE REPAIR = 2.5000 HOURS

HUMBER OF OPERATING VEHICLES = 10

MUMBER OF SPARE YEHICLES = 2

NUMBER OF VEHICLES OM MAINTENANCE = @

VEHICLE EXPASURE FACTOR = 0.3000
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Table 10.1B  VFehicle system state probabilities

THE PROBABILITIES OF BEING IN VARIOUS STATES

STATE WO

DA ey

D.56508554E-01
0,357 7T&9E-08
0.5337T9E=06
054841 7E-08
0.43T401E=10
D.252282E=12
0108501514
0. 344093E-17
0.7TAZB2BE-20
0. 12106TE-22
Nall4138E-25
B.495858E-29
0.000000E 00
fs 2652 34E- 08
0.152215E-06
0,351 460E=-08
0:390439E=10
D.28181A8E-12
Os: 18l TaoE-14
D«506249E~-1T
0. 126534E-19
0«211348E-22
Na212540E=-25
0.97524 IE-29
0.000000E 0O
D.52594TE-06
0. 629002E-08
0.327709E-09
0.TATOSIE=11
0. TTOL38E~13
D.4659TOE~-15
O« 199401E=17
0.522363E~-20
O« IMIATRZE-23
0. F94333E-28
0.000000E 00
0.000000E 00

PS

0,282237E=03
0s 153330E-04
Os 22ATHRE-06
02418935 =08
O« LATASBE—10
0:1081215=12
0+465003E=15
D+ 147458E=1T
D 335498E~-20
0.5 18858E-23
0, 489 4 8E =05
0.212382E=29
0:000000E 00
0.1 136T2E =06
06821495 —0T
0: 1806256E=08
0:167331E=10
Osl20694E-12
0. 60TADOE =15
D2 16964517
054220868 20
020577523
0+21088T7E-26
D a1l TOGLE-29
0. DOODOOE 0D
02254045 —06
0 2695T2E-08
Os 140848 75—09
0+337325€~-11
0330059 =13
0: 199702E-15
0.811721E~18
Ds 223870520
D=404516E=23
0. 42TO00E=26
0:0000008 00
0.0000005 00

0: 9407920 0O
0.511099D0=01
D TH25410=03
0+895901D-0%
D.TAlLOTAD=0T
D518 8610-0%
0,258335D-11
0.9A3122D-14
0. 279582016
0576809019
0:B152470-22
0. TOTI40D-25
00000000 0O
0. 3TAI060-03
O«217Ta500=-03
B:55Ta8730-0%
0.697 2120-07
D.3T&TIID=-09
0s:3374950-11
Del8a6820=-13
0«45] 908D=16
D.100642D=18
O«1818180-21
Q. 139321D=24
3.0000000 00
0. 7T513540-03
0:89R575D=05
0. 5201 TaD=-068
O+ 1405520-07
G 157171 D=09
Oell ds450=11
D«5al1a7D-14
D« 1B65580=16
Q443483019
G.T11867D-22
0.0000000 00
8.0000000 OO0

PR

0.4TOIEE-032
0.255549E=03
0.381271E=-05
0.403156E-07
0431 2479E-09
0.1B0201E-11
0.TTSO08E-14
0.245TRDE-18
0.559163E-189
CuBEATEBAE-22
D.B1524TE-25
0.383970E-28
2.000000E 00
0. 1A94SIE-0S
0. lOBTESE-05
0.251043E-0T
G.2TRABSE-0S
D.201156E-11
0.101248€-13
0.381606E-16
0.903815E-19
0.180983E-2]
0+ 151818E=24
b.eves0ZE-28
0.000000E 0O
0.3TS6TTE-05
D.442287E-0F
0.234079E-08
0.562209E-10
0.580099E-12
0.332836E-14
0.13528TE-14
B.373N1TE-19
0.674104E-22
0.T11666E-25
0.000000E 00
0.0C00000E 0O

Table 10.1C  Exact state probabilities and frequencies of the vehicle system

STATE DESCRIPTION

o 5 ]

e
(== -]

L= - = R R - R - = - TR O R .

-
nl:nt‘lqnﬂnnunuoﬂnnnﬁnnnqa—gagagnaauﬂﬁum
RN R R - - - R S e P Ty T

C R PR I R

THE EXACT STATE PROBS AND FREQS

¥ OF VEH

=N WPOR~NDODO

RET STATE PROBABILITY= 0.695T0SE-03

PROB OF OPTG

0.994319E 00
0. 153546E-04
O« 165989E-0E
0«128561E=-08
0, T329STE-11
0. 309791E-123
0.96260TE=-16
D« 214256E-18
0e3227T9TE-21
0.228385E-24
0 630343E-29

FREQ OF OPTG

D+510543E 00
0.692341E-03
0.903139E-05
0«816TS1E-0T
0.5313T6E-09
0+251992E-11
0.86TD8TE-L4
0+2114BBE=16
De 34607SE-19
0.257TA3IFE-22
0. 000000E 00

RET STATE FREQUENCY(PER DAY)= 0« 3239955-01

PROB PART IAL MODE

D.49T7009E-02
0.6TTGEOGE=-OT
0+647535E-09
0«%3636TE-L1
0.212033E-13
D« TG26T3IE-16
0.1B83609E-18
0.304859E-21
0.304506E-24
0.105057E-27
0.000000E 00

FREG OF PARTIAL MODE

0.4T7130E 00
0.650502E-05
Neb621633E-0T
0.4189]12E-09
0. 203551E-11
D.TI2966E-14
0. 1l76265E-16
0:292665E-19
0.292325%E-22
0. 100855E-25
0.000000E 00




g Table 10.1D  Cumulative state probabilities and frequencies of the vehicle system

OFPERATING VEHICLES EQUAL TO PROBABILITY FREQUENCY CYCLE TIME MEAN DURATIOMN

OR LESS THAN PER DAY DaAYsS DAYS

10 2+ 100000E 01 0«000000F OO Q2. 000000E 00 0.000000E 00
9 0.T11412E~-03 2.338R80E-01 0+295089E 02 0 209930E=-01
] 0. 5695990E-03 0.334062E-01 0.299345E 02 2.209341E-01
T D+695824E~-03 0a.3339965=01 0+299405E 02 0.20R333E-01
L 0+ 695823E-03 0.333995E-01 0.299405E 02 D.208333E-01
5 0+.655823E-03 0.333995E-01 0.299405E 02 0.208333=-01
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Table 10.2A  Vehicle system data

TIME TO VWEHICLE FALLURE (PEFMANENT) = 5000.0000 HOURS
TIME TD VSHICLE FAILURE (PARTIAL MDDE) = 500« 0000 HOURS
TIME TO VEHICLE RETRIEVAL = N .%000 HOuRS

TIME TO CLEAR PARTIAL WMOOE YEHICLE = D.2500 HOWR S
TIME TO VEHICLE ™A INTEMANCE = 3.0500 HOURS

TIME TO VEHICLE REPAIR = 25000 HOURS

. MUMBER OF OPEIATING VEHICLES = 10
NUMBER 0OF SPARE VEHICLES = ]
MUMBER OF VEHICLES OM MA INTENANCE = 0

YEHICLE EXPOSURE FACTOR = 02000

equal. This is because of the presence of 2 spares and 2 unils on mainte-
nance which also can behave as spares, the probabilities of states with
operating units less than 10 are relatively low and therefore are dominated
by the retrieval state probability.

The results for another example which is the same as the previous one,
except that there are no units spare or on maintenance, are given in Tables
10.2A~D. In Table 10.2D, the reliability measures tend to be almost equal
from N,<7 downward as compared with N,<9 in Table 10.1D. The
probability and frequency of encountering states with a specified number
of failures, depends upon the failure rate of units, number of spares, and
number of units on maintenance. These relationships will become clearer
in the section on sensitivity studies.

104 SYSTEM MODEL FOR TRAINS

When the trains are regarded strictly as single units for operation, spares,
and maintenance, the vehicle system model described in Section 10.3 can
be used. A model, however, is also possible based on a more flexible policy
for train formation. The general procedure is the same as for the vehicle
syslem:

1. Generate the possibility space by enumerating and describing the possi-
ble system stales.

2. Develop the transition rate matrix.

3. Solve for probabilities and calculate reliability measures.



§ Table 102B Vehicle system state probabilities

THE PROBABILITIES OF BEING IN VARIOUS STATES STATE DESCRIPTION

STATE NOD eg Ps L] PP o 5 L]
1 0.4%2709E=03 0« 2823045-n03 0.9410130 00 0.4TOSOBE=-02 10 L] o
2 s I25061E=-04 MNe 1 3ITE&NE =04 B+B51TS5TD=-01 D«232901E=-03 9 Q 1]
3 Na71TIIRE=-06 0w 3074295 =06/ D0.1280950=-02 0.512381E=-05 - ] o ']
& 09205 TI=E=-08 O 3845 94E=08 0« 18TATID-04 D+65TSS6E-0T T o o
5 N« TSI4T7HEE=10 0. 3254305=19 04 1808280=06 0.5424B4E=09 & o ]
& 0«317TI3E-12 De L T7THQ20T—-12 2a1193440-08 0« 298366E-11 =1 o o
T B.153161E-14 N 6E6405E=15 O.54TO004D=11 N.109401E=-13 A o ]
a N+ ISLODSE=1T Oe 1EATIRE=LT D« 171907D=13 0257861 E=-16& k| o [+]
9 Dad8A8145E-20 D«2083405-20 Da34T724TD-16 D.347246E=-19 2 ] o

10 0. 207000 00 Na DO O0E 00 0.0000000 00 0.000000E 0O 1 ] o

11 0. NON000E 00 d. 0000005 63 0« 0000000 00 0.000000E 00 a ] L]

Table 10.2C  Exact state probabilities and frequencies of the vehicle system

THE EXACT STATE PROBS AND FREGS

H PROB OF DPTG FREGQ OF NPTG PROA PARTIAL MODE FREQ OF PARTIAL MODE
# DF VE

RET STATE PROBABILITY= 0.,691772E-03

O=MmWPAD~NDDL

0.941013E 00
0.520380E=01
0. 129453FE-02
0 1909247E=-04
N« 1BATTIE=-DE
0« 122601E-08
ND:sS643065=11
0.,17A4TIE-13
D« 362T18E=-16
D.20834RA=-20
0. 0O02N0E 00

Ds 49A355E 00
D«521449E 00
0 251354E-01
Ne5%80195=03
Ny TOO109E=05
N 5TEOLAE=DOT
0,316230E=09
0.115794F~-11
N 26TAS2C=14
0.000000E 00
0. 000000F 00

RET STATE FREOQUENCY(PER DAYI)= 0.,3321805-01

D+4TOS0HE-02
0.232901E-03
0.,512381E-05
0.65T556E-0T
N.542484E-09
D«298366E-11
0.109401E-13
0+257T361E-16
J.34T246E=19
D+000000E 00
0.000000E 00

0=8451686E 00
N«223585E-01
0+491886E-03
0.631254E-05
0.520TB8SE-OT
0.286431E-09
0. 105025E~-11
0.24TS546E-14
0+33335T7E-1T
0.000000E 00
0.000000E 00




& Table 10.2D Cumulative state probabilities and frequencies of the vehicle system

OPERATING VEHICLES EQUAL To

OR LESS THAN

10

W e N~

PROBADILITY

D« 100000 01
De58%28235=-01
e 2011 445-02
Q«T113385=-03
0. B9222AC=03
D+692042E-03
N 6320415 =03
0:692041F =03

FREQUENCY

PER DAY
0: 0000005 00
N1.4396455E 00
D.562123E-01
da3372425=-01
Na332245E-01
0+332180E-01
0«332180E=-01
N« 332180E-01

CYCLE TIME

DAYS

0.000000E
0«201266E
Q«177AITE
0. 296523
2+300983E
0+30104%1E
0.301042E
0.301042E

a0
o1
o2
02
o2
a2
az2
a2

MEAN DURATIOMN

DAYS
0«000000E QO
0.109252E 00
0«35TA29E-01
0«210943E-01
0+208349E-01
0+208333E-01
0.208333E-01
0.208333E-01




Passenger Station Mode! 289

‘The state space is generated by a subroutine in the computer program [12]
according to the following rules for the train formation.

1. When a vehicle in the train fails, the train is removed from service and a
spare train, if available, is put into operation as a replacement. If,
however, a complete spare train is not available, the defective vehicle is
replaced by a good vehicle and the train is put back into operation. If
no good vehicle is available, the defective vehicle is removed and the
train put back into operation. There is no additional difficulty in
modeling with married pairs as they can be treated as single units.

2. Train-consists of different lengths are allowed.

3, In case of no available spares and when all trains are not full length, a
vehicle on which maintenance or repair is completed is attached to the
train having the least number of vehicles.

In the rules outlined above, the attempt is to keep the maximum vehicle
system capacity in the operating condition. Rules 1-3 represent only one
policy and models can be similarly developed for other policies. The results
of the solution of the train model are grouped in terms of vehicle system
capacity, that is, the output format is the same as for the vehicle system
model.

10.5 PASSENGER STATION MODEL
The stations are assumed off-line and basically of two types:

|. Stations having one station lane and an express lane for through traffic.
These are termed type A stations.

2. Stations having two station lanes and an expressway lane, called type B
stations.

10.5.1 Model for a Single Station

The state transition diagrams for the type 4 and type B stations are shown
in Figures 10.6 and 10.7 respectively, using the following notation:

U=normal station operation, that is, both the station lane and the
express lane are working

D =station lane down

L =failure of the station lane as well as the express lane, complete

_ failure of type 4 station,

L=station lane working but express lane down
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s A,
v -l b Table 10.3  Type A Station
1 I Station State Impact on System Impact on Station
He
the I Traffic can pass Passengers can
embark /disembark
D Traffic can pass Passengers cannot
embark / disembark
e L Traffic cannot Passengers cannol
e A, pass embark /disembark
g . X L Traffic can pass Passengers can
I - £ [ ﬂﬂbﬂk di hark
3 U Figure 10.6 State transition diagram of type i
A station.

10.5.2 Maodel for System of Stations

A transit system may have NO number of type A stations and N1 number
of type B stations. The model for the system can be built by combining the
‘models for the individual stations. It is assumed that when at a station
both the station lanes and expressway arc down and the traffic cannot pass
through, no further failure of stations takes place.

The model for the system of stations is built by sequential addition [10].
This is achieved by adding one station at a time, solving for state
probabilities, deleting low probability states, and adding the next station.
This procedure helps to keep the system states within manageable limits.
The process of sequential addition is illustrated in Table 10.5 for three type
A stations with the following hypothetical data:

For the type B station:

2D =both the station lanes down
L, =one station lane working and the express lane down
L, =hoth station lanes working with express lane down
A,, u,=failure and repair rates of the station lane including the contribu-
tion Ay of the vehicle system failure
A, u_=express lane failure and repair rates

The impact of the various station states on th
e system :
Tables 10.3 and 10.4. Y can be tabulated in

mean up time of the station lane = BOO hours
mean down time of the station lane = 2 hours

L, | As Beal o mean up time of the express lane = 1000 hours
mean down time of the express lane= 2 hours
L JL
Hy
2 Table 10.4 Type B Station
2, ", Station State Impact on System Impact on Station
¥
L U Traffic can pass Passengers can
B el Pl i embark /disembark
& D Traffic can pass Passengers can
4 ¥ embark /disembark
2, B, 2D Traffic can pass Passengers cannot
embark / disembark
L Traffic cannot Passengers cannot
,r"- " pass embark /disembark
Y L, Traffic can pass Passengers can
R L Peol ap embark / disembark
= Figure 10.7 State transition diagram of type Ly Traffic can pass Passengers can
2 wation., embark /disembark




Table 10.5  Sequential Model Building

Mo. of stations TABLE 10.5 (Continued)

System Identical _%_ No. of stations
State states U b L L Probability System Taemitical Diﬂ Stﬂ“:L = bility
. v Proba

fal Model of a single station State ae

1 1 0 0 D 1 2 0 0

2 01 0 0 1 1 i 1

3 ¢ 01 0 1 0 0 2

4 0 0 0 1 501.2) 2 1 0 0

(b) Additien of a station ¥ ’2} 1 2 0 0

1(1,1) 2 0 0 0 w{.j 2) 1 1 1 0

2(2,1) 1 1 0 0 11(4.2) I 1 0 1

33,1) 1 0 1 0 '1:{5'2,1 0 3 0 0

44, 1) I 0o 0 1 - 13(5' 2) 0 2 0 1

5(1,2) I 1.0 0 1407.2) 0 1 0 2

6(2,2) 0o 2 0 0 15(1,3) 2 0 : g

7(3,2) 0 1 1 0 1622.3) : ; : ; ' s
8(4,2) 0 1 0 1 r?{4'3] a 5 | 0 ( .3] not possy
1063 R E o 11

L] : ﬁ‘

11(4,3) 0 0 1.1 %”; 0 0 1 2

12(1,4) I 00 1 21(1,4) 2 0 g ‘l

13(2,4) BN E w0 4l 9002 4 1 1

14(3,4) 00 1 1 _.gﬁ: 4; 1 0 ; ;

15(4,4) 0 0o 0 2 Sica 4 1 0

(c) Merging of identical states ; .EE&: 4§ 0 2 0 I

1 1 2 0 0 0 099105 26(6.4) 0 1 0 2

2 2,5 I 1 0 0 0495525%103 29(7,4) 0 0 0 -

3 3,9 X -5 s

4 412 | 0 01 QeI [ e IR 8 i 1910 - O SMENS

5 6 0 2 0 0 061894x10° ; 24 2 1 0 0  073954x107
g ;.:g g : 10 0.165058x 10~ 3 315 2 0 1 0 048435107
z S 2 0 1 0990308x10"* A 4.21 ) 0 0 1 0591964 10~

: 1 1 0.132036x 10 : 59 : 7 0 0 0.184865x 10
9 15 0 0 0 2 0.39090x10* ¢ 6.11.22 1 ] 0 1 0.295760x10~*
{d} Truncation of states with probabilities less than 10~ 7 1'24. 1 0 0 2 0.118294x10°*
' =7
) I 1 0 0 Odssxio-? * o Y A a0 omsaee
3 I 0 1 0 09925%6x10-° 3 i e gk S -1
4 I 00 1 03960x10-2 N e R R A v
5 0 2 0 0 061894x10-" = i ol 1 : e giﬁ;im-?
6 0 1 0 1 0990308x10-° " 17,23 : g 1 1 461670% 10~
7 0 0 0 2 0396090x10* 2 - 02 11 Dhasesxio—t
(e) Addition of the third station :; E 0 0 1 2 0295387x10°"°
2000 2110 o 1 7 0L 4 .8 2.0
3(3,1) 2 0 1 0
44.1) 2 0 0 1
293

92




2 Transit System Refiabiliey
Table 10.6 Mode! of Three Stations Withowt Truncation

Mo. of stations in

System State No.

State as in Table 10.1 N L L Probability

1 | 3 0 0 0 0986606

2 2 2 1 0 0 0.739954x10?
3 3 2 0 1 0 0.148435x 104
4 4 2 0 0 | 0.591964 % 102
5 5 1 2 0 0 0.184865x10 %
[ ] 1 1 1 0  0.493508x 107
7 6 1 1 ] 1 0.295760x10 4
8 12 1 0 1 | 0.394773x 107
9 7 1 ] 0 2  0.118294x10*
10 g 0 3 0 0 0.153901x10"7
11 13 0 2 1 0 0.461824x 1010
12 10 ] 2 0 1 0.369310x 107
13 14 0 1 I 1 0.738538x 1010
14 11 a 1 0 2 0295407x10°7
15 Deleted 0 1 2 0 0.123121x10-1
16 Deleted ] 0 2 1 0.984465x 101
17 15 ] 0 1 2. 02952641010
18 16 1] 0 0 3 0.787643x 108

The model for a single station is represented in Table 10.5a. The addition
of one more station is shown in Table 10.55. For each state of the station
being added, there is a set of system states of Table 10.5a except the state
(3,3). The state (3,3) representing two stations completely down (state L)
is assumed not possible since exposure to failure is assumed zero as soon as
one station is completely down. The system states in Table 10.5b are
numbered in the serial order and the numbers in parenthesis indicate the
combination, the first number denoting the system state before addition
and the second indicating the state of the station being added. The
identical states can now be grouped together as shown in Table 10.5¢. The
states with probabilities less than 10 ™7 (an arbitrary reference) are deleted
and the remaining states are shown in Table 10.54, where the state
numbers are serial and have no relationship to state numbers in Table
10.5¢. Tables 10.5¢ and 10.5f show the addition to the third station. If a
fourth station is now to be added, then the states with probabilities less
than 10 ~* can again be deleted and the procedure repeated. The exact
results, without any truncation, are shown in Table 10.6 and are almost
identical to Table 10.5f. In general, the effect on the results depends on the
reference probability value employed for truncation.

Madels for Other Subsysiems
0.6 MODELS FOR OTHER SUBSYSTEMS

Power Substations Maodel ,
is assumed to have only two su}lﬁ, up (i.e., the
down (i.e., the substation is fa.ﬂnl:d). The s_ystfhm
of substations is, however, assumed as an m/n Dn‘!_fl.figuiratil::;:: rﬂ:; r:]s; 111:
eystem is good if m out of n substations are working. In 0 e
"rsumpl.ion means that so long as m out of n subs?auuns are ;.ror E,
Eﬂ power supply is adequate to keep thle system running. :i\l-’hen, av;e::u;
one more substation fails, the system either completely fails or goe o
gevere degradation. The state transition diagram for the su‘l:!sta.hogs m e
': is shown in Figure 10.8, where A,, and p,, are the substation failure

repair rates respectively.

10.6.1

A single power station
substation is working) and

10.6.2 Guideway Model |
structure, power rails, and any other equipment

Guideway consists of the example in magnetic

whose failure would incapacitate the guideway. As an

=

Hay

Wy A,y

i

|~2 [FT]

W ol =T} kg

aa
£

Ain—m+ 1) pu

W th

w—m+2 ,

Figure 108 Stale transition diagram for power subsiations maodel.

failure
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. Substation Model.
State | =(number of up stations >m)
State 2=(number of up stations<m)
The equivalent transition rates are

Transit System Reliabilig

Ievimlir.]_n and linear induction propulsion, the guideway would include
suspension armature rail and LIM rail. The guideway is assumed to be g
two-state system: Up state when the guideway is in satisfactory condition
and down state when a failure of guideway interrupts the flow of traffic,

LE)

P(N, > m)

10.63 Command and Control System Model Ay = P(N,, =m)-m
Comm{and and control includes all equipment associated with the contro]
of vehicle movement, except the vehicle-borne equipment, which is re-
garded as a part of the vehicle. Like the guideway, the command and
control is also assumed a two-state system,

P(N,=m—1)(n—m+1)n,,
P(N,, <m)

Ay =

where N,, is the number of working substations.

“The station system model, the substation system model, the command and
control model and the guideway model are combined together and the
resulting states are grouped as (N, =i, Ny = j) where N, and Ny indicate
the number of type 4 and type B stations up, respectively. The state
N, =0, Ny =0 includes the condition of having the substation system,
guideway or command and control down. Therefore, (N, =0, Ny =0) does
not necessarily mean that all the stations are failed. It really means that the
stations are not available for embarcation because the system is not
moving. This combined model is then combined with the vehicle system
model to give the measure for the entire system.

The printout of the reliability measures of the system is shown in Tables
10.11- 10.1L. The data for the vehicle system are shown in Table 10.1A
and for other subsystems in Tables 10.1E-10.1H.

10.7 TOTAL SYSTEM MODEL

The models for various subsystems have been described in Sections 10.3-
iU.EIr, These _mndels can be combined to give the reliability measures of the
entire transit system.

I0.7.1 System-Based Reliahility Measures

'l"hrn Erarinus su!:syste:m models can be combined by the sequential model
building described in Section 10.5.2. The subsystem models, for this
purpose, are reduced to the following equivalent forms:

L. Vehicle/train system model. The vehicle or train system model is repre-

sented by a two-state equivalent such that State 1=(N,>n) and State

2=(Ny<n). The equivalent transition rates are A07d 4 iy L3

The calculation of probabilities, frequencies, and the mean duration of the

Ajg= H(No<n) various deficient states of the system is illustrated in Section 10.7.1. These
P(Ny>n) system deficiencies can be further related to the delays that they cause to
o the vehicles or passengers and then the probabilities of these delays can be
- m Table 10.1E  Passenger stations data
2 P(Ny<n)

MUMBER OF TYPE A& STATIONS = 3

2. Station system model, The station system model is reduced to a multi-
state model whose states represent the possible combination of stations
in t!le working state, for example, for a system of 3 type 4 and 1 type B
stations, there could be (3,1}, (2, 1), (0,0) states, where the numbers in
the parenthesis indicate the number of type 4 and type B stations in the

up state. The equivalent transition rates between the various states can
be determined using (10.3).

MUMBER OF TYPE B STATIONS = 1

MEAN TIME T0O FAILURE OF THE STATION = 3260.88 HOURS
MEAM TIME TO REPAIR OF THE STATION = 197 HOURS
MEAN TIHME TO FAILURE OF THE EXPRESSWAY =466666+930 HOURS

MEAN TIME TO REPAIR OF THE EXPRESSWAY = 10.00 HOURS




Table 10.1F  Power substations data and results

NUMBER OF SUB STATIONS = &
MINIMUM NUMBER OF SUB STATIONS REQUIRED FOR OPERATION = 2
MEAN TIME TO SUB STATLON FAILURE = 20000 .00 HOURS

MEAN TIME TO SUB STATION REPAIR = 050 HOURS

SUB STATION SYSTEM AVAILABILITY = 0.100000D O
FREQUENCY OF EMCOUNTERIMG THE DOWMN STATE = 0.899910D=-11 PER
CYCLE TIME TO EMCOUNMTER DOWN STATE = D.111122D 12 DAY S

MEAN DURATIOM OF DOWN STATE = 0.8925710-02 DAYS

Table 10.1G  Command and control system data and results

MEAN TIME TO COMMAND AND CONTROL FAILURE = 1666.67 HOURS
MEAM TIME TO COMMAND AND CONTROL REPAIR = 2,58 HOURS
COMMAMND AMD CONTROL AVAILABILITY = 0.90B4S4E 00

FREQUENCY OF ENCOUNTERIMNG DOWN STATE = 0.1437TTTE=-0O1 PER DAY

CYCLE TIME TO ENCOUMTER DOWN STATE = 0,.695521E 02 DAYS

MEAN DURATION OF DOWN STATE = 0,.107TS00E 00 DAY S

Table 10.1H  Guideway data and results

MEAN TIME TO GUIDE WAY FAILURE = S50000.00 HOURS

MEAMN TIME TO GUIDE WAY REPAIR = 10.00 HOURS
GUIDE WAY AYVAILAARILITY = 0.999300FE 00
FREQUENCY OF ENCOUNTERING DOWM STATE = 0.4T799045-03 PER DAY

CYCLE TIWME TO ENCOUNTER OF DOWN STATE = 0.208375E 04 DAY S

MEAN DURATION OF DOWN STATE = 0.41644TE oo DAYS
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Table 10.11  System reliability measures

® OF TYPE A STATIONS

§F OF TYPE

=

A STATIIMNS

- RN

#OF TYPE B STATIONS

(-

# OF TYPE B STATIONS

up

e

# OF VEHICLE

THAN

- -]

# OF WEHICLE

oR LESS

£ a8

5 GAEATER

5 EQuaL

THAN

PROBABILITY

0.995T400 00
0.1803290-02
O.1087630=-0%
G.iT4al3D=-02

PROGAATLITY

D.7TORARED-03
0.1 283800-05
0. TT43020=-0%
D«1281680-05

FREQUENCY

bER DAY

0« TOSTTSE=-D1
D«220A35E-01
0 «265335E-04
D«149L14E-D

FREQUENCY

AEA DAY

8 :33I7TIIGE=01
0.TEAIIGE-D4
0. 55TE18E-0O7
0 «6FTEDAE=04&

CYELE TIME

DAY S

O« L% I6BAE
0. 45 2B2TE
0. 3ITHEITE
0.6TO6ZRE

(= -3
a2
o5
a2

CYCLE TIME

DAY S
Q. 29859 11E
0.130185E
Oa LTE33SE
OaldIa2eE

oz
o5
a8
o5

ME AN
DURAT [ ON

las 1DA
0.082
.08
0. 11T

MEAN

DURAT 108
0. 021
5.017
O 018
D.018




E Table 10.10  System reliability measures

# OF TYPE A STATIONS

# OF TYPE A& STATIONMS

up

BN

-0 TR

#OF TYPE O STATIONS

e THAN

-]

® OF TYPE 8 STATIONS & OF VEHICLES EQuAL

-

uR OR LESS THAN

o ®@

® OF VEHICLES GREATER

PROBABILITY

D995 TS50 A0
0.1803320-02
0108754 0=05
GalTas160=-02

PROGABILITY

D.6935190-03
0.1255070=0%
0. T5T51T0-09
D.12]4760=-0%

FREQUENCY

FER DAY

T «TOODIROE=D1L
D.Z20RIVE=DI
T «265534L-D4
D139 108E=01

FREQUENCY

PER DAY

23331 32E-01
D«TSAI22E-08
25482 TE-AT
F.686506E- 04

CYCLE TIME ME AN
DAY S DURAT [ON
0.14265TE 02  L4. 205
0.452A38E 02 0.082
D.3TASRYE 05 [T Y
0:6TOGSSE 02 De 11T

CYCLE TIME MEAN

DAYS
0. 3001B1LE
O=l32236E
G.1A2309E
0. 1456652

DURAT [ON
oz G021
os LT
aa Q014
a5 Q=018

Table 10.1K  System reliability measures

# OF TYRE A STATIONS #OF TYPE B STATLONS # OF YEWICLES GREATER PROAADILITY FREQUENLY CYCLE TIHE ME AN
e um THAN PER DAY DAY S DURAT 1ON
- 1426TIE 02 Lis 207
T 0. 99575640 Q0 0.7TA0914E=01 Os
: : T G.1A0332D-02 d-.220830E-01 O«452AIBE 02 0.082
i 1 T f0a10B7TRAD-0% DG.26R8I4E=08 0: 3TH509E 45 GaOal
; a T D:lT4415D-02 O 149108E=-01 0. GTOGSEE 02 Q.17
T
® OF TYPE A STATIODNS # OF TYPE B STATIONS # OF VEHICLES EQUAL PROBARILITY FREQUENCY CYCLE TIME MEAMN
S5 T AN BER DAY DAYS
il 1 i o LET 0.6533530=-03 B I3IOGEE=01 0. 300280E
> ] T 0:125567D=-05 e TSEAGRE=D4 Os 1322 EAE
i 1 T 3. 7S573300=09 D .54B162E-0T Ds I BZAZBE
; o T O«12144T2=-05 0sGHEIEEE—DA 01 45695E




&€ Table 10.1L  System reliability measures

&# OF TYPE A STATIONS

# OF

TyPE

@ = ol

& STATIDONS

- RN ]

ue

#0F TYPE B STATIONS

-

us

# OF YEHICLES GREATER

THAN

- N

¥ OF TYPE B STATIONS & OF vEHICLES E0uAL

um

ORf LESS THAN

e

PROBABILITY

0.995T30D 0O
Q1803320 -02
Ba108T64D=-35
DelTaalbD-02

PROBABILITY

06931520 -03
0e1255640-0%
D« TET IIS0D=-09
Gal214470-05

FREQUENCY
BER [TAY

970091 3E-01
O 220833E=01
3205534504
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D .548162E-0T
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CYCLE TIME

DAYS
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s
o2
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s
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calculated. The extent to which such an analysis can be carried out
depends upon the information available on the flow of passengers. The
calculation of delays can be illustrated by an example. Consider a system
such that only vehicle fleet need be considered and the other subsystems
can be ignored. The delay could be caused by the following types of
system deficiencies,

1. A vehicle could fail in the retrieval mode blocking the flow of vehicles.
This condition will last till the failed vehicle has been removed and the
system put back into normal operation. Let the probability of being in
this state be denoted by Pger.

2. A vehicle could fail in a partial mode, degrading the operation of the
system until the vehicle finally clears the system. Let the probability of
being in this state be denoted by Ppg.

3. The delay could also be caused because the number of vehicles availa-
ble for service is less than the required number. This condition can
result when spare vehicles are not available to replace the failed ones.

These probabilities can be calculated using the models and methods
described in this report. These probabilities can be then weighted with the
probabilities of delay caused by these conditions. This will yield the
probability of delay caused by system deficiencies. The calculation of
probabilities of delay by the deficient conditions is not covered in this
chapter.

108 SYSTEM STUDIES

Some vehicle system sensitivity studies using these models are reported
here, The system is assumed to consist of 50 operating vehicles and the
relevant data is listed on appropriate figures. The vehicle system state with
number of vehicles less than or equal to 49 is considered as the reference
state.

10.8.1 Sensitivity of Reliability Indices to the Vehicle MTBF
(Retrieval Mode)

The effect of variation in vehicle MTBF on the probability, mean time to
encounter and the mean duration of the system state with vehicles <49 is
shown in Figures 10.9-10.11. The reliability indices are plotted for three
cases, (s=2,m=2), (s=0,m=2) and (5=0,m=0). The probability of
N, <49 is the lowest and the most sensitive in the case of s=2, m=2. This
is because when there are no spare vehicles, the vehicle failure rate in
partial mode begins to be effective and since it is 500 hours as compared
with 5000 hours for the retrieval mode, the partial failure mode dominates
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Figure 109 System failure probability vs vehicle MTBF,

for s=0. The mean time to encounter N, <49 is again highest for s=2,
m=2 and shows the most sensitivity to variation in retrieval mode vehicle
MTBF. This is because for s=0, the partial mode of failure dominates.
The mean duration of N, <49 is insensitive to the variation in vehicle
MTBF since with spare vehicles available to replace the failed ones, this
index is more or less determined by the mean time to retrieve.

10.8.2 Sensitivity of Reliability Indices to the Mean Time to
Repair a Vehicle

The effect of variation in vehicle MTTR on the reliability indices of the
system is shown in Figures 10.12-10.14. The probability and the mean
duration of N, <49 decrease with the increase in the MTTR and the mean
time to encounter N, <49 correspondingly increases. For s=0, the
mean time to encounter N, <49 is relatively insensitive to the MTTR. This
is because in this case, the system behaves more or less like a series system

Mean time to encounter vehicles < 49

Mean duration of vehicles = 49

[days)

7.0 T

6.0 —

50—

3.0

2.0

10 —

s=3,m=2

Mumber of operating vehicles = 50

MTEF [partial mode) = 500 hours

Mean time 1o repair = 2.5 hours

Mean time to retrigve = U5 hours

Mean maintenance time = 3.5 hours
&, mi @ra sparg and an-maintenanca
vethicles

=0, m=2
s=0,m=0
_——
| | | 1 |
1000 2000 3000 A0 5000 BOOD F000

Vehicle MTBF (hours)

Flgure 10.10 System mean time o vehicles < 49 v vehicle MTBE.
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MNumber of operating vehicles = 50
Vehicle MTBF = 5000 hours T
Maan tima to retrieve = 0.5 hours
s Mean maintenance time = 3,5 hours |
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Flgure 10.12 System probability of vehicles <49 vs MTTR of a vehicle.

and the mean time to encounter N, < 49 is controlled by the vehicle MTBF
(both partial and retrieval mode). The sensitivity of the indices to the
vehicle MTTR also depends on the ratio of the spare vehicles to the
operating vehicles. The higher the ratio, the less sensitive the indices are to
MTTR [6] because with the spare vehicles available to replace the failed
ones, the retrieval time dominates the time to repair.

10.8.3 Effect of Spare Vehicles

Figure 10.15 shows the effect of the number of spares on the reliability
indices. As expected the system reliability improves by having spare
vehicles. After a certain number of spares, the effect is, however, incremen-
tal small, and this number may be termed as the “infinite spare capacity”
for the system, as there is little improvement beyond this point.
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Mean time to vehicles < 49

Mumbar of operating vehicles = 60
Mo. of vehicles on maintenance = 2
MTBF = 5000 hours

MTTR = 2.5 hours

Mean time to retriave = 0.5 hours

Lol iill
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Reliability indices

L1l

Mean duration of vehicles < 48

1

T TTTTTI

Prob. of vehicles < 49
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Figure 10.15 Effect of the number of spare vehicles on system reliability indices.

10.8.4 Effect of Entraining Vehicles

A study on the effect of entraining is given in reference 6. The process of
entraining vehicles modifies the modes of failure by converting some
retrieval mode failures into partial modes and introducing some additional
elements for failure, for example, couplers and trainlines.

109 CONCLUDING REMARKS

10.9.1 Effect of Peak and Off Peak Periods

The state space reliability models for track bound transit systems have
been described and the calculation of the system and demand based

Concluding Remarks "

reliability measures discussed. This work was originally carried out For
application to a single loop configuration. The methodology can be applied
to more complicated networks. ]

Since these models were developed for application to a demonstration
project, the effect of peak and offpeak periods was ignn:redi '!herefum
these models can find direct application for demonstration, airport or
downtown people mover systems where the ratio of peak to off peak
periods is closer to unity.

There are two ways [13] of including the effect of peak and off peak
periods:

I. If it can be assumed that all the failed vehicles over the previous day
have been repaired by the following morning so that the initial pmbgbii-
ity vector every morning is the same, the models can be mlvaﬁi in a
time-specific manner over the peak and off peak periods. This will
involve the solution of differential equations, instead of the linear
equations for the state probabilities.

9. The models can be modified to include the effect of peak and off peak
periods. The approach outlined previously in (1) is, however, simpler to
implement,

10.9.2 Simulation Versus Analytical Method

As the systems become more complex, the analytical technigques become
more difficult to apply. Simulation using Monte-Carlo techniques can be
used to perform the reliability analysis of track-bound systems. 'I'he
simulation method is conceptually easy to apply but could be quite
expensive for sensitivity studies. Sometimes it may be possible to apply a
hybrid approach, that is, part solution by analytical methods and part by
simulation. For example, the system base probabilities may be caleculated
by analytical models and the probabilities of delays by specific system
deficiencies calculated by simulation and the two results combined to yield
demand based measures.

10.9.3 Failure Data

Subsystem failure rate is an important input parameter for Lranlsit system
reliability modeling and calculation. For transit systems using newer
technologies, these figures are usually synthesized from part failure rates
available from handbooks or other data collection and exchange programs.
Although such information on conventional transit systems cquld be
available from field experience, no collective effort at national or interna-
tional level has been visible in this regard. A data collection and analysis
activity to fulfill this need has been carried out and the results are reported
in references 8 and 14.
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10.9.4 Further Work

The simulation techniques are conceptually simpler for calculating the
reliability measures but consume considerable computer time, especially
when performing sensitivity studies. The analytical methods become quite
complicated when applied to complex system configurations but are very
suitable for sensitivity analysis. There is a need for further development of
the analytical and simulation methods for application to more complex
network configurations, taking into account the peak and off peak periods,
and including demand in deriving suitable measures of reliability.
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