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This paper deals with the problem of maintaining the most complex
portion of an experimental electronic telephone switching system, the cen-
tral control. New and more effective automatic trouble detection and diag-
nostic techniques were used. In order to utilize these techniques effectively,
a maintenance dictionary, i.e., a lable relating trouble indications with
corresponding faulty plug-in package, had to be produced. The system
itself was utilized to create this dictionary. Over 50,000 known faults were
purposely introduced into the cenlral control to be diagnosed by its diag-
nostic program. The corresponding test results were then recorded via a
high speed output. Finally, these test data were sorted and printed in dic-
tionary form by a computer.

I. INTRODUCTION

In November, 1960 Bell Laboratories started its field trial of an
experimental electronic telephone switching system in the town of
Morris, Illinois. This system (extensively described elsewhere)! was
one of the first attempts to introduce electronics on a large scale into
telephone switching and as such, brought us face-to-face with a new
class of problems, especially in the field of maintenance of centralized
telephone equipment.

The problems of maintaining an electronic telephone switching sys-
tem are formidable, but as will be seen presently, the tools naturally
available for this maintenance are powerful. This paper will deal with
the problem of maintaining the most eomplex portion of the experi-
mental electronic telephone switching system, the central control.

1177
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II. RELIABILITY AND MAINTENANCE OBJECTIVES

The character of a commercial telephone system as a whole imposes
unusual maintenance objectives for its component parts. The vital role
of a central office demands that it have an extremely low downtime.
At the same time, since the telephone system is so widespread and
cannot be concentrated in a few key locations, another objective is that
it be maintainable by telephone system craftsmen.

These are extremely difficult requirements. In order to maintain
a sufficiently low downtime with devices currently available, it is neces-
sary to provide some redundaney in the equipment so that single trou-
bles do not cause the entire system to fail. The simplest form of re-
dundancy, and in the present state of the technology probably the least
expensive, is the simple duplication of all common equipment in the
system. Thus, where only one memory store is required for running the
system, two are provided; where only one control unit is required for
running the system, two are provided, ete.

III. DESCRIPTION OF THE MORRIS ELECTRONIC SWITCHING SYSTEM

Tig. 1 is a block diagram of the system. The customer’s line comes
into the office and has an appearance on the network and on the scan-
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F1a. 1—General system block diagram.
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ner. The appearance on the network permits him to be connected to
another customer, to dial tone, or to a ringing signal. The appearance
on the scanner permits the system to detect the status of his line.
When a customer lifts his telephone handset off the cradle, a loop is
closed to the central office, changing the voltage at a point that is de-
tectable by the line scanner. Similarly, when dialing, this loop is opened
for brief intervals; for example, if a 9 is dialed the circuit is opened nine
times.

The flying spot store is used to store the program of the system and
the individual translation information associated with each customer.
The barrier grid store is used to store information as to the status of
the lines in the office (busy, idle, or dialing) and to assemble dialing
information during the time that a customer is actually dialing. The
signal distributor is used to operate the test relays in the office and to
signal to distant offices. It is also used to switch between working and
standby units. The central control must coordinate the actions of all
these units, i.e., take the output of the line scanner and the barrier
erid store, act upon these outputs according to the instruction given by
the flying spot store, and use these results either to set up a connection
in the network or write further data in the barrier grid store; it must
also request the next instruction from the flying spot store.

These facilities can be used for testing the system in a relatively
sophisticated manner. Available for the purposes of setting up a call is
a rather complex system for processing data. Testing is also actually
a data-processing action. Thus, when a faulty unit is being tested, we
get the instructions for testing from the flying spot store and we get
the test results either from match circuits between units performing
supposedly identical functions or from the line scanner which has test
probes into various circuits. Test results are then assembled in the
barrier grid store and are eventually typed out using the teletypewriter
(which is also under the control of the signal distributor).

As mentioned earlier, all important and common equipment is dupli-
cated. This leads to a two-fold advantage for testing. First, a rather
sophisticated data-processing machine is always available which can
automatically apply tests, and interpret and report test results. Second,
an identical unit, presumably in good working order, is always availa-
ble; the output of this unit may be compared with that of the circuit
being tested. A match of outputs indicates a successful performance of
a test, while a mismatch indicates a test failure.

The program for controlling tests is stored in the flying spot store.
Storage space in this store is both expensive and limited. Therefore, it
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is not possible to store a program sufficiently flexible so that it can
print out the identity of a defective package. Instead, the program
prints out test results and these test results are then compared with
test results that are anticipated by the designer and are placed in a form
referred to as the “maintenance dictionary.”

IV. CENTRAL CONTROL MAINTENANCE

The central control is the basic control unit of a real-time, special-
purpose, program-controlled data-processing machine. It controls the
flow of information to the stores, markers, scanner and signal distribu-
tor. It is duplicated. There are over 8000 circuit packages (6500 tran:
sistors, 45,500 diodes) in both central controls. The two central controls
normally operate in parallel, executing the same instruction and per-
forming the same operations, even though only one of the controls,
the “active” central control, is used to control such system output cir-
cuits as the markers and signal distributor. Certain key outputs of the
two central controls are matched; trouble in either central control leads
to a mismatch. Any mismatch initiates a special fault-check program,
which is used to decide which, if any, of the central controls has the
trouble. The program causes central control to make a number of de-
cisions; if the active central control makes any incorrect decisions, it
switches itself out of service. If a decision made by the active central
control is correct but a mismatch oceurs, it indicates a trouble in the
standby central control. In case the active central control is defective
“to such a degree that it cannot execute the fault-check program, a time-
out circuit will automatically switch this control out of service.

After the fault-checking program has been completed, a diagnostic
program is started. Whenever the system finds a spare time period of
one millisecond when no telephone operations are required, tests are
performed on the suspected central control. The results of these tests
are then typed out using the system teletypewriter. These results must
then be interpreted with the aid of a maintenance dictionary.

V. THE CENTRAL CONTROL MAINTENANCE DICTIONARY PROBLEM

For most of the units of the system, a maintenance dictionary can be
specified with a reasonable amount of effort by the designer of the test
programs because the units are functionally comparatively simple. For
example, the characteristics of different types of faults which may occur
in the scanner lead to a relatively small number of simple types of pat-
terns which can be readily examined. However, central control is much
more complex both in its functions and in its circuitry. The type of
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symmetry which is characteristic of scanner, signal distributor, network,
and even the stores is totally absent in the case of central control. Even
the number of the tests which has been selected (about 900) attests to
this difference of complexity. The work of preparing a dictionary by
hand would have been formidable and the resulting dictionary would
have been very incomplete. As a result, the automatic means described
in this paper were used to produce a dictionary that was both as com-
plete as the diagnostic tests would permit and which required only a
reasonable amount of development effort.

The scheme was to introduce about 50,000 faults into central control
and get the test results associated with each fault. These test results
could then be sorted and finally printed as the desired dictionary.

This scheme had a number of advantages over other techniques.
First of all, while considerable effort would be required to design the
basic mechanism and circuits for carrying out this scheme, once this
effort had been expended, the number of troubles which could be ana-
lyzed could be made very large without enormous additional expendi-
ture of effort. Secondly, no errors of analysis could creep into the sys-
tem. Thirdly, because computer analysis would be required for the final
production of the dictionary anyway, it would be possible with little
additional effort to create a dictionary printout format that would
closely resemble the format of the test results which are normally ob-
tained by the system. Finally, the actual process of creating the dic-
tionary could be deferred to a relatively late date so that the dictionary
would be based on the most up-to-date version of central control and
the most up-to-date version of the diagnostic program.

The basic scheme for deriving the dictionary data is discussed below.
First, the system must be switched to a special dictionary mode of opera-
tion, dropping all telephone work. (Since this is done in the laboratory,
not in a working office, this is not at all serious.) Then, information is
fed to the system concerning the identity of the package whose possible
faults are to be simulated. Next, the faults are simulated. After each
fault, the system diagnostie program is started; a punched paper tape
output is used to record the identity of the package, the number of the
fault, and a complete report of the tests that failed when that fault was
simulated. Such an output record is generated for each fault that is
simulated. These records are then sorted and printed in suitable form
by a computer.

VI. GENERAL DESCRIPTION OF DICTIONARY PREPARATION

A number of special pieces of equipment were designed for the prepa-
ration of the dictionary. Two fault-simulation units were used to simu-
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late essentially all the packages and their faults. A test control unit
was used to sequence the faults automatically in a given package and
coordinate all special recording equipment with the system.

Information identifying the package whose faults were to be simu-
lated was stored on a regular 5-channel teletype tape and was automati-
cally fed into the system at the proper time by a conventional 100
words per minute reader when the corresponding circuit card was to be
tested.

A high-speed 1000 words per minute (100 characters per second)
TELETYPE tape punch was used to record the test results. The output
data for each fault consists of the package identity and its location, the
fault number, and the test results.

Fig. 2 shows the functional block diagram and peripheral equipment
involved in collecting the test data.

The test control unit controls the over-all operation of the fault
simulation and data gathering. The ‘“‘normal-test”” switch on the test
control unit is first operated to the test position. This requests the sys-
tem to go into the dictionary mode. When the system has reached a
convenient point in its program, it stops the central control clock and
turns over the control to the test control unit. The system cannot start
again until a signal is received from the test control unit.

When the “system-off”’ lamp on the test control panel is turned on,
the package on which faults are to be simulated can be pulled out and
replaced by the fault-simulation unit. Then the “automatic test’” push-
button on the test control unit is operated. This tells the system to
start an automatic test.

As soon as the automatic test signal is received, the system requests
the package information tape reader to read in one package identity.
Since the sequence of packages to be tested is the same as that listed on
the package information tape, the identity will be the package currently
under test. This information is stored by the system and later affixed to
the corresponding diagnostic test results.

When the package identity has been stored, the system commands
the test control unit to switch in the first fault and immediately initiates
a complete diagnosis. Upon completion of the diagnostic tests, the sys-
tem delivers the final test results to the high-speed tape punch. The
system then requests the next fault to be switched in and another round
of diagnostic tests and data punching begins.

The same cycle of operation is repeated until the fault-simulation
unit informs the test control unit that the last fault on this package has
been tested, in which case the test control unit puts the fault-simulation
unit in a no-fault condition and asks the system to carry out the same
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Fia. 2—Dictionary data acquisition: functional block diagram.

diagnostic routine. The test result output channel is now switched from
the high-speed tape punch to the existing system teletypewriter, so
that the test results will be easily readable. Normally, it is expected
that there will be no test failures at the no-fault condition. Therefore,
the teletypewriter will print out only the ALL TESTS PASSED message.
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The main reason for making such a test is to check the correct func-
tioning of the fault-simulation unit, i.e., that the substitution of the
fault-simulation unit does not itself introduce a fault. The test also
provides an auxiliary means to monitor the proper operation of the
system.

When diagnosis for the no-fault condition is completed, the system
performs the routine tests on all major system units; this enables the
system to detect any trouble. After the system has succeeded in going
through all the routine tests, it again turns itself off and lights the “end
of automatic test” lamp on the test control unit panel. This completes
the fault simulation for one package. The entire operation from the
first fault to the last fault, then to the no-fault state, is done automati-
cally following a single operation of the “automatic test’”’ pushbutton.

During the time that the dictionary data was being gathered, a modi-
fied system program was used. The system did not spend a large amount
of time performing unnecessary telephone work while it was actually
creating the central control dictionary.

A high-speed 1000 words per minute TELETYPE reader was em-
ployed to read the tape as soon as it was punched. On the paper tape
seven channels were used, six for the test data and one for the lateral
parity bit generated by the system. The output of the reader was fed
to a tape error detection unit which checks the parity of each charac-
ter and the block length of the test records. The number of characters
in the test record for each fault should be the same.

Before the data could be sorted, they were first converted from the
punched paper tape to magnetic tape. A computer was then used to
sort the test data. The actual dictionary was printed directly by a tape
controlled printer.

In the dictionary project, work was divided into several major parts.
A brief description of each part is given in the following sections.

VII. FAULT SIMULATION

The two central controls in the system are identical. Normally, one
serves as the active unit and the other one as the standby or vice versa.
The active unit always diagnoses the one in trouble. Therefore it is
necessary to insert faults in only one of the central controls. The total
number of circuit packages in which faults have to be simulated is about
4000.

About 49 different types of packages are used in central control.

All the faults simulated are of the catastrophic type. Faulty diodes
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are simulated as being either shorted or open, resistors as open and
transistors are simulated as either permanently on or off.

Only single troubles are simulated. It would be totally impractical to
simulate multiple faults. Furthermore, routine tests (at 100 millisecond
and 1 second intervals) and matching between two central controls are
performed often enough so that it is reasonable to assume that a single
trouble will be detected and diagnosed before another fault develops.

Obviously it would be equally impractical to simulate all marginal
conditions. It is hoped that a majority of the marginal conditions, if
they result in trouble at all, will give the same characteristic result as a
corresponding catastrophic fault. For example, if the reverse imped-
ance of a diode is too low, a gate may behave in the same manner as if
the diode were shorted.

The number of faults per package varies from 2 to 30. Over 50,000
faults were simulated in order to create the dictionary.

In the packages containing only diodes, troubles are simulated for
each gate; in the other type of packages, mainly those containing tran-
sistors, only faulty output conditions are simulated. The results of the
diagnostic tests are based on the output of a package rather than the
individual component contained therein.

An example of fault simulation for a 2-input OR gate is given in Fig.
3. Each diode is shorted and opened by the operation of a different
relay. Only an open resistor is simulated. If a shorted resistor were
simulated it might cause damage to other components in the system.
Furthermore, shorted resistors are relatively rare trouble conditions.
The fault-simulation unit for the AND gate is similar, except that no
resistor is involved.

The transistor packages are simulated differently. For example, four
possible faulty output conditions are simulated in a transistor flip-flop
circuit.

1. Set permanently high, reset permanently low,

2. Reset permanently high, set permanently low.

3. Both high.

4. Both low.

All faults are controlled by the operation of different relays. Iig. 4
shows how this is done. The same simulation technique is used for all
other types of transistor and miscellaneous circuit packages.

VIII. MODE OF OPERATION

When test data was being collected in the preparation of the diction-
ary, the system operated in two basic modes: normal and testing.
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the normal mode the dictionary test equipment is effectively dis-

connected from the system and the system is allowed to operate in its
normal condition. If a trouble other than the one intentionally intro-
duced is detected in the system during the course of a test, the system
is placed in its normal mode so that any faults may be diagnosed and
corrected.

In

the test mode, the following different tests can be initiated by

operation of appropriate push buttons:

1.

2,

Automatic test. This has already been deseribed under the general
deseription.

Manual test. The system can be asked to conduct diagnosis on any
desired fault including the no-fault case. The results of a manual
test are recorded on the system teletypewriter. Fault simulation
is accomplished by means of the “fault advance” pushbutton on
the test control unit. The manual test, made from time to time,
is used to check the special dictionary programs and equipment.
The manual test data are also used to spot-check the output data
on the paper tape.
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Fig. 4—Fault simulation on transistor Hip-flop.

3. Skip package identity. This is a special feature provided so that
a package identification block stored on the package information
tape can be bypassed. When the “skip-package” button is operated,
the system controls the tape reader and advances the package
tape to the next block. This provision is made so that errors made
during the preparation of the information tape can be corrected.

I1X. SYSTEM CIRCUIT REQUIREMENTS

All communications between external equipment and the system are
accomplished using the scanner and signal distributor. The scanner
provides central control with an information access to lines, trunks,
and test points. Signal-distributor outputs provide access from the
central control to one of a large number of outputs. Very minor modifi-
cations in the system were needed to prepare the system to create the
dictionary; the modifications consisted of adding a few temporary cables
and connectors. The only wiring required was the jumper wiring from
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the external equipment to those scanner and signal-distributor points
used for the dictionary project. Altogether, 12 scanner points and 23
signal distributor points were used.

X. PACKAGE INFORMATION TAPE

The package information tape records the type and location of each
package to be tested. This information is read into the system via a
conventional 100-speed (10 characters per second) tape reader; the iden-
tity is read once for each package to be tested. The system controls the
tape reader under the command of the test control unit.

Only the pertinent codes associated with the package identity are
stored. The system rejects all functional codes such as space, carriage
return, ete. This package information is later attached with its associ-
ated diagnostic test results in the final output for each fault.

Eleven characters are assigned for the identification of each package.
The first five specify the location, the next six indicate the type of pack-
age.

The package information was first tabulated at random manually
from an apparatus designation chart. IBM cards, one for each package,
were prepared from the tabulated list, and were manually checked.
After the cards were sorted according to the predetermined order in
which the packages were to be tested, a printed list was prepared. This
list was used as the master package test schedule during data gathering.
The punched cards were then converted into a fully perforated, 5-chan-
nel paper tape in TELETYPE code. I'rom this tape, a final printed,
chadless tape was prepared. A printed tape was used so that the opera-
tor would be able to read it. Thus, a check could be made before a
package identity was read into the system. A printed tape so obtained
would go through a final check.

XI. SYSTEM PROGRAM MODIFICATIONS

Modification of existing programs, mainly the central control diag-
nostic programs, and the flow charting and coding of a number of new
program segments were required. About 1000 new program words were
added as a result of the changes and additions made. Modifications
were necessary in order to have the system operate in different modes
and perform different tasks.

During the period of dictionary preparation, the system had two
additional teletypewriter communication channels: one input channel
from the conventional 100-speed tape reader, for reading the package
information into the system, and one output channel to the high-speed
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tape punch for test data recording. In addition, the existing teletype-
writer output was retained for conveying auxiliary information to the
test team.

Most of the new program segments were for data handling, coordina-
tion of different test modes, control and reading of the package in-
formation tape, recording of test data on the high-speed punch, ete.

XII. PUNCHED PAPER TAPE TO MAGNETIC TAPE CONVERSION

The sorting of the test data was done on an IBM-704 computer. The
test data recorded on paper tape in binary code had to be converted
into magnetic tape, compatible with the 704. Conversion was made on
an IBM-9200 machine. Information was processed at the rate of 500
characters per second.

The magnetic tape recording was an identical image of the paper
tape. The code conversion was somewhat different from conventional
conversions. In the 7-channel paper tape, the test data utilizes all 64
combinations of the first 6 channels, and the 7th channel is used for an
odd parity bit for each character.

XIII, DATA RECORDING AND PROCESSING

13.1 Data Recording

Over 900 central control diagnostic tests are grouped into eight
phases. Each phase diagnoses faults of certain parts of the central con-
trol.

During the normal diagnostic operations, the test results are recorded
at the end of each phase. The printout consists of two parts. The first
part is the system component identification, i.e., whether it is central
control 0 or central control 1, together with the phase number (A, B,

. or H). The second part is the test results. Only the numbers of
those tests that fail are printed out. Each has a 3-digit octal number.
The test results, therefore, are variable in length, depending on how
many tests have failed.

Tor dictionary preparation, a binary coding system was adopted for
recording test data. ISvery test in the diagnostic program was repre-
sented by one bit on the paper tape. This was also true for the magnetic
tape, whose recording was identical to the paper tape except with
higher longitudinal density: 200 versus 10 characters per inch. A “1”
or “hole” means that the corresponding diagnostic test has failed and a
“0” or “no hole” indicates that the test passed. ach character consists
of 7 bits, 6 for registering six different test results, and 1 for parity. The
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basic advantage of using this binary coding system is that it makes
the sorting process easier. The number of characters in the test record
for each fault is the same regardless of the number of test failures.

13.2 Data Processing

The data processing for the dictionary was done by an IBM-704
computer and the actual printing of the dictionary by a high-speed
tape-controlled printer.

The 704 program is quite complex and involved. It can be divided
into three major parts: phase sorting, test sorting, and data printing.
The entire program is about 2500 words.

In the central control dictionary, all diagnostic test results were ar-
ranged in an orderly manner so that, given a certain sequence of test
failures, the maintenance man could easily look for the same sequence
in the dictionary. Associated with each sequence, one or several package
identities and locations are listed. When several appear, failure of any
one of them could result in such a test failure sequence.

13.2.1 Phase Sorting

All test records were sorted first according to their phase information.
The test record for each fault contains three parts:

1. The package identification and fault number.

2. The individual test results.

3. Phase information, which is represented by 8 bits, one for each

phase. If all tests have passed in a phase, the corresponding bit
will be 0; if one or more tests have failed, the bit will be 1.

The purpose of this phase sorting is to arrange all records according
to the alphabetical order given by the phase information. For example,
consider a record « with phase information 00101100 and a record B
11000100. The 8 bits represent phases A, B, C, D, E, F, G, H. Omitting
all zeros (that is, those phases which do not have any test failures),
phase information for record a becomes CIXF" and record g8 ABF. After
the phase sorting, record 8 will be placed in front of record «, that is,
ABF in front of CEI", as are the words in a regular dictionary. Sorting
by phase involves only part 3 of the test record.

13.2.2 Test Sorting

After the test records were sorted by phase information, they were
subsorted in accordance with test failures. This was necessary because,
with 255 possible phase combinations and over 50,000 different records,
many records have the same phase combinations. The test sort takes
all the records with identical phase information and further arranges
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them in a numerical order according to the binary test results which
are given in part 2 of each test record. The actual test results consist
of 916 bits without counting the added dummy bits. Dummy bits were
added to make up a complete 704 machine word (36 bits) required by
the computer. Each bit corresponds to a particular test. A “1"" or “hole”
means that the test which the bit represents has failed.

As an example, assume three records, @, 8, and v, having identical
phase information and, for simplicity, only 6 diagnostic tests. The test
failure information on these records is the following:a =00 1 0 1 1,
B=110010andy =01000 0. The leftmost bit corresponds
to test No. 1. Therefore, tests No. 3, 5, and 6 have failed in record
a; 1,2, and 5 in 8; and 2 in y. After test sorting, the three records will
be arranged in this order:

Record Binary Test Data Translated Test Analogous Alpha-

Result betic Sequence
B 110010 1,2, 5 ABE
¥ 010000 2 B
o 001011 3, 5,6 CEF

It can be seen that the binary test data is so arranged that the analo-
gous alphabetic sequence is in true alphabetic order.

13.2.3 Dictionary Printing

The printing of the actual dictionary was done by an IBM high-speed
tape-controlled printer. When all the records were properly sorted by
phase and test information, they were converted and printed in a die-
tionary form.

The test data collected for the dictionary was in binary form. This
was converted to the form used by the system in typing out test results.
Whenever a bit is “1”, the location of that bit in the test recording indi-
cates the phase and test number of this test failure. This is converted
into a 3-digit oetal number. The test data format in a dictionary, there-
fore, looks exactly like the system teletypewriter printout in a normal
diagnosis. Identical test data produced by different faults is entered
only once in the dictionary, but all the faults are listed. Fig. 5 shows a
sample sheet of the dictionary.

XTV. EQUIPMENT EMPLOYED
14.1 TELETY PE Equipment

14.1.1 Highspeed Tape Punch and Recetving Signal Converter

A 1000 words per minute (100 characters per second), tape punch
was used to record test data from the system. It was equipped for punch-
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ing eight channels, although only seven channels were used. The high-
speed tape punch is a rotating device which can be operated only at a
particular point in the eycle. The receiver signal converter acts as a
buffer between the system and the punch. This equipment has coded
input circuits, consisting of two wires each, so arranged that informa-
tion appearing on these leads will be punched on the tape at the proper
point in the punch operating cycle. Since the punch can accept informa-
tion only at a certain point in a cyele, a buffer store is included in the
receiving signal converter, where the coded signal is stored until the
punch is ready to accept it.

14.1.2 High-Speed Tape Reader

The reader operates at a speed of 1071.4 words per minute (107.14
characters per second). It is a parallel output device, equipped for eight-
channel operation. The reader was used in conjunction with the tape
error-detection unit to check the output paper tape.

14.1.3 Transmaitter Distributor

A transmitter distributor was used to read the package information
tape. This unit operates at 100 words per minute (10 characters per
second) and is equipped with a set of five parallel code-reading contacts.
These contacts were used to feed the code signals to the system.

14.2 Kquipment Built

14.2.1 Test Control Unit (Fig. 6)

The test control unit was the master control for the dictionary tests.
This unit coordinated the operation of the system and all peripheral
dictionary equipment. Since the operating time of any type of logic
employed in this unit was insignificant compared to the total time con-
sumed in changing the packages, recording the test data, loading, and
unloading paper tapes for the punch, ete., relay logic was used. The
circuits were so designed that any improper operation of pushbuttons
and control levers did not cause erroneous data to be recorded.

The test control unit performs the following major functions:

1. Controls the system clock: when the system clock stops, it will

not start again until a command is received from this unit.

2. Governs the reading of the package information tape.

3. Communicates with the system and provides instructions for per-
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Fia. 6—Left: fault-simulation unit for gate packages. Center: test control unit.
Right: fault-simulation unit for transistor packages, with flip-flop package
plugged in.

forming an automatic or manual test or a package identification
skipping operation.

4, Instruets the fault-simulation unit as to when a particular fault
by itself or as a part of a series of faults should be simulated. The
simulation and sequencing of faults during an automatic test are
accomplished automatically.

5. Allows manual insertion of any desired faults with the aid of the
fault reset button, fault advance button, and fault number indica-
tor.

6. Provides visual indications for the following: (a) mode of opera-
tion: (test or normal), (b) which fault is being tested, (¢) oceur-
rence of an unsimulated trouble in the system, (d) completion of
either an automatie or manual test or the skipping operation, (e)
the off state of the system.

14.2.2 Fault-Simulation Unit

A total of 49 different types of packages are employed in the central
control units. A study of the type and number of faults to be introduced
in all the circuit packages used revealed a logical division between gate
packages and other types of packages, such as flip-flops, amplifiers,
etc. Two fault-simulation units were designed which simulated essen-
tially all the eircuit cards in the central control.

The fault-simulation units were wired to create the required circuit
packages with the necessary fault-simulation features by means of a
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plugboard arrangement. The plugboard consisted of a 150-pin connec-
tor. The socket portion of this connector was wired to various compo-
nents provided in the fault-simulation unit. For each circuit package, a
separate plug was used which contained the necessary jumper wires to
simulate the corresponding package.

To minimize the stray capacitance, the fault-simulation units were
laid out to be as compact as possible. Each unit was about 7" x 7”7 x
4 as shown in Fig. 6. Microminiature relays were used inside the units
to switch the various faults. During testing, they were placed in close
proximity to the package socket. The AND and OR gate fault-simula-
tion unit consisted of 30 relays plus the components necessary to simu-
late any one of the 16 types of gate package.

The second fault-simulation unit was used for transistor and miscel-
laneous packages. Most of the faulty conditions for these packages were
simulated on the output terminals; therefore, only a few types of circuit
cards needed to be wired up from components provided in the unit
itself. In the majority of cases, a good package was plugged into a
socket supplied on the fault-simulation unit, and the conditions on the
output terminals were controlled by relays inside the unit. As in the
first unit, plughoard connectors were provided for each simulated type
of circuit packages.

The sequencing of faults was controlled by the test control unit. A
signal from the fault-simulation unit was sent to the test control unit
when all the faults were completed for a package.

14.2.3 Tape Error Detection Unit

The tape error detection unit was designed for checking the punched
paper tape. The code signals were fed into this unit in parallel by the
high-speed tape reader. Two types of tape errors were detected by this
unit: parity of each character, and predetermined block length of test
data. The output tape was checked as soon as it was punched.

XV. DETAILED PLANNING OF TEST PROCEDURES

In order to take up a minimum amount of system time to create the
dictionary, careful plans were made. The plans included the detailed
test procedures, manpower requirements, job descriptions for the
operators, and the equipment operation instructions involved in the
acquisition of test data. Suggested procedures were also given in case
of trouble during the dictionary test. All conceivable major and minor
troubles were analyzed. The effort spent in planning was worthwhile.
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EXPERIENCE WITH MORRIS CENTRAL CONTROL MAINTENANCE

The following points summarize our experiences:

1.

Certain troubles were not detected by the diagnostic program.
These can be attributed to one of the following:

(a) The particular component in which the trouble was simulated was

not actually used by the system.

(b) There was some redundancy in the circuits, creating the possi-

(e)

bility of troubles that could not be detected.

The diagnostic program was not exhaustive. Circuits in certain
areas have not been covered. Additional tests could have been
added to the present diagnosis, but it was felt that such an effort
was not justified for the Morris System.

(d) Due to the design of the Morris central control, there were limi-

2.

tations which made it impossible to detect certain troubles. For
example, a shorted clock diode on an AND gate usually resulted
in no test failures. The low impedance of the clock supply pre-
vented the clock pulse from being clamped. However, the margins
were decreased and occasionally a test failed when this type of
trouble was introduced. An open clock diode on an AND gate at
the input to a flip-flop which had no feedback around it usually
resulted also in no test failures. The flip-flop merely changed
state, without waiting for the clock pulse which normally initiated
the change. However, some flip-flops could be operated falsely
by the noise on the gate leads which could occur before the elock
pulse arrived.
Some troubles resulted in inconsistent test results. Most of these
were due to circuit design. For example, certain troubles intro-
duced caused complementary functions to be performed simul-
taneously, such as writing a “0” and a “1” in a memory spot.
These troubles produced race conditions in the central control
logic, resulting in inconsistent test results.

. Some troubles introduced in the standby central control affected

the operation of the active system. This indicated that better iso-
lation was required between the two central controls.

Many test results were extremely difficult to analyze. Since there
are some 900 tests made on each fault, even sketchy analysis is
time consuming. It is very difficult to explain why certain tests
fail with respect to trouble introduced and to prediet all the tests
that should fail. For these reasons, the dictionary is extremely use-
ful. Even now, if a set of test failure results is not found in the
dictionary, analysis presents grave problems.
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5. The fault-simulation units introduced sufficient capacitance in the
circuit to cause marginal operation in some of the circuits. By test-
ing most transistor packages in a fixed state (that is, a flip-flop
permanently set, ete.), and by reducing the value of diode gate
resistors, it was possible to obtain meaningful data on all but seven
packages in central control. These seven persisted, in spite of all
efforts, in failing tests when the simulated package was plugged
in and no actual faults introduced.

6. It appeared evident that a central control dictionary cannot be
written from an analysis of the circuit with respect to the diag-
nostic tests. The complexity of the central control made it difficult
to predict how the central control will perform with any given
fault.

7. Even if a dictionary were not produced, extensive trouble inser-

tion or trouble simulation was necessary to debug and measure

the effectiveness of the diagnostic program.

XVII. SOME INTERESTING STATISTICS

The central control maintenance program has about 7200 program
words, 6000 of which are for diagnosis. Over 50,000 faults were simu-
lated. About 250 hours of actual system machine time were used ex-
plicitly for data gathering. The total data (about 60 million bits) occu-
pied 93 reels of 1,000 foot, 7-channel paper tape. These in turn were
converted by an TBM-9200 machine into four reels of magnetic tape.
The conversion time was about 12 hours. Out of 51,671 records, about
35 were destroyed and 25 rendered doubtful because of machine errors.

The sorting program for the IBM-704 computer is about 2,500 words
long, and was written by one man in about eight months. The total
sorting time on the IBM-704 computer was 34 hours.

The time spent in designing the diagnostic program and producing
the dictionary was about 12 man-years, of which two man-years was
for designing the diagnostic program and two man-years was for de-
bugging and modifying it.

The dictionary consists of 1,200 pages (11”7 x 14”), bound into four
volumes.

XVIII, DICTIONARY RESULTS

There are 10,315 different test patterns, 73 per cent of which list only
one possible package failure, 13 per cent two possible package failures.
Therefore, for a large number of catastrophic troubles (86 per cent),
the dictionary will be able to pinpoint the fault to within two packages.
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Our experience indicates that a man with a few minutes of training
will be able to consult the dictionary and determine the faulty package,
usually within two to three minutes, sometimes as long as five to ten
minutes, and this appears adequate. Our preliminary evaluation of the
dictionary indicates that it will be able to locate about 75 per cent of
the troubles.

XIX. CONCLUSIONS

The feasibility of producing a central control dictionary by the system
itself has been proven, and a dictionary has been produced. Considera-
ble experience has been gained with the maintenance of a large elec-
tronic logice circuit. Asa result, a number of improvements can be made.
A great deal has also been learned regarding the limitations of diagno-
sis due to the central control circuit design. These limitations cause
inconsistent test results or no test failures. With the improvements
which can be made in the diagnosis and the circuit design, it appears
feasible to have a central control dictionary which will be able to locate
90 per cent or more of all the probable troubles.

Using the dictionary techniques, the average repair time may be
kept very low, and the maintenance was made much easier. Success in
this area of work has contributed greatly to meeting the initial main-
tenance and reliability objectives.?

Considering that this was an initial attempt to solve a very complex
and difficult problem, the results have been gratifying. Considerable
headway has been made in automatic diagnostic techniques. However,
we must develop these techniques further if we are to cope successfully
with the problems of maintaining the even more complex electronic
telephone switching system now being developed.
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APPENDIX

Description of the Central Conirol Diagnostic Program

A complete understanding of the central control diagnostic program
demands an intimate knowledge of the central control. This appendix
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will therefore only illustrate the types of tests used and the methods
for observing test results.

For clarity, it is desirable to define a simplified repertoire of instruc-
tions. A, B, C, D, AA, AB refer to symbolic designations for flip-flops,
flip-flop groups, or storage locations.

SM Sample match circuits for a mismatch condition dur-
ing the process of executing the next instruction.
G AB (Gate the contents of flip-flop group A to flip-flop

group B, via bus.
ST1 AA Set up transfer register 1 (T1) to quantity AA.
RO, AB Transfer to the address stored in transfer register |
R1, AB if the reading at AB is 0 or 1 respectively.
RIFFO, C Transfer to the address stored in transfer register 1
RIF1, C if FFC i1s 0 or 1 respectively.
WFF C, D Write the contents of flip-flop C into memory at ad-

dress D,
W0, AB Write 0 or 1 respectively into memory of address
W1, AB AB.

Match circuits are provided to compare the outputs of the instruc-
tions to the stores (transfer or advance to next instruction for the fly-
ing spot store, read or write 0 or write 1 to the barrier grid store) and to
match the busses of the two central controls.

In the following examples, each program step is listed, followed by a
symbolic modifier and by comments. In studying these programs it is
important to remember that the two central controls are working in
synchronism, and that the working central control is addressing and
writing into the stores.

T'irst, to check the ability to make decisions, the following program
was applied:

W0 AB (AB is any convenient address.)
SM
R1 AB

If a mismatch is detected on the R1 instruction, the standby central
control has falsely transferred on a reading. The program

W1 AB (AB is any convenient address.)
SM
R1 AB
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will check the ability of the standby central control to transfer on a
reading.

In order to check the ability to write correctly, register R was first
set, up, to all 1’s. Register R has the property that its individual flip-
flops may be written into memory using the WFF instruction, or may
be read using the RFI'0 and RFI'1 instructions.

The program:

ST1 All ones

G T1, R
SM
WFI C,D Any flip-flop C, of register R, to any convenient

address D,

In order to check the flip-flop groups of eentral control, the following
program was used:

ST1 All zeroes

G Ti1, A (A is the flip-flop group being tested.)
SM
G A, R.

As previously mentioned, individual flip-flops of register R may be
examined. If a mismatch has occurred, the proper flip-flop may be iso-
lated by repeated use of the two instructions SM, RFFO, followed by
a check to see if the flying spot store order-match circuit indicated a
mismatch on the RI'FO instruction (the instruction which followed SM
was sampled for a mismatch); by checking all the flip-flops in R, the
flip-flops of A which were not capable of being set were detected. R and
T1 were previously checked to make certain that all their flip-flops
could be set and reset.

The above programs are typical. Common subroutines were used to
record the results of tests in the barrier grid store and to control the
typing out of these results with the teletypewriter.
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