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PREFACE

The Guideway Communication Unit (GCU) is a subsystem of the Advanced 

Group Rapid Transit (AGRT) Command and Control Subsystem (C&CS). It 

functions as an' interface between the Vehicle Command and Control 

Subsystem (VCCS) and the Test Track Command and Control Subsystem 

(TCCS). This document discusses the design and development of the GCU.
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The Advanced Group Rapid Transit (AGRT) program was conceived shortly  
a fte r  TRANSPO '72 , a Department of Transportation (DOT) sponsored transr  
portation exh ib itio n  held at Dulles A irp o rt. The purpose of the AGRT 
program was to develop an advanced automated guideway t ra n s it  system 
capable of providing high passenger volumes, short w aiting  tim es, and 
high levels of passenger service; th is  resulted in requirements with a 
peak lin e  capacity of 14,000 seated passengers per lane per hour using 
12-passenger (a l l  seated) vehicles operating w ith o f f - l in e  stations and 
3-second minimum headways.

The program was i n i t i a l l y  structured as a two-phase development program 
with three prime contractors p a rtic ip a tin g  in the Phase I prelim inary  
design com petition. Phase I I  was o r ig in a lly  intended to proceed with  
f u l l  scale tes t track prototype development with one contractor selected 
from the o rig in a l th ree . ,

A fte r the completion of Phase I ,  a decision was made to s p l i t  Phase I I  
in to  two parts . A ll three contractors continued work on th e ir  separate 
design approaches in Phase 11-A which involved design refinements and 
laboratory tes tin g  of selected key components. As Phase I I -A  was 
nearing completion in the f a l l  of 1977, a DOT task force was formed to  
again review the program and chart a course fo r  .fu r th e r  a c t iv ity .  
During th is  review period, Phase 11-A was completed and one of the three  
contractors, Rohr Industries In c .,  withdrew from the program. At th a t 
time, Rohr Industries Inc . signed a licensing agreement with the Boeing 
Company granting rig h ts  to Rohr*'s integrated magnetic propulsion and 
suspension technology.

As a res u lt of the DOT Task Force's recommendations, the period of per­
formance was extended from 36 months to 69 months. The restructured  
program provided fo r  development and track tes tin g  of "Engineering 
Development Systems" (EDS) by each of the two remaining contractors, the 
Boeing Company and Otis Elevator Company. L e tte r contracts were signed 
in the f a l l  of 1978 to provide fo r  lim ited  system engineering and to

1.0 EXECUTIVE SUMMARY
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work out the deta iled  d e fin itio n  of Phase I I - B .  The f u l l  AGRT EDS 
a c t iv ity  commenced with the awarding of d e f in it iv e  contracts in June,
1979. . The primary th ru st of the redefined program was to develop the 
c r i t ic a l  technologies associated with the AGRT concepts. In i t i a l  Phase
I I -B  e ffo rts  at the Boeing Company included design of the Command and 
Control System, a new ve h ic le , and a new te s t tra c k .

By the spring of 1981, as a re s u lt of funding lim ita t io n s , i t  became 
apparent that the most c r i t ic a l  element of Boeing's AGRT design was the 
Command and Control System (C&CS). A c t iv ity  was cancelled on the new 
vehicle and te s t track design and development, and in e a rly  1982 a 
decision was made to use Boeing’ s ex is tin g  te s t track fo r  the EDS 
program. (This track was used fo r  vehicle te s tin g  during the Morgantown 
program). In ad d itio n , two Morgantown vehicles would be modified to 
accept the new AGRT Command and Control System and allow fo r  development 
of the c r i t ic a l  elements of AGRT.

In mid 1982, UMTA in it ia te d  .another comprehensive program review to  
define the status of 'the program and c la r i fy  the expected re s u lts . This 
review resulted in the, decision to elim inate a l l  v e h ic le /te s t track  
testing and only allow continuation of development and laboratory  
testing  o f selected subsystems rather than the e n tire  EDS. As a re s u lt ,  
the AGRT program at the, Boeing Company resulted in completion of the 
Vehicle Control Unit (VCU) hardware and software development only 
through laboratory (s im ulation) te s tin g . The Guideway Communication 
Unit (GCU) and C o llis io n  Avoidance System (CAS) developments were 
stopped at the successful completion of C r it ic a l Design Review.

SUMMARY CONCLUSIONS

This report discusses in d e ta il the design, development, and te s t of 
that portion of the control hierarchy responsible fo r  the communications 
in te rface between s ta tion  equipment and the vehicles on the guideway. 
This in te rface  is  provided by the Guideway Communications Unit (GCU).

2



The GCU contains an inductive communications l in k ,  a vehicle presence 
detection system, and magnetic guideway markers. This communications 
lin k  also has the re s p o n s ib ility  fo r providing fa i ls a fe  speed l im it  
information and safe-to-proceed (STP) control to the vehicles throughout 
the guideway.

The GCU design u t i l iz e s  e ight b it  microcomputers and incorporates unique 
s e lf  exercised software to detect p o te n tia lly  unsafe la te n t fa ilu re s  
w ith in  the hardware.

The development of the GCU has produced several innovative solutions to 
d i f f ic u l t  problems th a t may be useful to fu tu re  designers. A d ig ita l  
rece iver capable of operating in a high impulse noise environment 
(common with vehicle chopper type propulsion systems) was developed. 
A d d itio n a lly , the concept of the d ig ita l rece iver (implemented with a 
microprocessor) has resulted in high performance as well as small s ize . 
Also, a microprocessor-based speed l im it  checker w ith exercised software 
with no known fa i lu re  modes was developed. The hardware/software tech­
niques developed have produced the c a p a b ility  to generate and transm it a 
speed lim it  to the vehicle in a fa i ls a fe  manner. Through the use of 
hamming and cy c lic  redundancy check codes, the veh ic le  can detect tran s­
mission errors with a high degree of accuracy.

D eta ils  of the aforementioned design innovations are contained w ith in  
th is  rep o rt. Design d e ta ils  of hardware with which the GCU in terfaces  
are contained, in other National Technical Inform ation Services (NTIS) 
reports and are lis te d  in the bibliography.
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The Advanced Group Rapid T rans it (AGRT) program began as the development 
of a complete transportation  system consisting of sm all, automated 
vehicles operating on an exclusive guideway at short headways with  
unmanned o f f - l in e  s ta tio n s . The main thrust of the program was reduced 
s ig n if ic a n tly  and evolved into  the development of two c r i t ic a l  elements 
of the AGRT system: the Longitudinal Control System (LCS) and the 
C ollis ion  Avoidance System (CAS).

In the Engineering Development System (EDS), the te s t system i n i t i a l l y  
under development by. the Boeing Company fo r  the Urban Mass Transporta­
tion  A dm inistration, automation was to be achieved w ith a m u lti- le v e l 
Command and Control System (C&CS). Figure 2 .0 -1  shows the major sub­
systems of the EDS C&CS and th e ir  in te rre la tio n s h ip s . These subsystems 
consist of a Test Track Command and Control Subsystem (TCCS), a Guideway 
Command and Control Subsystem, (GCCS), and a Vehicle Command and Control 
Subsystem (VCCS).

The TCCS provides operator controls and d isp lays, guideway t r a f f ic  con­
tro l commands, te s t data m onitoring, and those functions th a t are neces­
sary to supervise the operation of the GCCS. The Guideway Communica­
tions, Unit (GCU) serves as a communication lin k  between the s ta tio n  and 
vehicles on the guideway and consists of communication c irc u its  in the 
station  and communication equipment in s ta lle d  in the guideway. The VCCS 
is a vehicle co ntro ller/sensor package located on each vehicle in the 
f le e t ;  i t  controls each vehicle according to  the commands received from 
the TCCS via  the GCU.

A major part of the communication between the s ta tio n  and the vehicles 
is performed by equipment in a subsystem w ith in  the GCU called  the 
Inductive Communication Subsystem (IC S ). The ICS uses an in d u c tive ly  
coupled lin k  between the guideway and the s ta tio n  through which binary  
frequency s h if t  keyed (FSK) data is  transm itted and received. The 
coupling is accomplished by the use of w ire loops embedded in the

2.0  INTRODUCTION
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running surface of the guideway; these couple in d u c tiv e ly  w ith vehicle  
borne co il antennas. The loops and antennas provide both s ta tio n  to  
vehicle communication (u p lin k ) and vehicle to s ta tio n  communication 
(downlink). Each guideway segment, which can be as long as 1000 fe e t in 
length, possesses a p a ir of such inductive loops: one in the r ig h t h a lf 
of the guideway fo r up links, and one in the le f t  h a lf  fo r  downlinks. 
Associated with each loop p a ir  is a set of inductive • communication 
equipment to perform the FSK transmission and reception . Downlink 
messages are sent by vehicles only when prompted to do so by the wayside 
or when anomalous conditions occur which must be reported to the 
s ta tio n . Uplink messages, on the other hand, are sent continuously with  
a safe-to-proceed (STP) signal encoded in the up link . Presence of th is  
STP signal is required by the VCCS before vehicle motion is  perm itted. 
Absence of th is  STP signal on a guideway loop resu lts  in an emergency 
stop of a ll  vehicles over the loop. (STP removal is commanded by the 
C ollis io n  Avoidance System when a headway v io la tio n  occurs.)

The Guideway Communications U nit (GCU), the subject of th is  rep o rt, is 
the communications in te rfa c e  between the vehicles Via the VCU and the 
station  equipment v ia  the TCCS.
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The functions of the GCU are:.

1) S ta tio n /V eh ic le  Communications
2) Vehicle Tracking
3) Guideway Physical Position Marking

Two major categories of GCU requirements, were generated before the 
deta iled  design was s tarted . These were in te rfa c e , and safe ty  
requirements.

P rior to the d e ta iled  design of the GCU, in te rn a l and external 
electrica l/m echanica l in terfaces were generated to ensure co m p a tib ility  
between subsystems and w ith in  the GCU. The e le c tr ic a l in terfaces define  
signal le v e ls , tim ing, and power requirements. The mechanical 
in terfaces define, the physical layout of the racks, cages, and c irc u it  
cards. The VCCS/GCU magnetic in te rface  was described in a la te r  docu­
ment since te s tin g  was needed to develop the design.

The second major category of requirements is  S afety . The primary GCU 
safety  requirem ent. is  to generate and transm it the uplinked speed l im it  
in a fa i ls a fe  manner. This is accomplished by the speed l im it  checker 
scheme described in Section 4 .1 .2 , the GCU inductive communication con­
fig u ra tio n  described in Section 4 .1 , and the message erro r checking 
scheme described in Section 4 .1 .1 .

3.0  DESIGN REQUIREMENTS

7



4 .0  DETAILED DESIGN DESCRIPTION

There are three GCU subsystems. They are lis te d  below.
1) Inductive Communication Subsystem
2) Presence Detection Subsystem
3) Magnetic S igna lling  Subsystem

The Inductive Communication Subsystem Contains the fo llow in g  components:
1) Communication Processor 5) FSK Modulator
2) Speed Lim it Checker Processor 6) Loop D river
3) Safe-To-Proceed Control 7) Loops and Feedlines
4) FSK Receiver

The Presence Detection (PD) Subsystem contains the fo llow in g  components:
1) Presence Detector E lectronics
2) Presence Detector Processor
3) Presence Detectors

The Magnetic S ignalling  Subsystem contains the fo llow ing  components:
1) Stop In i t ia te  Magnets
2) Switch In i t i a t e  Magnets
3) Position Corr.ection/Cal ib ra tio n  Magnets

Other components of the GCU which are not contained w ith in  the above 
three subsystems are:

1) Master Clock 2) Run-out Switches

4.1 Inductive Communication Subsystem

Much of the AGRT Inductive Communication Subsystem design is based on 
the experience gained from the MPM design which is  documented in NTIS 
report number UMTA-MA-06-0048-78-6.

A block diagram of the Inductive Communications Subsystem is shown in 
Figure 4 .1 -1 . Inductive coupling between wire loops embedded in the 
guideway and rectangular c o il antennas mounted beneath the vehicle pro­
vides the medium of communication. Data to be uplinked orig in ates in

8
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the TCCS and is transferred to the GCU communication processor. The 
communication processor assembles the uplink message by combining data 
from the TCCS (veh ic le  commands) with hardwired data from the backplane 
and a Cyclic Redundancy Check (CRC) code. The Communication Processor 
outputs a s e ria l message to the Modulator where i t  is. converted to 
Frequency S h ift  Keyed (FSK) data and then am plified by the Loop D river. 
This s e ria l message from the Communication Processor is also sent to the 
Speed L im it Checker where, the speed l im it  f ie ld  is compared against a 
hardwired speed l im it .  The Speed L im it Checker output is  an inverted  
frame clock which is compared to a frame clock in the STP co n tro l. 
Agreement of the two signals allows a data clock to be sent to the Modu­
la to r .

S u s c e p tib ility  of the loops and antennas to vehicle generated noise was 
a concern in the design of a r e l ia b le  communication l in k . Past data 
taken on the Morgantown People Mover System and the S e a ttle  Metro 
T ro lle y  show sinusoidal in te rfe ren ce  and Gaussian noise to be 
n e g lig ib le , but impulse noise from 1) the chopper contro lled  propulsion 
u n it on board the vehicle and 2) the contact bounce of the power c o lle c ­
tors is very severe. Cases were even observed where the signal to noise 
ra t io  f e l l  as low as 0 dB. Due to the importance o f meeting the b it  
erro r ra te  requirement of 10"5 e r ro rs /b it  in such an environment, much 
time was spent in the development o f a su itab le  rece iver.

The uplink and downlink modulation method is binary Frequency S h if t  
Keyed (FSK)., The four frequencies used are near 100 KHz. The uplink  
message is 50 b its  in length and encoded in a b i-p o la r return  to zero 
format (see Figure 4 .1 -2 ) .  The upper FSK c a rr ie r  frequency 
( f u = 110.34 KHz) represents data “l"  and the lower (fj_ = 108.84 KHz) 
represents data "0". During the second h a lf  of each b i t  tim e, the 
c a rr ie r  frequency is shut o f f .  In ad d ition , the FSK c a rr ie r  w i l l  be 
interrupted during the f i r s t  two b i t  times to mark the beginning of each 
message. As the system requires the transmission of a message every 
40 ms, each b it  time w il l  be 40 ms/50 or 800 us long. This gives a b i t  
ra te  of 1250 b its  per second.

10
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A complete end-to-end Inductive Communications link was assembled and 
tested in the laboratory, demonstrating a v iab le  design approach to the 
vehicle/wayside communications. Included in the demonstration was the 
transmission and recovery of a safe-to-proceed clock s ign al, speed l im it  
command, and a f ie ld  of va ria b le  data.

An important part of the demonstration was tes tin g  the a b i l i t y  of the 
lin k  to perform in the presence o f noise. To th is  end, the lin k  was 
subjected to impulse noise modeled from data co llected a t Morgantown, 
the Surface Transportation Test F a c i l i t y  (STTF), and the S e a ttle  Metro 
in s ta lla t io n .

The layout fo r the Inductive Communications Demonstration is shown in 
Figure 4 .1 -3 . This arrangement is  intended to simulate the wayside to  
vehicle FSK uplink, including transmission and reception of the speed 
l im it  message, variab le  data, and the safe-to-proceed clock s ig n al.

The FSK message orig inates in the Z8002 Development Module. (The Z8002 
Development Module is a general purpose hardware/software development 
tool consisting of a Z8002 microprocessor, 16K RAM, ROM, m onitor, and 
I/O  p o rts .) A CRT terminal allows an operator to enter a 25 b i t  message 
of a rb itra ry  content; th is  message is then passed through to the Com­
munications Processor v ia  a shared memory space. The Communications 
Processor adds to th is  data f ie ld  the 7 b i t  speed l im it  and the 16 b it  
Cyclic Redundancy Check (CRC) code. The complete 48 b it  message is  
clocked out s e r ia lly  to the modulator. Timing pulses necessary fo r  the 
s e ria l data tran sfer and recognition of the beginning .of new messages 
are provided by the data clock and frame clock signals from the Clock 
Module. The data clock toggles the modulator "c a rrie r enable" input, 
producing the safe-to-proceed clock. The FSK modulator output is 
am plified in the Loop Driver and applied to the Guideway Loop. The 
transm itted signal is. inductive ly  coupled into the Receive Antenna and 
applied to the D ig ita l Receiver fo r  detection .

A second loop antenna couples the noise signal from the Impulse Noise 
Generator into the rece ive r. Figure 4 .1 -4  shows frequency domain

12



FIG U R E 4 . 1 - 3 :  IN D U C T IV E  COMMUNICATIONS DEMONSTRATION CO NFIG URATIO N

Z 8 0 0 2

DEVELOPMENT

BOARD

TERM INAL
COMMANDS

DATA

D IG IT A L
.. g . - 'L ._______

COMM
CLOCK

R E C E IV E R
“d a t a J  MODULATOR

PROCESSOR FSK DATA

LOOP D R IVE R



FSK Only

)

FSK Plus "Extended" Noise

Frequency Span: 0-200 KHz Scan Time: .2 S/Div
Impulse Bandwidth: 4440 Hz Log Reference: 0 dBV RMS

FIGURE 4 .1 -4 :  SPECTRUM ANALYZER PHOTOS SHOWING FSK SIGNAL WITH AND WITHOUT NOISE
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pictures of the FSK with and without the generated noise. Figure 4 .1 -5  
shows a time domain p icture of the signal together with the generated 
noise. The b it  error rate  te s t resu lts  were as fo llow s:

Messages transm itted  
Messages received 
Detected errors  
B it erro r ra te

710,223
710,222

0
3 x 10-8 (710,222 x 48 )-1

From th is  data, i t  can be seen th a t th is  D ig ita l FSK Receiver using the 
d ig ita l  d iscrim ination technique displays almost no s e n s it iv ity  to the 
noise environment created fo r  our te s t . The tests  showed, as pred icted , 
th a t the D ig ita l Receiver is  not sensitive to the amplitude of the 
impulse noise, but rath er to the number of pulses per b i t  tim e.

We know from the demodulation scheme used th a t th e -re c e iv e r  w i l l  not 
perform as well in an environment where s ig n if ic a n t sinusoidal in te r ­
ference is present. Tests were thus run to determine the a b i l i t y  o f the 
rece iver to operate in the presence of an in te rfe r in g  sinusoid. The 
D ig ita l Receiver threshold (the level at which the rece iver can accu­
ra te ly  decode FSK signals) was adjusted to -50 dBV RMS (3 dB below the 
operating le v e l, -47 dBV RMS) and a steady tone was coupled into  the 
receive antenna using a summing am p lifie r to sum the FSK c a rr ie r  and the 
in te rfe r in g  sinusoid. The level of the in te rfe r in g  signal was increasd 
u n til a threshold was reached where errors began to occur. The resu lts  
of these tests are shown in Figure 4 .1 -6 . I t  can be seen from th is  that 
the D ig ita l FSK Receiver has a ra th er wide in terference bandwidth fo r  
sinusoids. However, high level sinusoidals, other than 60 Hz, are not 
expected. I f  required, a 60 Hz notch f i l t e r  can be added.

4 .1 .1  Communication Processor

The communication processing is  performed by one 8 b i t  microcomputer fo r  
each up 1 ink/down 1 ink loop p a ir . The Communication Processor tran sfers  
data to and from the TCCS by storing the data in a processor dedicated 
Shared Memory (located on-card). This data consists of uplink and down-
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lin k  messages and processor control and status b its . The Communication 
Processor formats the uplink message by combining 1) the data from the 
Shared Memory and 2) four hardwired speed l im it  b its  and three hardwired 
v e rtic a l redundancy check b its  from the backplane. The Communication
Processor then outputs th is  uplink message as a s e ria l data stream to 
the uplink modulator and the Speed L im it Checker. The Communication
Processor also receives downlink messages from the re c e iv e r.. The re ­
ceived downlink messages are decoded, tim e-tagged, and placed in the 
Shared Memory fo r access by the TCCS. A block diagram is shown in 
Figure 4 .1 .1 -1 .

The Communication Processor software resides in a programmable Read Only 
Memory (ROM). The software is  divided in to  three major modules: the
Main Communications Routine, the Uplink In te rru p t Routine, and the Down­
lin k  In te rru p t Routine. These modules are diagrammed in Figure 4 .1 .1 -2 .

Main Communications Routine

The Main Communications Routine has a structure  as diagrammed in Figure
4 .1 .1 -3 .

Upon power up, the processor executes a l l  three in i t ia l iz a t io n  routines. 
Subsequent to th is  in i t ia l iz a t io n ,  the processor remains, in the Back­
ground Routine performing a checksum te s t on the program ROM, u n til 
interrupted fo r an Uplink or Downlink ro u tin e . That is , the communica­
tion  procesor software is in te rru p t driven as shown in Figure 4 .1 .1 -4 .

Uplink In te rru p t Routine

The uplink routine is ca lled  whenever a p o s itiv e  tra n s itio n  is detected 
on the data clock. The Uplink In te rru p t Routine performs the fo llow ing  
functions: - -

1) Read uplink data from the Shared Memory
2) Perform Uplink In i t ia l iz a t io n  when prompted to do so by the TCCS 

through the Shared Memory
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Figure 4 .1 .1 -2 :  Communication Processor Software Structure
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FIGURE 4.1.1-4: COMMUNICATION PROCESSOR SOFTWARE INTERRUPT SOURCES
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3) Read Hardwired Speed L im it and V e rtic a l Redundancy Check code
4) Format uplink message
5) Calculate Cyclic Redundancy Check (CRC) code and attach to message
6) Output s e ria l message to Modulator

The uplink software has a structure as diagrammed in Figure 4 .1 .1 -5 .  
The uplink message format is  shown in Figure 4 .1 .1 -6 .

Downlink in te rru p t Routine

The downlink processing is  ca lled  whenever a negative tra n s itio n  is de­
tected on the data strobe from the FSK rece ive r. The Downlink In te rru p t  
Routine performs the fo llow ing functions:

1) Detect frame by measuring time since la s t rece iver strobe
2) Assign time tag to message
3) Format received data and deposit in shared memory
4) Perform Downlink In i t ia l iz a t io n  when prompted to do so by the TCP 

through the Shared Memory
5) Check a b il i ty  to w rite  to Shared Memory with Read-After-W rite check
6) Report Read-After-W rite errors to Test Control Processor
7) Report receiver strobe errors to the TCP

The received message structure  is shown in Figure 4 .1 .1 -7 .
The downlink software has a structure as diagrammed in Figure 4 .1 .1 -8 .

4 .1 .2  Speed L im it Checker Processor

The Speed Lim it Checker (SLC) v e r if ie s  th a t the correct speed l im it  has 
been embedded in the uplink message and provides fa i ls a fe  detection of 
speed l im it  errors (re fe r  to Figure 4 .1 -1 ) .  The SLC output to the safe- 
to-proceed control card d is p a r ity  detector is an inverted Frame Clock; 
th is  inverted Frame Clock is  the re s u lt  of a successful s e lf - te s t  and a 
check on the Communication Processor generated speed l im it .  The s e lf ­
te s t v e r if ie s  the a b i l i t y  of the SLC to detect an erroneous speed l im it .  
Each SLC card v e r if ie s  speed l im it  generation from up to four Communica­
tion  Processors.
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FIGURE 4.1.1-5: UPLINK SOFTWARE STRUCTURE
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FIGURE 4 . 1 . 1 - 8 :  DOWNLINK SOFTWARE STRUCTURE



The function of the SLC software is to compare s e ria l data received from 
each Communication Processor to data hardwired to the SLC card. For 
each Communication Processor monitored, a dynamic signal is output 
(Speed Lim it Status Output) which can be d is p a rity  checked with a Frame 
Clock from the Master Clock c ir c u it ry .

The SLC hardware is  based on a Z ilo g  8 b i t  microcomputer. A block d ia ­
gram of the SLC is shown in  Figure 4 .1 .2 -1 . Since the SLC monitors the 
s e ria l data from four communication processors, the hardware accepts 
four sets of hardwired speed l im it  data and outputs four dynamic signals 
which indicate the status of the four s e ria l inputs. An in te rfac e  d ia ­
gram is shown in Figure 4 .1 .2 -2 .  A diagram showing the speed l im it  
status output and frame inputs in re la tio n  to the STP control card is  
shown in Figure 4 .1 .2 -3 .

SLC Software

The central point in the design of the SLC software is  safe ty ; the SLC 
must be fa i ls a fe  since the uplinked speed l im it  must be generated and 
transm itted in a fa i ls a fe  manner. For the SLC, th is  means th a t a ll  
hardware and software fa ilu re s  must re s u lt in an output which is  de­
te c ta b le . Fa ilu re  of the microcomputer to c o rre c tly  execute instru c­
tio n s , or fa i lu re  of instru ctio ns (or one in s tru c tio n ) in program 
memory, or fa i lu re  of data items in memory, or erroneous tran s fe r of 
data must be detectable.

The SLC software design approach was to  develop software which 1) could 
be shown to have no sing le undetectable fa ilu re s  and 2) th a t combina­
tions of m u ltip le  fa ilu re s  re s u ltin g  in an unsafe condition are so com­
plex as to be implausible (one in a m illio n  ye ars ). The SLC software 
design methodology is  summarized below:

o Exercise s a fe ty -c r it ic a l operations using te s t data every check 
cycle (40 ms).

o Require the resu lts  of the processing of te s t data to be the 
complement of the resu lts  expected with good real data.
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o Monitor the results using a fa i ls a fe  detector to detect the 
fa i lu re  of the speed lim it  checker to output the resu lts  of pro­
cessing both real and tes t data.

o Design software modules th at are shared by te s t and real data so 
that a ll  processing errors cause the shared modules to output 
e x te rn a lly  detectable anomalous re s u lts .

The SLC software (see Figure 4 .1 .2 -4 )  accepts se ria l data from the Com­
munication Processor and p a ra lle l fix ed  data from the backplane. The 
fixed  data is compared against the real data to give the RESULTS (REAL) 
output every 40 ms. The fix ed  data is also compared against the other 
15 in va lid  speed lim its  which have been generated from the fix e d  data. 
This process gives the RESULTS (TEST) which is the complement of RESULTS 
(REAL). The SLC software, th e re fo re , generates a dynamic output th a t 
has a tim ing re la tio nsh ip  as given in Figure 4 .1 .2 -5 . Fa ilu res in the 
SLC produce a d iffe re n t output which is detected by the D isp a rity  
Detector.

4 .1 .3  Safe-To-Proceed Control

The o rig in a l MPM d is p a rity  detector was designed by the Bendix Corpora­
tion  in the ea rly  1970's. I t  was intended to meet the fa i ls a fe  
c r ite r io n , and Bendix performed and documented a safety  analysis that 
supported th is  o b jective . The design has been in use in the Morgantown 
system up to the present, and f ie ld  data has indicated exceptional re ­
l i a b i l i t y .  (This does not substantiate i t ' s  sa fe ty , but does ind icate  
the in te g r ity  of the design.)

In 1982, Boeing safety personnel conducted an in-depth sa fe ty  evaluation  
of the design, which involved d eta iled  c irc u it  analysis to determine un­
safe fa u lt  configurations, and included a q u a n tita tive  fa u lt  tree  
analysis of the in i t ia l  fin d in g s , applying generic fa i lu re  ra te  data 
from M ilita ry  sources. The numerical resu lts  showed th at the MPM design 
exceeded the MPM safety c r i t e r ia ,  and met the A6RT safety  goal of an 
MTBUF of better than one m illio n  years.
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The design has subsequently experienced further exposure via national 

publication of the design technique and basic safety evaluation in 

report No. UMTA-MA-06-0048-80-9, "Morgantown People Mover Collision 

Avoidance System Design Summary," dated Sept. 1980.

The purpose of the Safe-To-Proceed (STP) control is to interrupt the 

Master Clock-to-Modulator data clock (tracer) when a disparity exists 

between the Logic A and B inputs. Figure 4.1.3-1 shows the STP card in 

the GCU and Collision Avoidance Subsystem (CAS) applications.

A block diagram is shown in Figure 4.1.3-2. The Disparity Detector and 

Latches are the heart of the card. The Logic A and B inputs must be 

complements of each other in order for the data clock to continue un­

interrupted through the card. Disparities longer than 800 us result in 

the data clock being permanently interrupted by a Disparity Latch.

4.1.4 FSK Receiver

Past FSK receiver designs have utilized analog bandpass filters to de­

tect spectral energy within FSK passbands in order to demodulate FSK 

signals. Such schemes have an inherent problem in severe impulse noise 

environments because impulses are composed of an infinite" number of 

spectral components. An analog bandpass filter designed to detect FSK 

frequencies would detect spectral energy within its passband even when 

the only input to the filter is a series of pulses with Pulse Repetition 

Frequencies (PRF) lower than the FSK frequencies. With several impulse 

noise sources, all with their own pulse widths and PRF's, the spectral 

makeup of the signal can become quite complex. The Digital FSK Re­

ceiver, however, minimizes the effect of this because of its unique 

method of frequency demodulation. As shown in Figure 4.1.4-1, the Digi­

tal FSK Receiver measures the duration of each cycle of the received 

downlink signal (115.11 KHz or 113.48 KHz) and determines the frequency 

of the sinusoid based on the time measured. In addition to determining 

frequency at the end of each cycle of received signal, the receiver 

digitally integrates the results of the decisions made after each cycle. 

This technique results in a very accurate decoding of the FSK data be-
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FIGURE 4 . 1 . 3 - 2 :  STP CONTROL BLOCK DIAGRAM
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1. After converting sinusoid to TTL square wave, the discriminator 

measures the period of the cycle last received. The frequency is 

determined based on the time measures.

2. The receiver integrates the total number of frequency decisions made 

during each data bit transmission. The result of the integration is 

dumped and the data bit is set at the output at the end of the data 

bit transmission.

FIGURE 4.1.4-1 METHOD OF FREQUENCY DEMODULATION
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cause the time duration of each interfering noise element is very short 

relative to, the bit transmission time. The noise impulses are short 

(20 us) compared to the bit time (400 us). Since the Pulse Repetition 

Frequency of the noise sources is less than 1 KHz, each source can 

contribute only one pulse per data bit time. Even when impulses from 

all four noise sources appear in one bit time, there is sufficient time 

for the receiver to make an accurate decision.

The purpose of the digital receiver is to decode FSK analog inputs and 

produce the corresponding digital code with the correct timing. The re­

ceiver consists of two sections: an analog front end and a digital de­

modulator. Block diagrams of these two sections are shown in Figures 

4.1.4-2 and -3. The analog front end amplifies and bandpass filters low 

level input signals. A limiter removes amplitude variations and a 

threshold detector passes signals above 0.4 volts.

The digital section consists of an up counter that counts between signal 

zero crossings, a Programmable Array Logic (PAL) decoder that maps 

counter outputs to convenient jump addresses, and a microcomputer that 

chooses the PAL code that occurs most often, and strobes out the cor­

responding code.

The Front End Circuit

The, Front End Circuit is the interface between the analog signal re­

ceived from the FSK antenna and the digital demodulator. It accepts the 

signals from the antenna through an instrumentation amplifier designed 

with an input impedance of 150 ohms to match the impedance of the re­

ceive loop. The buffered signal is subjected to a broad preselection 

filter and then a hard limiter before being converted to TTL levels by a 

comparator at its output stage. The TTL compatible square wave output

is delivered to the Frequency Discriminator and the Carrier Start 

Detector.

The design of the preselection filter required careful consideration. 

Due to the nature of the demodulation concept used, a problem results
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FIGURE 4 .1 .4 - 3 :  DIGITAL DEMODULATOR BLOCK DIAGRAM



when one tries to filter the signal received to any great extent. To 

understand the problem, let us examine why the digital demodulation 

technique is so attractive for our application.

Recall that the reason why this concept was conceived was because it was 

known from past experience that the major type of interference expected 

in our application would be very sharp impulse spikes occurring at rela­

tively low repetition rates. Gaussian noise is expected to be 

negligible and sinusoidal interference is expected to be very low. In 

such an environment the Digital Discriminator is ideal because the major 

type of interference is present only during the very sharp spikes and 

does not interfere with the reception during an entire bit time. It is 

important to note here that interference which is present during the 

entire bit time, such as a continuous high level sinusoid, could 

deteriorate the receiver performance. Power line 60 Hz interference for 

instance, would make the receiver inoperable if it were not somehow 

filtered out. (Figure 4.1.4-4 shows the effects of both types of 

noise.)

We know from the Fourier Theorem that any impulse is actually a sum of 

an infinite number of sinusoids. Subjecting such an impulse to a band­

pass filter can alter the phase and amplitude relationships of these 

sinusoidal components and thus alter the shape of the impulse spike.

Consider then what happens when we subject such an impulse spike to a 

bandpass filter. As we begin eliminating spectral components by pro­

gressively making the passband narrower, rise and fall times suffer. 

The waveform becomes "stretched out" until eventually the filter allows 

but one spectral component through, a steady sinusoid. Also, even with 

a very broad passband, if the phase relationships between the spectral 

components are altered, we will experience a degradation in the settling 

time of the response. This too will result in extending the duration of 

the interference caused by the impulse spike. Both phenomena pose a 

problem for the Digital Receiver, because the interference ceases to be 

a short spike which interferes with the reception for only a small frac­

tion of the bit time.
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We can now see the dilemma that we have. On one hand, no band limiting 

is desired so that all impulse spikes can be received without stretching 

their short time duration. However, on the other hand, it would be 

desirable to make the passband as narrow as possible around the FSK fre­

quencies in order to eliminate any interference from sinusoidal noise 

sources. This trade must be performed in order to optimize the receiver 

to the environment expected.

The AGRT vehicle is expected to utilize a propulsion unit similar to the 

unit used on the Seattle Metro electric trolley system. Tests on the 

Seattle Metro vehicle show that up to four independent sources con­

tribute to the impulse noise interference. Each source generates noise 

at relatively low PRF's (less than 800 Hz) but due to the fact that they 

are not synchronous, it is possible for all of them to occur during any 

single bit time. It was determined from this that the filter should not 

be allowed to "stretch" a spike more than 2 FSK cycle times (about 

20 us).

In order to meet the above requirement, a very broad filter with maxi­

mally linear phase delay is required. This was implemented by cascading 

two 3-pole low pass Bessel filters with 3 dB frequencies at around 

150 KHz and a differentiator with unity gain at 100 KHz. Figure 4.1.4-5 

shows photos of the filter response curve and the time domain response 

of the filter to a rectangular impulse.

The Digital Discriminator

The Digital Discriminator is the heart of the Digital FSK Receiver 

(refer to Figure 4.1.4-3). It times every cycle of carrier received at 

its squared carrier input and determines if the period corresponded to 

one of the two valid frequencies. Its function is therefore to select a 

code which corresponds to the frequency which occurs most often. A dia­

gram of the receiver software structure is shown in Figure 4.1.4-6.
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FIGURE 4 .1 .4 - 6 :  RECEIVER SOFTWARE STRUCTURE
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Signal Levels

The minimum signal level to the receiver was selected as -47 dBV RMS. 

This is the same as the MPM level. The vehicle antenna drive level was 

calculated from the link attenuation factors and is shown graphically in 

Figure 4.1.4-7 for reference.

4.1.5 FSK Modulator

The FSK Modulator transforms the binary input from the Communication 

Processor to analog Frequency Shift Keyed data at approximately 1 VRMS. 

The logic low output frequency is 108.884 KHz and the logic high output 

frequency is 110.344 KHz. The frequency accuracy is 0.2% and the total 

harmonic distortion is 5%.

The modulator produces an output when the enable input is logic low. A 

new frequency is selected on the negative transition of the enable 

input.

A block diagram is shown in Figure 4.1.5-1. The data input programs the 

counters to Count down to zero (with 8 MHz clock) in 1/110340 seconds or 

1/108840 seconds thereby producing one of the. required frequencies. A 

typical output is shown in Figure 4.1.5-2.

4.1.6 Loop Driver

the purpose of the Loop Driver is to amplify the approximately 1 VRMS

signal from the modulator to drive up to 250 mi H i  amps peak into a loop

up to 1000 feet long and up to 2000 feet of feedline. The Loop Driver 

is capable of driving a worst case loop of 280 ohm at 30°. The 250 

milliamp drive requirement is derived from the vehicle receiver minimum 

signal level requirement, -47 dBV RMS. Figure 4.1.6-1 shows the uplink

path losses. The actual drive requirement is 188 mi H i  amps peak, how­

ever, the Loop Driver was designed with a 250 milliamp capability so 

that the same design could be used in the Collision Avoidance System 

inductive link.
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The attenuation due to each component of the to ta l path loss is shown in 
Figure 4 .1 .6 -1 . The o ff-tra c k in g  attenuation and tran s fe r impedance 
were the resu lt of lab measurements. The rid e  height va ria tio n  
contributes 2 dB attenuation as shown in Figure 4 .1 .6 -2 . The merge- 
diverge contribution resu lts  from an increase in loop width at in tersec­
tions which resu lts  in less intercepted signal at the vehicle antenna. 
This is shown in Figure 4 .1 .6 -3 .

Much work went in to  v e rify in g  th a t the rad ia tio n  from the uplink loop 
would not exceed the l im it  specified  by the Federal Communication Com­
mission in the Code of Federal Regulations, T i t le  47, Part 15. The GCU 
is catagorized by Part 15 as a re s tr ic te d  rad ia tio n  device. The 
radiated e le c tr ic  f ie ld  strength cannot exceed 15 microvolts per meter 
at a distance of one wavelength divided by 6 .28 .

The measured radiated signal from a MPM te s t track 1/4 wavelength loop 
was 3.9 microvolts per meter (when scaled fo r  maximum AGRT d riv e ); th is  
represents a margin of 12 dB. This margin is unchanged fo r  longer loop 
lengths because the rad ia tio n  resistance of a two-wire transmission lin e  
does not increase a fte r  the length has reached 1/4 wavelength. This is 
derived in a paper in the Proceedings of the I .R .E . ,  November 1951, 
p. 1408.

A block diagram of the Loop D river is shown in Figure 4 .1 .6 -4 . Notice 
th a t a thermostat controls both the analog switch and power re lay ; under 
output short c irc u it  or other over-heat conditions, the thermostat 
removes input drive and power to the power amp.

4 .1 .7  Loops and Feedlines

The guideway loops consist of two #16 AWG stranded double-jacketed wires 
spaced 6 + 0.25 inches apart. The wires are placed in slots in the 
guideway running surface which are 0.25 inch + 0 .1 2 5 /-0 .0  inch wide and 
0.375 inch + 0 /-.1 2 5  inch deep. The cen terlin e  of the downlink loops is  
23 inches + 0.125 inches to the l e f t  of the guideway cen terlin e ; the 
centerline of the uplink loops is 23 inches + 0.125 inches to the r ig h t  
of the guideway c e n te rlin e .
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Loop cross-overs are placed in a l l  loops longer than 20 fe e t;  these 
cross-overs are spaced greater than 10 fe e t  apart but less than 100 fe e t  
apart. The number of cross-overs is adjusted such th a t the number of 
divided areas is an even number to minimize noise coupled from the power 
r a i l .

Uplink and downlink loop term ination res is to rs  are located to the side 
of the guideway so th a t w ire sp lices and res is to rs  are not required in 
guideway slots where severe environmental conditions would create  
corrosion.

A twisted shielded p a ir fe e d lin e  connects the loop to the station  e le c ­
tro n ics ; the feed line  c h a ra c te ris tic  impedance is  150 ohms. Feedline 
length is less than 2000 fe e t .

The loop length is re s tr ic te d  to 1000 fe e t and feed lin e  lerigth to 
2000 fe e t  in order to r e s t r ic t  the v a ria tio n  in d rive  impedance and 
input power. This combination presents a maximum drive  impedance of 
250 ohms at 30 degrees ( fo r  nominal Z0 = 150 ohm, 6 dB SWR, and 
100 KHz) .

The GCU provides a continuous safe^to-proceed signal which must also be 
continuous at the veh ic le . Loop-to-Loop boundaries represent a problem 
without some mechanisms which allows fo r a continuous s ig n a l.' Notice in 
Figure 4 .1 .7 -1  that the signal strength decreases with distance at a 
loop boundary. Two adjacent ac tive  loops therefore create a zone of 
confusion 27 inches wide (worst case). The vehicle avoids confusion 
here by switching between i ts  dual receivers and antennas at each loop 
boundary. The vehicle antennas are spaced a t 27.5 inches.

4 .2  Presence Detection Subsystem

The function of the Presence Detection Subsystem is to detect vehicle  
entry into FSK loops and to detect vehicle e n try /e x it  to /from  station  
berths and channel en try . This subsystem reports these events to the 
TCCS. "
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FIGURE 4.1.7-1: SIGNAL PROFILE AT LOOP BOUNDARY



The main components of the Presence Detection subsystem are:

1) Permanent magnets mounted on both sides of the vehicle guide ax le.

2) A guideway PD (Presence Detector) reed switch which is actuated by a
vehicle magnet. ' ,

3) PD electron ics which in te rfa c e  the PD's to the PD CPU.

4) A PD Processor which 'id e n t if ie s  and time tags PD switch closure and 
stores the information in a PD shared memory.

5) A PD Shared Memory.

Figure 4 .2 -1  shows a block diagram of th is  subsystem.

4 .2 .1  Presence Detector E lectronics

The Presence Detector (PD) E lectronics in te rfac e  the presence detectors  
to the PD CPU. The PD E lectronics provide optica l iso la tio n  o f the PD's 
from the PD CPU. Each PD E lectronics card can handle 16 PD's.

4 .2 .2  Presence Detector Processor 

Hardware

The Presence Detection processing is performed by an 8 -b i t  microcom­
puter. The processor executes programs from a memory system p riv a te  to  
the processor. A block diagram is shown in Figure 4 .2 .2 -1 .

The PD processor transfers data to the TCP by storing the data in 8 -b it  
bytes in a processor dedicated Shared Memory which can be accessed by 
the TCP. The PD processor receives data from the TCP by reading 8 -b it  
bytes from the Shared Memory which were stored there by the TCP. The 
dedicated Shared Memory is p h ys ica lly  located on the same c ir c u it  card 
as the PD processor.
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FIGURE 4.2.2-1



PD PROCESSOR BLOCK DIAGRAM



Software

The PD processing software monitors the outputs of the PD e le c tro n ic s . 
When an output indicates a PD h i t ,  the PD CPU fetches a time tag from 
the shared memory and places the time tag and the PD number in the 
Shared Memory. The PD CPU then in terrup ts  the TCP to ind icate  the new 
data placed in the Shared Memory.,

A fte r  in i t ia l iz a t io n  the PD software jumps to a background routine which 
does a checksum on the program memory. An in te rn a l Z8 counter in te r ­
rupts th is  task every 400 us to sample the 16 PD inputs. The general 
software structure  is shown in Figure 4 .2 .2 ^ 2 .

Figures 4 .2 .2 -3  and -4 show a time lin e  fo r  a short PD h i t  (c losure) and 
a long PD h i t .  PD closures which exceed 1.0  second represent fa ile d  

.PD's or a stopped vehicle and are reported as a timed-out PD.

4 .2 .3  Presence Detectors

The Presence Detectors (PD's) consist of four reed switches in an 
environm entally protected p la s tic  package (approximately 1" x 1" x 2 .5 " )  
which are in s ta lle d  ju s t below the gUideway surface. The reed switches 
close when a vehicle mounted horseshoe magnet p a ir is  w ith in  
+ 6 .0  inches c e n te r lin e -to -c e n te rlin e .

The four reed switches are arranged in a dual series p a ra lle l c ir c u it  
such th a t two series switches are in p a ra lle l with the other two series  
switches. This arrangement was taken from the MPM design.

Notice , from Figure 4 .3 -1  th a t the PD is in s ta lle d  such th a t the edge 
nearest the guideway cen terlin e  is  4 .0  inches from the steering r a i l .  
This location corresponds with the MPM vehicle location and is com­
p a tib le  with other guideway equipment.
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FIGURE 4.2.2-2 PD PROCESSOR SOFTWARE STRUCTURE
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The Magnetic Signalling Subsystem consists of magnets embedded in the 
guideway surface which perform one of three different functions depen­
dent on the lateral guideway location as shown in Figure 4.3-1. The 
magnets actuate vehicle mounted reed switches and initiate vehicle 
action to switch, perform a station stop or start a position correction 
or calibration maneuver as explained in Sections 4.3.1, 4.3.2, and
4.3.3.

4.3 Magnetic Signalling Subsystem

The Magnetic Signalling Subsystem is an interface between the vehicle 
and wayside. The wayside magnet locations are shown in Figure 4.3-1 and 
the vehicle reed switch locations are shown in Figure 4.3-2.

The Switch Initiate and PC/CAL magnets are required to actuate the 
vehicle reed switch, with a distance uncertainty less than + 5.0 inches. 
The station stop distance uncertainty is required to be less than 
+ 2 .0  inches. These requirements were derived from system level re­
quirements.

The AGRT magnetic signalling design is based on the MPM design; tests on 
the prototype design indicated that the MPM design of + 6 .0  inch un­
certainty would not meet the AGRT requirements. The sensitive parameter 
was found from tests to be lateral off-tracking and, therefore, the 
design focused on reducing this error source. A summary of the AGRT 
design is given in Table 4.3-1. Tables 4.3-2 and 4.3-3 give the make up 
of the mechanical movement sources.

A magnet pre-installation test is also required to verify that the mag­
netic strength is within a predetermined window. Tests indicated that 
approximately 30% of the distance uncertainty was due to variations in 
magnet strength and approximately 60% was due to reed switch to magnet 
movement. The magnet pre-installation test consists of placing a magnet 
in a test fixture and determining the closure distance. This distance 
is written on the magnet as an installation offset.
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MAGNET
ORIENTATION

LONGITUDINAL
BAR

LONGITUDINAL
BAR

TRANSVERSE
BAR

REED SWTICH
ASSEMBLY
ORIENTATION

LONGITUDINAL LONGITUDINAL TRANSVERSE

NOMINAL 
RIDE HEIGHT

2 .0" 2 .0" 2 .0"

TOTAL
LATERAL
OFF-TRACKING

+ 2.0" + 2.0" + 1.0"

TOTAL
ANGULAR
OFF-TRACKING

+ 170 + 17° + 10°

TOTAL
VERTICAL
VARIATION

+ 0.625 
- 1.0

+ 0.625 
- 1.0

+ 0.625 
- 1.0

VEHICLE
STATION
NUMBER

103.5 108.5 105.75

VEHICLE
LATERAL
LOCATION

13.5" RIGHT 8.0" LEFT CENTER LINE

TABLE 4.3-1

MAGNETIC SIGNALLING CONFIGURATION
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TABLE 4.3-2
ANGULAR OFF-TRACKING COMPONENTS

COMPONENT
PC/CAL 
SWITCH ... STOP

VEHICLE REED SWITCH ASSEMBLY INSTALLATION
oC\J + 1 + 20

VEHICLE REED SWITCH ASSEMBLY/MAGNET 
ANGULAR OFF-TRACKING + 10° + 3°

MAGNET INSTALLATION 1 + CO o + 3°

REED SWITCH INSTALLATION IN VEHICLE 
REED SWITCH ASSEMBLY + 2° + 2°

+ 17 DEGREES + 10 DEGREES

TABLE 4.3-3
VERTICAL VARIATION COMPONENTS

VEHICLE REED SWITCH ASSEMBLY + 0.25 
- 0.25

BAR MAGNET INSTALLATION - 0.0 
+ 0.125

TIRE WEAR + 0.0 
- 0.5

GUIDEWAY IRREGULARITIES '+ 0.125 
-  0.125

TIRE DEFLECTION AND BRAKING 
WEIGHT TRANSFER

+0.125 
- 0.125

+ 0.625
- 1 . 0  INCHES

57



The above configurations give + 3 .6  inches distance uncertainty for the 
longitudinal configuration and + 1.5 inches for the transversal configu­
ration.

4.3.1 Stop Initiate Magnets

When a vehicle detects a station stop magnet, it  begins a profiled stop 
to a station berth unless cancelled by a previously uplinked "No Stop" 
command. After a preprogrammed distance, the vehicle discards the "No 
Stop" command to allow for stopping at a succeeding berth. The stop 
magnet is located on the guideway centerline.

4.3.2 Switch Initiate Magents

The Switch Initiate Magnet initiates vehicle switching action i f  a 
"Switch Right" or "Switch Left" command was previously uplinked to the 
vehicle. The "Switch Initiate" magnets are longitudinally mounted
8.0 inches to the left of the guideway centerline.

4.3.3 Position Correction/Calibration Magnets

The PC/CAL magnets have three functions:

1) Initiate vehicle odometer calibration i f  requested by uplink
2) Provide a reference for position correction uplink window
3) Provide a reference for speed transitions

The PC/CAL magnet is located 13.5 inches to the right of the guideway 
centerline.

4.4 Master Clock

The Master Clock provides synchronizing clocks and microprocessor clocks 
to all GCU equipment.

The Master Clock provides the following outputs:
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1 . Data Clock
2 . Frame Clock 1
3, Frame Clock 2
4. 8 MHz CPU Clock
c .32;MHz Clock

The rising edges of Frame Clock 1 and Frame Clock 2 are synchronous. 
The duration of the positive Frame Pulse is 1600 us for Frame Clock 1 
and 800 us for Frame Clock 2. Each of the two Frame Clock signals are 
independently derived from a 32 MHz clock. The 8 MHz CPU Clock, is also 
derived from a 32 MHz Clock.

The Master Clock accepts an input from the (series connected) runout 
switches which cause removal of the data clock output i f  one of the 
(normally closed) run-out switches opens; activation of a run-out switch 
occurs upon vehicle steering failure.

The 32 MHz CPU Clock has a redundant backup source. The 8 MHz CPU Clock 
will not be interrupted for more than 500 ns unless the backup 32 MHz 
source has fa iled . Failure of either the primary or the backup 32 MHz 
source is visually indicated on the Master Clock card.

The Master Clock 8 MHz CPU Clock is returned from the SLC processors and 
used as a source for the Data and Frame Clocks.

A block diagram is shown in Figure 4.4-1.

4.5 Run-out Switches

The run-out switches are mounted on the guideway in the path of the 
steering axle guidewheel. They prevent vehicles, which have failed to 
properly switch, from proceeding into an unprotected section of guideway 
by causing a STP removal when actuated. The normally-closed switches 
open when actuated by a vehicle guidewheel and disable the Master Clock 
outputs.

The run-out switch to the Master Clock interface is shown in Figure 
4.5-1. One switch is shown but represents all of them in series..
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FIGURE 4 . 4 - 1 :  MASTER CLOCK BLOCK DIAGRAM



FIGURE 4 . 5 - 1 :  RUN-OUT SWITCH/MASTER CLOCK INTERFACE
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5 .0  SAFETY PHILOSOPHY

The primary purpose of the GCU is to provide an interface between the 
TCCS and VCCS.. The primary safety requirement is to generate a speed 
limit in a fa ilsafe manner and react to erroneous speed limit detection 
by removal of the STP signal. The GCU design meets the AGRT safety goal 
of no unsafe failures in a million years by the use of an exercised 
checked redundant configuration.

The Speed Limit Checker (SLC) and STP Control make up an exercised 
checked redundant configuration. A conventional checked redundant con­
figuration (Figure 5.0-1) consists of two processors whose outputs are 
voted to select the safest result and then compared in order to shut 
down operation i f  a disparity occurs. When the output is binary 
(safe/not safe), the combined result of the voting and disparity detec­
tion is simply safe-to-proceed (STP) or not safe-to-proceed. Figure
5;0-2 illustrates the configuration used by the wayside Collision 
Avoidance System (CAS), described in report number UMTA-WA-06-0011-84-2, 
Advanced Group Rapid Transit Odometer Data Downlink Collision Avoidance 
System Design Summary, and originally considered for the Speed Limit
Checker. One monitor directly removes STP (via the AND gate) i f  an
unsafe condition is detected. The other monitor serves as a reference 
for the disparity detector to remove STP i f  the output from the f ir s t  
monitor is erroneous. Disparity detector STP removal is latched because 
a disparity indicates that an equipment failure has occurred.

A checked redundant configuration has no advantage oyer an unchecked re­
dundant configuration unless failures in the monitors are visible to the 
disparity detector. This requires special consideration since the' 
normal output from both monitors is STP ON ( i . e . ,  it  is safe-to-pro-
ceed). Thus under normal operation the logic which removes the STP is 
not exercised unless special provision is made to exercise that logic. 
Such provision is essential since otherwise a . latent (undetected) 
failure could occur in one monitor without shutting down the system.
This defeats the disparity detector, allowing an unacceptably long time 
period for a failure to occur in the second monitor..
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The above considerations have led to development of extensive se lf exer­
cising provisions for the CAS and Speed Limit Checker. The se lf exer­
cising provisions are considered to be nearly as safety critica l as the 
primary logic since otherwise the failure opportunity window is too 
large (relative to the monitor mean time between unsafe failures 
(MBTUF)) to meet failsafe criter ia . The self exercising concept used on 
the wayside is to periodically input test data which causes removal of 
the STP signal. The STP removal occurs at a time when it  is expected by 
the vehicles, i . e . ,  during the 1.6 ms frame mark embedded in the STP 
every 40 ms.

Recognizing that the redundant monitor simply provides a reference to 
the disparity detector (against which the primary monitor is judged), 
and that in the case of the Speed Limit Checker the reference pattern is 
fixed unless an equipment failure occurs, the redundant monitor can be 
replaced by a fixed pattern reference - namely the frame mark (Figure 
5.0-3). This is feasible due to the following design considerations
which are unique to the Speed Limit Checker.

1. The Communication Processor generates a speed limit and the Speed 
Limit Checker verifies it .  Thus the Communication Processor and 
Speed Limit Checker are redundant with dissimilar software.

2. Latent failures do not apply to the Communication Processor speed 
limit generation since incorrect speed limits will be detected 
immediately by the speed limit checker.

3. the Speed Limit Checker is subjected to an exceptionally high level 
of self exercising -  capability to detect every possible speed limit 
error is verified every 600 ms; Also, the functional simplicity of 
the speed limit checker allows exceptionally detailed failure 
analysis. This provides a high level of confidence that all failure 
modes will produce a detectable disparity.

4. Use of a fixed reference pattern as the opposing input to the dis­
parity detector reduces the probability of simultaneous failure of
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the primary monitor and the reference. While the probability of 
simultaneous failure is small, the fixed reference does provide a 
slight improvement.

Use of a fixed standard (reference pattern)'instead of the output from a 
redundant monitor is feasible for the Speed Limit Checker because a 
speed limit error can only be caused by equipment failure; This 
approach is not applicable to the CAS because CAS STP removal will 
usually be initiated by a vehicle conflict  (minimum safe separation vio­
lation). The latched STP removal initiated by the disparity detector 
would be inappropriate for an ordinary conflict  since the STP must be 
restored as soon as the conflict  is resolved.

In summary, the functional requirements of the Speed Limit Checker are 
unique in several aspects which make a redundant checker unnecessary:

1. The redundancy between the Communication Processor and. the Speed 
Limit Checker.

2. The lack of latent speed limit failure modes in the communication 
monitor.

3. The high level of self exercising confidence possible in the Speed 
Limit Checker.

4. The applicability of a fixed standard.
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6 . 0 ANALYSES

Two types of analyses were performed on the GCU equipment: circuit
analyses and safety analyses.

6.1 Circuit Analyses

A preliminary thermal analysis was performed on each circu it card to 
verify operation in the Engineering Development System (EDS) environment 
of 40°F to 90°F. Other circu it card level analyses were performed 
depending on the circuit type, such as timing analyses for digital c ir ­
cuits. No problems were found.

6.2 Safety Analyses

Safety analyses were performed on the STP Control Card, Speed Limit 
Checker, the Modulator, and Loop Driver;

6.2.1 STP Control

A very thorough series of safety analyses was performed on the STP 
Control . The AGRT design is based on the MPM Disparity Checker. card 
with component value changes made for increased speed. The safety 
analyses showed a need for a second latch as is shown in the present 
design. The latch circuit used was a slightly modified version of the 
f ir s t  latch. This configuration is shown in Section 4.1.3.

6.2.2 Speed Limit Checker

In the AGRT checked redundant configuration (see Section 5.0) each 
monitor outputs a "safe" indication i f  the data monitored represents a 
safe situation. Otherwise, the indication changes to "not safe."

The disparity detector outputs "safe" as long as the two monitors have 
identical output. If the monitors ever disagree the "safe" indication 
is removed and will not be restored when the disparity ends. Thus any
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failure detected by test data will result in permanent removal of the 
"safe" indication.

The AND gate outputs "safe" i f  and only i f  monitor 1 and the disparity 
detector both indicate "safe," hence the output is "safe" only i f  both 
monitors indicate "safe" and have had no previous disparity.

Since the capability of each monitor to detect and react to an unsafe 
condition is not exercised under normal operating conditions, false data 
is periodically interjected to represent unsafe conditions, thence 
verifying the monitoring capability. Since various unsafe conditions 
must be detectable, the false data cycles through various cases at a rate 
which assures that all cases will be exercised within a short interval 
(less than a minute).

Thus each monitor has two functions:

1. A monitoring function to detect and react to potentially unsafe 
conditions.

2. An exercising function to interject false data representing each 
unique unsafe condition which must be detected.

Two resultant failure rates are of interest:

1. \ j  = rate for failures lasting until the end of the l i fe  cycle (T).
2 . XT  ̂= rate for failures lasting until the end of the exercise cycle (T i )

For a single channel:

X T * Pi X i  X T i  = X i

The dual channel rates are

XT « A ^ p f  T + Z r 1 ) \ T i * A* PXT

77



The speed limit checker is not checked redundant. However, the speed 
limit checker is redundant to the communication processor (speed limit 
generator). The modulator transmits messages (including speed limit) 
from the communication processor i f  the disparity detector allows a 
modulating signal ( "safe-to-proceed") to reach the modulator. Using the 
frame mark as a reference, the disparity detector requires the speed 
limit checker output to alternate between "safe" (38.4 ms) and "not safe" 
(1.6 ms). Otherwise the "safe-to-proceed" is removed and latched o f f .

There are only 16 possible speed limits, hence 15 erroneous speed limits 
are used by the exerciser function. Thus, response to every possible 
erroneous speed limit is exercised every 600 ms ( ? j ) .

The fault tree representing undetected transmission of a bad speed limit 
(Figure 6.0-1) is similar to that for a checked redundant monitor with 
the following differences:

1. There is only one monitor.

2. The second entry to the top AND gate is a bad speed limit from the 
communication processor. The AND gate is sequential, i . e . ,  the 
checker must fa il before the communication processor can fa il 
undetected.

3. An Undetected checker failure can occur i f  the frame mark and speed 
limit checker fa il in the same 40 ms interval (Tg.).

The failure rates for the speed limit error are:

+ 2 X 2 r 2 ) * A^

The rates for undetected speed limit error are:

Aj “ A q X^(P j T/2 + A^ tt ^ 0 ̂  1 ̂ "l
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FIGURE 6.0-1: FAULT TREE FOR SPEED LIMIT CONFIGURATION
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This provides adequate protection i f

x0 » io‘6, k l - 1 0 ' 5, k2 = 1 0 ' 4
= 10"'1 , T = 104 hours (annual v e r if ic a t io n  of

monitoring function)

. 4
given that r .  = 6 0 0 m s * '2 x 10 hours ( in v a lid  data cycle tim e)

1 -  5 ••rg  = 40 ms* 10" hours (frame time)

Then X T « 1 0 ' U ( 1 0 ' 3 x i o l  +  1 0 " 4 x 1 0 " 5 x  1 0 4 }  X T l “  1 0 ' 11  x 2 x 1 0 " 4 

« . 5  x 1 0 " 1 0  »  2 x . 1 0 " 1 5

Where:
Pi = p ro b a b ility  o f exerciser fa i lu re

^ 1  = speed l im it  monitor fa i lu re  ra te
X2  = frame mark generation fa i lu r e  ra te
A0 = common processor speed omit generation fa i lu re  ra te

This is equivalent to a mean time between unsafe fa i lu re  (MT8UF) of
2X106 years.

The above performance requirements are reasonable since

1. The p ro b a b ility  that a random speed l im it  and VRC are v a lid  and
incorrect vs 16/128 = .125, i . e . ,  an order of magnitude less
probable than the p ro b a b ility  of an in v a lid  combination.

2. The planned exercising algorithm can be implemented so th a t any 
undetectable fa i lu re  combinations are extremely improbable.

3. Annual v e r if ic a tio n  of the monitoring function can be achieved by
external application  of erroneous speed lim its  while the system is  
not operating.
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The Speed Lim it Checker software was modified between the Prelim inary  
Design Review (PDR) and C r it ic a l Design Review (CDR) as a re s u lt of 
safe ty  analyses. The present hardware/software configuration is shown 
in Section 4 .1 .2 .

6 .2 .3  Loop D river and Modulator

The Loop D river was modified between PDR and CDR due to a concern in the 
reaction of the over-temperature c irc u it .  The over-tem perature c irc u it  
now removes the output stage power to e lim inate  the p o s s ib ility  of 
o s c illa tio n  a fte r  an over-temperature condition . Previously, input 
drive was removed.

No sa fe ty  re la ted  problems have been found in the Modulator.

81



7.0 DEVELOPMENT TESTS AND GCU STATUS

Developmental tes tin g  p rim a rily  included inductive lin k  b it  error ra te  
te s ts , presence detector tests  and card/rack in te g ra tio n .

B it error ra te  tes tin g  was performed to v e r ify  operation of the D ig ita l 
FSK Receiver in a severe impulse noise environment and /is  described in  
the Inductive Communication Link in trodu ctio n , Section 4 .1 .

Vehicle reed switch assemblies and magnets were tested in order to  gain 
confidence in meeting the s ta tio n  stop + 2 .0  inch distance uncerta inty  
requirement. A ctu a lly , presence detectors were substituted fo r  vehicle  
reed switch assemblies since the designs are s im ila r and fa b ric a tio n  of 
the vehicle un it would have been co stly . More inform ation on the tests  
and the resu lts can be found in Section 4 .3 .

A c t iv ity  on the AGRT Guideway Communication Unit has been ha lted . The 
contract e f fo r t  included design, development, and prelim inary te s tin g . 
Follow-on evaluation was not authorized.
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CONCLUSIONS

Several useful concepts were developed-during the design of the GCU and 
are lis te d  below:

8 . 0

1) D ig ita l FSK Receiver capable of operating in severe impulse
noise environment. (See Sections 4.1 and 4 .1 .4 . )

2) Exercised Speed Lim it Checker with no known unsafe fa i lu re
modes. <

Safety analyses ind icate  that checked redundancy with embedded exer-
cising is necessary and s u ffic ie n t to achieve the high level of safe ty  
required fo r  a sa fe ty  system. The need fo r  frequent exercising of 
safety c r i t ic a l  functions is often overlooked. ( In  some applications  
normal operation exercises safety  c r i t ic a l  functions s u ff ic ie n t ly  to 
assure detection of la te n t fa ilu re s  in one channel before corresponding 
fa ilu re s  have time to occur in the opposite channel; th is  is  true of the 
C o llis io n  Avoidance System implemented in the Morgantown People Mover, 
and is also tru e  of any other checked redundant in te rlo ck in g  lo g ic  which 
re lie s  upon external f a i l - s a fe  d is p a rity  d e te c tio n .) Frequent exer­
cis ing is required fo r implementations in which normal operation does 
not exercise sa fe ty  functions required to detect unsafe conditions.

A review of papers presented at a recent transportation  conference 
(TRANSPAC '84) indicates that the above conclusions are not u n iv ersa lly  
accepted. Of f iv e  microprocessor based systems, only one is extensively  
exercised -  and th a t one is not checked redundant. A second system also 
used sing le s trin g  microprocessors, re ly ing  upon embedded s e lf  checks to  
detect fa i lu re s . Of the three redundant configurations, two perform 
safe ty  c r i t ic a l  functions which are not exercised by normal operation, 
yet no provision fo r  exercising these functions is  mentioned.

Conclusive judgement of the safety of various microprocessor based 
systems cannot be made without determining the p la u s ib il ity  of various 
fa i lu re  modes. In terms of^the safety c r i te r ia  which were applied to
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the GCU speed lim it  checker (apd at least one of the systems reviewed), 
the GCU and any of the systems reviewed can be judged e ith e r  safe or not 
safe, depending upon which fa i lu re  modes are considered p lau s ib le , and 
which are not.

The GCU design philosophy is Reasonably" . conservative. I t  is  con­
sidered p lausib le th a t a s ing le  physical fa i lu r e  of a microprocessor can 
a ffe c t m u ltip le  software functions . At a minimum, functions containing  
iden tica l or s im ila r instructions can f a i l  due to a sing le physical 
fa i lu re .  The GCU speed l im it  checker design allows fo r  a lim ited  number 
of simultaneous d is s im ila r in s tru c tio n  fa i lu re s . This seems p lausib le  
because d iss im ila r instru ctio ns may share a s ing le  lin k  in the micro­
processor lo g ic . However, the number of simultaneous d iss im ila r in ­
struction fa ilu re s  which must be considered is believed to be lim ited  
since fa i lu re  of a w idely used resource would cause complete fa i lu r e ,  
i . e . ,  the processor would no longer function well enough to  produce the 
dynamic output required to  m aintain the safe-to-proceed s ig n a l.

While the above " p la u s ib il ity "  c r i te r ia  help judge the re la t iv e  merits 
of various design a lte rn a tiv e s , they are no su b stitu te  fo r  good quanti­
ta tiv e  data. Some measure of the conditional p ro b a b ilit ie s  associated 
with various microprocessor fa i lu re  modes (in  terms of combinations of 
instructions affected ) is  needed. Without such inform ation a less con­
servative approach than th a t used fo r  the GCU would not be e a s ily  ju s t i ­
f ie d , nor would a more conservative approach.
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9 . 0 RECOMMENDATIONS

9.1 , Future Improvements

The GCU was designed with the best current design p rac tices . In re tro ­
spect, however, some improvements could be made.

The experience of the Morgantown system with Presence Detectors ( PDs) 
has indicated th a t fu tu re  designers should consider a new PD design 

, which reduces downtime. In s u ffic ie n t data ex ists  at th is  time fo r  
design suggestions, however, fu tu re  designers should consider what 
e ffe c t tolerances w il l  have on distance uncerta in ty  fo r  any design 
choice.

In teg ratio n  of the GCU inductive lin k  with the C o llis io n  Avoidance 
System inductive lin k  is recommended; th is  m odification appears to be 
tech n ica lly  fe a s ib le  and would re s u lt in a s ig n if ic a n t savings in the 
number of guideway loops and associated equipment.

The AGRT C o llis io n  Avoidance System is called  the Odometer Data Downlink, 
C ollis io n  Avoidance System (ODDCAS) and is described in report number 
UMTA-WA-06-0011-84-2, t i t le d  Advanced Group Rapid T rans it Odometer Data 
Downlink C o llis io n  Avoidance System Design Summary, October 1984. The
3-w ire loops and two co il antennas described in that report are the 
suggested loop/antenna design.

The GCU and ODDCAS data could.be time m ultiplexed as shown in Figure
9 .1 -1 . A candidate block diagram is shown in Figure 9 .1 -2 . This 
scheme assumes headway can be increased to approximately 5 seconds. An 
understanding of the above mentioned ODDCAS report is; needed to discern 
an integrated ODDCAS/GCU system.
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9.2 Poten tia l Applications

The GCU is b a s ica lly  an in te rfac e  un it and may be useful in fu tu re  AGRT 
designs; the components developed fo r  the GCU could be applied in a wide 
range of systems.

The D ig ita l FSK Receiver concepts can be applied to  any FSK communica­
tio n  system where impulse noise is  the dominant problem. I t  has been 
applied in the AGRT C o llis io n  Avoidance System inductive l in k .
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FIG U R E 9 . 1 - 1 :  PROPOSED IN D U C T IV E  L IN K  T IM IN G  DIAGRAM FOR IN TE G R A TE D  COMMAND/CONTROL AND C O L L IS IO N  AVO IDANCE SYSTEM
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FIGURE 9 .1 -2 : PROPOSED BLOCK DIAGRAM FOR INTEGRATED COMMAND/CONTROL AND COLLISION AVOIDANCE SYSTEM
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