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Abstract. To improve the reliability and safety of urban rail Automatic Train
Control System, it is Query ID="Q1" Text="As Per Springer style, both city and
country names must be present in the affiliations. Accordingly, we have inserted the
country name in the affiliation 2. Please check and confirm if the inserted country
name is correct. If not, please provide us with the correct country name." necessary
to allocate the tolerable hazard rate (THR) of the Automatic Train Control (ATC)
system to each subsystems and components during the design and implement
of specific urban rail transit signaling system. In the beginning, this research
analyzes the architecture of ATC system, as well as safety functions and overall
safety requirements for the urban rail transit signaling system. Next the specific
requirements and principles of equal apportionment technique, safety impact-
based apportionment technique and complexity-based apportionment technique
are discussed. Combined with the ATC system architecture, safety logic model
and specific engineering design parameters, theses three safety allocation methods
are used to allocate the THR to each subsystems of ATC as the requirements. At
last, the comparison of allocation for these techniques shows that the allocation
method based on system complexity is the most suitable for the actual conditions
of the project, which can meet the requirements of the Urban Rail Automatic Train
Control System. Therefore, this research is proved to be meaningful to improve
the reliability and safety of urban rail transit to some extent.

Keywords: Automatic Train Control (ATC) - Tolerable Hazard Rate (THR) -
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1 Introduction

For the modern urban rail transit systems, in order to ensure safe operation of trains,
Automatic Train Control (ATC) systems are used to implement the necessary safety
functions such as train overspeed protection, maintaining train running intervals, and
preventing train collisions. During the construction of an engineering projects, the rail
transit systems owner or the operation manager will set a top-level safety requirement
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for ATC system, a definitive Tolerable Hazard Rate (THR) value, and requires the final
delivered ATC system to meet this targeted safety requirements. At current project prac-
tice, the typical urban rail transit Automatic Train Control system is a geographically
distributed system, which distribute on the train, track, depot and operation control cen-
ter, these distributed equipment in different locations cooperate with each other and work
together to implement the function of train operation safety control.

However, the distributed Automatic Train Control system devices often come from
different equipment suppliers or design institute. During the design and manufacturing
process, only the safety requirements of a single device, such as Safety Integrity Level
(SIL), Tolerable Hazard Rate (THR) and Tolerable Functional Failure Rate (TFFR) are
concerned by the equipment suppliers or design institute. When integrating these devices
into the train control system of an urban rail transit line without any unified safety require-
ments planning, allocation and coordination, the system safety performance achieved by
the overall ATC system may not be able to meet the safety requirements set initially. In
order to ensure that the final deliverable of overall ATC system of the rail transit line can
meet the established safety requirements, the THR need to be allocated during the plan
and design stages to guide the design and manufacture activities of individual equip-
ment, which is necessary to ensure the project delivery meet the ATC system operational
safety requirements.

2 ATC System Architecture and Safety Requirements

In general, the typical ATC system in current urban rail transit project adopts
the communication-based train control (CBTC) system. The architecture and safety
requirements of the CBTC system are analyzed as follows.

2.1 CBTC System Architecture and Safety Requirement

According to the definition from IEEE [1], the CBTC system is a continuous ATC
system utilizing high-resolution train location determination, independent of track cir-
cuits; continuous, high capacity, bidirectional train-to-wayside data communications;
and train-borne and wayside processors capable of implementing vital functions. The
architecture with its subsystem location is shown in the Fig. 1.

In CBTC system, the Automatic Train Protection (ATP) maintains fail-safe pro-
tection against collisions, excessive speed, and other hazardous conditions through a
combination of train detection, train separation and interlocking. Computer interlock-
ing (CI) is the interface between CBTC and external trackside field equipment, which
establishes the interlocking relationship between signals, switches and routes, in order
to avoid the conflicting train operation routes to be set, and to prevent one resource from
being occupied by two trains at the same time, both the ATP and CI are safety criti-
cal systems which usually meet the highest safety requirements (SIL4). The Automatic
Train Operation (ATO) performs the functions of speed regulation, programmed stop-
ping, door control, performance level regulation and other functions otherwise assigned
to the train operator. Automatic Train Supervision (ATS) is the subsystem that monitors
trains, adjusts the performance of individual trains to maintain schedules, and provides
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data to adjust service to minimize inconveniences otherwise caused by irregularities.
Both the ATO and ATS are safety relevant system which usually have the moderate
safety requirements (SIL2).

Automatic Train Supervision
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e Track circuit
e Axle Counter \ 4
e Switch <> Computer Interlocking |, | .| Automatic Train Protection
Machine (Trackside) - (Trackside)
e Platform A A A
Screen Door
P \ 4 Y Y \ 4
— Lineside
Data Communication System Electronic Unit
A A A
A \ 4
Automatic Train Operation | . | Automatic Train Protection
(Train-borne) N (Train-borne)
Train System f e e T L _1*
Tt T
Fixed Balise Controlled Balise
(On Track) (On Track)

Fig. 1. CBTC system architecture and external interface

In addition to the ATP, CI, ATO and ATS systems, CBTC also includes Data Com-
munication System (DCS) and Balise Transmission System. The DCS is to transmit bi-
direction information transmission between trackside equipment and vehicle-mounted
equipment. The Balise transmission system is divided into fixed Balise and controlled
Balise. The fixed Balise is mainly used for train positioning and position calibration, and
controlled Balise is used to transmit some variable temporary commands, such as speed
limit information and route information. The external interfaces of the CBTC system
include train, platform screen doors, platform emergency buttons, integrated supervision
and control system and other systems. These external systems provide input to the CBTC
system and execute the control commands issued by the CBTC.

2.2 CBTC System Safety Requirements

As shown in Fig. 2, the ATC system requirements can be divided into safety requirements
and non-safety requirements. The safety requirements are derived from the hazard, which
are measured via Tolerable Hazard Rate (THR) as the system top level safety goal.
The functional safety requirement is part of the safety requirement, it is measured via
Tolerable Functional Failure Rate (TFFR), the THR is derived from the TFFR. The
functional safety requirements include safety functions and safety integrity, which use
the Safety Integrity level (SIL) to define their requirement. The relation between the SIL
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and TFFR is shown in Table 1. The SIL is the safety performance index used for the
defined safety function. The SIL 4 has the highest level of safety integrity. For safety
integrity, it includes the Systematic Failure Integrity and Random Failure Integrity and
depends on the system design. The systematic failure shall meet the SIL requirement,
and the Random Failure shall meet both the SIL and Failure Rate (FR) requirements.

ATC System Requirements Hazard
Non-Safety Requirements Safety Requirements <-- @

. v

Other Safety Requirements Functional Safety Requirements |[«- @

« v

Safety Function <> Safety Integrity €------ SIL
Systematic Failure Integrity [«—{ Random Failure Integrity
e X
SIL < »( FR

Fig. 2. System Requirements architecture and THR allocation process

In order to ensure the safe train operation, the ATC system shall implement the
necessary safety function to prevent the hazard “exceeding speed and/or distance limits
advised to ATC, and the THR to this hazard is 10’9/h, the relevant safety function can be
decomposed to (1) ensure safe route, (2) ensure safe separation of trains, (3) ensure safe
speed, (4) control acceleration and braking [2]. These functions shall meet the TFFR
which is allocated from the THR, and if the equipment used to implement these safety
function, the equipment should meet the relevant SIL and FR.

As a typical urban rail ATC system, it has following core safety functions: (1)Train
location/train speed determination, (2) Safe train separation, (3) Overspeed protection
and brake assurance, (4) Rollback protection, (5) End-of-track protection, (6) Parted con-
sist protection and coupling and uncoupling of trains, (7) Zero speed detection, (8) Door
opening control protection interlocks, (9) Departure interlocks, (10) Emergency braking,
(11) Route interlocking, (12) Traffic direction reversal interlocks, (13) Work zone pro-
tection, (14) Broken rail detection, (15) Restricted route protections, (16) Level-crossing
protection. These safety function should be implemented by trackside equipment Com-
puter Interlocking (CI) and Zone Controller (ZC) and train borne equipment Onboard
Controller (OC), that means the CI, ZC and OC shall meet the SIL 4 requirement with
the THR less than THR is 10~°/h [3].
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Table 1. The correlation between SIL and TFFR

No. TFFR per hour and per function Safety Integrity Level
1 10 < TFFR < 1078 4
2 10~8 < TFFR < 107 3
3 10~7 < TFFR < 10~ 2
4 1076 < TFFR < 107 1

3 Safety Requirement Allocation Method

From the process of ATC system implement the safety control function, it shows that if
any of the CI, ZC and OC failed, an accident may happen in the urban rail line, which
will lead to the overall THR goal cannot be met. From the safety point of view, the CI,
ZC and OC of the ATC system form a series system as described in Fig. 3.

Fig. 3. ATC system safety control logic model

As rail authority may only focus on the safety requirements of ATC system level
but not the subsystem CI, ZC, and OC, but for subsystem manufacturers, the safety
requirements of ATC system level need to be allocated to CI, ZC and OC subsystems.
From the definition of safety requirements, the safety integrity level is divided into two
parts: the non-quantifiable SIL and the quantifiable TFFR (FR). For various components
that performs one safety function, if there is no redundancy, the components will directly
inherit the non-quantifiable SIL from the system, that is, the SIL for CI, ZC, and OC
subsystems are the same as the SIL of ATC system, and they are all SIL4 components.
For the quantifiable part of the safety requirements, we need have allocation methods
to allocate the ATC system THR and TFFR to CI, ZC, and OC and make sure the final
total subsystem TFFR is less than the ATC system TFFR and the hazard THR, which is
described in Eq. (1).

X Y Z
> TFFRei+ Y TFFRzci+ Y TFFRoci < TFFRarc < THR (1)
‘ : .

1 1

3.1 Equal Apportionment Technique

If we ignore the specific subsystem (CI, ZC and OC) detail property and all the subsys-
tems are operated in series as shown in Fig. 3, equal apportionment to each subsystem
would seem reasonable. The equal apportionment technique assumes a series of “n”
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subsystems, each of which is to be assigned the same safety goal [4]. A prime weakness
of the method is that the subsystem goals are not assigned in accordance with the degree
of difficulty associated with achievement of these goals. For this technique, the model
is:

Sarc = Sc1 x Szc x Soc ()

TFFRaTC
TFFR¢c; = TFFRyzc = TFFRopc = —— 3)
xX+y+z
Sarc means the safety goal of ATC system, and Scy, Szc, Soc represent the safety
goal of CI, ZC and OC subsystems respectively. TFFRarc, TFFRc;, TFFRzc TFFRoc
are the TFFR value for ATC, CI, ZC and OC subsystems. The x, y and z are the numbers
of CI, ZC and OC deployed in the specific urban rail line separately.

3.2 Safety Impact-Based Apportionment Technique

The ATC system is made up from various subsystems, and the safety impact of the
different subsystems to the ATC system is different, that is, if a subsystem has a dangerous
failure, it will have different safety impact on ATC system in comparison with others,
and it will cause different accident severity. Therefore, different safety goals need to be
assigned to different subsystems depending on the safety impact. For subsystems with
a bigger safety impact, the safety goal should be more stringent.

For the ATC system, according to the magnitude of the safety impact of the CI,
ZC and OC subsystems on the rail line ATC system, the safety impact weight factor is
defined in the Table 2. The safety impact number a, b and ¢ mean 1 failure in CI, ZC
and OC will cause a, b and ¢ others subsystem enter into dangerous status. Taking the
CI subsystem as an example, the safety impact weight factor for the CI can be defined
as the ratio of:

_a—(a+b+c)/3_2a—b—c

= = 4
v (a+b+c¢)/3 a+b+c @

For the ATC system, its safety goal can be expressed as:
TFFRorc = TFFRc; x x + TFFRzc xy + TFFRoc X 2 5)

Let TFFR, as the base TFFR for the subsystem of ATC, then the

TFFRayrc = TFFR, x (1 +wc¢y) x x + TFFR, x (1 +wzc) x y + TFFR, x (1 +woc) xz  (6)

The TFFR, can be derived from formula (6)

TFFRaTC
TFFR, = (7N
X+Yy+z+we XX+wze Xy—+woc X2

Then the allocated TFFR for subsystem are:

TFFRcr = TFFR,(1 4+ wey) ()
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TFFRzc = TFFR,(1 + wzc) )

TFFRoc = TFFR,(1 4+ woc) (10)

3.3 Complexity-Based Apportionment Technique

It is true that if a system contains more basic components, its reliability should be worse,
and the probability of failure will be higher, so its safety performance will be worse.
Therefore, when allocating the THR, we must consider the number of basic components
including sub-systems. The more components contained in the subsystem, the less safety
goal should be assigned to that subsystem.

Assuming that the subsystems in ATC is composed of same basic components,
these basic components have the same failure rate, so we can use the number of basic
components contained in a subsystem to express the complexity of the subsystem. We
use the numbers 1, m and n to represent the complexity of CI, ZC and OC subsystems.
For a specific urban rail ATC system containing x CIs, y ZCs and z OCs, the complexity
factor can be expressed as Egs. (11), (12) and (13).

x x| (11
cwer =
c xxl4+yxm+zxn
yxXm (12)
cwze =
“c xxl+yxm+zxn
ewoe = cxn (13)

xxXl+yxm+zxn

Therefore, the assigned TFFR value of a single CI, ZC and OC are described as
follows:

TFFRe — TFFRaTCc X cwcy _ TFFRaTC <1 (14)
o= X S xxl4yxm4zxn
TFFR X cw TFFR
TFFRy = ATC zc _ ATC <m (15)
y xxl+yxm+4+zxn
TFFRer — TFFRATc X cwoc _ TFFRTC “n (16)
c z xXl4+yxm+zxn

4 Apportionment Result Comparation

In order to verify the difference and applicability for the allocation results of the THR
using the three different allocation methods, this research applies the allocation method
proposed in the previous section to calculate the allocation results, as well as the ATC
system THR allocation results are analyzed in a specific urban rail project.
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4.1 Assumptions of the Specific ATC System

As shown in Fig. 4, in the specific ATC system of urban rail transit project, only the CI,
ZC and OC are responsible for the vital safety functions. The ATC system includes the
number of CI, ZC and OC subsystems which are x, y and z, where x is equal to 6, y is
equal to 3, z is equal to 30. For the entire ATC system, the overall safety goal proposed
by the operator is that THR should be less than 10~°/h.

For the safety impact of the CI, ZC, and OC subsystems, we define one failure in CI,
ZC, and OC subsystems that can impact the number of other subsystems are a, b and c.
where a=4,b =10, and c = 2.

For the complexity of the system, we define each CI, ZC and OC subsystem is
composed by I, m and n basic components respectively, where 1 is equal to 10, m is equal
to 8, and n is equal to 12.

Automatic Train Supervision

Computer Computer Computer Computer Computer Computer Computer
Interlocking Interlocking Interlocking Interlocking Interlocking Interlocking Interlocking
No.1 No.2 No.3 No. i. No. i+l... No.x-1 No. x
\ Zone Zone Zone /

Controller Controller |« »  Controller
No.1 No.i... No.y
Onboard Onboard Onboard Onboard Onboard Onboard Onboard
Controller 1 Controller 2 Controller 3 Controller i.. Controller z-2 Controller z-1 Controller z
Train No.1 Train No.2 Train No.3 Train No.i... Train No.z-2 Train No.z-1 Train No.z

Fig. 4. A Specific ATC System Configuration

4.2 Safety Requirement Allocation Result

Based on the above assumptions the specific ATC System, we used the three different
methods to allocate the THR as the ATC system safety requirements in Sect. 3. The
ATC system data of calculation required is show in Table 2, and the allocation results
are shown in Table 3.

From the above allocation results shown in Table 3, it can be seen that the allocation
results of the dangerous failure rate (FR) of each subsystem obtained by using three
different methods are all in the same order of magnitude. However, the specific values
have certain differences, it can show that all the three methods are feasible. Compar-
ing the calculation results with the actual situation of urban rail project, we think that
the allocation method based on complexity is most reasonable. The THR Allocation
Results of CI, ZC, and OC subsystems for Complexity-based Apportionment method
are less than the EqualApportionment method as well as Safety Impact-based Appor-
tionment method. For the method based on safety impact, since both the overall number
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Table 2. The ATC system data

Subsystem Subsys No. Safety Impact Complexity
Computer Interlocking (CI) X 7 a 4 1 10
Zone Controller (ZC) y 3 b 10 m 6
Onboard Controller (OC) Z 30 c 2 n 12

Table 3. THR Allocation Results

Subsystem Equal Safety Impact-based | Complexity-based
Computer Interlocking (CI) 2.5 x 10711 3.39 x 10711 2.23 x 10711
Zone Controller (ZC) 25 x 10711 [ 8.47 x 1071 1.34 x 1071
Onboard Controller (OC) 25 x 10711 1.69 x 1071 2.68 x 10711

of subsystems and safety impact are considered in the allocation, the final allocation
result is more sensitive to the number of subsystems than the safety impact. Except the
Complexity-based Apportionment method, the other two method lead the bigger safety
impact had been assigned a relatively loose safety value. Therefore, we consider the allo-
cation method based on system complexity is the most suitable for the actual conditions
of the project, which not only can meet the requirements of the Urban Rail Automatic
Train Control System, but also can improve the reliability and safety of urban rail transit
to some extent.

5 Conclusions

From the above analysis, it can be concluded that using the ATC system level THR as
the safety requirements of the subsystems without any allocation cannot meet the overall
system safety goals of the rail transit line. Therefore, using the different THR allocation
methods will result in different subsystem TFFR, but the same order of magnitude. By
comparing with the actual engineering demands, the allocation method based on com-
plexity is the more applicable than the other two allocation methods, due to the allocation
method based on complexity considers the specific characteristics of the subsystems.

Eventually, no matter which allocation method is adopted, we need to consider
not only the logical architecture of the system, but also the specific number of each
subsystem in the line system. At last, a reasonable allocation result of Complexity-
based Apportionment Technique can be obtained. It is indicated from the results of
the allocation that the larger the scale of the rail transit line is, the more subsystems
it contains, and the more stringent and stricter safety requirements for the subsystems
should be allocated.
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