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Introduction 

I would like to preface my discussion of 
equipment reliability in analogue computers 
by introducing you to the M.I.T. Flight 
Simulator. The operatioh of this analogue 
computer is the source of much of the in- 
formation for this paper. 

In December, 1945, the Dynamic Analysis 
and Control Laboratory at the Massachu- 
setts Institute of Technology began the 
design of a simulator to aid in the study of 
problems associated with aircraft and guided 
missiles. The development of the Simulator 
has been sponsored by the Bureau of Ord- 
nance, Department of Navy, under Contract 
NOrd 9661. Portions of the Simulator have 
been used continuously since December, 
1948, for obtaining solutions to a number 
of important dynamic problems; and in 
February, 1952, it was established as a 
computing facility available for general use. 

FIGURE 1 shows an isometric view of the 
present arrangement of the M.I.T. Flight 
Simulator and Analogue Computer. The Sim- 
ulator consists of two main sections: first, 
a Flight Table as shown on the ground floor, 
and second, the Generalized Computer as 
shown on the middle floor. Also shown is 
a portion of the electronics shop on the top 
floor. Either section can be operated inde- 
pendently of the other, or both sections can 
be operated together. The Flight Table sec- 
tion, which is precabled, has been arranged 
to solve the differential equations charac- 
terizing the motion of an aircraft in space. 
The main feature is a gimbal-mounted flight 
table that can test aircraft control-system 
elements which are sensitive to angular 
motion. The Generalized Computer section 
is an arrangement of a-c and d-c types of 

*Presented  at the meeting of the Assocl , t ion,  
Sept. 9- I I ,  1953. 

computing elements that can be intercon- 
nected to solve a variety of nonlinear dif- 
ferential equations with time-varying coef- 

ficients. The Generalized Computer section 
is constructed in rows, each row containing 
sufficient computing equipment to be oper- 
ated as an independent computer when de- 
sired. The computing equipment consists of 
integrators, summing circuits, coefficient 
potentiometers, and automatic sequencing 
equipment for operating the computer. There 
is one basic d-c high-gain drift-stabilized 
amplifier used throughout the D-C General- 
ized Computer. Appropriate input and feed- 
back networks are utilized to represent the 
various types of necessary mathematical 
operations. A 400-cps suppressed-carrier 
signal is used throughout the A-C General- 
ized Computer section of the Simulator and 
in the Flight Table section. The a-c inte- 
grators ate of the electromechanical type, 
using a high-precision induction tachometer 
to form a velocity servo. Provision is made 
for connecting a maximum of five output 
units to the motor shaft through suitable 
gearing. These output units may be linear 
or nonlinear potentiometers or resolvers. 
The one basic amplifier circuit* used 
throughout the A-C Generalized Computer 
has a gain of 10 with a stabilization factor 
of at least 1000 at 400 cps. Since 1950, 
174 of these basic amplifiers have been 
operated in the computer and throughout 
this paper this type of amplifier will be 
taken as a typical example of a computer 
component. Appropriate input-resistor net- 
works make up the summing amplifiers, the 
repeater amplifiers, and the coefficient 
amplifiers. 

First, it might be well to examine the 
meaning of the phrase "equipment relia- 
bi l i ty ."  As used in this paper, equipment 
reliability is a measure of the stability of 
electronic-component characteristics. If 
the characteristics of a vacuum tube, for 

*J .  C. Noweil, Redeaien of a 400-Cycle Multlplo- 
Loop Feedback Amplifier. Thee Is (B.S.), Mass. Ins t .  
of Tech. .  Dept. of Elec .  Engr., May, 1948. 
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example, are required to remain exactly con- 
stant,  then a vacuum tube cannot be con- 
s idered rel iable.  However, if the require- 
ments are only that  the f i laments are emitting 
e l e c t r o n s  and that no e lements  are short- 
circuited, a v a c u u m  t u b e  can be considered 

relatively rel iable.  T h e s e  two extremes are 
mentioned to point out the bas ic  concept  
that rel iabil i ty is  a function of the arbi- 
trary l imits of acceptabi l i ty  placed upon 
the cha rac te r i s t i c s  of the component or ele- 
ment in quest ion.  The computer amplifier. 

, : ,  v 

FIGURE 1 

MIT FLIGHT SIMULATOR 
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with very s t r ingen t  l imi ts  of accep tab i l i ty ,  
must u se  e s s e n t i a l l y  the  same e lec t ron ic  
e l emen t s  a s  the  radio amplif ier ,  for example,  
in which the l imi ts  of accep tab i l i t y  are rela-  
t ive ly  lax. However,  in the  computer  ampli- 
f ier  t h e s e  e l emen t s  are des igned  into the 
c i rcu i t  in such  a way that  the i r  inheren t  
re l i ab i l i ty  i s  accep tab le .  In addi t ion,  com- 
puting equipment  must be des igned  for e a s e  
of main tenance .  

Component Maihtenance 

The  primary ob j ec t i ve  of a ma in tenance  
program is  more than the  correct ion of fail-  
ures .  S ince  component  fa i lures  have  such 
a direct  e f fec t  upon the  opera t ing  e f f ic iency  
of a computer i n s t a l l a t i on ,  the  ma in tenance  
program must have  the  ob jec t ive  of improv- 
ing the  re l iabi l i ty .  

The  var ious  ma in tenance  programs which 
are p o s s i b l e  vary from breakdown mainte-  
nance  at one extreme to per iodic  ma in tenance  
at  the  other.  In each of t h e s e  i n s t a n c e s  the  
ma in tenance  can  be  accompl i shed  with the  
equipment  in p lace ,  or with the  equipment 
removed for ma in tenance  then replaced,  or 
with t e s t e d  equipment subs t i tu ted .  Each  of 
t h e s e  programs requi res  obvious  va r i a t ions  
of the  des ign  and packaging  of the  computing 
equipment .  

Ear ly  in the  d e s i g n  of the  M.I.T. F l igh t  
Simulator and Analogue  Computer,  the  con- 
c lus ion  was reached  that  some form of 
ma in tenance  by subs t i t u t ion  would be re- 
quired, and as  the use  of the M.I.T. F l igh t  
Simulator approached 100 per  cent ,  the  de- 
c i s ion  was made that  a per iodic  main tenance  
program by subs t i tu t ion  was mandatory for 
most of the  components .  

In p lanning  a program of per iodic  main- 
t enance ,  ce r ta in  d e c i s i o n s  must be made. 
F i r s t ,  a component  fa i lure  must  be  defined;  
second,  the  measurements  to be  made at 
each ma in tenance  check must be  determined;  
and third, the length of the  ma in tenance  
cyc le  must be  spec i f ied .  

The  def in i t ion of a component fa i lure  of 

ana logue  equipment  i s  not a s  s imple  as  
opera te -nonopera te ,  but genera l ly  a fa i lure  
should  be  cons ide red  to take  p l ace  when 
the r e sponse  of the  unit  fa l l s  below that  
required by des ign  spec i f i ca t i ons .  After  
the  def in i t ion  of a fa i lure  h a s  been deter-  
mined, the ma in tenance  s p e c i f i c a t i o n s  must  
be  e s t a b l i s h e d .  The  amount by which the  
ma in tenance  spec i f i c a t i ons  are more str in- 
gent than the  des ign  s p e c i f i c a t i o n s  deter-  
mines  to a large  ex tent  the  per  cen t  of com- 
ponent  fa i lures  occurr ing during se rv ice .  

T he  number and type  of measurement s  to 
be  made at each  ma in tenance  check are  
important .  For  example,  the  gain measure-  
ment of the  computer  amplif ier  i s  not a suf- 
f ic ient  check .  The  fol lowing seven  c h e c k s  
have  been  found to be very va luable :  

1. The  no i se  level .  
2. The  maximum undis to r ted  output,  tha t  

i s ,  l inear i ty  range. 
3. The  output ba lance ,  tha t  i s ,  the  p lus  

and minus outputs  equal  and oppos i t e .  
4. The  over load- ind ica to r  c i rcu i t s .  
5. An open-loop gain t e s t  with ra ted f i la-  

ment vo l t ages .  
6. An open-loop g a ~  t e s t  with a f i lament-  

vo l tage  reduct ion;  t h i s  g ives  a form of mar- 
ginal t e s t  of the  emis s ion  c h a r a c t e r i s t i c s  
of each of the  tubes  in the  c i rcui t .  

7. The  c losed- loop  gain.  
When a computer  amplif ier  can s a t i s fy  each  
of the  prev ious  t e s t s ,  the  probabi l i ty  i s  
very high tha t  it will be a s e r v i c e a b l e  am- 
pl i f ier  for the en t i re  ma in tenance  cycle .  

The  determinat ion  of the  length  of cyc le  
i s  complex and invo lves  both t e chn i ca l  and 
economic  factors .  Therefore ,  cyc le - l eng th  
opt imiza t ion  i s  d i s c u s s e d  as  a s epa ra t e  
topic  l a te r  in the  paper.  

Exper ience  h a s  ind ica ted  the  impor tance  
of keeping a comple te  ma in tenance  record 
on each  component .  As a r e su l t  of a t tempts  
to in terpre t  ma in tenance  records ,  it was  
found that  a beginning-of -cyc le  ma in tenance  
t e s t  as  well  as  an end-of-cycle  ma in tenance  
t e s t  was  worth while. In th i s  way an accu-  
ra te  record is  kept  of the  h is tory  of the 
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component during the entire maintenance 
cycle. The importance of analyzing these  
maintenance data cannot be overemphasized. 

Two forms of maintenance-data summaries 
have been developed to allow a quick eval-  
uation of the maintenance program. The 
first form indicates at a glance the status 
of the maintenance program. This  form con- 
tains the following six headings: unit 
designation, number of units, length of cycle,  
per cent of cycle  passed, per cent of units 
tested,  and per cent of units retested. As 
long as the per cent of units tested is  equal 
to or larger than the per cent of cycle passed,  
the maintenance program is  being kept up 
to date. If the per cent of units retested be- 
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comes larger than that considered accept- 
able, one of two things is  indicated: either 
the maintenance cycle  i s  too long or there 
is a weak point in the design of the unit. 

The second form consis ts  of two parts. 
Part I of this summary consis ts  of two 
tables: The first table is identical  to the 
one just  described; the second table is  a 
summary of the units rechecked, giving the 
type of failure vs. the number and type of 
components having failed in this way. Part 
lI of this summary consis ts  of 2 plots of the 
probability distribution of gain error as a 
function of the gain error in miUivolts.  One 
is  for the beginning-of-cycle test  and the 
other i s  for the end-of-cycle test .  To dem- 
onstrate the value of such curves, FIGURE 2 

shows the probability distribution of gain 
error for the standard a-c computer ampli- 
fier. Curves of the beginning-of-cycle main- 
tenance data and the end-of-cycle mainte- 
nance data are superposed for the Ar-10 
amplifier for the maintenance cycle  from 
January 1, 1951, to March 30, 1951.* The 
data were recorded at 25-millivolt intervals; 
therefore, the beginning-of-cycle mainte- 
nance calibration was not as valuable as i t  
might have been with a smaller interval. 
Though crude, much was learned from these 
plots. For example, they show that 55 per 
cent of the amplifiers were beyond the main- 
tenance tolerance of 50 mill ivolts of error 
in 50 volts,  indicating very l i t t le  marginal 
checking that would anticipate failures be- 
fore they actually happen. The fact that the 
maintenance specif icat ions were the same 
as the failure specif icat ions also predicted 
a large number of failures during the main- 
tenance cycle. The 50-millivolt limitation 
was desired but i s  obviously unrealist ic.  
Therefore, a failure was defined as a gain 
error greater than 100 millivolts.  The am- 
plifiers,  thus defined as failing, were then 
analyzed to determine the cause of their 
failure. This  analysis  of the 26 amplifiers 
(15 per cent) showed a total of 39 defects.  
Forty-six per cent of these  defects were in 
tubes, 26 per cent were in condensers,  26 
per cent were in precision resistors,  and 2 
per cent were miscellaneous.  As a result of 
this analysis,  four s teps were taken: First ,  
a filament-reduction form of marginal test  
was incorporated. Second, the voltage rating 
o f  a particularly weak condenser was in- 
creased. Third, a new source was found for 
standard resistors.  Fourth, new quadrature- 
trim condensers were added which allowed 
the maintenance specif icat ions to be tight- 
ened appreciably. FIo t r~  3 shows the begin- 
ning-of-cycle maintenance and end-of-cycle 
maintenance data plotted for the period of 
December 1, 1952, through the end of Feb- 

*T. F. Jones ,  Jr. ,  The Propadation o! Error8 in 
Analogue Computer,.  T h e s i s  (Sc.D.), Mass. Inst.  o f  
Tech.,  Dept. of Elec.  Engr.,  1952. 
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mary, 1953. For t hese  data, the measuring 
interval has  been reduced to 1 millivolt .  
Furthermore, the main tenance  spec i f i ca t ions  
are one half  the failure spec i f i ca t ions ,  with 
the resul t  that only 1 1/2 per cent  of the 
amplif iers  were fai lures ,  or approximately 
three amplif iers .  The three ampli f iers  which 
failed do not give a sample worth analyzing. 
In the ear l ier  data only 45 per cent  of the 
amplif iers  remained within the main tenance  
spec i f i ca t ions  during the cycle ,  but currently 
80 per cent  are r ema in ingwi th in  the main- 
t enance  spec i f i ca t ions ,  indicat ing appre- 
c iab le  improvement from marginal checking.  
The data for the cyc le  from December 1, 
1952, through February,  1953, demonstra ted 
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mum maintenance  cycle .  The two fundamen- 
tal c o s t s  involved are the cos t  per month 
for prevent ive  maintenance and the cos t  
per month in machine hours los t  in locat ing 
trouble. If t h e s e  two fundamental c o s t s  are 

def ined as  C M and CL, respec t ive ly ,  the 
total  c o s t  i s  given by the relat ion 

C = C M + C L 

The factors  which make up the mainte- 

nance  cos t  C M for a part icular  component 
a r e  

k N = number of components  to be mam- 
ta ined 

H = t ime in hours required to maintain a 
s ing le  component 

k n = cos t  per hour for labor 
T = main tenance-cyc le  period in months 
B = fraction of components  fai l ing in 

se rv ice  in time T. 

T h e s e  factors  are re la ted as  follows: 

CM = HkHkN(1 + B) 

T 

A, .~MPUFE, ~CO,O ~0R UA.,TE.AN~ CVOLE NOV.95~ To FEa,9~3 Similarly, the factors  of C L are as  follows: 

FIGURE 3 

that 66 per cent  of the 174 amplif iers  had 
no element fai lures ,  31 per cent  required 
tube changes ,  and 3 per cent  had m i s c e l l a -  
neous defec ts .  Of the tube d i f f icu l t ies ,  
approximately one hal f  the tubes  were re- 
moved because  of low emiss ion  and the 
other half ,  b e c a u s e  of no ise  level;  therefore,  
until there are major improvements  in tube- 
charac te r i s t i c  s tabi l i ty ,  the next major em- 
phas i s  must be p laced  upon cyc le- length  
opt imizat ion.  

Cycle-Length Optimization 

The length of the maintenance  cyc le  in- 
volves  many factors .  T h e s e  factors  affect  
the c o s t s  which help to determine the opti- 

kMv = cos t  per hour for machine t ime 

T L = average t ime in hours for locat ing 
a s ingle  trouble. 

Therefore  

C L = 
kNBTLkMv 

T 

and finally,  

C = C  M + C  L =(kNkH) H ¥ 
+ kNkH(H kMv T )B 

+ k  H L T 
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The  length of the maintenance cycle  T 
which minimizes the total  maintenance cos t  
C can be determined analyt ical ly  only if  B 
is  a known analyt ical  function of T. Since 
th is  relat ion seldom exis ts ,  i t s  fundamental 
forms will be derived. 

Primarily there are two types  of fai lures,  
those  fa i lures  which are randomly independ- 
ent of age and those  randomly dis t r ibuted 
about the average l ife of the  component. If 
each "ave rage - l i f e  '9 type fai lure i s  repaired 
and put back into serv ice  at the t ime of the 
failure, the  new average-l i fe  dis t r ibut ion i s  
no longer synchronized with that of the 
original  group. After many average-l i fe  cy- 
c les ,  fai lures  of th i s  type will a lso occur 
randomly in the group of equipment, tha t  is,  
in the same manner as those  that ,  on an 
individual  b a s i s  as  well as  a group bas i s ,  
fail randomly. Now, random fai lures  in a 
group of equipment give a l inear  B(T) curve 
with a s lope equal to the equiva lent  average  
rate  of fai lure from both types .  Therefore  
the coeff icient  B / T  in the cost  equat ion i s  
constant ,  and the cost  asymptot ical ly  ap- 
proaches  a minimum as T approaches  in- 
finity, thus  indicat ing that breakdown main- 
t enance  i s  optimum. Actually,  other factors  
involving wai t ing- l ine  theory apply as  T 
approaches infinity.  The cost  equation de- 
rived assumes  only one failure at a time. 

In the above d i scuss ion  the assumption 
was made that only the fai lure was repaired 
and if maintenance  was performed it was 
limited to a checking process  incapable  of 
predict ing an impending failure. If, however, 
a maintenance program is  set  up that ,  on 
the b a s i s  of time or var ia t ions  of spec i f ic  
physical  condit ions,  can predict  an impend- 
failure, the B(T) curve will be  a delayed 
l inear  curve. Now the failure of B is  essen-  
t ia l ly zero up to the value of T in the region 
of average predictabi l i ty ,  at which time the 
value of B r i ses  sharply and assumes  a 

s lope again equal to the equivalent  average 
rate of fai lure for the group of equipment. 
Th i s  change in shape of the B(T) curve 
appreciably reduces the total cos t  out to 
the value of T in the region of average pred- 
ic tabi l i ty .  For larger va lues  of T the  cos t  
again inc reases  approaching the  previous 
minimum. Except  for the specia l  c a se  of 
very limited predictabi l i ty ,  a d i s t inc t  mini- 
mum i s  produced in the amount of the  total  
cost ,  thus  indicat ing that  maintenance  with 
predictabi l i ty  is  clearly optimum. 

The  parameters  kN, kH, and kMv of the  
cos t  curve are e s sen t i a l ly  fixed, and H and 
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FIGURE 4 

T L are the other two principal  var iables .  
For a given B(T), the level of the cos t  
curve is  determined primarily by H, and the 
s lope of the cost  curve for T>TMi n is  de- 
termined primarily by T L. The  value of 
effort directed toward reducing e i ther  of 
these  parameters  therefore can be calcu-  
lated.  FmtmE 4 shows a plot of a typical  
cos t  curve for the At-10 amplifier previously 
d i scussed .  

There are many ramif icat ions of re l iabi l i ty  
and optimum maintenance programs. T h i s  
presenta t ion represents  only an introduction 
to th is  broad field in an attempt to in i t i a te  
an organization of the information avai lable .  


