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PURPOSE 

The purpose of this paper is to examine various methods of cal- 
culating a reliability point estimate for non-time-dependent1 single 
-shot2 devices such as tactical nuclear weapons. 

INTRODUCTION 

Tactical nuclear weapons are an important element in this nation's 
arsenal.  As such, a great deal of emphasis has been placed on high 
operational reliability should their use ever be required.  Bear in 
mind that no tactical weapon has ever actually been used in war.  Fur- 
thermore, the test ban treaty prohibits the atmospheric testing of a 
complete round,3 including a full nuclear explosion.  It then becomes 
apparent that all reliability data on these weapons must arise from 
test programs on component sub-systems and allied sources.  This data 
must in turn be applied to models in order to provide system level 
reliability estimates from component level data.  Realizing this, the 
importance of accurate and efficient analysis techniques is apparent. 
The high cost and politically sensitive nature of nuclear weapons 
have dictated that extremely high safety and reliability requirements 
be established requiring the use of extremely complex safing and arm- 
ing systems.  The cost of testing these systems is further increased 
by the severe storage and operating environments to which the test 
items must be exposed.  This precludes the testing of a sufficient 
quantity of complete rounds to enable a meaningful analysis of the 
weapon as a whole.  As a result methods have evolved to model systems 
based on components and to calculate system reliability point esti- 
mates from component data.  Several organizations have developed their 
own preferred method of analysis.  This paper will attempt to examine 

1 Non-time-dependent: The reliability of the device does not change 
throughout the duration of the mission. Although degradation over 
the life of the item may occur, estimates are made at one point in 
time. 

2Single-shot device:  Item cannot be reused. 

3 Unless indicated otherwise, the term "round" will be used to encom- 
pass all types of tactical nuclear devices regardless of actual 
delivery system.  Artillery fired rounds will be termed "projectiles." 



the various methods which exist and will provide comparisons.  Items 
of consideration will include the delivery system1 of the weapon and 
the various types of studies performed.  These studies include feas- 
ibility and development, design verification, and stockpile surveil- 
lance programs.  Each of these studies presents different problems. 
For feasibility studies and later on in development, data usually has 
not been accumulated on the various components.  In this case reli- 
ability estimates are based on extremely detailed models and hypo- 
thetical component data.  These models are in sharp contrast to the 
less detailed models found in the design verification studies which 
utilize values extrapolated from test data and hence tend to combine 
some components into "black boxes." Finally, the stockpile surveil- 
lance studies models remain unchanged from the design verification 
test models; however, the data used is generally based on small sample 
sizes2 and many data points have zero failures, thus demonstrating the 
need for more detailed observations, especially on components with inter- 
nal redundancies.  Any comparison of analytic techniques must consider 
each of these different types of studies, and similarly each of the 
three types of delivery systems.  For example, in the case of an 
artillery fired atomic projectile (AFAP) all data for verification 
and stockpile tests is collected by a firing program, which in this 
case is simpler than a laboratory program.  As a result fewer compo- 
nents appear in the models due to telemetry limitations.  Missile 
fired systems (adaption kits) have such enormous delivery vehicle 
costs that most of their testing is performed in the laboratory where 
much more voluminous and detailed data is available which then leads 
to a more detailed model.  Finally, atomic demolition munitions 
(ADM's) generally have a much longer operating time and may be much 
more complicated than other weapons, this due to the requirement for 
manual emplacement and delayed detonation. The ease with which each 
of these systems can be analyzed will be an important factor in this 
comparison of the analysis techniques. 

delivery system:  The method of placing the weapon at the desired 
point of detonation.  Typical delivery systems of tactical nuclear 
weapons are: artillery shell, missile and demolition charge. 

2 Small sample sizes for nuclear weapons are generally on the order 
of two to twenty items. 



TECHNIQUES AVAILABLE 

At the present time there are numerous methods for calculating 
system reliability point estimates.  Several of these methods will 
be discussed.  They will be referred to as: "QUEST" (Ref 1), the 
"tree" method (Ref 2), "failure equations," "SYSTEMEX" (Ref 3), "GO" 
(Ref 4), the "TRI-SERVICE" method (Ref 5), and "SABRE" (Ref 6).  Each 
is briefly described below. 

QUEST is a computerized Monte Carlo approach for calculating 
system point estimates from a Boolean success model.1  It was devel- 
oped by the Data Processing System Office of Picatinny Arsenal in 
1966. 

The "tree" method is a computerized approach to calculating a 
system point estimate from a Boolean success model by construction 
of a success-failure tree.  This method was limited by the number of 
components in the system and never adopted for use.  It was, however, 
a forerunner of other methods now in use.  The tree method was devel- 
oped by the Mathematics and Statistics Branch of the Nuclear Relia- 
bility Division at Picatinny Arsenal in 1967. 

The failure equation method is a very simple technique for 
approximating the probability of failure of a high reliability sys- 
tem.  This method uses a Boolean success model of the system and then 
considers only system failure caused by at most two independent com- 
ponent failures, the assumption being that third and higher order2 

system failures are negligible. Then, by summing the first and 
second order failures, a system probability of failure is computed 
and the approximate point estimate obtained. This method was devel- 
oped by the Sandia Corporation for the Polaris missile and is still 
widely used today.  Documentation is lacking, but the method is simple 
enough to allow a complete description to be presented. 

boolean success model:  A description of successful operation of a 
system in terms of unions and intersections of sets of component 
outcome events.  Each component has two disjoint outcomes, i.e., 
success or failure and all components are independent of each other. 

2Third order:  The order of a failure is the number of independent 
components causing the failure. 



SYSTEMEX is a computerized method for expanding Boolean success 
models into success equations.  It is considered an exact equation by 
its users; however, precise would be a better description.  This method 
was also developed by the Mathematics and Statistics Branch of the 
Nuclear Reliability Division, Picatinny Arsenal. 

GO is a computerized tree method for calculating a system reli- 
ability point estimate from component data utilizing a sophisticated 
modeling technique developed as part of the GO approach.  GO was 
developed in 1968 by Kaman Sciences Corporation, working under con- 
tract to Picatinny Arsenal on the Safeguard Anti-Ballistic Missile 
(ABM) System. 

The TRI-SERVICE technique is a Monte Carlo approach to computing 
system reliability as a distributed variable rather than a point 
estimate.  The model is similar to a Boolean success model; however, 
certain restrictions exist. This method was developed jointly in 
1972 by Picatinny Arsenal, Kelly Air Force Base and the U.S. Naval 
Ammunition Depot, Oahu. 

SABRE is an off-shoot of the TRI-SERVICE approach utilizing 
either the GO modeling technique or a failure equation.  Like the 
TRI-SERVICE approach the output is a distributed variable rather than 
a point estimate.  This method was developed at Picatinny Arsenal in 
1973 and is coming into use on the newer weapons systems, especially 
artillery fired atomic projectiles. 

SAMPLE PROBLEM 

In order to compare the various techniques we will first pose a 
sample situation and then look at how each method would approach the 
problem. 

Consider the simple electro-mechanical system illustrated on the 
following page.  The system contains three electrically operated relay 
switches, each of which closes two contacts.  There are also two re- 
sistors in the system for a total of eleven (11) components.  Like 
components are identical for the purposes of this example.  Below the 
diagram are the original engineer estimates of the component reliabil- 
ities and the results of test data on twenty-one (21) flights of the 
system, expressed as failures out of numbers tested.  For each of the 
techniques we will consider how a point estimate will be made from 
the engineer estimates and then consider what the effects of the real 
data would be on this original point estimate. 



ENGINEER ESTIMATES TEST DATA 21 FLIGHTS 

R = .99 
C = .999 
S = .90 

R - 0 of 42 
C - 1 of 126 
S - 4 of 63 

QUEST 

QUEST is a computer program utilizing a Monte Carlo technique 
to convert a Boolean success model into a point estimate of relia- 
bility.  The first step then, in the solution of our sample problem, 
would be the representation of the system as a logical (Boolean) 
success model.  This is done by considering each component in the 
system and determining the sequence of events which would lead to a 
successful system operation.  In our sample problem we would have an 
input followed by a successful activation of the SI relay closing 
either Cl or C2, permiting power to reach point A.  At that time we 
need either of two identical channels to operate where a channel 
operation would consist of a successful resistor operation followed 
by one of two contacts being successfully closed by its respective 
relay.  This explanation is represented pictorially on the following 
page by what is termed a block diagram.  In this diagram each block 
represents the successful operation of the represented component. 
Any one minimal (i.e., no unnecessary blocks) path from input to 
output in the block diagram is considered sufficient for success 



and as such is termed a "success path" or "tie-set." We will also 
define a "cut-set" as a set of events (blocks) such that all success 
paths have at least one block in the "cut-set." Thus, a cut-set is 
a set of elements sufficient to preclude successful operation of the 
system. 

input 

SI 

1 C1 

— 

C2 

Rl 

S2 C3 

S3 C4 

R2 

S2 C5 

S3 I  C6 

output 

The Boolean (logical) success model above is a common starting 
ground for many of the methods to be considered in this paper and is 
in fact sometimes a severe restriction on the usefulness of the ap- 
proach. This will be discussed more fully later in the paper. 

Returning to the procedures in QUEST we would now express system 
success in terms of the elementary success events using logical 
operators as follows: 

SYSTEM SUCCESS = (S1A(C1VC2))A((R1A((S2AC3)V(S3AC4))) 
•  V(R2A((S2AC5)V(S3AC6)))) 

This would then be entered into the computer as a subroutine of QUEST 
and the program would perform a Monte Carlo simulation until satis- 
factory results were obtained. 

To perform one single simulation run the computer would select 
one number for each component from a uniform distribution on the 
closed interval (0, 1). Then for each component it compares the 
selected random number with the established reliability value and if 
the random number (considered stress) does not exceed the reliability 



value (considered strength) then a success is assigned to that com- 
ponent; otherwise the component (block) is assigned a failure.  Hav- 
ing assigned a success (true) or failure (false) to each block in 
logical success equation above we would calculate the system success 
as either "true" or "false."  By repeating this procedure a sufficient 
number of times, a ratio could be formed as the number of system suc- 
cesses divided by the number of trials.  This ratio would be the 
point estimate of system reliability. 

This procedure was actually performed for the sample system. 
Using the engineer estimates a reliability point estimate of 0.89 
was obtained while the test data produced a result of 0.930 for the 
system. 

THE TREE METHOD 

Like QUEST, the tree method is a computerized method for con- 
verting a Boolean success model into a point estimate of reliability. 
In addition, this program also has the capability of producing an 
algebraic equation for reliability in terms of the probabilities of 
success for each of the component events.  This algebraic equation is 
termed a success equation. 

The program constructs a success-failure tree by sequentially 
entering each component event and branching for each state.  For the 
sample problem we would start with two branches as shown. 

Where SI represents the failure of the SI relay.  The next step 
would be to look at each branch and determine if it forms either a 
cut-set or success path.  In this case SI is a cut-set.  For those 



branches that form cut-sets or success paths no further branching is 
done.  On all other branches the next component event is added as 
shown below. 

In this case no new cut-sets or success paths have been produced 
so the program proceeds to branch on the next component as shown 
below. 



At this point the branch SI, Cl, C2 is also a cut-set and thus 
there would be no further branching below on that branch.  The pro- 
gram continues with this procedure until all elements in the system 
are exhausted. At that point every branch in the tree is either a cut 
-set or a success path.  A success equation is then formed as the sum 
of all the success paths in the tree and the probabilities are in- 
serted in this equation to yield a point estimate.  For even the 
sample system shown the procedure is too tedious to complete by hand. 
Furthermore, the program has been in a state of disuse for such a 
long period that it would be of little value to resurrect it merely 
to solve a simple example.  The actual results produced by the tree 
program are identical to those produced by SYSTEMEX, namely a 
success equation and the precise point estimate resulting. 

FAILURE EQUATIONS 

Perhaps the conceptually simplest of all the procedures examined 
is the use of failure equations.  In the failure equation method you 
merely sum the probabilities of all the "easy1' failure modes and sub- 
tract the total from unity for a point estimate.  By "easy" we mean 
cut-sets containing not more than two component events.  Returning 
to our sample problem, we see that there are four possible ways by which 
the system can fail from two or less components.  Either the SI relay 
can fail to function, or both Cl and C2 contacts can fail to close, 
or both Rl and R2 resistors can fail (open circuit), or both the S2 
and S3 relays can fail to function.  This gives a failure equation 

P(failure)  = S + C2 + R2 + S2 

where the bar represents probability of failure.  The point estimate 
for our sample system would be .890 using engineer estimates and 
.932 using the test data. 

It is of interest in the discussion of failure equations to ex- 
plore just which terms have been ignored so as to justify in some 
small way what at the outset might seem an outrageously inaccurate 
method.  First there is the question of cut-sets which have not even 
been included such as (S2, C5, R2) for example.  In general there 
are a huge number of higher (than two) order cut-sets in comparison 
to the number involved in the failure equation.  The assumption is 
that the sum of all these terms is negligible.  For real weapons 
systems this assumption is in fact valid since typically each com- 
ponent reliability is of the order of .99 or .999.  The sum total 



effect of all these higher order terms would be to slightly lower the 
estimate of reliability.  To further compensate for this error, the 
method also ignores all intersections of those failure terms which 
were included.  For example, in our sample problem we had the term 
SI and Cl C2 but these counted the term SI Cl C2 twice and so one 
SI Cl C2 should have been subtracted.  The net of all these error 
terms would be to slightly raise our estimate of reliability.  Thus, 
two sets of very small error terms are both ignored in this method 
but these errors are both small and compensating with the resulting 
failure estimate being very precise.  In fact, differences between 
estimates using failure methods and using other methods on real 
systems have proven negligible. 

SYSTEMEX 

There are several techniques for the generation of success 
equations.  We have already looked at the tree method which has a 
limited capability to produce success equations.  Two other programs 
of interest are SYSTEMEX and SYSTEMEQ (Ref 7). 

These two procedures are virtually identical except that 
SYSTEMEQ automates some of the computations done by hand for SYSTEMEX. 
We will only consider SYSTEMEX, it being the original version.  Before 
considering the actual operations of the program one point should be 
noted.  The probability of success of the union of two events is the 
sum of the success probabilities of each event, minus the success 
probability of the intersection of the two events.  Now if two events 
are independent, then the probability of success of the intersection 
is the product of probabilities of success of the two events.  Thus 
for example P(S1 + S2) = P(S1)+P(S2)-P(S1S2)=P(S1)+P(S2)-P(S1)P(S2)= 
2S-S2 for SI and S2 independent events of success probability S. 

Returning now to the operation of the SYSTEMEX routine the first 
step is to construct the Boolean success model of the system.  This 
procedure has been explained previously.  Having constructed the 
model the next step is to list all the success paths individually. 
In the case of our sample problem we would have: 

SUCCESS = SI Cl Rl S2 C3    + SI Cl Rl S3 C4 
+ SI C2 Rl S2 C3    + SI C2 Rl S3 C4    + SI Cl R2 S2 C5 
+ SI Cl R2 S3 C6    + SI C2 R2 S2 C5    + Si C2 R2 S3 C6 

10 



This program would then proceed to take these eight tie-sets 
and subtract the intersections taken in pairs. To this it would add 
the intersections of the tie-sets taken three at a time and subtract 
the intersections taken four at a time and so forth.  The final equa- 
tion is then simplified and component probability values are sub- 
stituted for the events, resulting in the success equation. 

For our sample problem then the success equation reduces to: 

P(Success)=S2 C2R(8-4SC-4CR-4SCR+10SC2R-6SC3R-40+2SC2+2C2R+SC4R) 

with the reliability 0.8908 for the engineering data and 0.9327 from 
the test data. 

In this form it is quite simple to vary the values of the com- 
ponents since we are now dealing with a simple algebraic equation. 
For example, if we wanted to perform an extremely detailed sensitivity 
study varying each of the component reliability values we could per- 
form the study simply and quickly. 

GO 

The GO method is basically a "Tree" technique; however, Kaman 
Sciences Corporation has refined the method to such an extent as to 
make it an almost totally unique approach.  To start with, the pro- 
gram does not merely consider system success and failure but instead 
defines many time zones either referenced to events in the system 
operation or equally spaced.  Having established a time frame for 
reference the system operation is described in terms of the transfer 
of electrical or mechanical actions, called signals, at specific 
points in the system.  Each signal is systematically assigned probab- 
ilities of occurrence in each of the time zones in accordance with 
predetermined rules. 

In order to fully understand the operation of the GO program 
there are several concepts which must be discussed. These include: 
time zones, signal flow, component types, component kinds, and GO 
charts.  First, we will discuss time zones.  Time is divided into a 
finite number of zones.  Typically 8 or 16 zones are used; however, 
any power of two (2n) may be used within the limitations of computer 
storage.  These zones are numbered from 0 to 2n-l.  Let us consider 
8 zones numbered 0, 1, 2,...7.  The final zone, zone 8 would always 
be used to describe the time of occurrence of events which never 
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occur. Typically that might mean that zone 7 is the time of operation 
for system "duds" (no-fires).  Continuing, the modeler defines zones 
1 to 6 as the time periods between major events in the system opera- 
tion; usually these events are specific inputs.  The very first input 
is usually assigned to time zone 1.  From this it follows that time 
zone 0 (zero) is the time of occurrence of events which occur prior 
to any inputs in the system.  For example a switch may have initially 
been at an incorrect setting prior to any mission.  Thus by utilizing 
these eight time zones the occurrence of events may be sequenced in 
time.  The next concept to be considered is that of signal flows. 
The GO program considers the system as a tree of branches and nodes 
where the nodes are components and the branches are signals.  Certain 
rules are assigned.  Once a signal has reached a component it remains 
available there indefinitely.  All signal flow progresses with time, 
i.e., absolutely no feedback loops are permitted.  For the purpose of 
this program feedback loops are defined by a signal serving as a 
source of an input to the component which generates that signal. 
Associated with each signal is a distribution of its probability of 
occurrence in each time zone.  These probabilities are determined by 
the functioning of the component which produces the signal, and that 
component's inputs.  It is interesting to note that the GO procedure 
allows the existence of a small error term.  That is necessary to 
limit the total number of branches on the tree.  Thus any branch whose 
total probability falls below a cutoff point (called PMIN) is elimi- 
nated from the tree.  It is this "pruning" of the tree which allows 
the program to h'andle systems which are too complicated for other 
tree methods. 

The next concept of interest is that of "component types."  In 
order to permit the modeling of systems the GO program defines eleven 
basic "component types." Each component type has a precisely defined 
set of rules regarding the number of input and output signals, the 
time relationship of the output to the inputs and probabilistic dis- 
tribution of the output in terms of the input.  In addition, the 
modeler can determine, as each component is considered, whether its 
input signals are necessary for retention for further consideration 
or whether the identity of that input may be eliminated from the 
branches of the tree. This combining of branches also prevents the 
tree from becoming unwieldy and shortens the computation time con- 
siderably.  A complete description of the component operation is 
available in Reference 4.  If any modeling of a real system is to be 
done, it is imperative that the modeler not only read Reference 4 in 
its entirety but also review every step in the component logic in- 
ternal to the program.  As a result, only a brief description of 
each component type is being presented. 

12 



Type 1 is a two state component with one input and one output. 
If the component fails, the output is in time zone 7. otherwise the 
output is in the time zone of the input. 

Type 2 is a perfect "or" gate with two inputs and one output. 
The output is always in the time zone of the first of the two inputs. 

Type 3 is a series chain consisting of an actuator, a normally 
closed contact (type 7) and a two state (type 1) device.  This type 
is used to represent a three state device with one input and one out- 
put.  The actuator may either premature, function properly or dud 
(i.e., fail to operate).  The output will be in either time zone 0, 
7, or the time of the input signal; depending on the functioning of 
the three items making up the type 3 component.  Any one of these 3 
items may be considered perfect if the item is not present in the 
real system. 

Type 4 consists of a parallel pair of normally open contacts 
(type 6) connected by an "or gate" (type 2).  This type is included 
merely as a convenience since that combination occurs so frequently 
in real systems.  There are three inputs to the type 4 component, 
these being the common power through each contact and the two actu- 
ating signals, one for each signal.  One output is produced in any 
one of five time zones, either zone 0, 7, or the time of one of the 
three inputs depending on the sequencing of the inputs. 

Type 5 is a perfect signal generator.  It requires no inputs 
and produces one output in the desired time zone with probability 
1.0.  All models must begin with either a type 5 or type 11 component 
to initiate signal flow. 

Type 6 is a normally open contact.  It has two inputs and one 
output signal.  Of the two inputs, one is power through the contact 
while the other actuates contact closure.  Outputs may occur when 
power reaches the contact in the case of a premature function, or 
after the second of the signals reaches the contact for normal 
operation. Contact failure precludes an output. 

Type 7 is a normally closed contact. It will continue to pass 
an input power signal until actuated unless the contact prematurely 
opens. 

Type 8 is a triggered delay generator. This component has one 
input and one output. The output occurs a predetermined number of 
time zones after the input signal is received. 

13 



Type 9 is a functional delay generator.  There are two inputs, 
the power and the actuating input.  This is a perfect component, i.e., 
no failures are considered.  Output occurs a number N of time zones 
subsequent to the second signal where N is a function of the interval 
between the two inputs. 

Type 10 is a perfect "and" gate.  Output occurs after the second 
of two inputs is received.  This is another perfect component like 
types 2, 5, 9 and 11. 

Type 11 is a stochastic generator.  It functions like type 5 
except that the output may occur in any time zone according to a 
probability distribution defined by the user. 

Having described the eleven basic component types one last 
principle remains.  That is the construction of a GO chart for the 
system.  To demonstrate this we will return to our sample problem. 
For our chart we will use the symbols as indicated in the reference 
report and indicate the type inside the symbol to aid the reader. 
Our sample problem produces the chart below. 

S3 

INPUT 

SI Cl 

4 

Rl 
X CU 

KD R2 

C3 

S2 

J.C6 

u   \ 
yi 

0> OUTPUT 

The results for the engineering data are .8909 and for the test 
data .9327.  For this example PMIN was set for zero so there is no 
error term. 
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TRI-SERVICE METHOD 

The TRI-SERVICE approach is designed to give a distributed es- 
timate of system reliability from test data.  While it was not in- 
tended to be used for engineering estimates it is also adaptable to 
this purpose.  The actual model for the TRI-SERVICE approach is quite 
similar to the Boolean success model used in most of the other methods 
we have looked at.  The main differences arise from the assumption 
that the data assigned to any block in the model is itself descriptive 
of a distribution and thus the TRI-SERVICE approach utilizes distrib- 
uted values for the component reliabilities and combines them by a 
Monte Carlo method to give a distributed estimate of system relia- 
bility. 

Let us now consider the sample problem.  The first step is to 
construct a model of the system such as that used for the success 
equations.  Actually any of the Boolean models we have looked at 
would suffice; however, for the sake of discussion we will only look 
at the success equation model.  After constructing this model we 
then proceed to write the success equation exactly as we have done 
before.  The next step is to assign an initial condition to each 
block in the system.  We will not explore this "prior distribution" 
as the TRI-SERVICE group referred to it.  Suffice it to say that they 
have a procedure for arbitrarily assigning initial conditions to each 
block in such a way as to produce results with certain properties. 
Having assigned prior data to each component this is then updated 
using the observed data.  For attribute (pass/fail) data, each com- 
ponent is described by a beta distribution with the parameter repre- 
senting successes and failures.  The updating of the component data 
is then merely a process of adding the like parameters of the prior 
data and the observed data.  In the case of our engineering estimates 
the analyst must assume sample sizes based on his degree of belief 
in each estimate of component reliability.  While this subjectivity is 
undesirable it is also unavoidable in any "before the fact" analysis of 
a design.  The case of our actual test data is simple since there are 
observed values for both of the parameters of the component beta dis- 
tributions.  Now to proceed with the sample problem.  Having gotten a 
success equation for the system and a reliability distribution for each 
component we proceed to perform a Monte Carlo.* From each block in 
the model a point estimate is randomly selected in accordance with the 
updated component distribution. These point estimates are then 
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Method of moments may also be used. 
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entered into the success equation as described previously and a 
system point estimate is calculated.  This is repeated a large number 
of times resulting in a collection of system point estimates.  These 
can then be used to construct a histogram of system reliability es- 
timates.  Using this histogram the analyst is then free to make state- 
ments about the system reliability including measures of dispersion. 
Furthermore, he may even approximate the histogram with a beta dis- 
tribution and make the reliability statements based on this distri- 
bution.  This allows the interpretation of the parameters of this 
distribution as equivalent numbers of system successes and failures, 
an interpretation which has proven useful at times.  For the sample 
system we have estimates of .8904 for the engineer data and .9330 for 
the actual test data. 

SABRE 

The SABRE method is a direct offshoot of the TRI-SERVICE approach. 
The only significant change is that SABRE primarily uses the GO method 
for calculating the point estimate at each step of the Monte Carlo 
simulation.  Therefore, a detailed description of the routine is un- 
necessary, the procedure being identical with that described in the 
past chapter.  The principal reason for consideration of SABRE is 
that unlike the TRI-SERVICE approach, SABRE has achieved acceptance 
within the Army for use on certain developmental weapons systems. 
The main reason for the acceptability of the SABRE method is that it 
utilizes a total approach to the problems of testing and analysis 
and as such considers a number of engineering problems in the frame- 
work of an analytic procedure.  Thus in effect, SABRE is a more com- 
prehensive approach to the TRI-SERVICE method. 

COMPARISON OF TECHNIQUES 

Four of the methods presented thus far are used by agencies in- 
volved in evaluation of nuclear weapons reliability.  These four, 
SABRE, GO, SYSTEMEX, and failure equations, are each supported by 
their users for various reasons.  We will compare the methods in 
four main areas: preparation of the model, performance of the analysis, 
accuracy of the results, and usefulness of the outputs. 
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Both SABRE and GO require the preparation of a GO chart prior 
to performing the analysis as opposed to use of a Boolean success 
model by the other two methods.  The GO chart is generally more dif- 
ficult to prepare than a Boolean model and is a more time consuming 
procedure.  In addition, it is usually more difficult to check this 
model than the Boolean model.  The GO chart does have certain advan- 
tages which outweigh those shortcomings.  The model is more detailed 
and presents a truer representation of the functioning of the system 
than a Boolean model.  The GO model permits proper modeling of compo- 
nent prematures, time dependencies and sequencing of events.  In 
general, more complex intercomponent relationships can be modeled 
using a GO chart.  Thus, SYSTEMEX and failure equations use a simpler, 
quicker to prepare model while SABRE and GO use a more detailed model 
more representative of the system. 

Without doubt failure equations are the simplest analysis to 
perform, so much so that a computer is not required for the analysis. 
On the other extreme SABRE and GO always require a computer and 
SYSTEMEX usually requires simplification of the model even before a 
computer can handle the analysis.  GO and SABRE are also more diffi- 
cult to prepare data for program input and must be rerun with each 
new set of data.  Failure equations and SYSTEMEX produce closed form 
algebraic equations and thus do not require rerunning for new data. 
This makes them more useful and economical for sensitivity analyses. 

As the simple example illustrated all four methods are capable 
of comparable precision.  The accuracy of the results is more depend- 
ent on the existence of either gross or subtle errors in the model 
rather than the calculations which follow.  Thus, while an item is 
in the research and development stage GO or SABRE can give better 
accuracy by using a more detailed model but once actual flights are 
performed the data is so gross as to make this detail unwarranted. 

Comparing the outputs of the various methods we see that SYSTEMEX 
and failure equations both provide essentially equal reliability point 
estimates in the region of interest.  The equation produced by the 
failure approach is much more useful than the success equation from 
SYSTEMEX.  The latter produces an equation so lengthy as to be mean- 
ingless to the reviewer while the failure equation is generally a 
couple of lines at most and easy for a reviewer to cross-check with 
any model or even from his general knowledge of the particular item. 
This makes the failure equation the most useful form for reports which 
will have a generalized distribution among management type engineers. 
On the other hand GO produces the most useful outputs for the working 
level engineers and analysts knowledgeable about precisely how the 
item operates.  Finally, SABRE presents data in a manner more useful 
to program managers, who require distributed estimates of reliability 

17 



for further analyses of aggregates of many systems as in war gaming 
or trade-off studies, for example.  It is up to the analyst to deter- 
mine which method produces output suitable for the users of the 
particular study. 

OTHER INVESTIGATIONS 

The question of improved methods of reliability analysis has 
been explored since the mid 1960's.  As early as 1968 this writer 
had explored the various methods then coming into use (Ref 8). That 
report concluded that none of the methods investigated was an all 
purpose approach and flexibility should be maintained.  In 1971, 
Mr. P. J. Davitt, Jr. of Picatinny Arsenal published a report (Ref 9) 
which compared the Monte Carlo method, failure equations and the 
Karaan GO program.  That report recommended the use of both GO and 
failure equations as a cross-check with the publication of the GO 
version. 

In an early report from Sandia Corporation (Ref 10) the failure 
and success approaches were compared.  That report concluded that 
failure equations produced equally satisfactory results with much less 
difficulty than success equations.  A later paper (Ref 11) from Sandia 
Corporation critiqued the GO program and suggested additions, the 
Sandia view being that GO was not an acceptable routine for reliability 
analysis.  That paper was responded to by Kaman Sciences in 1972 in a 
report (Ref 12) which detailed many apparent flaws in the Sandia 
critique.  The conclusion of the Kaman report was that their GO 
routine was a valid technique. 

CONCLUSIONS 

Four methods for calculating reliability of complex systems have 
been investigated.  Each of these methods is suitable to perform the 
desired analyses with sufficient accuracy.  The failure equation 
method is always preferable to the success approach and the use of 
SYSTEMEX should be discontinued.  This is based on the fact that the 
success equation output from SYSTEMEX is much less useful than a 
failure equation.  With the elimination of the SYSTEMEX the other 
three methods all are useful in certain situations.  In early develop- 
ment GO can be used to develop engineering design estimates, and 

18 



failure equations provide a good cross-check for the model when per- 
formed independently.  In this case it is preferable to publish the 
reports using failure equations, which are more universally under- 
standable and meaningful to a reviewer.  Finally, in situations where 
substantial test data has been taken and it is desired to base results 
on the test data, then SABRE is the most useful approach and gives 
the most meaningful output results.  On the whole, it is desirable 
to leave the choice of analytical methods to the analyst. 
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