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PREFACE 
 

In recent years there has been increased interest in high speed guided ground transportation 
(HSGGT). In May of 1991 the state of Texas awarded a franchise for the construction of a high 
speed rail system linking Dallas/Ft. Worth, San Antonio, and Houston, and in January of 1992 a 
detailed franchise agreement was signed for construction of a system using the French Train à 
Grande Vitesse (TGV). In June of 1989 the Florida High Speed Rail Commission (now part of the 
Florida Department of Transportation) recommended awarding a franchise for construction of a 
maglev system linking Orlando airport and a major attractions area on International Drive in 
Orlando, and in June of 1991 a franchise agreement was signed by the state of Florida for 
construction of a system using the German Transrapid TR07. In November of 1992 Amtrak began 
testing the Swedish X2000 tilt-train on the Northeast Corridor and in 1993 Amtrak will test the 
German Inter-City Express (ICE) train on the Northeast corridor. In 1991 four contracts were 
awarded for the development of a U.S. designed maglev system, as part of the National Maglev 
Initiative. The Intermodal Surface Transportation Efficiency Act (ISTEA) of 1991 provides for the 
further development of a U.S. designed maglev system. In addition to the current active projects, 
there have been numerous proposals throughout the country for new high speed systems and for 
increasing the speeds on current rail corridors. 
 
All of the systems proposed for operation at speeds greater than current practice employ technologies 
that are different from those used in current guided ground transportation systems. These different 
technologies include advanced signaling and control systems and lightweight car-body structures for 
all or most HSGGT systems. The differences in technology, along with the increased potential 
consequences of an accident occurring at high speeds, require assurances that HSGGT systems are 
safe for use by the traveling public and operating personnel. 
 
This report on collision safety is part of a comprehensive effort by the Federal Railroad 
Administration (FRA) to develop the technical information necessary for regulating the safety of high 
speed guided ground transportation. Other areas currently being studied by the FRA as part of its 
high speed guided ground transportation safety program include: 
 

- Maglev Technology Safety Assessments (both electromagnetic and electrodynamic) 
- Development of Emergency Preparedness Guidelines 
- Electromagnetic Field Characteristics 
- Guideway Safety Issues 
- Automation Safety 
- Human Factors and Automation 
 

Collision safety comprises the measures taken to avoid collision and also to assure passenger and 
crew protection in the event of an accident. The results of this study, presented in the four-volume 
report, provide a basis for evaluating the collision safety provided by a given HSGGT system. These 
measures must be evaluated concurrently for a coordinated, effective approach. Based on the results 
of this study, work is currently planned to evaluate the collision safety of a proposed system and to 
evaluate the effectiveness of modifications on the collision safety of an existing conventional system. 
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Abbreviations and Terminology 
 

Many abbreviations are in common use for railroad organizations and high-speed rail systems and 
their components. This list provides a convenient reference for those abbreviations used 
frequently in this report. Note that some abbreviations, particularly those used for different train 
control systems (ATC, ATCS, ATP, etc.), may not have the same meaning for all users. 
Commonly accepted meanings are given. 
 

AAR Association of American Railroads. 
 

ASTREE Automatization du Suivi en Temps (French on-board train control system). 
 

ATC Automatic Train Control - systems which provide for automatic initiation of 
braking and/or other train control functions. ATP and ATO are sub-systems of 
ATC. 
 

ATO                  Automatic Train Operation - a system of automatic control of train movements 
from start to stop. Customarily applied to rail rapid transit operations. 
 

ATCS                Advanced Train Control Systems - a specific project of the AAR to develop train 
control systems with enhanced capabilities. 
 

ATP                   Automatic Train Protection - usually a comprehensive system of automatic 
supervision of train operator actions. Will initiate braking if speed limits or signal 
indications are not obeyed. All ATP systems are also ATC systems. 
 

AWS                  Automatic Warning System - a simple cab signalling and ATC system used on 
British Rail. 
 

BART Bay Area Rapid Transit (San Francisco). 
 

BN Burlington Northern Railroad. 
 

BR British Rail. 
 

CFR Code of Federal Regulations. 
 
CPU Central Processing Unit (core unit of a microprocessor). 
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Abbreviations and Terminology (continued) 
 

DB Deutsche Bundesbahn - German Federal Railways. 
 

DIN Deutsche Institut for Normung - German National Standards Institute. 
 

DLR Docklands Light Railway, London, U.K. 
 

EMI Electro-Magnetic Interference - usually used in connection with the interference 
with signal control circuits caused by high power electric traction systems. 
 

FCC Federal Communications Commission (United States). 
 

FRA Federal Railroad Administration of the United States Department of 
Transportation. 
 

FTA Federal Transit Administration. 
 

HSGGT High-Speed Guided Ground Transportation. 
 
HSR High-Speed Rail. 
 

HST High-Speed Train - British Rail high-speed diesel- electric trainset. 
 

ICE Inter-City Express - a high speed train-set developed for German Federal  
Railways consisting of a locomotive at each end and approximately 10 
intermediate passenger cars. 
 

ISO International Standards Organization. 
 

Intermittent A term used in connection with ATC and ATO systems to describe a system that 
transmits instructions from track to train at discrete points rather than 
continuously. 
 

JNR                   Japanese National Railways - organization formerly responsible for rail services in 
Japan. Was reorganized as the Japan Railways (JR) Group on April 1, 1987, 
comprising several regional railways, a freight business and a Shinkansen holding 
company. 
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Abbreviations and Terminology (continued) 
 

JR Japan Railways - see JNR. 
 

LCX Leakage co-axial cables - LCX cables laid along a guideway can provide high 
quality radio transmission between the vehicle and wayside. LCX is more reliable 
than air-wave radio, and can be used where air waves cannot, for example, in 
tunnels. 
 

LGV Ligne a Grand Vitesse - French newly-built high- speed lines. See also TGV. 
 
LRC Light Rapid Comfortable. A high-speed tilt-body diesel-electric train-set developed 

in Canada. 
 

LZB                   Linienzugbeeinflussung - Comprehensive system of train control and automatic 
train protection developed by German Federal Railways. 
 

MU                    Multiple Unit. A train on which all or most passenger cars are individually 
powered and no separate locomotive is used. 
 

MARTA Metropolitan Atlanta Rapid Transit Authority. 
 
NBS Neubaustrecken - German Federal Railway newly- built high-speed lines. 
 
NTSB National Transportation Safety Board (U.S.). 
 

PATCO Port Authority Transit Corporation (Lindenwold Line). 
 

PSE Paris Sud-Est. The high-speed line from Paris to Lyon on French National 
Railways. 
 

RENFE Rede Nacional de los Ferrocarriles Espanoles - Spanish National Railways. 
 

SBB Schweizerische Bundesbahnen - Swiss Federal Railways. 
 

SELTRAC Moving-block signaling system developed by Alcatel, Canada. 
 

SSI Solid State Interlocking. 
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Abbreviations and Terminology (continued) 
 

SJ Statens Jarnvagar - Swedish State Railways. 
 

SNCF Societe Nationale des Chemin de Fer Francais - French National Railways. 
 

TGV Train a Grand Vitesse - French High-Speed Train. Also used to refer to complete 
French high-speed train system. 
 

UIC Union Internationale de Chemins de Fer. 
 

UMTA Urban Mass Transportation Administration of the U.S. Department of 
Transportation. The name of this agency has now been changed to the Federal 
Transit Administration (FTA). 
 

US or U.S. United States. 
 
Vital A vital component or system performs a critical function in such a manner as to 

ensure that a single anticipated failure cannot present an unsafe condition. 
 

VNTSC Volpe National Transportation Systems Center. 
 

WMATA Washington Metropolitan Area Transit Authority. 
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2.          High-speed collisions with an obstruction on the guideway, or with an object propelled at 
the train. This group includes intrusions from an adjacent guideway whether in a shared 
right-of-way or not. 

3.          Collisions between dissimilar trains or vehicles on the same guideway. This group 
includes collisions between a high-speed train and another slower-speed train of a 
different type or between a high-speed train and a maintenance vehicle on the same 
guideway. 
 

4.          Single-train events, usually involving a loss of support and guidance, followed by a 
sudden stop. Such events can be accompanied by collisions with structures adjacent to the 
guideway. Examples of single-train events include derailments of conventional wheel-on- 
rail trains and the unintended set-down of a maglev vehicle. 
 

Current U.S. collision avoidance techniques employed by designers of guided ground 
transportation system vary with system type, age, traffic characteristics, and regulatory 
requirements. Existing U.S. systems are generally of two types -- railroads (including freight, 
intercity passenger, and commuter rail, regulated by FRA through the Code of Federal 
Regulations) and transit systems (including light rail, heavy rail, and peoplemover type systems, 
regulated primarily by state agencies, not by the federal government). The Association of 
America Railroads (AAR) publishes a communications and signals manual that establishes 
standards that are generally followed by U.S. railroads and transit authorities. 

The highest speed revenue passenger railroad operation in the U.S. is the Amtrak Northeast 
Corridor, an electrified 200 km/h (125 mph) line that handles a mix of intercity passenger, 
commuter and freight trains. The Corridor employs conventional signal system hardware, 
including cab signals and on-board braking enforcement. Trains are operated in accordance with 
rules published by Amtrak governing the movement of trains and engines. Trains are dispatched 
and operated manually in accordance with the rules. Crews are required to have complete 
control of their trains at all times. If allowable signal speeds are exceeded and a warning 
ignored, brakes are automatically applied. 
 
This heavy reliance on manual control in the Northeast Corridor is in sharp contrast with modern 
transit systems in the U.S. -- such as BART, MARTA WMATA and PATCO -- that are largely 
automated. These systems have only limited operator involvement (e.g., door operation at  
station stops) except in emergencies when operators can take over train control according to 
prescribed rules , if required. Otherwise, under normal circumstances, these systems operate 
with minimal human involvement. All speed commands (including acceleration, braking and 
speed enforcement) are carried out automatically depending on track/guideway civil speed limits, 
train separation requirements and other operating conditions. These transit systems incorporate 
most of the collision avoidance features that will be required for safe HSGGT operation in the 
U.S. 
 
As the state-of-the-art of train control evolves, it is likely that an increasing number of safety- 
related functions will be monitored, managed, and controlled by microprocessors, reducing 
reliance on human actions or responses to operating conditions. This trend will presumably 
improve safety and reliability despite increasing the complexity of the overall system. Continuing 
increase in complexity of automated systems and microprocessors reduces reliance on human 
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operators (also on human inspection of vehicles and guideways), but increases the difficulty of 
assessing safety and reliability, and of proving that necessary safety levels are being achieved. 
The challenge is to quantify the benefit of such systems. 
 
Human error or intentional intervention (e.g., by improper maintenance methods, vandalism, 
overriding of safety systems, or bad judgment) -- has always played a part in the effectiveness of 
collision avoidance systems. Notwithstanding such problems introduced by humans, collisions 
are typically the result of an inadequacy or a malfunction in one of the collision avoidance sub- 
systems. 
 
1.3  HISTORY OF COLLISION AVOIDANCE 
 
Historically, collision avoidance techniques have lagged behind advances in motive power and 
track/guideway technologies. In the U.S., there have not been significant advances in collision 
avoidance techniques since the early 1950s, even though other system design features have  
undergone dramatic improvements. Indeed, the first 150 years of development of collision 
avoidance technique occurred mostly through hindsight and trial and error. Current systems 
engineering and analysis methods, however, will allow future collision avoidance system design 
for HSGGT systems to proceed on a logical and predictable basis that will provide high levels of 
reliability and safety. 
 
Table 1.1 summarizes the collision and avoidance system development milestones in the U.S. to 
date. Interested readers are referred to Appendix A for a more thorough discussion of the 
collision avoidance developments historically. 
 
1.4 CURRENT PRACTICE AND FUTURE DEVELOPMENT OF COLLISION 

AVOIDANCE 
 

Current U.S. techniques vary largely based upon system age and economics, speed and traffic 
volume upon the guideway, and acceptance of safety performance levels. All collision avoidance 
systems rely upon vital, fail-safe techniques, with most systems relying upon closed-loop circuitry 
or the force of gravity to produce a safe effect in the event of system failure. 
 
The principal functions or components of a collision avoidance system are as follows: 
 
Train Detection. Train detection is the foundation of all non-vehicle systems vital to preventing 
collisions. If train presence is not seen by a system, either no train is present (hence, no risk of 
collision) or a train is present but no associated systems operate to prevent a collision (resulting 
in high collision probability). Typically train presence locks all system functions that can prevent 
a threat to safe train movement upon the guideway through a complex system of vital circuitry. 
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Table 1.1. History of Collision Avoidance in the United States 
 

1824 TO 1844       Train separation accomplished by strict adherence to timetables or 
                                   simple signaling by observation. 

 
1842                        Telegraph introduced to convey train information for signaling 

                                    beyond line-of-sight. 
 

1872                        First electric track circuits introduced to provide train detection. 
                                    Automatic block signaling introduced. 

 
1880                        ATP type signal began using train stops that activated the brakes if 

                                    the engineer disregarded a stop signal. 
 

1901-1909             Mechanical stop, typically used today, invented and widely accepted. 
 
1922                        Intrusion detectors (slide fences) used to place stops that prevent 

                                    collisions caused by rock slides. 
 

1925                         First "cab-no-wayside" signaling used. Cab signals widely used to 
complement system. Inductive train stops introduced. 

The technological level used in 1925 is the current level used 
today on most U.S. railroads, though many components have 
been updated with current available hardware. 

 
1930 to 1951          1925 level provides satisfactory performance at  speeds up to 176 

                                    km/h (110 mph). 
 

1951 to 1992       Most innovations are replacement technologies that provide functions 
                                similar to those of older methods but reduce labor and maintenance 
                                requirements. 

 
Signals. Signals inform the engineer of maximum safe speed based upon track occupancy 
conditions that are monitored by vital logic. Monitored conditions include train presence (or 
potential presence) and integrity of all vital systems along the route that could present an unsafe 
condition for train movement. Generally U.S. transit system signal systems also incorporate civil 
speed limits in the system logic. U.S. railroad practice, however, does not. Today, most 
systems have some level of checking for an engineer's response to signals (ATP), or potential to 
respond ("deadman"), with many including automatic brake application if the engineer fails to 
react in the proper manner. 
 
Fault Tolerance. Microprocessors are now often used to provide vital results similar to relay 
based systems. Absence of fault-tolerance, however, often requires rules and policies to be used 
for train movement authority, with absence of all, or portions of the collision avo idance system in 
operation. Typically, most U.S. vital systems protect against only single failures, and multiple 
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failures can void a system's fail safety. Track/guideway intrusion is seldom protected against, is 
most often handled by signage and fencing. 
 
U.S. Systems. Systems developed in the U.S. can provide fully automatic train operation with 
human intervention being solely for standby, but such an approach is seldom used. Usually a 
train operator has movement control of train, and most systems operation is limited to providing 
override of the operator's action if he fails to react in the proper manner. 
 
Foreign Systems. Systems developed overseas currently are procedurally similar to U.S. 
systems, though the equipment used differs and additional integrity is achieved at some levels. 
Some Foreign HSGGT systems use a vital train-wayside communications method which is not 
currently used in the U.S. on conventional railroad and transit systems. Highway grade crossings 
are often barrier closures (though not impenetrable) and integrated with a speed command system 
to the train. Unlike those used in the U.S., foreign vital microprocessor approaches include 
fault-tolerant techniques that provide uninterrupted system operation in the event of many 
common failure occurrences, limiting the necessity for by-passing safety functions. 
 
An effective collision avoidance system for HSGGT will interface vital state-of-the-art 
technologies in such a manner that predictable (and probable) failures will not result in a 
collision, to a probability level commensurate with current standards. Fault tolerance should 
provide uninterrupted vital system operation regardless of operational failures. Speed 
enforcement is required and it will be more effective in a system at high speeds if initiated by the 
system with human backup, as opposed to being initiated by conventional human action with 
enforcement backup. The potential exists for "intelligent braking" that can provide varying brake 
rates based upon the collision threat introduced. The effective interfacing of the vital sub-systems, 
in combination with adequate attention to the human factors involved, will result in a collision 
avoidance system that will meet or exceed expected levels of safety. 
 
1.5   REPORT ORGANIZATION 
 
The contents of the following chapters are described briefly below: 
 
Chapter 2, Collision Avoidance Features of System Operation, describes train control functions 
and approaches used in carrying out these functions. 
 
Chapter 3, Vehicle, Guideway, and Wayside Design Techniques for Collision Avoidance, reviews 
methods of collision avoidance other than through train control systems, (i.e., through other 
design means, such as grade separation). 
 
Chapter 4, Effect of Collision Avoidance Measure on Systems Operation, discusses reliability, 
maintenance requirements, and other effects of the collision avoidance systems features. 
 
Chapter 5, Recommended Guidelines for Collision Avoidance Evaluation, reviews the four 
collision categories, evaluates HSGGT collision avo idance system requirements, discusses 
reliability, maintainability, testing and training needs, and develops a methodology for evaluating 
the performance of proposed collision avoidance elements in an HSGGT system. 
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Microprocessor Track Circuit (Figure 2.2) 
 
Currently, microprocessor track circuits in the U.S. are installed in a manner similar to the 
installation of AC track circuits. Present types require the use of insulated joints for separation, 
though current technologies allow alternative means of separation of track circuits. 
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Dual Element Track Circuit (Figure 2.4) 
 
Dual element track circuits ensure that the wrong track relay is not energized. First introduced 
in 1906, this method was initially most widely used with centrifugal relays. This highly effective  
relay was last produced in 1972 because of high maintenance and associated costs. The AC vane 
relay circuit became the sole survivor of this track circuit type. The most common AC track 
circuits are energized at relatively low frequencies, 60 to 100 Hz., and are based upon the use of 
a two element vane relay. This relay is energized by two sources - a local AC current source 
and a track current source. These two currents must be properly phased to magnetically pull the 
vane upwards for a "picked" relay condition, or an unoccupied track indication. Any change in 
frequency or phase from either source tends to pull the vane downward and the relay drops. The 
frequency is chosen so as not to be affected by the propulsion frequency or its associated 
harmonics. A more modern variation is the TRU-II type circuit, that drives a conventional DC 
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type vital track relay. These types of track circuits could be used in high-speed application. 
They require the use of insulated joints, however, which makes them less desirable than other 
possible choices for reasons noted above. 
 
DC Track Circuit 
 
This closed track circuit, invented in 1872 and based on a very simple principle, consists of an 
insulated section of track with a DC relay at one end and a DC voltage source at the other end. 
The battery voltage is applied across the rails and the voltage at the other end picks up the relay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4. AC Vane Relay Track Circuit 
 
 

A steel wheel-axle that enters the rails provides a "path of least resistance" (shunt) that ensures 
that the relay drops due to gravity. This closed loop, fail-safe circuitry also provides broken-rail 
detection because broken rails also open the circuit. 
 
For light rail vehicles, it has been proven to be the least reliable for train detection in some 
circumstances and it cannot be used with conventional electric traction systems. Though its 
variations are used and make important contributions to collision avoidance, its use may be 
impractical for an HSGGT system. 
 
2. Non-Track Circuit Train Detection Methods 
 
Non-track circuit methods typically provide considerably more information processing capabilities 
than conventional track circuits. They do not provide guideway integrity checks by themselves, 
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so they should be supplemented by other means. Some are not in constant contact with the train 
in the manner of a track circuit and may require additional supporting circuits for proper train 
detection. 
 
Transponders 
 
Transponders are used in conventional speed systems in Europe for train detection and in the 
Transrapid maglev vehicle speed/location detection system. To be most cost-effective, the 
transponder is normally mounted on the track and used with an interrogator that is placed on 
board the train. When the train passes the transponder, it detects the identity of the transponder 
and transmits its location, typically by radio, back to the signal control point. If the train fails to 
read a transponder, location is extrapolated from the last "good" reading. Communication to the 
wayside is over a microwave radio link. This method of detection does not detect broken rail and 
requires special train equipment. Transponders are highly adaptable. 
 
Satellite Systems 
 
The Burlington Northern Railroad in conjunction with Rockwell International is experimenting 
with a system to provide train detection and speed conveyance information processing by means 
of satellite radio links. Presently, the system without supporting systems, does not provide 
accuracy of train position, but its use is not limited because of these requirements. 
 
Onboard Detection Sensing 
 
In France, SNCF is developing the Automatization du Suivi en Temps (ASTREE) system, in 
which a vehicle or train continuously calculates its position from a reference point and transmits 
this information to a control center. Plans call for this system to be installed and working within 
the next decade. The first field trail of this system was instituted in the spring of 1990. 
ASTREE traction units will be fitted with Doppler radar that will compute a train's speed and 
location within 0.1 percent. These data, as well as destination, weight, braking capacity, etc. 
will be radio transmitted to a control center. These transmissions may be made later via 
satellites. Union Pacific Railroad is experimenting with an ATCS detection system which uses a 
transponder as a reference with an onboard odometer to measure distance. 
 
This type of onboard sensing and reporting is similar to the transponder method. It raises a 
similar question about what detection is provided if the communication method fails. A fail-safe 
coding and logic can be applied, and appropriately regulated, or this method could be used in 
conjunction with the more traditional track circuit as a backup. 
 
2.2.2 Interlocking Integrity 

An interlocking is defined as an arrangement of signal apparatus so interconnected that functions 
must succeed each other in a predetermined sequence, thus permitting safe train movements along 
a selected route without collision or derailment. An interlocking is used to route trains safely 
through areas with high collision potential (train-train at- grade crossings, powered switch areas, 
drawbridges). Interlockings may be classified as automatic, remote controlled, or locally 
controlled:  
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The executive and application programming are installed in a non-volatile memory in such a way 
as to preclude unintentional changes by the user. 
 
Appendix D includes a more detailed description of the software application in the United States. 
 
Foreign Solid State Interlocking (SSI) 
 
Multiple CPU based systems are in use outside the U.S. for rail and Maglev systems control. 
The vitality is similar to U.S. systems, though it is produced by a "voting" scheme, and is 
achieved in a fault-tolerant manner by recent systems. Occasional errors in a CPU-based system 
are unavoidable currently, and only a multiple CPU system designed to produce multiple 
decisions for identical data can adjust to such errors with less than a shutdown of portions of vital  
controls. Single CPU systems ensure fail-safe vitality by shutting down portions of vital 
functions within not more than 1 second of an interpreted error, while multiple CPU systems are 
capable of recovering from momentary errors without producing fail-safe shutdowns, and without 
compromising fail-safe principles. 
 
SSI was first installed in Europe, with the first successful computer-based interlockings at 
Goteburg (1978) and Malmo (1980), and then the first microcomputer-based interlocking 
produced by Dansk Signal Industry in 1980. Vitality of this system was achieved by running two  
independent programs, A and B, on a single microcomputer and requiring that the results agree. 
 
BR Research and Development Division with GEC-General Signal Ltd. and Westinghouse Signals 
Ltd. in Great Britain have developed an SSI system based on three processors, with two of the 
three being used normally and the third acting as a hot standby. This type of system is also to be 
used on the German ICE expansion. The German Maglev Transrapid interlocking logic is 
provided by a fail-safe microprocessor unit based on the Siemens "SIMIS" railway signaling 
microprocessor, using the two -out-of-three voting procedure. One interlocking logic unit controls 
a specified length of guideway. 
 
2. Interlocking Integrity Functions 
 
The key sub-systems within an interlocking system, described below, provide integrity of 
movement, and collision avoidance safety. All functions that control locking and movement 
functions of signal appliances within an interlocking vitally insure that all related subsystems 
allow the operation prior to its initiation, and insure that they do so in an accepted fail-safe 
manner. 
 
Time Locking 
 
Time locking is used to ensure that a prescribed amount of time elapses before an aligned, locked 
route can be changed to allow a different, conflicting route. The time setting ensures that a train 
that has passed the approach signal will have sufficient time, if necessary, to stop before it enters 
the cancelled route. The time setting is based upon the worst case braking curve (longest time), 
thus all switch machines and other devices are locked in their present position until the time has 
expired. 
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Approach Locking 
 
Approach locking is used to provide an immediate release of an aligned route if a train is not 
detected on the approach track circuit or approach limits. When a train is in the approach limits, 
time locking prevents an aligned route from being unlocked until a prescribed amount of time has 
elapsed. 
 
Route Locking 
 
Route locking ensures that the correct route has been aligned and locked. Route locking locks all 
power switch machines and signals within a route, such that as a train progresses through a 
route, switches in advance and under the train are locked, though switches behind the train may 
be released to promote efficient movement. Some type of loss-of-shunt protection is usually 
provided, and is required by the FRA to ensure that a route cannot be changed while a train is 
present. 
 
Traffic Locking 
 
Traffic locking ensures that direction of movement between two opposing interlockings cannot be 
changed once a route has been lined in one direction, or any train occupies any portion of that 
track area. Traffic locking circuits may be implicit or may be an integral part of signal line 
control circuits. 
 
Speed Conveyance within Interlocking 
 
After a route has been selected in a given direction, the trains operating over that route are given 
speed commands or signals based upon the conditions in the route. Traditional signal design 
allows for different speeds in a given speed code block, which may or may not correspond to the 
track circuit. The maximum speed command selected must be less than or equal to the governing 
civil speed for the track section. This interlocking function chooses the speeds necessary to 
prevent rear end collisions and collisions or derailments caused by excessive speed. 
 
2.2.3   Route Integrity Checking 
 
Prior to allowing a signal to proceed, all areas that affect safe passage must be checked to 
provide route integrity. This area deals with route integrity both inside and 
outside an interlocking, but covers route integrity beyond normal interlocking safety functions. 
Traffic locking, electrically locked switches, guideway integrity and other areas that provide for 
safe movement along the guideway are addressed. 
 
2.3   SPEED CONVEYANCE 
 
The use of wayside signals is the most common method of conveying allowed speed to the 
operator. Many collisions have resulted from wayside signals being ignored, misunderstood, 
vandalized, or obscured by fog or snow. Therefore, wayside signals are often complemented by 
cab signals that provide the operator with more immediate indications and a variety of ATP speed 
enforcement techniques. 
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2.5   SUMMARY OF COLLISION AVOIDANCE FEATURES 
 
The foregoing subsections have described various essential elements of collision avoidance 
systems and their applicability to HSGGT. These features and their applicability are summarized 
in Table 2.1. The probable application of techniques for both conventional rail and maglev 
railroads is rated from low to high. The techniques are rated only for comparison. A low 
probable application rating of a method does not indicate it is less suitable, but only a 
comparatively less acceptable choice. The effectiveness of each method (as discussed in this 
volume) for collision avoidance within an HSGGT system is also rated. A further assessment of 
collision avo idance features of system operation is contained in Chapter 5. 
 
2.6   SYSTEM ARCHITECTURE 
 
Most railroad and transit operations have one central control location, but the degree of control 
vested in that location and distributed along the wayside varies significantly, as does the method 
of transmitting information between system elements. Generally, in the U.S. all vital circuitry 
for guaranteeing route integrity and producing accompanying signals for train movement are 
located along the right-of-way. The central control location communicates with large areas, 
typically entire rail lines, controls all functions remotely, and monitors train movement and 
remote system locations. Each remote location should be equipped with controls necessary to 
ensure that a failure of communications does not require a bypass of any vital feature of the 
system, while allowing a person to locally perform the functions required. 
 
Traditionally, signals have been communicated between the central control operator to the 
interlocking (both vital and non-vital) and to the track by hard wire. However, as has been 
discussed in previous sections, more systems are coming into service using innovative ways of 
communication -- radio transmission, fibre optic cables, satellites, and slotted wave guides. 
 
On small systems, centralization may reduce capital costs and even maintenance because only one 
major structure is needed to accommodate the major elements and most maintenance (corrective  
or preventive) will be in one location. An extreme example of centralized control is seen in the 
peoplemover at Hartsfield International Airport in Atlanta, where the control room, computers, 
non-vital, vital interlocking, and track circuit transmitters and receivers are all housed in one 
area. For larger systems where an inoperative system may mean vehicles or trains stranded in a 
remote location, a central control failure could be a disaster from an operational standpoint unless 
remote facility backup operation is available. 
 
When a system becomes large and complex, local train control permits operation to continue even 
if the central control location becomes inoperative. Interlockings themselves are zoned or 
overlapped so that some type of operation is still possible even if a single local control function 
goes down. 
 
The system reliability is higher overall in this decentralized arrangement, even though 
maintenance personnel must be dispatched to remote locations for inspections and 
troubleshooting. If detection is performed at a central location, such as has been done on the 
ICE system, then a loss of the central control location will halt system operation regardless of the 
interlocking location, because detection is lost. 
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Table 2.1. Application and Effectiveness of Collision Avoidance Techniques 
for HSGGT Operation 
 
 

Collision Avoidance 
Technique                                   Rail                     Maglev                Effectiveness 
 
Train Detection 
 
AC Vane                                 Low       None High 
TRU-II (US&S) Low None High 
Phase Selective Medium None High 
Audio Frequency High None High 
Frequency Shift High None High 
Microprocessor Logic High None High 
Transponder Medium High High 
Radio Locationing Medium High Medium 
Satellite Locationing Medium Medium Medium 
On-Board Systems Low High Medium 
 
Speed Conveyance 
 
Wayside Signals None None Low 
Wayside w/Cab Signals Low Low Medium 
Cab Signals w/o Wayside Medium Medium Medium 
Speed Code Transmission High High High 
Transponder High High High 
Radio Communications High High High 
Satellite Communications Medium Medium Medium 
On-Board Logic Low Medium Medium 
 
Grade Crossing Handling 
 
Total Separation High High High 
Protective Closure High None High 
Std. Barrier Closure Medium None High 
Warning w/Std. Gates Low None Medium 
Warning Lamps None None None 
 
Speed Enforcement 
 
None None None None 
Mechanical Train Stop Low None Low 
Inductive Train Stop High Low Medium 
Onboard Speed Control High Medium High 
Wayside Speed Control None High High 
 
Intrusion Protection 
 
Signs Low None Low 
Fences Medium Low Medium 
Barriers High High High 
Elevated Structure High High High 
Detection Systems High High High 
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Decentralized (local or networked) control of vital function minimizes the reliance on 
communication links. This is advantageous in a large system. The split between centralized and 
distributed control should be addressed on a system-by-system basis to determine how best 
(safely, economically and reliably) these functions can be carried out. 
 
U.S. Automated Guideway Transit (AGT) systems, often called people-movers all use centralized 
control facilities. In the majority of these centrally controlled systems, train routing decisions are 
made and executed centrally, rather than locally. Most U.S. railroads have chosen to move from 
local to centralized control, since the larger system overview provided enables more efficient and 
safer operational decision-making. 
 
Only U.S. AGT systems enable centralized vital logic processing. Vital logic processing is much 
less complex on short AGT runs than on longer railroad systems. Virtually all U.S. railroad 
vital logic processing is now carried out at local wayside signal locations. Typically, U.S. 
railroad system central facilities are used for monitoring operations. Such systems can control 
the outlying locations if necessary, but do not have vital logic processing capability. Therefore, 
U.S. transit systems rely on both vital and non-vital local wayside logic processing capability. 
 
Centralized Vital Logic - With a vital communications link, operations are stopped if any portion 
of the central logic facility or communications fails (without adequate backup systems). Relay 
logic becomes impractical due to size requirements. The backup systems required to provide 
operations due to failure may make this method less practical economically than other choices. 
 
Centralized Non-Vital Logic - All vital logic being performed locally allows full system operation 
without loss of safety regardless of failures incurred within the central facility or communications 
links. Processing overhead and maintenance effects upon system operation may be significantly 
reduced compared to centralized vital logic. This method may include an area of local vital and 
non-vital logic type processing. (Port Authority Transit in Pittsburgh, PA provides this 
combination at a high-conflict interlocking area where three lines converge.)  
 
Local Vital and Non-Vital Logic - This is the original method for operational controls (since 
1830). This method, requiring personnel at each logic processing area (generally an 
interlocking), has been in the process of being phased out since 1930 in the U.S. It is generally 
retained where it would not be cost-effective or practical to move logic processing to a more 
central facility. Many such areas exist in the U.S. due to advantages of having personnel at a 
location where a high potential of operational conflicts exists (meeting of two different railroads) 
or where there are threats to operational safety (drawbridges). 
 
Tables 2.2, 2.3, 2.4, and 2.5 summarize the train control system features of foreign high-speed 
systems, U.S. heavy rail and light rail transit systems, and U.S. automated guideway transit 
(AGT) installations. The reason U.S. transit systems are included for reference here is that while 
they are not high speed, they are much closer to foreign HSGGT systems in their system 
architecture than most U.S. conventional railroads. (The train control functions on large heavy 
rail and light rail transit systems are quite analogous to those required on a HSGGT system.) 
Implicit in these tables is the degree of local versus remote control functions for each of these 
systems. 
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 Table 2-2. Train Control System Architecture: Foreign HSGGT Examples 
 

 

TRACK                                  TRAIN                                       TRAIN OR  OVERSPEED                                INTERLOCKING 
COMMUNICATION LOCATION DETECTION  DETECTION                                        LOGIC 

German Transrapid 07 40 gHz radio Vehicle detects its location by Speed determined by time Siemens solid state 
Emsland Test Track transmission linkTrain active interrogator on board, taken between passive lineside processor railway 
Single Train Only has 2 transmit/receive reading the preprogrammed transponders. Safe speed interlocking units, 3 

wayside stations close location specific codes on the profile stored in ROM on board,                  processors 2 out of 3 must 
together to ensure train passive transponders then requires 2 out of 3 micro- agree Fibre optic link for 
is in contact with at transmits location via radio link processors commands to switches and 
least 2 wayside stations    radio links 

French TGV                              Conventional track Track circuit for wayside On board tachogenerator Hard wired vital relays 
circuits,Continuous detection of train location. compared against speed 
communication. Electric cable back to command. Not completely fail- 

interlocking. safe, the operator is the 
ultimate back up. 

Canada CP Rail & CN Movement authority Pulse generator odometers.                                                                                              Traditional hard wired relays 
LATCS equipment transmitted by track mounted transponders 

           being installed electronic means (radio and vehicle (locomotive) 
or transponder) mounted interrogators 

German LZB DB                        Continuous track Vehicle reports its location Vehicle reports its speed to ICE uses both relay and 
conductors transposed (instantaneous) to wayside wayside. Wayside determines Solid State Interlocking (SSI) 
every 100 meters  safe speed. On-board 
Frequency shift, time  enforcement 
division, multiplex  
coding 

British Railways                        Wayside signals Traditional track circuits Left to train operator or AWS Hard wired relays 
                                                            Radio electronic token Axle counters (automatic brake if caution SSI 
                                                            block (RETB) Transponders (for coal train signal ignored). No direct 

only) speed command ATP required 
                             over 200 km/hr 

Japan Shinkansen                   Frequency coded                            By track circuit On board comparison of tacho-                   Vital relay logic 
                                                           speed codes to vehicle  generator speed with cab signal 
                                                           via track circuit current  speed 
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Table 2-3. Train Control System Architecture: U.S. Heavy Rail Transit Installations 
 
 
 
 
 

       Functions                                                                                                                                                                                  Performance    Central          Implement      Vehicle 
                                       Speed Interlocking  Speed  Station           Dispatch and     Dwell      Level         Alarming and    Connective      Door 
Installation                    Signalling Control Regulation  Stopping Restart  Control               Adjustment Monitoring    Strategies        Control 

 

Atlanta                  BI-Directional           Automatic Automatic          Automatic No         Manual With       Local Automatic      Manual On        Automatic         Manual            Manual 

                                                                                                                  Berthing Check      Central Indication:              Board Input 
 Guldence          Central Override 
 Signal at Ends Capability 
 of Line 
  

Baltimore           BI-Directional           Automatic            Automatic           Automatic With      Manual with             Not Used           Not Used              Automatic         Manual             Manual 
                                                                                                                 Berthing Check      Central 

Guidance 
Signal at Ends 
of Line 
 

Miami                  BI-Directional            Automatic        Automatic            Automatic With      Manual With        Not Used                 Not Used            Automat           Manual            Manual                                                                      
                                                                                                                  Berthing Check     Central 

Guldence 
Signal at Ends 
of Line 
 

San Francisco    BI-Directional    Automalic         Automatic            Automatic With       Automatic Local Automatic        Automatic        Automatic       Automatic        Automatic                               
                                                                                                                Berthing Check  Control: 

Central Override 
Capably 
 

 Washington       BI-Directional   Automatic      Automatic               Automatic With       Automatic Local Automatic        Automatic       Automatic         Automatic       Automatic 
                                                                                                                  Berthing Check  Control: 

Central Override 
Capability 
 

Undenwold         BI-Directional             Automatic     Automatic               Automatic No       Manual With Manual no                   None                                  Manual             Manual 
                                                                                                                 Berthing Check     Central Override 
                         Guidance 
                             Signal at Ends 
                          of Une 
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Table 2-4. Train Control System Architecture: U.S. Light Rail Transit Installations  
 
 
 
 

 

               Functions Speed             Interlocking      Speed             Station          Dispatch and    Door Control        Dwell Control     Performance                Central          Implement       Procurement 
               Installation     Signaling          Control             Regulation     Stopping              Restart                                                              Level Adjustment        Alarming and Connective       Method 

                                                                                                                                   Monitoring    Strategies 
 
Buffalo            Automatic BI-      Manual CTC     Manual          Manual         Manual               Manual               Not Used            Not Used                     Automatic      Manual         Separate 

                                    Directional                      Contract 
                                    CabSignaling 
                                    on Right-of- 
                                     Ways 

 
Cleveland        Single Direc-     ManualCTC     Manual with     Manual        Manual                Manual               Not Used            Not Used                       Central         Manual          Separate 

tlon Cab                   Overspeed     Monitoring,              Contract 
                                     Signaling                   Control     NoAlanns 

Automaticw/ 
Track Circuits 

London BI-Directional  Automatic        Automatic:       Automatic     Manual with       Manual               Automatic            Automatic                    A utomatic       Manual         Separate 
Docklands Automatic                   On Board         Central                                               Contract 

 Wire Loops                  Profile Logic         Guidance 
 Fixed Block            Signal 
 

Long Beach - 
Los Angeles 
 

Pittsburgh        BI-Directional     ManualCTC     Manual         Manual              Manual             Manual               Not Used             Not Used Certral          Manual         Separate 
Wayside        Montoring                Contract 
Signals 
Auomatic 
Fixed Block 

Sacramento           Not Used         Manual          Manual          Manual                Manual           Manual              Not Used             Not Used                  Not Used        Manual          Turnkey 
 

San Diego 
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Table 2-4. Train Control System Architecture: U.S. Light Rail Transit Installations (cont.) 
 
 
 
 
 

Speed Interlocking         Speed  Station Dispatch and    Door Control         Dwell Control          Performance Central Implement Procurement 
      Signalling Control             Regulation Stopping      Restart                                                         Level Adjust-            Alarming and Corrective Method 

                                                                                                                        ment                MonitoringStrategies 
 

San Jose             Automatic              Automatic              Manual                       Manual              Manual              Manual            Not Used               Not Used          Automatic Manual Separate 
Single Drec-    Monitoring  Contract 
lion Wayside    and Alann: No 
Signals     Co. Trol 
 

Toronto BI-Directional       Automatic             Automatic               Automatic          Automatic            Manual                 Not Used            Automatic                 Auotomatic         Manual                Turnkey 
Scarborough Automatic  

Wire Loops 
Moving Block 
 

Vancouver            BI -Directional        Automatic                 Automatic             Automatic            Automatic          Automatic      Automatic             Automatic                Automatic             Manual               Turnkey 

      Automatic 
WireLoops 
Moving Block 
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in the short term is considered economically impractical and operating practices are judged to be 
acceptable. Canada has a legal maximum speed of 150 km/h (95 mph) over grade crossings. 
 
In the United Kingdom and the United States, the typical practice has been to eliminate grade 
crossings where speeds exceed 145 km/h (90 mph). Presently, there are only about 15 grade 
crossings in the United States where the railroad speed is greater than 145 km/h (90 mph). All 
grade crossings on the Northeast Corridor where speeds exceed 160 km/h (100 mph) have been 
eliminated over the past decade. As technologies have improved, the possibility of grade 
crossings in an HSGGT system has been proposed at speeds as high as 240 km/h (150 mph) on 
the Central Gulf route between Chicago and St. Louis. 
 
2. Design Considerations  
 
If grade crossings must be used, grade crossing devices should interface with the signaling 
system in such a manner that signals will be controlled, in part, by conditions monitored at the 
grade crossings. 
 
Highway grade crossings in high-speed track require in-depth analysis of each location to 
determine feasibility of the options available under current state-of-the-art technologies. 
European railways have the most experience with current technologies in this area. The current 
code of the Union Internationale de Chemin de Fer (UIC) states that no such grade crossings 
should be tolerated at speeds in excess of 200 km/h (125 mph). 
 
Depending upon specific site and operational conditions, the practicality of a crossing at grade 
becomes a key issue. A discussion of grade crossing alternatives is presented below. 
 
Vital Grade Crossing -- Warning vs. Protection 
 
Crossing warning systems may be impractical for HSGGT use because they create a temptation 
for motorists to make judgments and produce a high risk of collision. There are no statistics of 
"proper judgement" of motorist with regard to ignoring a warning device. It should be noted, 
however, that most motorists are better able to judge an automobile's speed than a train's, and 8 
percent of all decisions to pass an automobile are wrong. The logical assumption follows that the 
percentage of "wrong decisions" when a motorist chooses to judge and ignore a crossing 
warning device is considerably higher. 
 
As train speed is increased, the requirements change significantly. A motorist, deciding that 
conventional crossing gates have malfunctioned and choosing to drive around the warning, will 
require at least 6 seconds or more to proceed around the gate. During this time, the train that  
was previously perceived by the motorist as distant has covered 335 m (1100 ft) at 240 km/h 
(150 mph). Therefore, rather than conventional warning devices which allow potentially fatal 
decisions on the part of motorists, grade crossing protection is desirable in very high-speed areas 
so that collisions can be prevented with certainty. 
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Another option is signaling through the high-speed crossing areas in a manner similar to the 
restrictive state for highway moves, and no highway vehicle is present. This option is 
analogous to the prevention of conflicting movements at an interlocking. It ensures a greater 
margin of safety than current practice, at the expense of substantially longer stoppage of highway 
traffic. 
 
The potential of decreasing the negative impact of such additional highway closure may be 
achieved, depending upon highway use, with highway signals at significant intersections in 
advance of grade crossings. Such integration of rail and highway traffic controls is becoming 
feasible with the current recognition signaling standards of interlockings. These standards require that no 
signal indication less restrictive than the most restrictive possible be allowed until protection is known to 
have operated to its and development of intelligent vehicle highway systems. 
 
The most effective protection is afforded by full grade separation, which provides the highest 
level of safety along with the easiest acceptance by the public at large. On the other hand, full 
grade separation also has the potential for environmental disruption, creates additional cost, and 
often is not a viable alternative due to other local constraints. 
 
Grade separation will be necessary, however, for certain key highway routes, both for the 
convenience of the public and for emergency vehicle routing. While the Swedish experience is 
an example of coexistence of high-speed rail and grade crossings, it should be noted that the 
Swedish State Railways is eliminating two -thirds of the crossings on its principal high-speed 
route. 
 
Barrier Type Systems 
 
Effective vital protection can be accomplished by way of barrier-type gates that prohibit highway 
traffic entirely when activated. Such a fail-safe system demands a very high level of fault 
tolerance, as any single failure may prevent highway vehicle passage and may require alternative  
operation possibilities for emergency vehicles. 
 
The fenced right-of-way combined with a barrier system creates an area secured for train 
movement. Conversely, it can trap livestock if the barrier is not designed to insure that access to 
the track right-of-way is prohibited to livestock when it is in position to allow highway traffic. 
Animal entry to right-of-way is inhibited when cattle-guard surfaces are used in conjunction with 
and adjacent to the dual position barrier. 
 
Any vital grade crossing protection system should include a level of certainty that no vehicle is 
within the limits of the crossing. Such detection can be provided with sweeping type devices, 
optical sensing devices, or conventional tuned loop vehicle detectors. 
 
Interaction of Crossing Protection and Signals 
 
Conventional grade crossing devices usually operate independently of the signal system. A 
protective system, however, must be fully designed under accepted closed circuit principles to 
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interface with the signal system, and to place the signals at their most restrictive if the devices do 
not detect safe train movement. This requirement equates to standard interlocking design 
principles, not conventional grade crossing warning systems. 
 
Initial operation of such protective devices is required sufficiently in advance of a train to allow 
all devices to be checked in their fully protective state, with the time allowances for emergency 
braking distance, equipment and train operator response times. Depending upon the rail vehicles 
and equipment in use, the time required to begin the protection sequence will range from 75 
seconds to 105 seconds before the train will reach the highway, for 240 km/h (150 mph) train 
speeds. Any failure of any vital component of the crossing devices or in their detection of a 
highway vehicle, will result in the approaching train being stopped short of reaching the crossing. 
 
When two trains approach the crossing on separate tracks, the protection devices will not clear to 
allow highway traffic within a predetermined time prior to the activation of the crossing apparatus 
by the second train. This condition has the potential of stopping all highway traffic for 230 
seconds or more (for trains traveling at 240 km/h). 
 
In Sweden, grade crossing protection systems are enhanced with a vehicle detection system that 
consists of an automated induction loop that is linked to the X2000's automatic train control 
(ATC) system. Any vehicle "sensed" on the crossing will send a stop command to the ATC 
system, automatically stopping the train. 
 
3.2.4  Vehicle Systems 
 
This section addresses vehicle braking systems and their interface with the signal system to 
prevent collision. Action enforcement and the vehicle monitoring systems are discussed 
separately. 
 
1. Train Braking System 
 
The braking systems in use have undergone technological advancements quite regularly since 
1830. The inclusion of braking enforcement is considered a necessity in an HSGGT system, with 
functions currently ranging from monitoring failure to reacting properly to a stop signal, to speed 
monitoring. When ATP is in use, the train receives ATP signals from a central computer or 
from a wayside-based system that are processed by the train ATP system to initiate fail-safe 
braking when speed reduction is required (including a full stop). 
 
Friction brakes are normally considered the fail-safe element of train braking, but in some high- 
speed applications, efforts have been made to use the dynamic, or electric brake as well as an 
eddy current brake, as part of the fail-safe portion to increase the minimum guaranteed brake 
rate. 
 
Vehicle braking systems may be electric, friction or aerodynamic. These types of braking 
systems are often used in combination to form redundant systems. Typically, the dynamic 
(electric) brake is the primary system, with a friction braking system as the backup. In general, 
the total system comprises a parking brake, a service brake, and an emergency brake. Control is 
generally electric. 
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of track circuits used for vehicle detection. Replacement of discs and disc brake actuators, in 
most cases, requires that the entire truck be removed from the car. 
 
The TGV Southeast Line trains use traditional cast iron ventilated brake discs that have operated 
quite satisfactorily from a mechanical viewpoint. However, this ventilated disk design causes 
significant energy losses - each disc absorbing about 3 kW of power when running at 270 km/h 
due to the pumping of air around the ventilating passages. In seeking to improve the energy 
efficiency of the TGV, French engineers were able to reduce this pumping action through a 
different disc design. 
 
The innovative disc design eventually developed for the TGV-Atlantique line vehicles employs a 
forged solid steel brake disc which causes negligible pumping losses. It also compensates for its 
loss of cooling capability by being able to withstand higher temperatures than the cast iron disc 
design. The use of steel also allows higher localized stress in the braking surfaces, permitting a 
higher rate of energy input to the disc faces. 
 
Aerodynamic Braking 
 
Aerodynamic braking could include systems typically used on other high-speed vehicles such as 
aircraft that induce drag by means of changing aerodynamics, thus slowing the vehicle. Air 
brakes have been used on aircraft that deploy large flat surfaces to decrease speed quickly by 
means of inducing high air drag forces. Assorted means of air flaps and spoilers are used to 
alter aerodynamics on aircraft and increase drag. Parachutes are used to increase braking ability 
on drag racing cars and can be employed to significantly shorten braking distance of any high- 
speed vehicle. Thrust reversers, acting similarly to those employed on jet engines and jet type 
boat motors can be used to produce significant braking force. The effectiveness of all 
aerodynamic braking systems will be relative to vehicle speed at the time deployed, which places 
additional risks upon the use of these systems. 
 
Deployment of a parachute can create significant decelerations upon passengers, requiring 
passengers to be seated in reverse facing seats or to be restrained prior to deployment to preclude 
personal injury. The practicality of any parachute system is in part predicated by the structures 
surrounding the guideway area. As braking rate is a function of speed at time of deployment, it 
is possible this method could produce decelerations beyond those acceptable to some passenger's  
physical limits, introducing potentially damaging, or fatal results without collision. Use of 
parachutes cannot be discounted entirely, though probable risk must be evaluated by vital systems 
prior to deployment to avoid collision. 
 
Air braking and reverse thrusting systems are practical for use in an HSGGT system because they 
can be deployed at incremental levels based upon required need (threat of collision) and train 
speed. Such systems would require advanced ATP techniques and interfacing with other systems. 
They should be considered although no systems are in use today that can be directly applied to 
HSGGT systems. 
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The speed limits and route authorities must be enforced by some type of train stopping device for 
the overall system to be effective in preventing collisions. This can be done in several different 
ways, but the most common location for this protection is on the train (or vehicle) itself. After 
the safe speed signal has been received by the train, either the operator or the automatic 
controller is responsible for bringing the train speed within the new limit. The onboard methods 
for performing this function are discussed below. The function of overspeed protection, 
discussed in the following sections, may also be performed by wayside equipment. 
 
3.4   VEHICLE MALFUNCTION SAFETY SYSTEMS 
 
3.4.1   Wayside 
 
Wayside safety systems monitor train conditions and transmit alarms to a local or central control 
facility if they detect a vehicle malfunction. These systems include hot box detectors, hot wheel 
detectors, derailment or dragging equipment detectors and clearance detectors. While these 
wayside systems have been used well in the past, they should be supplemented with onboard 
monitoring. As an example, undercarriages have caused derailments in the past and cannot be 
monitored by wayside safety systems. Onboard systems can constantly monitor such items as the 
undercarriage, axle bearings, and brakes. 
 
1. Hot Box Detectors  
 
Hot box detectors are wayside heat sensing devices that detect hot axle bearings. An overheating 
axle bearing can quickly fail and cause an axle failure leading to a derailment. Hot box detectors 
measure the infrared radiation emitted from bearings as they pass and compare them to adjacent 
bearings in the same train. If a high reading is noted, the train is signalled by the detector 
system or a remote station. Upon discovery of a possible bearing problem, the train would then 
be stopped and inspected by the crew. A remote operator may read a "tape" of the readings and 
give a location of the suspected hot box, or the train crew may be required to inspect every 
bearing. 
 
Newer systems incorporate two wayside sensors that compare readings for each axle, thereby 
eliminating errors. Hot box detectors are employed on the TGV every 40 to 50 km (25 to 31 
miles) and measure bearing temperature history, rate of rise, and absolute temperature. Output 
from these detectors is transmitted directly to the central dispatching center for analysis. 
 
2. Hot Wheel Detectors  
 
These systems are very similar to hot box detectors but they differ from them in that the heat  
sensor is aimed at the wheel tread and not the axle bearing. This system detects sticking tread 
brakes. If a sticking brake is detected, the train crew would be required to stop the train and 
release the brake(s) on that vehicle. 
 
3. Derailment/Dragging Equipment Detectors  
 
Derailment or dragging equipment detectors are used at bridges, tunnels, and intermediate points 
to verify that vehicles are still on the rail and that equipment is still intact. 
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improperly qualified signal system maintenance person. (A false proceed is an unsafe condition 
whereby a signal or speed command presents a less restrictive speed or indication than should be 
safely displayed.) 
 
3.5.2   Human Action Limitations 
 
People make mistakes. Hindsight usually reflects why an error in judgment or action occurred, 
but unintentional mistakes can, and do, result in failure to stop or failure to obey a speed limit, 
and such mistakes may result in a collision. Introduction of higher speeds requires faster 
recognition of speed conveyance signals, because wayside signals are becoming impractical due 
to physical limits of visibility. 
 
Lack of appropriate guidance for a given situation in the operating rules and instructions is a rare 
cause, but is possible, most probably in an emergency situation brought about by an unusual 
sequence of eve nts. 
 
Intentional Intervention or Ignoring of Protective Systems 
 
In the past, inattention to the task of running the train has caused collisions due to many factors, 
ranging from use of drugs or intoxicants to merely choosing to perform an unrelated, unimportant 
task instead of a vital one. Recent attention to drug testing in the U.S. railroad industry has 
effectively minimized this risk. 
 
Intentional intervention by vandalism can produce total ineffectiveness of portions of system and 
it has produced many collisions. Adoption of additional technologies can limit the dangerous 
effect of most acts of vandalism. Cab-without-wayside systems have been adopted for economic 
reasons, as have microprocessor signal systems, however both remove many potentially 
dangerous effects of vandalism that could otherwise cause a collision. 
 
The introduction of foreign objects into vital relays, or their inversion by vandals has caused their 
vital functions to be bypassed, with consequent collisions. Introduction of microprocessor 
replacements prevents this threat. Inadequate security procedures has allowed vandals to operate 
switch machines causing collisions, and has been addressed by some Authorities by the 
introduction of high security locks and keys, and by policy changes. The FRA requires all vital 
signal apparatus to be locked in a manner to prevent access to unqualified employees, which can 
result in "accidental vandalism" by personnel. 
 
3.5.3   Predictable Intrusion 
 
The intrusion of animals or obstructions upon the guideway that can be reasonably expected can 
occur in a vareity of ways, as can the inherent threat of collision due to the intrusion. Collisions 
with a person, or an intentionally placed obstruction by a person, must always be considered a 
predictable possibility. 
 
People's actions are predictably unpredictable so a level of probability must be assumed when 
preventive measures are being considered. The types of protection from such intrusions range 
from signs, fences, barriers, and "cattle guard" roadway, to a fully isolated guideway (tunnel or 
elevated). Collisions with apparatus being handled by maintenance personnel have occurred and 
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they should be addressed under proper policies and adequate qualifying procedures for 
responsible personnel. 
 
3.5.4   Unpredictable Intrusion 
 
This is a presentation of an obstruction that could not be reasonably expected, such as an out-of- 
control highway vehicle breaching the guideway area or a derailed train on a nearby guideway 
fouling the guideway. Collisions due to an overrun at the end of the guideway occur for virtually 
the same reasons as collisions between trains, with human error being the most common. There 
can be numerous causes for a rail vehicle encroaching from an adjacent track. These include a 
failure to park such a vehicle in the clear, failure to properly secure a parked vehicle, and 
assorted accidents on an adjacent track. 
 
Trespassers have intentionally breached fences and jumped from overhead structures to enter 
guideways with the goal of suicide. Individuals determined to trespass upon the guideway cannot 
be stopped entirely, though accessibility can be severely curtailed. Events such as these are 
outside the control of the HSGGT Authority and responsible system design must achieve an 
acceptable level of "probable intrusion" protection, measured by current public safety standards 
and economic feasibility. 
 
3.6   SUMMARY 
 
Table 3.1 summarizes the foregoing discussion of vehicle, guideway, and wayside design 
features, and makes a qualitative assessment about their perceived effectiveness. 
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Table 3.1. Guideway, Vehicle and Wayside Design Features 
 
 
 
 
 

Effectiveness                                                  Comments  
Guideway Design Features 
 
Grade Separation Structures/ A most effective right-of-way  Can be costly, depending on 
Elevated Guideway control measure, when used in individual application and 

concert with fences and barriers. environment. 
 

Fences and Barriers                                 An effective measure, when Essential on HSGGT systems right- 
combined with signage and public   of-way to prevent unauthorized 
education elements.   access and vandalism. Increases 

the maintenance burden. 
 
 

Grade Crossing Protection                      When grade crossing are allowed, Can be expensive to install and 
positive active grade crossing    maintain. 
barrier interfacing with traffic 
systems may be effective. 

 
Signage                                                    A low cost and effective means for 

dissemination of information and 
warnings about HSGGT systems. 

 
Intrusion Detection                                    A necessary element of HSGGT Can be expensive to install, 

systems when natural and   operate, and maintain. Risk of 
environmental risks cannot be   false alarms. 
eliminated. 

 
End of Guideway Measures                     An effective element of HSGGT 

systems for safe deceleration of 
trains in critical areas. 

 
Track Switch Protection                           Proper installation and maintenance Switches require a high level of 

of switches is highly effective in     maintenance for proper and safe 
reducing the number of safety-     operation. A necessary but costly 
critical incidents.     element of the HSGGT 

 maintenance budget. 
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Table 3.1. Guideway, Vehicle and Wayside Design Features (continued) 
 
 
 
 

Effectiveness                                                   Comments 
Vehicle Design Features 
 
Visual and Audio Devices                    Headlights, audible warning devices These elements are required 
                                                              and rear end marking devices are equipment in almost every 
                                                              highly effective in alerting system railroad operation. 
                                                              personnel and the general public to 
                                                              the presence of HSGGT. 

 
On-Board Health Monitoring               Sensors detecting mechanical and/or Highly recommended for an 
                                                            electrical problems can alert either the HSGGT system. 
                                                            train operator or a central location. If  
                                                            safety is questionable, the devices can 
                                                            be tied to ATP system to reduce 
                                                            operation level or stop altogether. 

 
Wayside Design Features 
 
Hot Box Detectors                                 Highly effective in alerting train Can be relatively expensive to 
                                                              operators to mechanical malfunction install and maintain. May 
                                                              of the axle bearings, with possible increase the maintenance 
                                                              catastrophic consequences. Should be burden. 
                                                              considered necessary equipment. 

 
Hot Wheel Detectors                            Highly effective in alerting train Can be relatively expensive to 
                                                             operators to overall HSGGT system install and maintain. 
                                                             malfunction, with possible 
                                                             catastrophic consequences. 

 
Derailment/Dragging                            Highly effective in alerting train Other mechanical/electrical 
Equipment Detectors                           operators to overall HSGGT system systems may also serve a 
                                                             malfunction, with possible similar function. 
                                                              catastrophic consequences. 

 
Critical Clearance Detectors                Highly effective in alerting train Can be relatively expensive to 
                                                            operators to overall HSGGT system install and maintain. 
                                                            malfunction, prior to entering major 
                                                             fixed facilities. Should be considered 
                                                            necessary equipment for major fixed 
                                                            facilities to prevent damage to trains 
                                                            and/or facilities with possible 
                                                            catastrophic consequences . 
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If fixed length track circuits are to be used on high-speed systems, the capacity requirements and 
consequent headway requirements must be weighed carefully against the amount of equipment 
required to provide the block lengths needed. Moving block systems and added braking capacity 
may be required to meet capacity requirements. These changes are discussed in following 
sections. 
 
2.          Transponder Systems 
 
Maintainability and Reliability of Transponder Systems 
 
As used by British Rail, Transrapid INKREFA, and Union Pacific, this method of detection 
relies on a mainly passive roadway element -- the wayside transponder that is designed to couple 
magnetically with the onboard interrogator. This type of transponder is also used for non-vital 
applications, such as programmed stop markers. These transponders are noted for high reliability 
because very little hardware is required. A typical specification may quote numbers such as 1 
failure per 60 units per 3 years. 
 
Because they are not used for vital detection purposes routinely in the United States, it is difficult 
to determine how often the transponders should be maintained. For properties where 
transponders are currently used as non-vital markers, checks for proper frequency tuning are 
performed only about once a year. 
 
The train portion of this system, the interrogator and the radio or digital transmission system, 
becomes very important when used for the vital function of detection. If transponders are to be 
considered part of the ATP system, a daily departure test may be advisable. This requirement 
would not significantly affect maintenance because most radio systems are normally tested on a 
daily basis anyway. The reliability of a train communication system is quoted in several U.S. 
transit vehicle specifications on the order of 3 failures per unit per year, which is a considerably 
higher failure rate than some other components but includes the public address speakers, 
intercoms, etc. The actual radio component itself would obviously have a better reliability. 
 
If the transponder is used as an active device which receives information from the train, health 
monitoring or diagnostic data can be passed from the train to the wayside, aiding in 
troubleshooting and maintenance scheduling. 
 
If the transponder is passive, this type of information can be transmitted ove r the radio or digital  
data link from the train. 
 
Increased rail inspection may be required or some other method of detection provided because the 
transponder does not detect broken rails. 
 
Impact of the Transponder System on Capacity and Operations 
 
If the transponder is used by itself for location, it will place the same restrictions on system 
capacity and headways as the track circuit. It depends on transponder spacing. 
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Use of the transponder with an additional onboard device which calculates distance from the 
transponder makes absolute location of a train theoretically possible and also makes a decrease in 
headway times possible by the moving block principle (see Figure 4.2). 
 
One of the disadvantages of this type of detection is the absolute dependency on the 
communication link from the train. If a radio system is used and the radio system goes down, 
the entire operation must be stopped unless some back-up detection system is provided. The 
possibility of this happening can be minimized by providing more than one base station and 
backup batteries or power supplies for radio equipment. 
 
Another disadvantage, from a system operation standpoint, is that no detection of individual cars 
is provided unless each car is outfitted with detection equipment. This means that making and 
breaking of trains is not as easily accomplished. This effect could be mitigated by providing 
other methods of detection, such as track circuits, in storage areas. 
 
3. Onboard Detection Sensing 
 
This type of detection is almost an extension of the transponder system, where the train is 
provided with a location identity and then calculates its distance from that reference point. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.2. Minimum Headway in a Moving Block System 
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Maintainability and Reliability of Onboard Detection Sensing 
 
Many of the applications of this type of sensing have experienced significant problems. The 
SNCF ASTREE System is still in the development stages and information on its reliability is not 
available. 
 
This type of system is also being used on the German ICE trains. Even though an overall 99.8 
to 99.9 percent availability is reported per loop, the predominant cause of system nonavailability 
is the positioning system, which is based on wheel revolutions where slipping at the wheels is 
possible. 
 
On the London Docklands Light Railway (DLR), the location reference is based on exchange of 
data between the train and the wayside over a Data Docking Link. The DLR has experienced 
significant reliability problems with this l ink and the cause is still under investigation. As with 
the ICE, problems have also been experienced with locating based on wheel revolution on 
account of susceptibility to slip/slide errors. 
 
Some of the positioning errors may be eliminated by a system such as the Doppler radar system 
being developed on the ASTREE System. This method depends on a communication link from 
the train to the Control Center, so concerns exist about the reliability of this communication 
system similar to those for the transponder system. 
 
Impact of the Onboard Detection Sensing on Capacity and Operations 
 
Onboard detection sensing can be applied to a moving block type of speed command system and 
thus offers a potential for some improvement in headways. 
 
4. Satellite Locating System 
 
Maintainability and Reliability of the Satellite Locating System 
 
The Burlington Northern (BN) Advanced Railroad Electronics System (ARES) locating system 
uses the Navstar satellites provided for the Department of Defense's Global Positioning System 
(GPS). This locating system depends on reception of frequencies transmitted from three different  
satellites at one time. The receiver can lock on to four or more satellites, however, which 
provides continuity when a signal is lost from another satellite. 
 
Reliability numbers have not been established because this type of system is still under 
development. The commitment to this program made by the Department of Defense since 1972 
indicates that this system will be developed into a highly reliable one. This system provides 
some definite maintenance advantages because no wayside location detection equipment is 
required (except in double track territory, as described in the next section). 
 
The onboard train receivers will require a more sophisticated approach to train maintenance than 
the simple shunt used in track circuits, and as with the transponder system, the communication 
link (radio, for example) from the train back to the control center must be made extremely 
reliable. 
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4.2.2   Interlocking 
 
1. Vital Relay Interlocking 

 
Maintainability and Reliability of Vital Relay Interlocking 
 
Vital relays have a failure rate of about 1 every 50 years. When vital relays fail, they tend to 
fail in a safe manner. Depending on the type of relay, testing and inspection are routinely 
performed only once every 1 to 6 years, per 49 CFR Part 236. Changing a vital relay 
interlocking is also easier than changing a solid state interlocking at present, not due to the 
change itself, but because only the affected portion must be operationally tested after the change. 
A software change in a solid state interlocking presently requires a complete operational test of 
the entire area covered by the interlocking. 
 
Impact of a Vital Relay Interlocking on Capacity 
 
The line capacity of a system is not limited by the vital relay interlocking technology except by 
cost. The vital relay system has been used successfully on the TGV, Shinkansen, and ICE 
systems. When the equipment failure does occur, it can temporarily halt operations unless run- 
around scenarios are possible. Replacement of a relay involves only a short delay time, 
however, on the order of an hour, depending upon location of maintenance personnel and parts. 
 
2. Solid State Interlocking (SSI) 
 
Maintainability and Reliability of Solid State Interlocking 
 
The SSI designs in both the United States and Europe quote high reliability figures and many 
installations have been implemented successfully. The vital microprocessor interlockings 
provided by Union Switch and Signal Co. have failure rates from as low as 2.03 system failures 
per million hours for a fully redundant system to as high as 185 system failures per million hours 
for single input/output rack with dual CPUs. This corresponds roughly to the equivalent of 200 
vital relays for a typical double crossover interlocking. (A direct comparison is difficult to 
provide, since each application is different.)  
 
Note, however, that not all vital relays are replaced in the present SSI system. Anywhere 
between 60 to 80 percent of vital relays required for an interlocking function are presently 
replaced by SSI. Vital relays are still used in speed code select circuits and switch control 
circuits, for example. 
 
Current American microprocessor systems rely upon self-testing of a single CPU and force a 
system shutdown of vital systems when any error occurs within vital logic, in order to achieve  
fail-safe vitality. European technologies use a more fault tolerant system, comparable to vital  
systems employed in the U.S. Defense Department technologies whereby a system shutdown is 
not affected by all vital errors encountered. The fault tolerant system employed in European 
systems is accomplished by means of redundant CPU methods often providing uninterrupted 
operation even though a software or hardware fault has occurred. 
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proper system operation. Generally, most operational devices are systematically replaced as 
inspections indicate the necessity, before they can adversely affect operations. 
 
A solid state interlocking generally requires similar maintenance and testing, though many tests 
are no longer applicable. With the absence of what is often many miles of wiring and moving 
devices, many potentials for failures (safe, operational failures) are reduced. Backup systems, 
and/or redundant CPU type systems can prevent spurious errors, so that failures within the 
system do not interrupt operations. Depending upon the interlocking configuration and the use of 
multiple microprocessor units, a layout can be such that a microprocessor shutdown can be 
accommodated without a total operational shutdown. From the point of view of maintenance, 
solid state devices cannot be predictably removed and replaced prior to failure. Therefore, 
architecture and backup facilities should provide a method of safe, virtually continuous operation 
to alleviate the impact of component failure. 
 
Impact of Interlocking Architecture on System Operation 
 
The decentralized interlockings (used by MARTA, WMATA, and CTA to name a few) have  
relied on a traditional track circuit method of detection, and detection is performed locally in the 
train control room. If detection is performed at a central location, such as has been done on the 
ICE system, then a loss of the central control location will halt system operation regardless of the 
interlocking location, because detection is lost. Thus if system capacity requirements mandate a 
moving block system, then detection communications must be provided at decentralized locations 
if decentralized interlocking is to be used. 
 
4.3   SIGNALING METHODS 
 
It is universally accepted that wayside signals alone are insufficient for a high-speed system, 
although they have been traditionally used for conventional rail operations. For this reason, only 
cab signaling and onboard signaling are discussed below. 
 
4.3.1  Intermittent Cab Signaling 
 
Maintainability and Reliability of Intermittent Cab Signaling 
 
Intermittent cab signals do not appear to have an advantage in maintainability or reliability over 
continuous signals where track circuit detection is employed, since the track circuits themselves 
may be used for transmission. Because of the capacity restriction discussed in the following 
section, it is unlikely that intermittent signaling will be used for high-speed, even though the 
Shinkansen does employ intermittent signals. 
 
Impact of Intermittent Cab Signaling on Capacity and Operations 
 
The intermittent method of signaling adds a further restriction on headway because the time to 
travel the distance between signals must now be added to the braking time and the block length 
traversal time. For example: 
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Table 4.2. Braking Time and Distance Tables 
 

Non-HSGGT                                                                 HSGGT 
 

Comfortable Service Braking .914 mps2 (3.0 fps2) Deceleration 
 

Speed:  Distance: Time:                         Speed:   Distance: Time: 
   

km/h (mph)    m                   (ft) sec     km/h  (mph)      m                   (ft) sec 

105 (65) 462  (1515) 32  209 (130) 1848  (6062) 64 

113 (70) 536  (1758) 34  225 (140) 2143  (7030) 68 

121 (75) 634  (2018) 37  241 (150) 2460  (8070) 73 

129 (80) 700  (2296) 39  257 (160) 2799  (9182) 78 

137 (85) 790  (2591) 42  274 (170) 3159  (10366) 83 

145 (90) 885  (2905) 44  290 (180) 3542  (11621) 88 

153 (95) 987  (3237) 46  306 (190) 3946  (12948) 93 

161 (100) 1093  (3587) 49  322 (200) 4373  (14347) 98 
 

Emergency Braking at 1.372 mps (4.5 fps2) Deceleration 

Speed:  Distance: Time:                         Speed:   Distance:  Time: 

km/h (mph)     m                   (ft) sec  km/h  (mph)       m                   (ft)  sec 

105 (65) 308  (1010) 21  209 (130) 1232  (4041) 42 

113 (70) 357  (1172) 23  225 (140) 1428  (4687) 46 

121 (75) 410  (1345) 24  241 (150) 1640  (5380) 49 

129 (80) 466  (1530) 26  257 (160) 1866  (6121) 52 

137 (85) 527  (1728) 28  274 (170) 2106  (6911) 55 

145 (90) 590  (1937) 29  290 (180) 2361  (7748) 59 

153 (95) 658  (2158) 31  306 (190) 2631  (8632) 62 

161 (100) 729  (2391) 33  322 (200) 2915  (9565) 65 

'Smart' Ultimate Braking at 2.286 mps2 (7.5 fPs2) 

Speed:   Distance: Time: 

       Km/h  (mph)     m                   (ft) sec 

Not Applicable to                                                                                  209                     (130)          739                 (2425) 25 
Non-HSGGT Systems   

225 (140) 857  (2812) 27 

241 (150) 984  (3228) 29 

257 (160) 1119  (3673) 31 

274 (170) 1274  (4146) 33 

290 (180) 1417  (4649) 35 

306 (190) 1579  (5179) 37 

322 (200)  1749  (5739) 39 
Service and emergency braking rates shown are typical for systems in use today. Ultimate braking applications require vital 
processing knowledge of imminent collision, a procedure to minimize impact or prevent collision at the risk of onboard injury due   
to extreme forces. Ultimate brake rate is hypothetical, and may be higher or lower based upon systems used, and level of "smart  
braking" logic. 
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Table 4.3. Emergency Braking Time and Distance Tables with Cumulative Reaction Time and 
Distance 

Non-HSGGT                                                                 HSGGT 

Conventional Cab Signal System, Braking Enforcement Activated, with 11 Seconds Accumulated Time Prior to System 
Enforcement.  

Emergency Braking at 1.372 mps2 (4.5 fps2) Deceleration 

Speed:  Distance: Time:                         Speed:  Distance:                        Time: 

km/h (mph)      m                   (ft) sec   km/h (mph)     m                   (ft) sec 

105 (65) 628  (2059) 32  209 (130) 1871  (6139) 53 

113 (70) 702  (2302) 34  225 (140) 2117  (6946) 57 

121 (75) 779  (2555) 37  241 (150) 2377  (7800) 60 

129 (80) 860  (2821) 39  257 (160) 2653  (8703) 63 

137 (85) 945  (3100) 42  274 (170) 2942  (9654) 66 

145 (90) 1033  (3389) 44  290 (180) 3247  (10653) 70 

153 (95) 1125  (3691) 46  306 (190) 3565  (11698) 73 

161 (100) 1221  (4005) 49  322 (200) 3899  (12792) 76 
Alternate Speed Transmission (time/distance from location of speed command) with 8 Seconds Accumulated Time Prior to System 
Envorcement. 

Emergency Braking at 1.372 mps (4.5 fps2) Deceleration 

Speed:  Distance: Time:                         Speed:  Distance:  Time: 

km/h (mph)     m                   (ft) sec km/h (mph)       m                   (ft) sec 

105 (65) 540  (1773) 29  209 (130) 1697  (5567) 50 

113 (70) 608  (1994) 31  225 (140) 1929  (6330) 54 

121 (75) 678  (2225) 32  241 (150) 2176  (7140) 57 

129 (80) 752  (2469) 34  257 (160) 2438  (7999) 60 

137 (85) 931  (2726) 36  274 (170) 2714  (8906) 63 

145 (90) 912  (2993) 37  290 (180) 3005  (9861) 67 

153 (95) 009.  (3273) 39  306 (190) 3311  (10861) 70 

161 (100) 1087  (3565) 41  322 (200) 3631  (11912) 73 
 

'Smart' Ultimate Braking at 2.286 mps2 (7.5 fps2) 

Speed:  Distance:  Time: 

       km/h (mph)                   m                   (ft) sec 

Not Applicable to                                                                                         209 (130)               1204               (3951) 33 
Non-HSGGT Systems   

225 (140) 1358  (4455) 35 

241 (150) 1520  (4988) 37 

257 (160) 1692  (5551) 39 

274 (170) 1982  (6141) 41 

290 (180) 2061  (6761) 43 

306 (190) 2258  (7409) 45 

322 (200) 2465  (8086) 47 
Distances shown exclude the extra block length that must be added for fixed-block signaling situations.  
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Impact of Train Braking on Capacity and Operations 
 
Train braking probably has one of the biggest impacts on high-speed line capacity because 
braking distance and duration at higher speeds becomes the largest component of minimum 
headway time. As mentioned above, improved braking rates through "fail-safe" electric braking 
and eddy current brakes are hoped to lessen this restriction. 
 
Train brake rates assumed in maximum stopping distance calculations are normally around 1.22 
m/s2 (4.0 ft2), based on worst adhesion conditions and assuming some percentage of brakes to 
be inoperative. The addition of dynamic braking into this calculation may somewhat improve the 
distance and time, but it remains braking at the wheels and requires friction (adhesion). 
 
The most likely candidate to improve braking rates will be an adhesion-independent device, such 
as the eddy current brake. The main hurdle for implementation of such a device is to make it 
fail-safe. The eddy current brake on the new ICE-M cars is being provided by a Knorr brake. 
 
4.5   GUIDEWAY DESIGN MEASURES 
 
Some of the elements of the guideway design measures discussed in Chapter 3 have no real 
influence upon HSGGT system capacity, maintainability, or reliability. These elements include 
grade separation structures, fences and barriers, and signage. Other guideway design measures 
that can affect system operation and are discussed below. 
 
4.5.1  Grade Crossing Warning Devices 
 
Grade crossings, which in any case are not recommended, can severely impact train operation. 
 
Maintainability and Reliability of Grade Crossing Warning Devices 
 
Grade crossing warning systems reinherently maintenance intensive because crossing gates can be 
broken off by vehicular or pedestrian traffic, the gate control mechanism can malfunction and a 
host of other problems can occur. 
 
Impact on Capacity of Grade Crossing Warning Devices 
 
The presence of grade crossings on HSGGT systems could seriously limit the capacity of the 
system. At present, the maximum operating spewed on railroads with grad crossings is 200 km/h 
(125 mph). If this arbitrary maximum speed were followed on HSGGT networks, a speed 
restriction would exist at every grade crossing with inherent deceleration and acceleration 
requirements. 
 
When vehicle detection systems (induction loops) are used in concert with active warning 
devices, as is used in Sweden, a train could be stopped by the ATP system whenever a vehicle is 
detected on a particular crossing. Consequently, adequate distance for safe stopping would be 
required, affecting minimum headways and capacity. 
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Demonstration projects for 4-quadrant gates and active advance warning signs are proposed for 
funding by FRA. Review of use of traffic signals to supplement these should also be considered. 
 
Trespassers are generally warned by signs and often by chain link fences in high-speed areas. 
Past vandalism has less impact, however, upon systems that do not rely upon wayside signals 
(avoiding vandalized signal indications), use microprocessor based systems (gravity drop is not 
fail-safe when vandalized), and provide high-security devices for preventing unauthorized access. 
Most types of vandalism cannot be prevented with total certainty. 
 
Often, maintenance crews work on and about the guideways after normal scheduled train 
operation times, in order to interrupt train operations as little as possible. This practice reduces 
the possibility that mistakes made by the maintenance workers will cause danger to themselves 
and to moving trains. 
 
Slide fences are regularly in use as a vital check of the route ahead where rock slides are known 
to be a threat to train movement. Brush and trees are a constant concern to train movement 
today, but generally for reasons of visibility and interference with lines, not train movement. 
 
Cattle guard grating successfully prevents passage of livestock (typically, large hooved animals, 
threatening to a train), though it is seldom used for protection of guideways. Such a method 
must be considered where high probability of intrusion by such animals exists. 
 
Guideway and grade crossing designs are the foundations for addressing this scenario, with all 
vital monitoring systems interfacing with the signal system to provide the highest levels of 
collision avoidance, and minimization of impact. Onboard speed control systems that are 
provided with constant updating of guideway conditions in advance are required to minimize risk 
in this scenario. 
 
3. Current Technologies Worldwide 
 
It is standard practice outside of the U.S. to limit speeds at grade crossings, which helps to 
achieve collision avoidance, but seems to be primarily directed at minimizing collision risk to the 
train. Many full closure gate systems are in use at grade crossings to prevent drivers from using 
their judgment. The Swedish National Railway (SJ) has implemented an active warning system 
that senses the presence of highway vehicles in grade crossings after the gates have closed and 
alerts the train operator in time to safely brake the train before reaching the crossing. Slide fence 
technology is also widely employed to check for large objects being dropped on the guideway. 
 
5.2.3   Group 3: Train-Dissimilar Train Collision Avoidance 
 
1. Introduction 
 
This collision scenario group shares all factors with Group 1, but introduces another factor. By 
definition, all trains in Group 1 share identical technologies to ensure safe passage. The 
dissimilar train in this area may have significantly different structure and system of operation. 
 
Typically, passage of any guideway vehicle that is not equipped identically with those for which 
the system was designed is given by means of verbal or written orders, with reliance upon 
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Failure modes and effects analyses will need to be performed to determine the frequency, 
consequences, and criticality of failures at the component, subsystem, and system level. This 
effort will expose those elements that would have a potentially detrimental effect on system 
operations and highlight the need for additional attention to design early in the program. 
 
One of the new problems facing the industry today is failure modes of microprocessors and their 
software. The ability to predict or even realize that these failure modes exist is a concern to 
those in the safety field. It is of no less concern to those in the reliability discipline. 
 
5.5.2 Maintainability 
 
Classically, the definition of maintainability is the probability that an item can be recognized as 
deficient, removed, and replaced, and checked out as having been successfully replaced in a 
specified period of time. It is usually expressed as MTTR -- Mean Time to Restore. 
Maintainability analyses will need to be performed on high-speed transportation equipment to 
determine those items that require excessive time, equipment or personnel for replacement when 
they fail. This activity, together with the reliability work, will begin to determine the 
requirements for the maintenance staff and facilities. 
 
5.5.3 Maintenance 
 
HSGGT will produce more demands on maintenance than previous systems -- by type of 
equipment and quantity of items. If the items that are put in place to achieve safety functions are 
not periodically checked to see if they are operating properly, then the safety function may not be 
available when it is needed. Some items will have annunciators to reveal the fact they have  
failed, but others will be passive and require periodic checks to determine their condition. 
 
For high-speed operations, it is recommended that the entire system be fenced and the fence be 
maintained. (The general practice for U.S. systems is not to provide fencing except in critical  
areas.) Drainage and vegetation control will also become more critical for proper track 
maintenance for high-speed systems. 
 
5.5.4 Training 
 
Certification of qualification for all FRA Hours of Service personnel should be required for an 
HSGGT system to ensure that personnel whose actions inhibit the collision avoidance system 
functions are properly trained or experienced. In the past, the personnel in this area have been 
train operators and signal maintainers. Signal maintainers routinely inhibit safety systems during 
standard maintenance and testing procedures, and their qualifications and methods for doing such 
in an HSGGT system should be a requisite part of the policies and regulations that provide safety 
effectiveness. 
 
5.6 EVALUATION OF SYSTEM PERFORMANCE 
 
The "weakest link of the chain" in an HSGGT system can negate all safety. Therefore, all 
subsystems that require interfacing with other subsystems must be designed to be equally fail-safe 
and reliable. 
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The probability of effectiveness in limiting vandalism will be a product of the guideway 
placement, past vandalism in the area, and fences and barriers along with intrusion detectors. 
The effect of vandalism will be proportional to the level of technologies employed and the 
determinedness of the vandal. 
 
2. Failure and System Effectiveness 
 
Failure can be in two modes, safe and unsafe. 
 
Safe Failures 
 
Safe failures inhibit systems operations and introduce new collision potentials as some portion of 
the safety systems (or all) must be cut out if train movement is to be made. This introduces 
human errors that bring an unpredictable probability of collision, but a significantly higher 
probability than if the safety system were still functioning. Safe failures are due to component 
fault or failure, vandalism, or proper functioning of the system with an unpredicted entry. 
 
Safe failures should be limited to the extent practicable, as they introduce new risks that are 
higher than if the failure had not occurred. System effectiveness is unpredictable when safe 
failures occur, and is dependent upon the subsystems that must be cut out in order to proceed 
with train movement. The highest level of effectiveness is provided by fault-tolerant techniques 
that are subsidized with monitoring devices and a maintenance program that provides a high 
probability of detecting a "first-fault."  Electronic components' highest probability of failure 
exists when the components are relatively new and relatively old. Proper "burn-in" periods limit 
the probability of "new" component failures when placed in service. 
 
System effectiveness during safe failure can only be assessed by measuring the probable value of 
policies and regulations that provide the alternatives when a subsystem has failed-safe. The 
policies to be used in such instances should be compared with past methods and results. All past 
or future predictably probable collision factors should be evaluated to determine the methods for 
limiting future impacts. 
 
Unsafe Failures 
 
Unsafe failures, also called wrongside failures, are defined as those failures of the system that  
provide less protection than would be provided if the failure had not occurred. Any single fault 
within fail-safe closed loop circuitry will not be unsafe, though additional faults may potentially 
cause failure. Monitoring, maintenance, and testing must be evaluated to determine the 
probability of a second fault occurring without being detected prior to its causing an unsafe 
failure. Electronic systems can provide additional self-monitoring that makes them less likely to 
incur an undetected wrongside failure than some conventional relay methods. They require dual 
path processing techniques, however, and should use multiple CPUs for fault-tolerance. 
 
Virtually any wrongside failure of a vital component of the system can be responsible for a 
collision. Probability of wrongside failures is a function of the technologies employed, 
effectiveness of self-monitoring, and quality of components. Specifications for components and 
design should address all predictable component failures to provide a probable wrongside failure 
level of not greater than 10(-5). 
 

5-20 

























APPENDIX A. HISTORY OF COLLISION AVOIDANCE 
 
 

An exploration of railroad history reveals that high speed was immediately achieved in 1825 
(relatively speaking), but technologies for collision avoidance lagged behind by nearly 100 years. 
In the U.S., trains have not significantly increased in speed, nor have significant advances been 
made in collision avoidance techniques since 1951. During the first hundred years collision 
avoidance techniques were developed by hindsight, but current logical processes and technologies 
now allow us to develop future collision avoidance for an HSGGT system without such 
potentially catastrophic "trial- and-error" processes. 
 
The Birth of Collision Avoidance Techniques 
 
The advent of the steam locomotive upon a dedicated right-of-way did not bring with it the 
technologies required to provide collision avoidance beyond line-of-sight reaction abilities, 
braking systems that could barely be called adequate. Prior to 1844, and the introduction of the 
telegraph, train separation was most often accomplished by strict adherence to timetables, with 
hand lanterns or flags being walked by employees to provide protection outside of timetable 
travel. One early system used line of sight and a ball that could be raised or lowered. The 
authority to move was signaled by the sight of the raised ball. This became known as the "High 
Ball" - a term still used in railroad jargon for the movement of a train. 
 
Further developments increased productivity and safety. The widespread use of train detection 
by observation created safer systems than previously possible as railroads adopted telegraph use. 
The first electric track circuits to provide train detection were introduced in 1872, with automatic 
block signaling being introduced the same year. Interlocking integrity through checking of 
switches and drawbridges was not introduced widely until the 1900's, after numerous accidents 
had occurred. 
 
Interlockings 
 
Mechanical interlockings used levers that operated pipe lines to control and move switch points, 
including point lock and detection bars that had to be raised above the rail to test for train wheels 
before a route change could be made. This feature is still used and is referred to today as 
detector locking. The pipe lines also controlled semaphore arms, the earlier forms of 
interlocking signals. The interlocking bed was designed to ensure that a route to be cleared 
through the interlocking did not conflict with or oppose any previously cleared route. With the 
advent of track circuits, further safety improvements were added to the signal system that 
prevented changing a route while a train was approaching the interlocking. 
 
Early traffic direction control was augmented by a series of train order stations, placed at  
strategic locations along the railroad. The dispatcher was in command of the system and passed 
orders on to the operators located at the train order station. The operator was in control of a 
train order signal. The train approaching one of the locations could receive a clear (vertical) 
board, indicating route authority with no change to its written order previously received, while an 
approach (450) board indicated route authority but with a change to previously received orders. 
A horizontal board indicated that the train must stop and not enter the next block. 
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Improvements in Technology 
 
The mechanical interlockings were later replaced by electro-mechanical interlockings. The 
pipelines were replaced with wires and vital relays. The vital relays were developed to provide 
the same integrity as the mechanical interlocking beds. Carbon contacts were used so that 
contacts would not be welded together. 
 
The high speed of 24 km/h (15 mph) was eventually accepted, then 80 km/h (50 mph), then the 
very high speed of 160 km/h (100 mph) was introduced by 1950 as signal systems and braking 
devices were developed that made such travel relatively safe. The success of the automobile 
introduced new threats to public safety as grade crossings became necessary. Public realization 
of the life threatening confrontation was limited, but, even with the inability of the general public 
to judge a train's closing speed upon a grade crossing for many years, very little was done to 
promote safe passage to the motoring public. 
 
More advanced systems came into being as a result of electric control. Remote control that  
allowed the operator (dispatcher) to control the movement of trains over large areas of the system 
became possible. ATP type signaling by means of train stops that activated the brakes if the train 
operator disregarded a stop signal began in 1880, while the mechanical stop typically used today 
was invented in 1901, and became widely accepted for transit use by 1909. Intrusion detectors 
that set signals to stop were being used by 1922 to prevent collisions because of rock slides, 
along with the use of slide fences. Further safety measures were introduced in the 1920's, with 
1925 seeing the first "cab-no-wayside" signaling, as cab signals came of age to complement the 
system at the same time that inductive train stops were introduced. 
 
This technological level of 1925 for collision avoidance is the current level in use today on most 
railroad systems, though many components have been updated with newer hardware. This level 
has provided performance satisfactory to the public at speeds exceeding 160 km/h (100 mph) 
since 1930. Freight trains have typically not been equipped for ATP, as immediate braking by 
applying full brake pressure can produce catastrophic results. Locomotive Speed Limiting (LSL) 
was introduced aboard freight trains in 1990, and mandated to those sharing the Northeast 
Corridor with passenger trains, following a high-speed collision between an Amtrak passenger 
train and a Conrail train of freight locomotives that had ignored a stop signal in Chase, 
Maryland. 
 
Few significant innovations in collision avoidance systems have occurred since approximately 
1951, though technologies have improved, and coincidentally, systems have become more reliable 
and achieved greater effectiveness. Most innovations in these systems since 1951 are 
replacement technologies that provide functions similar to the older methods, but reduce labor or 
maintenance requirements. Electronic circuits and microprocessor innovations in railroad systems 
today provide tremendous information processing and speed that has yet to be exercised in 
developing more advanced collision avoidance techniques. Public safety is constantly being 
improved, though most often by an expansion of the use of old methods. Today, automatic grade 
crossing devices are still not in use on most crossings, but many areas now require lamp roundels 
50% larger than previously for warning lamps. Electronic systems have allowed crossing 
warning devices to operate in a more responsible manner to help prevent motorists from choosing 
to ignore a possibly improperly operating device, resulting in fewer "beat the train" decisions. 
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Innovations outside of railroad safety have also progressed, and new technologies are now in use 
outside of the railroad systems that perform suitable functions but have not yet been introduced to 
railroad systems. 
 
With the use of electronic devices and systems, train movements can now be managed and 
controlled with the use of satellites. New systems are coming on line that will keep track of 
every piece of moving equipment and its condition along with expanded wayside detection 
systems to provide a level of safety and operation not envisioned just a few years ago. 
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In the event of an inductive loop failure, the VCC will automatically cause the ATO and ATP trains 
to come to a stop at a safe distance before the failed loop. The train operator will switch to manual  
mode and operate under line-of-sight rules. 
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communicates all data between vital microprocessors, whether or not if I/O has changed. The 
serial data protocol is configured to include security information such as cyclic redundancy code 
bytes that provide an acceptable level of probability of security. 
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APPENDIX F. SYSTEM PERFORMANCE ESTIMATING TECHNIQUES 
 

There are several procedures or techniques for estimating performances of systems from the 
performance of individual components. These techniques assume that the data for the failure 
rates of the components is known, generally from empirical data. Some of these are: 

 
Mathematical Analysis 
Reliability Logic Block Diagrams 
Reliability Performance Diagrams 
Failure Mode Analyses 

 
The most accepted form of mathematical analysis is the failure rate summation analysis where the 
reciprocal of the summation of the failure rates is the mean time between failure MTBF. This becomes the 
System MTBF. For series type systems, this becomes a simple addition of failure rates. For more complex 
systems, a variety of mathematical equations can be used to describe the functional relationship of the 
components, eventually converting them to a series function and then completing the addition. An 
example is described below: 

 
Component A - failure rate (ë)1                    = 100 x 10-6/hr. 
Component B - failure rate (ë )2                   = 50 x 10-6/hr. 
Component C - failure rate (ë )3                   = 30 x 10-6/hr. 
 
 3 ˜  ë i = 180 x 10-6/hr. (System Failure Rate) 

   1 
3 [˜  ë i ]-1 = 180 x 10-6/hr. (System Failure Rate) 
   1 
This technique reveals that three components, arranged in series with instantaneous failure rates of 100 x 
10-6/hr, 50 x 10-6, and 30 x 10-6 will yield a system MTBF of 5,555 hrs. This technique operates on the 
premise that the components exist in the constant failure region of the reliability curve illustrated below: 
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One of the foremost professors and lectures of the subject of reliability, Igor Bagovsky, in his 
book Reliability Theory and Practice, has given us an extremely useful equation for the 
relationship between useful life, reliability performance, and mean time between failure. The 
differential equation is expressed as follows: 
 
R=e-T

0/MTBF 

 
where: 
 
R = the expression of probability of success, survival, or failure free operation - generally 
identified as .95 to .99 
 
e = the base of the natural logarithms 
 
To  = useful life, design life, time between overhaul, or other operating parameters 
 
MTBF = Mean Time Between Failure 
 
This equation becomes valuable when two of the parameters are known and the third is needed. 
Many firms have used this equation to determine the design of components for MTBF when the 
Reliability and Service Life is specified by customers. It can also be used to evaluate systems, 
and to determine the performance values for components as well as the system. In some cases it 
has pinpointed the need for redundancy. In other cases, it has determined the maintenance 
necessary to produce the probability of success when the MTBF's cannot be improved. 
 
Reliability Logic Block Diagrams are a useful tool to evaluate system arrangements. The 
diagram can be constructed to reveal the functional relationships between components in a 
system. An example is shown below. 
 
 
 
 
 
 
 
 
 
 
 
 

Once these diagrams are constructed, the lambda (ë) or failure rate can be assigned to each block 
and by the nature of the relationship (series, or parallel, or otherwise), a mathematical expression 
can be developed to determine overall system performance. Scrutiny of this diagram can produce 
real insights into the design and systems arrangements. A valuable product of this effort is the 
ability to match failure rates with single-point failures, revealing system vulnerability. 
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Reliability Performance Diagrams are the same as System Performance Diagrams except that they 
contain the lambda (X) data which enables them to be used to calculate the probability of 
producing a system function as shown below. 
 
The particular value of these Diagrams is the ability to predict the time-dependent variables for 
system performance where rapid transfer of information is necessary for 480 km/h (300 mph) 
operations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Some existing rail equipment will show excellent failure rates for 85 km/h (55 mph) operation 
but will need to be carefully examined for application to 480 km/h (300 mph) operations. 
 
Failure mode analyses are another tool for examining the performance of components and their 
application to HSGGT systems. Since components generally have more than one failure mode, 
the consequence of each failure mode needs to be evaluated by its effect on the system. This 
should begin at a component level, proceed to the subsystem level, and then to the system level. 
Single point failures that progress to the system level should be eliminated. A particular value of 
this analysis is the apportionment of the failure rate for each failure mode of the item. In this 
manner, the probability of undesirable effects on the system can be forecast or predicted. In the 
mathematical analyses these are known as "Service" failures and when considered by themselves, 
become the system MTBSF. 
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At this point in a reliability analysis, it is always good to compose the Safety Fault Tree Analysis 
with the Reliability Failure Mode and Effects Analyses because the Safety analyses represent a 
top-down approach and the Reliability analyses represent a bottom-up approach. If either 
approach reveals conditions that are not considered by the other, appropriate adjustments can be 
made. This comparison provides a measure of comfort in that all conditions have been 
considered. 
 
The concept of Fail-Operational/Fail-Safe should be considered at this point. The concept in 
itself is fairly simple. Critical items should be allowed to fail with an annunciation and a time 
condition, but the system will safely operate, even if in degraded mode. If the second failure 
occurs before the first one can be corrected, the system will react in a safe manner, even if that  
means a system shutdown. 
 
System Response is a critical parameter in the evaluation of any component and its performance. 
Super-safe items that cause frequent system shutdowns can actually create unsafe operating 
conditions. In addition, the reaction of system operators to these kinds of problems is to 
disconnect the circuitry or ignore the alarms. Therefore the safety functions that provide alarms 
must be supplied by very reliable components. These should be identified early in the design 
phase and singled out for special attention by designers, safety and reliability engineers, and the 
manufacturers or suppliers of the devices. 
 
The techniques for evaluation of components previously described are dependent upon the 
collection of data that will describe the basic failure rates of the components involved. This is 
never an easy process. UMTA sponsored a nationwide effort for several years on rolling stock 
called the TRIP program - Transit Reliability Information Program. Dynamics Research 
Corporation of Cambridge, Massachusetts collected data from BART, CTA, GCRTA, NYCTA, 
PATCO, and WMATA and maintained a national data bank. In 1984, UMTA funding was 
curtailed and the TRIP program was terminated. However, significant progress was made and 
the effort was recognized as useful. A similar approach could be considered for HSGGT 
applications. If this approach is not considered then the conventional methods of data collection 
will need to be employed: 
 
A.         Visit those properties using train control equipment and examine their maintenance and 

operating records. 
 

B. Send out questionnaires - (never very useful). 
 
C. Request data from component suppliers. 
 
D. Produce component analyses and predictions. 
 
All of these approaches have their weaknesses but could produce some quantifications for those 
items that exist and are in use. For new items, reliability analyses as described in MIL-STD- 
217C will need to be performed, along with appropriate Quality Control parameters during 
manufacturing and testing. 
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Reliability Demonstration Testing is another method of evaluating component performance, 
especially for new or improved items. There are a variety of testing techniques, generally 
following component qualification and acceptance testing. Many criticisms have been made of 
reliability demonstration tests, generally in the areas of adequate environmental exposures. It is 
critical that detailed attention be given to any demonstration testing to make sure all performance 
parameters are exercised in a manner that truly simulates the end-use of the item. Accelerated 
life testing must be correlated with the intended use of the items and contain a sample size that is 
statistically significant. 
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APPENDIX G. U.S. STANDARDS AND SPECIFICATIONS 
 
 
 

Mil-Std-785: Reliability Program for Systems and Equipment Development/Production 
 
Mil-M-38510: General Specifications for Micro Electronics 
 
Mil-Std-883: Test Methods and Procedures for Micro Electronics 
 
Mil-Std-756: Reliability Modeling and Prediction 
 
includes: Reliability Prediction: Estimating the Reliability of Each Item in the Above Model 
 
Mil-Std-1629: Procedures for Performing a Failure Mode Effects and Criticality Analysis 
 
Mil-Std-781: Reliability Testing for Engineering Development, Qualifications, and Production 
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