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Digital Computer Lavoratory
Massachusetts Institute cf Teschnology
Cambridge, Massachusetts

SUBJECT: DIAGNOSTIC PROCRAMS AND MARGINAL CHECKING IN THE WHIRLWIND I COMPUTER
TYext of paper presented at the New lork Convention of the Institute
of Radio Engineers oz March 2L, 19%3)

Tos Btephen K. Dodd

Fromi N. L. Daggett, E. 5. Rich
Date! March 26, 1953

Abstracts In the Whirlwind I computer, construsted at MIT under Office of
Naval Research sponscrsilp and presently operated undex Joint
Ssrvices support, it has hesn found that marginel checking
vastly reduces the machine f2ilure rate. A geries of test
prograns eash of which thoroughly exsreises a diffarant section
of the maching is used in the marginal checidng procedurs.
Marginal checking cannot prevent intermittent and total failuwss
sauded by shorts and cpens. Thsis are isolated by methods com—
bixing built-in chackdng feiturss, diagnosiis programming, aignal
tracing, and aperator sxperiancs and ingsmity. These msthods
are greatly fasiliated by a special program control which z2llows
e pariodiselly repadtsd temt prograg to be stopred 2% an arbi-
tracy polnt to atudy iallcater lighte and »igre)l wavafarms.

Tedbla of Coutents:
l;‘.'J INTRODUGTION
2,0 TFAULTS 70 BR DIAGNOSED
3,0 THINOSOPHY (F FAILURS DIACNOSIS
L.t SQUIPMENT AIDS IN TROUBLE LOCATION
5.0 TROUBLZ LCCATION PROCEDYRES
6.0 SUMMARY
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1.0 INTRODUTUTION

Through four years of experience in maintaining the Whirlwind I
computer, several improvements in trouble location techniques over those
originally conceived have been worked out. This experience provided
knowledze of what types of failures must be dealt with, what procedures
are most effective, and what special festures are helpiul to an operator
in localizing trouble. The Wnirlwind computer was constructed at MIT
under sponscrship of the Office of Naval Research and is presently op-
erated under support of the Joint Services. I will first discuss briefly
the types of faults which are encountered, then will outline basic phil-
osophles of failure diagnosis which arc pcculiar to the machine. Next
I will describe facilities provided to aid an operatior in hls dlagnoses,
and finally will illustrate the actual procedures which are in use.

2.0 FAULTS TQO BE DIAGNOSED

Faults in the computer systew a.e classified inio four cate-
gories. Three of these are well known and typical of any electronic
equipment. They are (1) gradual deterioration, (2) sudden failures
such as shorts or opens, and (3) intermittent or transient failures,
The fourth category is peculiar to an experimental machine in which
modification and expansion is being carried out. Since the cantral
portion of the computer became operativae, there has been a continuing
program to expand the internsl storage capacity and the terminal equip-
ment facilities. Because of this work, it 18 necessary to contend with
faulits that are the result of maladjustment and weuknesses in newly-
installed equipment. These then form the fourth category.

Witk the procedures which have been worked out in Whirlwind I,
it has been found that the faults which can be located most easily are
sudden complete failures. OCradual deterioration and defects associsted
with newly-installed equipmeni also ars relatively easy to find. Inter-
mittent failures, however, are difficult to deal with and therefore are
considered the most serious,

3.0 PHILOSOPHY OF FAILURE DIAGNQSIS

It 18 to be expected that the trouble location methods usied
in a computer refleci its logioal design. In Whirlwind, these trouble
location methods also reflect the mechanical arrangement of the system.
When the Whirlwind computer @2s being planned, it was felt thai panels
should be constructed so that all component connections would be readily
accessible while the aystem was in operation. This would faciiitate
signal tracing with video probes while the system was first being chacked
out, and would side-step many packaging problems, With this extremely
open type of construction, it has been found more practical to repair
circuits in place rather than to substitute spare panels. Obviously
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this makes trouble location procedures more complex, Faults must be
comzivtely isolated rather than merely localized to a given panel or
chassis. A strong ergument in favor of such an arrangement is that

the computer can be used ar a powerful testing device. Bench testing,
with necessarily limited fecilities for signal generation and detection,
somotimes may not show up ail the malfunctions in a circuit.

Another mechanical design feature is reflected in the troubli-
location methods now employed. It is the layout of the computer's
control center which consiste of g flexible arrangement of panels in
standard racks rather than a relatively fixed operating console. This
has encouraged the installation of special machipz controls and special
facilities for monitoring critical signals for testing purposes. Of
particular value is some equipment which can be used to change the
over-all logic of the machine control. I will describe this later in
my talk.

4s a final point on the philosophy of failure diagnosis in
Wnirlwind, considerable cmphasis is placed on marginal checking. By
discovering deteriorating circuits befcre they cause trouble the number
of interrupting fallures can be kept low. The possibility of a deter-
iorating component causing intermittent failures, the type most difficult
to isclate, is virtually elimiuated.

L.0 EQUIPMENT AIDS IN TRCUHLE LOCATION

I have just described the types of faults to be diagnosed and
soms Special characteristics of the computer which have influenced the
choice of trouble Location methcds used., HNow a brief discussion of the
equipment provided to aild in trouble diagnosis will complete the back-
Zround needed for an explanation of the actual checking procedures usei.

4.1 Buiit-In Alarms )

An fuportent aid to the operator, in fact the one around which
nearly all of the trouble location procedures are centered, is a system
of built-in alsrme. 7There are a total of eight different alarm indi-
cations. Any cne of these will stop the computer operation when the
alarm oceurs. These sight alarms are evenly distributed among the four
main subdivisionz cf the computer, the central control, the arithmetic
element, the internsal memory, and the input-output slemcut. Ceansrally
speaking, they are designed tc monitor the operation of critical control
circuits or to show up certain cases of nonpermissible programming. One
of the alsrms, 2 transfer check, is applied more frequently than the
others and covers all sections of the computer. It checks that words
transferred betwsesn registers by means of the commoan bus system are
correctly received. The check is accompliched by a special register
which receives the word by two different pathz, one directly from the
main bus and the second from the recelving registor vis a secoud check
bus.,
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The special identity checking faciiities of the transfer check
have been used for implementing ap identity check order as a part of the
standard order code. This order makes it possible for a programmer to
arbitrarily command a check on the contents of the accumlaior against
a wo ¢ stored in the memory. Such an order obwiously is valuable in
trouble location =2nd diagnostic programming work.

L.2 hafginal Chacking Equipment

For locating gradual dsterioration, the marginal checking
system is the principal tool. Marginal checking congists of variation
of certain d-c supply voltages to the tubes rather than variation of
heater voltszas. The circuits for marginal checking ars an iutegral
part of the power distribution system and are so designed that voltage
variation can take place in only a small section of the computer at a
time. The whole computer is divided into about two hundred such sections.
These may be choBen manually or in an sutomatic Sequence dur.ng marginal
checlkding procedures. Ins.far am possible the scctionalizaticn was done
sc that logically dependent parts of the computer are on different voltage
variestion circuits. This combines a powerful trouble location fsature
with the ability to determine whether the syetem performance is deter-
ic) A XY -ngo

4.3 Cyclic Prcgram Control

Sudden failures and certain types of intermitteni failures
require a diagnostic approach cdifferent from that for deteriorating
componente. Tc assist in a detailed snalysis of such troubles, a special
computer control feature, called a8 ¢yclic progran control, has been pro-
vided, Basicaliy the cyclic program control permits a change in machine
logic. It makes it possible to interpret flip-flop indicators and signal
waveforms while preserving normal high-speed operation of the particular
program giving the trouble. This control embodies mechanisms to stop
the computer ai any step in the program and then tc restart it at the
beginning of the program. Since the number of orders sxecuted may be
adjusted by simply varying a delay, the flow of information from one
regist.r to another can be observed visually on an ogcilloscope, Fur-
thermore, the restart is somewhat delayed following a stop co this same
flow of information between registers can be observed on flip-flop

indicator lights grouped at the centra&l ocontrol locatlion. In general,
the cyclic program contrcl periis an operator tc set up complicated
conditions within the computer identical or equivalent to those of
normal operation and at the same time obtal - an outward simplicity
that makes analysis relatively easy.

1., Recorde of Intermittent Failures

For intermittent type failures, little specialized equipment
is available to assist in trouble location, Two features are worthy
of mention. First, a camera has been set up so0o that the control panels
can be photographed to show all flip-fleop light indications and ail
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control switch settings at the time of an error. This makes it practical
tco preserve data on all such errors without seriously delaying applica-
tions work. The photograph is supplemented by a repcrt giving other
details concerning the program and method of using the computer that
might be helpful in iater study of the fallurs.,

Since many intermittent failures ars the rcault of poor
connections on panels or momentary shorts within tubes, they can be
precipitated by shock or vibration. A second feature whi:% helps in
localizing intermitient irouble is an arrangement for prod.cirg throughout
the computer room an audible signal charactaristic of the program being
run., As tubes or panels are being tapped an intermittent fault is indi-
catsd by an intarruption of this signal, after which the program auvtomati-
cally restarts.

5.0 TROUBLE LOCATION PROCENURES

A more comprehensive picture of the buiit-in aids just described
can be obtained from a description of the diagnostic procedures used. I
will first discuss marginal checking and then will illustrate methods of
locating sudden and intermittent faults.

5.1 Marginal Checking

Checkdng for low operating margins is a daily preventive main-
tenance procedure. For the rcmolete routine, sevaral different programs
are usad each designed to thorsughly exsrcise a different portion of the
computer. The principal followed 18 that when one portion has passed a
toat satisfactorily it may then safely be used in checking another part
of the computer. For example, a test 1s first made of the central
control using a minimum of storage, erithmetic element, and input-output
facilities. Next is a thorough teat of the arithmetic element, followed
by tests of storage, and finally of the input-output element. The pro-
grams for these tests are designed with as many check orders as possible
80 that no aore than a few orders can bs executsd aofter any srror before
ths computer 12 stoppsd by an alarm.

Typical operating procedure for testing a section of tha com-
puter is as follows. The marginal checking equipment is set for an
automatic mode in which it selectis voltage variation lines in sequence
and applies a voltage excursici to cach. The magnitude of the voltage
excursion i3 preset for each line and therefore may differ from one line
to the next. The preset wvalues are those that give excursions 10 percent
less than the waxima the circuits can tolerate without failing., With
such settings anditomatic marginal chscking sequence will cause no
failures until). the margin on a circuit has dropped by more than 10
percect. If detericration of soma component causes the margin for a
line to drop more than 10 percent, during automatic marginal checking
an alarm will cccur which stops the equipment amd permits manual
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determination of the new failure point, The excursion is then reset

to 10 percent below this new value and the new excursion is entered on

a record sheet for this line. In this manner, the only data which need

be recorded during the routine checking are ihose on the few lines which
have deterioratad appreciably. Unless there has been an abnormally large
drop in margin, no corrective action is taken during the marginal checking
period. Instead, a weekly maintenance period is scheduled during which
circuits whose margins are approaching a dangerously low value are inves-
tigated and repaired.

As was pointed out at the beginning of my talk, one type of
fault that must be dealt with in the Whirlwind machine is maladjustment
or cther wealmesses in the system resulting from installation of new
equipment. Abnormally large changes in margins detected during a routine
checking period is one way in which such weaknesses are made apparent.
For example, one installation required that an existing control pulse
be also fed intc the new equipment. In order to do this the physical
arrangement of video cables carrying this signal was changed although
their logical function was not. After this installation several low
margins were found which were the result of an unforeseen change in
pulse timing caused by the change in pulse routing.

The marginal checkdng facilities are also valuable in trouble
lccation work not ralated to the routine preventive maintenance, espe-
clally in evaluating the performance of new clrcuits cr ones that have
been repaired. In a typical case an electronic switch utilizing eight

tests. In the computer systam, it was found that the flip-flops showed
low margins and several failures of the switch were reported within a
week. Improved flip-flop circuits which gave wide margins were then
substituted. These have operated about six months without failure.

5.2 Sudden Failures

For sudden or intermittent failures a somewhat different
approach is needed. In the cass ¢f a Sudden trailure within the system,
it is necessary to isolate and repair the circuit in order to get the
system back into operation. Fortunately the procedure for doing this is
relatively straightforward so little time is lost on the average. A
srogram is inserted which shows the failure. This can be the one that
was in use at the time the failure occurred or a simplified one designed
on ihe spot which produces the same failure. With the cyclic program
control, it is possible to quickly determine on which step the alarm
occurs. This control periodically rasteris the program and then stops
it after zn arbitrary numbsr of orders have been executed. Usually
an analysis of flip-fiop indicator light patterns for a tew steps pre-
ceding the alarm will show where information is failing to transfer
properly. Then simple cignal tracing in the suspected circuits using
the test oscilloscope and remote videc probes will pinpoint the diffi-
culty.
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5.3 Intermittent Fallures

The most troublesome failures in Whirlwind, as, I suspect, in
any cor, uter, are intermittent fallures. Usually the amcunt of data
available 1s highly inadequate for localising the difficulty so one
is forced to use cut and try proceduzres. ‘nm aearch for an intermittent
staris with a study of all available reporis oo recent transient failures;
report forms filled out by users, pbotogrum 20f the indicators and
controls taken followinag unexplainable errors, and any observations made
by engineers and technicians while working on {he system. From such
information, a techniclian familiar with the machine logic; in general,
can estimate whet area of the commuter produced the failure. He then
inserts a program and tests the suspected components or panele by lightly
tapping ihem to see if any errors ara iatroduced. A wmomentary short be-
twecn & control grid and gnother element in a gate tudbe is an example of
an intermittert failurse wvhich can be located quits regularly. It gener-
ally will cause an output pulse from the tube even when no input pulse
is supplied. If such a fallure were suspected, the program inserted
vould be one which supplied no input signals to the tube but which checked
for prasencs of output pulses from it,

In carrying out cut and try procedurses for locating intermittents,
the cyclic program control and marginal checking facilitiee may also prove
useful. There was 8 receant instance vhere the computer showed symptome of
an intermittent fellure which was later tracked down by means of special
diagnostic programs and the usc of the cyclic program control. After the
troudble was located, 1¢ was obvicus that msirginal checking would also have
pointed out the defect. In this instance, the symptoms indicated that a
regioter occasionally was not being cleared at the proper time. . special
Frosram designed to emphasise this failure was insarted. It uncovered the
fact that the clearing operation wae correct but the rogister wvas receiving
a8 syairious read-in shortly after the clear pulse. This was traced to an
improperly terminated delay line which vas reflecting a delayed pulse with
sufficient ampiitude to cause the occasional read-in. However, the faulty
dclay-line condition had existed for some time. It was discovered that
the routine action of roplacing the buffer amplifier that fed ¢ho dalav
1line was the direct causs of the intermittent trouble. I¢ gave & scamewhat
nigher output so the umeented reflectior cccasionally exceaded the per-
migsibie limit for noise in that circuit. If marginal checking nad been
performed on this amplifier, the lins would have shown a very low margin
g0 the dsefsct could also have been readily found by that means.

6.0 SUMMARY

43 a brief review of my remarks, I will show some slides which
illustrate the more significant points that have been covered.
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(SLIDE 1)

In the first slide are 1isted the types of fallures which have
shown up in operation and maintenance of the Whirlwind I computer: gradual
deterioration, sudden failures, intermittent failures, and weaknesses due
to new equipment installation. The intsrmittent type are wost troublesome
since the other types caini be dealt with in a routios and straigitforward
manner.

{SLIDE 2)

The second slide 18 a view of a part of the computer showing
the opsn ¢¥pe of construction used. This suggests why it 415 practical
and desirable to repalr circuite in place rather than to raplace panels.
Remots videc probes can bs placed on any point in a circuit for viewing
waveforme on 2 central test oscilloscope. As I have pointed out this has
had an influence on the trouble location procedures that have been dsveloped.

(SLIDE 3)

The next slide shows the computer control center. The flexibility
providad by this relay-rack type of instaiiation permitted frequent altera-
tion of the control facilitics vhile trouble location techniques were being
worked out. Oroupad in this area are the marginal checking controls, flip-
flop indicators, alarm lights, switches for controlling the compuier opera-
tion and inserting or altering its program, a computer output display scorpe,
teat oscilloscopre= with pushbutton selection of many critical waveforms or
signals from remote video probss, and a master intercom station for commu-

nication wiih uiher computer worldng areas,
(SLIDE L)
Bt e as——

In malntenance procedures, major use is made of the marginal
checking facilities built into the Whirlwind computer. It 1s used daily
in routine examinations of the system for deteriorating circuits. These
daily tests provide recoras of gradusl) deterioration 3c most component
replacezment can be dene during scheduled maintenance periods. This slide
shows a typical record of deterioration on on¢ line. The dated sntries
are new voltage excurtions set in after the program failed with the pre-
vious excursion. In Decembar 1952 the negative margin dropped to the
dangor point of 12 wolds., Two tubasz were replaced and the original margzin
was restored. The marginal checking equipment is also invaluable in eval-
uating the performance of newly installed equipment as wall as in isolating
intermittent failures tha* insdvertently may result when installatioan or

repeir work ie done,

(SLIDE 5)

Suddsn failures z2rs unalysed by uiilising the cyclic program
control and observiag results on indicator lights and on the test oscili-~
oscope. Intermittent failures requirs sareful study of all available
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symptoms and a shrewd estimate by an experrienced operator of where to
lcok for the trouble. This sliide is 3 typical phctograph of the opera-
ting console taken after an alarm., It shows indicator light patterns

and switch settinga which can be analyzed when tracking down faillures,

In both of thefe cases the computer program used is highly significant
but 1ittle success has been athieved in developing one that i1s universally
useful. Instead it has basn found that relatively simplie order seguences
uniquely designad for the problem at hanc and modified as test results
require are a more powerful tool.

An adequate measurs of ths effactiveness of trouble location

procedures in Whirlwind ie difficult where new installation is cootinually

carrisd ¢ut, On this slide, however, are listed some data that 1
feel have oignificance. Of the time achsduled for useful computation
during the past year about 9C peracent was usable. This figure is based
on reports cubmitted by groups using ths computer rather than on statements
of personnel maintaining it. During that period there has bean an average
of sbcut 100 man hours of installation work per week dcne on a weekly basis.
Tweaty four hours per week of preventive maintenance is listed. About half
of this is routine daily checking vhile the remainder is test periods foll-
oving installation work. Tis average length of the periods when the computer
has bsan forced out of operation during scheduled computation work is of the
order of 20 minutes.

Although this record may be a tolerable cne at prresent,. continued
effort is beiny expended to better it. Most needed is a more powerful attack

on the problem of imtermittent {feilurss.
SIGNED g{%
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TYPES OF FAULTS

DETERIORATION

SUDDEN FAILURES

INTERMITTENT FAILURES

MALADJUSTMENT IN NEW
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SN-510
21837

MARGINAL CHECKING RECORD

LINE DANGER POINT PROGRAM
268 12 VOLTS T-2012
DATE EXCURSIONS REMARKS
31 AUG ] =31 +40
8 JAN 52 = Sl + 36
2 APR 52 -30 +40
24 SEP 52 -20 +40
18 DEC 52 = | 2 +40
3 JAN 53 - 30 +40 TWO TUBES
REFLACED
SLIDE 4
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SLIDE 5

INDICATOR LIGHT PATTERN
FOLLOWING AN ALARM
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MAINTENANGE EFFECTIVENESS

SCHEDULED TIME USEABLE

INSTALLATION TIME
PREVENT /E MAINTENAKNCE TIME

AVERAGE UNSCHEDULED DOWN TiIME

SLIDE 6

S0 PERCENT
iI00 MAN HRS/WEEK

24 HRS/WEEK

20 MINUTES
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