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Approximation of System Reliabilities Using
a Shooting Monte Carlo Approach
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A new Monte Carlo based method is presented for estimating the system reliability of constraint bounded
design spaces. The new method is first developed in its general form, which is applicable to any joint probability
distribution.It is also demonstrated that this method can be used to concurrently estimate derivatives of the system
reliability (e.g., for use in gradient-based numerical optimization). The method is then specialized to the particular
case of an n-dimensional Gaussian (normal) distribution, which allows for a simpler form. An important property
of probability distributions, the dead band effect, is also presented, and it is shown that this effect has important
ramifications for the application of the shooting Monte Carlo approach.Finally,numerical values are presented that
demonstrate improved efficiencies of up to orders of magnitude relative to the conventional Monte Carlo approach.

Introduction

EAL engineering parameters, such as material properties or

applied loads, are rarely known with absolute certainty. For
example, when a structural material is qualified for its yield mod-
ulus, a large number of nominally identical test coupons will be
made and then each one tested individually. The result will not be
a single number but rather some probability distribution for the pa-
rameter in question. However, because of the difficulties inherent in
treating multidimensionalprobability spaces, traditionalmethods of
engineering analysis have ignored these probabilisticeffects. In the
case of properties such as elastic modulus, the mean value would
typically be used, with the statistical deviation simply ignored. For
failure critical parameters such as yield modulus, one is forced to
choose some value Y such that x% of the specimens are expectedto
survive up to at least Y. For obvious reasons this value is typically
chosen very conservatively. As the design model is built up, a great
number of these parameters may appear, leading to a design whose
reliability is typically much higher than required, but in any case,
is simply unknown. In an increasing number of modern engineer-
ing design problems, it is desired to calculate, or at least estimate,
these reliabilities explicitly, either to ensure that the design does,
in fact, meet some given system level reliability criteria, or, more
commonly, to trade the excess reliability in the design for some de-
sired result such as reduced weight or cost. It is because of the latter
applicationthat reliability-based methods, which explicitly include
these probabilistic effects for at least some critical parameters, are
of particular interest within the field of numerical optimization; it is
within this context that this paper is set.

Parameter Subsets

Let the complete set of independent parameters for some prob-
lem be defined as Q. In general some subset x will be considered
variable design parameters, i.e., their values will be allowed to vary
during the course of the optimization, while the remainder y are
considered fixed design parameters. In addition, the parameters Q
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can be independently divided into two subsets a and b, where a
are the probabilistic parameters and the remainder b are considered
deterministic parameters. Reliability calculations are dependent on
all of the parameters in the a set, whether or not they are also design
variables in the x set.

Conventional Monte Carlo Integration/Simulation

Appendix A presentsa summary of the conventionalMonte Carlo
(CMC) approach as applied to the evaluation of reliability for an n-
dimensional probability space. Appendix A also derives an explicit
formula for the expected number of CMC design point evaluations
required for a given level of relative accuracy, and it is shown that
this number quickly rises toward infinity as the system reliability
risesto 1 (Ry _, 1).

Gaussian Distribution

Appendix B presents a summary of the Gaussian distributions
(alsoknownas normaldistributions). These appear quite commonly
inthe characterizationof engineeringparameters,and methodshave
been developed to at least approximate other distributions in this
form. In addition, it is shown that Gaussian distributions in multi-
variablespacehave some very special properties;the most important
is that they can be normalized so as to be spherically symmetric in
any n-dimensional probability space. Although both the conven-
tionaland the shooting Monte Carlo (SMC) methods are applicable
to problems with arbitrary joint probability distributions, the SMC
approach will be shown to reduce to a more efficient form for the
special case of the n-dimensional Gaussian distribution.

Reliability as a Probability Integral
Consider the simple example of a single probabilistic parameter,
such as the length of a steel bar. If we were to order a large number
of bars, each with a nominal length L, and then carefully measure
the actuallength L, of each of these bars, we would find that in fact
none of these bars have a length of exactly L. Instead, the length of
each instance of the set of bars will have some variance OL from its
nominal value,
L,= L+ 6L, (@))]
If we now pick some critical length Z, then the fraction of actual
lengths L, « Z is denoted by the cumulative distribution func-
tion O(Z), Wwhile the fraction of actual lengths L, > Z is simply
1 _ d(Z). Any probabilistic parameter can be characterized this
way, and although the shape of ®(Z) will vary between different
parameters it will always rise monotonically from CD(—Oé: 0 to
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O(+ = 1. Note that for this example the distribution function
could D¢ written either in terms of the total lengths L, as shown, or
in terms of the variances OL; by simply shifting the value of Z by
the nominal length L.

In probability theory it is common to define the distributionof ac-
tual values for a probabilisticparameter v in terms of its probability
density function ¢(dv), which is defined such that

z

P(6v) dov (2)
—00
where @(dv) will typically be a function of the nominal value of
v, as well as other parameters that control the shape and extent of
the distribution of ov. In the literature one more commonly finds
the cumulative and density functions written in terms of the total
instance values v + v, which will often be denoted as simply v.
For this paper, however, it is advantageous to maintain the distinc-
tion between the nominal value of a parameter and its probabilistic
variance from this nominal value.

Consider next the more realistic scenario in which a design is de-
fined in terms of many parameters Q, of which some n-dimensional
subset a will be consideredto have actual values with significant sta-
tisticaldeviation from their nominal values. For some fixed nominal
values a one can define the probability that the actual values a+ da
lie in some region 2of the n-dimensional probabilisticdesign space
as

P(5v<Z):d>(Z)E]

P(a+ 6a g€ = D, () El u(a+ 6a)dQ (3)
Q

Similarly, the success or failure of each instance of the nomi-
nal design will be determined by many individual analysis crite-
ria, or constraints, such that if any of the constraints are violated,
gi(Q+ 6Qy) > 0, then the kth design is considered to have failed.
All successful instances of the design, therefore, must fall into the
feasible region of the design space, for which all of the individual
constraints are satisfied as g(Q + 0Qy) < 0. The system reliability
Rg can then be written in terms of the jGint probability density of
the a probabilistic parameters as

Ry= D,(Q) = ] ¢.(a+ 6a)dQ 4)
Q

where (2 is now defined to be the projection of the feasible region
formed by fixing all of the deterministic parameters b at their nom-
inal values. Unfortunately, this integral can almost never be eval-
uated explicitly, either analytically or numerically. The individual
constraints are generally not independent, because any given point
inthe infeasibleregionmay violate only one constraint,ora few con-
straints, or even all of the constraints simultaneously. Because the
correlations between the constraints cannot be determined a priori
for any but the simplest constrainttypes, methods such as the safety
index approach, which estimate the reliability of each constraint
individually, cannot generally be used to estimate the total system
reliability. Although direct numerical integration schemes can be
applied to Eq. (4) when the dimensionality » is less than four or
five, above that they rapidly break down. The approach most often
taken in these cases is to estimate Ry using CMC simulation, which
is summarized in Appendix A. Unfortunately the CMC approach
has two important flaws.

1) It can be very expensive in terms of number of point design
analyses required, particularlyas Ry __, 1.

2) It does not provide the design sensitivity information (e.g.,
derivatives of Ry with respect to the nominal values Q) required to
use reliability in gradient-based optimization schemes.

In the next section a new variant of the Monte Carlo approach
is presented, which reduces the number of analyses required, while
allowing the derivatives of the reliabilities to be estimated simulta-
neously with the reliabilities themselves.

SMC
Consider some n-dimensional probability space, where each of
the n independent probabilistic parameters has a nominal value «;
and some variance &;. Each individual parameter has a probability

density function ¢;(a; + &u;) associated with it, and so the set of
parameters a has a joint probability density function of

¢.(a+ ba) = Hdh(af + oa;) (5

Let the feasible region be bounded by the constraint g « 0, and let
each axis of this space be normalized (i.e., nondimensiofialized) by
scaling with some suitable metric. Then the integral of ¢, over this
region can be converted to hyperspherical coordinates centered on
the nominal value point a as

1
D,(a, Q) = ]Q¢n(a+ 6a)dQ = ]0 (<) d< (6)

where <« represents a generalized n-dimensional angle whose val-
ues, ranging from 0 to 1, exactly sweep the hypersphere. The inte-
grand 1(<f) d<then must representthe integral of ¢, over a differen-
tial generalized solid angle centered on <, which implies that 17(<)
must representthe cumulative probability @, that would be found if
one integrated over the entire hypersphere, and it had a spherically
symmetric probability distribution equal to the distributionactually
foundalong the angle «, from the origin at a to the constraintbound-
ary at g = 0 (note that as d< __, 0 the tangential variation within
the differential solid angle becomes negligible):

r(<)

n(< :] d(a+ o)S, ol —'da

0

r(<« n
:]0 >Snof—1[H¢,,(a,+ a‘g’,)] da (7

where
&(«w) = shooting vector along the generalized angle «
r(«) = positive distance from the origin at a to the
boundary of the feasible region along the angle «,
i.e., along the, shooting vector &
S,of'=! = generalized differential volume of a hypersphere;

Eq. (B7)

Note that because the total cumulative probability over all space
must equal 1, (<) will always be finite, monotonically increasing
fromn=0atr =0ton_,lasr _ igure 1 shows a simple
two-dimensional design space, along with three possible shooting
vectors.

Monte Carlo Evaluation

Although this transformation has converted the original n-
dimensional Cartesian integral into a one-dimensionalintegral over
the generalized angle «, in general, it is not possible to solve this
equation exactly either. However, it can be estimated by taking a
Monte Carlo integration over the generalizedangle <. The only the-
oretical requirement to do this is that the function 7(<«) must be
single valued in «, which will always be true; however, to avoid
the problemof potentiallyhavingto integrate over bands of feasible
and infeasible regions (which contribute nothing to the integral),
it is convenient to assume that Q is in the feasible region and that

Feasible
Region

Fig.1 Eachn(<) d<represents a differential solid angle through prob-
ability space.
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(<) is also single valued in <. Physically this means that from the
point a it must be possible to see the entire boundary of the feasible
region (e.g., this condition is satisfied everywhere within a convex
probability space). In addition, for this method to be useful the func-
tions (<) and 1[r (<), <] must be efficiently evaluatable;the first is
primarily a function of the complexity of the constraints, whereas
the second is primarily a functionof the form of the joint probability
density function. Assuming that these conditions are met, @, can
then be estimated by generatinga sequenceof M n-dimensionalunit
vectors &, with a uniform random distribution over the generalized
angle «, evaluating 1)(&,) for each &, and then simply applying the
Monte Carlo equations of Appendix A, Eq. (A2), as

. 1 M . 1 M
=~ Zn(&) T=7 Zn(&)]z ®)
1

Ro=Dy(a, Q) = ] 1<) det o 7 ©)
0

The expected error in Ry, can be roughly estimated by the one stan-
dard deviation error estimate,

—(?
M

EP = (10)
Generation of Random Pointing Vectors

For this method to work correctly, it is very important that the
M unit vectors &, be distributed uniformly over <, which is not the
same thing as M vectors, each of n elements, with each element
having a uniform distribution (what is usually meant by the term
uniform random vectors). A useful method for generating these
randomshootingvectorsisto applytheresultsof Appendix B, where
itisshownin Eq. (BS) thatpoints generatedsuch thateach coordinate
has an independent normal Gaussian distribution are themselves
distributed uniformly in <, i.e., their distribution is a function of
0, only. Thus a unit vector &, can be generated by first generating
a vector where each element has a normal Gaussian distribution
and then making it a unit vector by dividing each element by the
length (Euclideannorm) of the vector. Note that this method applies
regardlessof the actual joint probabilitydistributionto be integrated;
itismerelya convenientway of generatingrandom pointing vectors.

Mixed Probabilistic and Deterministic Parameters

Probability integrals are taken over the entire a subspace, regard-
less of a parameter’s membership in the x or y subsets. In particular,
this means that the unit vectors &, should always have zeros in ele-
ments correspondingto the deterministic parameters of the b subset
(i.e., unit projection onto the a subspace, zero projection onto the b
subspace).

Calculating r(§,) for a Particular Constraint

Consider by way of example the problem of calculating the dis-
tance r from the point Q to the single constraint g(Q) = 0 along
the unit vector &, where g is (or has been approximated as) a linear
function. Then

gQ+r8 =g(Q)+r& xyg=0 (11)
r=_g(Q)/[E el (12)

where the ,symbol denotes the standard vector inner product. If
r evaluates as negative, it indicates that & points away from the
constraint, and so r should be taken as + ~mor (&) = 1.

Similarly, if the constraint g(Q) is (or hgs%een approximatedas)
a quadratic function in Q then the distance r from Qto g = 0 along
the unit vector & is

gQ+r8 =2gQ+r& g+ O [HIE)
=C+Br+ 4*=0 (13)

S
r= —J;—B"' —44C (14)
4

where [ H] is the Hessian matrix and

A=F'[HE  B=Eyge C=gQ@ (19

and r should be taken as the smallest positive real root, if any (if the
constraint g is convex everywhere, and Q is in the feasible region,
there can never be more than one positive real root). If there are
none it indicates that & points away from the constraint, and so r
should be taken as + ~Anor (&) = 1.

The Hessian matrix of Eq. (15) is generally expensiveto evaluate,
and although explicit formulas for determining  can be found for
other simple constraint types as well, in many cases r will have to
be evaluated numerically. This problem is greatly simplified, how-
ever, by the dead band effect discussed later. In that discussion it is
shown that explicit roots for r need only be sought within the rel-
atively narrow and well-defined region of the active band, making
the problem well bounded.

Estimation of Reliability Derivatives
If the joint probability density function of Eq. (7) is known, it is
also possible to efficiently estimate the derivatives of the reliability
integrals at the same time as we evaluate the integrals themselves.
Direct differentiationof the Monte Carlo equations(8) and (9) with
respectto some parameter Q; yields
0 1 &0
EBQ,R_ " aQiU(Ek) (16)
which is simply a Monte Carlo estimation of the differential change
in R due to a differential change in Q; (i.e., a small shift in the
nominal design point). But for any given value of &, the function
n(&,) is a functiononly of r, = r(§,), the distance to the constraint
along &, so that

0 _ 0 _[onGo ][ o
a_Qin(gk) = a_Qink(rk) = [ o ] [5Qi] (17)

The firstterm, [07)/ Or ], is obviously equalto the integrandof Eq. (7),
evaluated at o = ry. Note that for a general density function the
coefficients of 1(r ) will change for each &, as the components of the
unit shooting vector change. Spherically symmetric distributions,
such as the Gaussian distribution to be discussed, are an exception
to this rule; as for them 77(r) is the same in all shooting directions.

The second term, [0r/0 Q;], is essentially a geometric quantity
measuring how much r;, must grow or shrink to make Q + r;&, still
just touch the fixed constraint boundary as we move the origin a
smalldistancealongthe Q; axis. To first order, this is a functiononly
of the derivatives of the constraint at the point where the shooting
vector touches it, as

9 _ 1 ]os
00; _[ & Vg)] 00;

Note that there may also be additional terms if » is computed in a
normalized space, and if that scaling is itself also a function of Q;,
asin Eq. (29). Note also that althoughthe reliability integral is taken
over the a subspaceonly, its value also depends on the values of the
deterministic subset b, and so derivatives with respect to elements
in the b subset will not necessarily be zero. Finally, the errors in
the estimated derivatives can themselves be estimated, by simply
applying Eq. (10) to the Monte Carlo evaluation of Eq. (16), i.e.,
using the mean and mean-square values of each derivative.

r(&) = (18)

Estimation of System Reliability and Its Derivatives

The SMC may be used to estimate the reliability of any region,
including either those formed by a single constraint, or the system
feasibleregion boundedby all of the constraints of Eq. (4). Consider
now the evaluationof 7 along the unit vector &, for the net feasible
space bounded by the set of J constraints, g;(Q). Then the distance
to the system boundary is just the smallest of the 7/) calculated for
each individual constraint along that unit vector &,

g
7S = mh}r‘” (19)
j=
and 119(&,) will likewise be the smallest 11 (&,).
In addition, if the critical constraint corresponding to S for
this particular &, is labeled as g, then it is reasonable to assume
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that a differential change in the nominal values Q; will not change
which constraint would be critical for the same §,. For this reason
the differential term 01/ 0 Q; of Eq. (16) for the system reliability
will simply be equal to the correspondingterm for the critical con-
straint g%,

Specialization of the SMIC Method
to the n-Dimensional Gaussian Distribution

Many typical engineering properties exhibit distributionsthat are
Gaussian [Eq. (B2)] or near Gaussian. An n-dimensional Gaussian
distribution is one in which each of the » independent probabilistic
variableshave Gaussiandistributions,resulting in a joint probability
density function of the form given in Eq. (B5). Some generalresults
for n-dimensional Gaussian distributions are given in Appendix B;
the most important of these is that this distribution is spherically
symmetric in the normalized probability space. For the SMC method
this means thateach 1(&,) is a functiononly of r (&), the normalized
distanceto the constraintboundaryalong &,. They are not functions
of the specific probability density profile along &,, because this is
now the same for all &,.

Calculating (&) for Gaussian Distributions

If each of the parameters in a has a Gaussian distribution, with
theirnominal values in Q taken as their mean values u, thenif Q is in
the feasible region, the origin of the shooting method will be placed
at a with each axis scaled by its corresponding standard deviation
a(a;). Then the joint probability distribution will be spherically
symmetric about a, and

&) = Yalr ()] (20)

where r is now the normalized radius to the constraint boundary
and ‘P, is the spherical cumulative probability distribution function

[Eq. (B9)].

Calculating r(gk) and Its Derivatives in Scaled Space
In terms of the normalized space, Eq. (12) can be rewritten as

g(Q

r=_ = 21
IR v/
where v~g is the normalized gradient of g,
VE= V@0 =i = BT (22)

andthe goperatorhere denotesa term by term multiplicationof one
vector by another, to form a new scaled vector. For simple scaling
transformations,such as this, it may be more convenientto scale the
shooting vector instead:

E=Egoi=¢a (23)
and then use
y= 2Q (24)
IR v/

Similarly, Eq. (14) can be transformed into the scaled space by
simply redefining its coefficients as

~ ST
A=E'[HIE=E [H]E C=gQ

(25)

B=F y2=§ yz

where v@ and [i] ] are the normalized gradientand Hessian matrix,
respectively.

Calculating Derivatives of R for a Gaussian Distribution
Consider Eq. (16), repeated here for convenience:

0 R 1 & o y
30, —Mza_gin(gk) (26)

For the Gaussiandistribution,the nominal values Q representspecif-
ically the mean values (4 of the parameters,and it may be necessary

(e.g., for sensitivity-based numerical optimization methods) to de-
termine the derivativesof R with respectto some Q; = i, in either
the a or b sets. Differentiation of Eq. (20) yields

0 0 0
a—#irl(fk) = [E\Iln(r)] [5_Mr(§k)] 27

The first term can be found by differentiating Eq. (B8), which simply
yields the value of the integrand at p, = r, as

F Lo 2 (n_1/2
E%(r):(ﬁig) (e—2 )(?) (28)

As already discussed, the second term, [0r/0 1], can be approxi-
mated to first order by considering the constraint linearized at the
point where the shooting vector touches the boundary and directly
differentiating Eq. (21) as

0 1 og 0 .
— = —| | =— — 29
afuir(a _[ (€ .Vg)] [ O, ) ( ¢ O vg) ] )
where, from Eq. (22),

0 . 0 0
7= 5 vre7) e

d
~VE®3, 0t o) (30)

The first term in the last brackets of Eq. (29) represents the change
in r due to a simple translation of the base point of the shooting
vector, causing its tip to either grow or shrink as required to still just
touch the boundary. The second term represents the second-order
effect of a nonlinear constraint, which has been neglected, and the
effect on r caused by the change in scaling o, when 0 = f(u). By
our assumption of independence among the parameters, the only
possible nonzero term of 007/ dt; is 0/ O ;.

Again, because this differentialis essentially a local effect at the
end of the shooting vector, Eq. (29) can also be applied to nonlinear
constraints, where the indicated derivatives of g are taken at the
point of intersectionof the shooting vector and the constraint, while
the derivatives (007 d11;) are taken at the mean point 4 = Q.

Applying the SMC Method
to Non-Gaussian Distributions

Dependingon the specific forms of the various probabilitydensity
functionsassumed for the elements of the a set, it may not always be
possible to generate scalings that make the joint probability density
of Eq. (5) spherically symmetric. In these cases 1(&,) will remain a
function of the shooting direction &,, as well as the distance r (&),
to the constraint boundary. Because the integrand of Eq. (7) is a
simple product of independent terms, it may still be possible to
derive efficient analytic forms for this evaluation.

In a worst-case scenario, where complex forms of the probability
density functionpreclude finding an analytical form of (&), it may
be necessarytonumerically integrate from the originto the boundary
along each &;. This process is aided by the fact that the integral
must always be monotonically increasing from 0 to a maximum
less than or equal to 1, and some form of the dead band effect (to
be discussed) will generally limit the maximum distance that must
be considered. This paper presents a comparison of convergence
rates for SMC vs CMC, and there it is shown that in most cases
the SMC method will require many fewer shooting vectors than an
equivalent CMC analysis. This will usually make the SMC method
more attractive even where numerical integration is required and
even more so when derivatives are also required fnote that the term
[0n/ 0r] of Eq. (17) will automatically be calculaied as the terminal
value of the integrand).

As a final comment; note that in most cases it will be preferable
to wrap all of the probability coefficients that are functions of the
design variables into the definition of r, e.g., as scaling factors,
leaving 77(r) as a true function of the scaled r only. This is simply
becauseit will generallybe easierto includetheir effectson Eq. (17)
in the differentiationof r(Q), rather than the differentiationof n(r).
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Dead Band Effect and Modeling Accuracy

Figure 2 plots the total probability contained within an n-
dimensionalhypersphere of normalized radius p,. The hypersphere
is centered at the mean of a normalized Gaussian distribution
[Eq. (BS)], with the corresponding spherical cumulative probabil-
ity function derived in Eq. (B9). As the dimensionality n of the
probability space increases, some distinctive characteristics can be
seen.

1) Bach curve is preceded by a region 0 « 0, <« Oin, the inner
dead band, in which the enclosed probabiliTy remains essentially
zero. In terms of the CMC method, this representsa region in which
very few test points will fall, despite this region having the highest
probabilitydensity, because of the volumetric growth characteristics
of hypergeometric spaces. The key point here is that probability
calculations are relatively insensitive to the accuracy of constraint
boundariesthat lie within the dead band, as long as they are correctly
identified as being somewhere within it. This observation becomes
explicit in the SMC method, where from Eq. (20) one can see that
forallr(§,) < Phin the probability contribution7)(r) will be close to
zero, as will fife derivative contributionof Eq. (27) (because 0'F,/ or
also approaches zero).

2) Similarly, each curve is followed by a region Pna <0 <
the outerdead band, which inthe CMC method will also receivevery
few test points, in this case because the falling probability density
is stronger than the volumetric effect (or, equivalently, because the
enclosed probability is already approaching 1.0). Again one can see
that probabilitycalculationsare relatively insensitiveto the accuracy
of constraint boundaries that lie within this dead band; for the SMC
they will all have 1)(r) ~, 1 and 0'F,/0r near zero.

3) The region Py < P < Prax is, by extension, the active
band, and it is here that Tis mdst important to accurately model the
constraint boundaries.

The values of Pnin and pPmax can be defined more explicitly by
selecting some small parameter & <<1, with

Prae = F (1 &) (3D

where grepresents the total cumulative probability that could be in-
cluded within the inner or outer dead band and, hence, the maximum
possible error could be introduced by not locating such constraints
beyond their mere existence somewhere in the band. Table 1 shows
some representative values for different values of € and n; the most
interestingthingabouttheseresults is how little gy, and p,., change
as & changes by four orders of magnitude.

Note that thisrequirementfor accuracythroughoutthe active band
is in marked contrast to conventional deterministic optimization,
where the only theoretical requirement of an approximate model

Qnin = \Iln_l(g)

Table1 Values of ppin and ppax for various values of € and n

n=4 n=10 n=20
&, % Phin Phax Phin Phax Phin Phax
1 0.545 3.644 1.599 4818 2.874 6.129

0.01 0.169  4.849  0.943 5963  2.096  7.238
0.0001  0.053 5777  0.581 6.846 1.598  8.088

1.0 — Y.(p)
0.8 +

0.6 +

04 +

o nnu

B —

02 +

OO LN W=

BN

0.0

Fig.2 Cumulative probability contained within an n-dimensional hy-
persphere of radius p,,.

(or the terminus of a sequence of approximate models) is that it
be exact in its values and derivatives of the binding constraints at
the singular point of the optimum itself (e.g., Ref. 1). Probability
calculations are inherently volumetric in nature, and the critical
modeling region is not at the singular point of the mean values
chosen, but rather everywhere in the hyperspherical active band.
This places much greater demands on any approximate model used
for evaluating reliabilities, and these demands increase with both
n, the number of probabilistic parameters used, and the standard
deviations ¢ of these parameters, both of which increase the length
of Py in nonscaled (model) space. On the other hand, the start of
the outerdead band does at least limit the range over which modeling
accuracy is important for reliability calculations, and Eq. (30) can
be used to determine the maximum possible error that could be
incurred by simply ignoring altogether any constraints that might
fall outside of this region.

Dead Band Effect for Non-Gaussian Distributions

Although this derivation of the dead band effect is specifically
for a Gaussian distribution, the root causes of the inner and outer
dead bands will cause similar effects in any nonsingular probability
distributions. The inner dead band is basically due to the volumetric
nature of hyperspace[Eq. (B7)]; differential volumes fall to zero as
P —,0andevermore sharply as the dimensionalityn increases,and
so for a finite probability density this contributionto the cumulative
probabilitymustalso vanish. Similarly, the outerdead band is simply
caused by the requirementthat as p, becomes large the contribution
to the cumulative probability for any nonsingular distribution must
again vanish, in order to keep the total cumulative probability less
than or equal to one (this means that the density must not only fall
off, it must fall off faster than the differential volume elements are
increasing).

Implications of the Dead Band Effect for SMC

Despite the demands that the dead band effect places on reliability
models in general, it is overall probably of net benefit to the SMC
method. For the Gaussian distribution in particular, it was shown
that the key problem for each shooting vector is solving for the
distance r to the nearest constraint. If the constraint formulations
are too complex to derive an explicit method of calculatingr, or the
constraintsare computed externally, it may be necessary to evaluate
r by numeric root finding along &,. The dead band effect, however,
effectively brackets the region in which roots must be sought: 1)
0 <7 & Puin, if ato0t g(r&,) = 0 exists anywhere in the inner dead
band, then letr __,0,7r(&)] = 0,01/0r = 0;2) fuin <" < Pnax
else if a root g(r§,) = 0 exists anywhere in the activebard, then
actually seek the position of that root and solve for 1{r(&;)] and
on/ Or as discussed; and 3) P <7, else the root, if any, is in the
outer dead band, let r _)OOn[rék)] =1,0n/0r = 0.

Comparison of Convergence Rates for SMC vs CMC

Asdiscussedin Appendix A, the accuracy of a reliability estimate
for Rg > 0.5 can best be expressed in terms of its expected error
E™ relative to the probability of failure, F = 1 _ R:

&= ER[F=EP[(1_R (32)

Comparing Eq. (10) for SMC and Eq. (A11) for CMC, it is clear
that E® in both cases is inversely proportional to , where M
is equal to the number SMC shooting vectors or CMC/design point
analyses required. Inverting this relationship, one can define the
parameter K as

1
(=]

M= K (33)

where K is now a measure of the expense of using one method vs
the other. For CMC K is a function of R only, without regard to
the dimensionality or shape of the joint probability density or the
feasible region. From Eq. (A15),

Keme = RI(1 _R) (34)
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Fig.3 Ksyc values based on SMC evaluations of Rs for sample prob-
lem 1.
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Fig.4 Kgyc values based on SMC evaluations of Rs for sample prob-
lem 2.

From Eq. (10), the value of K for SMC will be equal to

i —()?
Ksye = T_R? (35)

which depends not only on R but also on the distribution of the 1
generated, which will be problem dependent. The 73,, however, are
bounded such that as R approaches 1 so will the 1., making Ksmc
indeterminantas R __, 1, rather than strictly infinite as is the case
for KCMCA

The actual Kgyc values found for two sample problem spaces are
shown in Figs. 3 and 4, along with their equivalent Kcyc curves
from Eq. (34). These sample problems are discussed in detail in
Refs. 2 and 3, where they appear as problems 2 and 4. In sum-
mary, problem 1 is an actively controlled cantilever beam with four
probabilisticparameters (n = 4) and five steady-statedynamic con-
straints. For these runs, &) ~ 17, M(min, mean, max) = (1.0e4,
2.5e5,1.3e6). Problem 2 is the standard 10 bar truss problem, in this
case under harmonic load. This problemhas 10 probabilistic param-
eters (n = 10) and 18 steady-state dynamic constraints. For these
runs, & ~ 0.5%, M(min, mean, max) = (1.2e5, 3.9¢5, 8.5¢5).

An example of the ability of SMC to estimate derivatives of the
reliabilities is presented in Refs. 2 and 3.

Conclusions

The SMC method presentedhere offers two importantadvantages
over the CMC method: it estimates the reliabilities more efficiently,
and it can provide high-quality estimates of the derivatives of Rg
concurrently with the estimation of Ry itself. SMC offers signifi-
cantly greater efficiency in estimating the system reliability, partic-
ularly for systems of high reliability where Ry __, 1. As demon-
strated in Figs. 3 and 4, the number of SMC vectors required may
be as much as several orders of magnitude fewer than the equivalent
number of CMC design evaluations. This gain in efficiency is offset
somewhat by the necessity of finding the distance along each SMC
shooting vector to the nearest constraint boundary, which, for the
general case, will be done numerically. This, however, is merely a
standard one-dimensionalroot finding problem, with the roots of in-
terest well bounded by the dead band effect. Thus if the constraints
are reasonably smooth, each SMC vector will require one design
evaluation (at py;,) if the boundary is in the inner dead band, an
additional evaluation (at P,y ) if the boundary is in the outer dead

band, and, typically, an additional 3—5+ evaluationsif the boundary
is in the active band.

Based on results to date, this indicates that SMC will be more
efficient than CMC, even in terms of total number of design eval-
uations, once the failure probability drops below about 1% (note
that when the boundary distances can be found explicitly SMC will
always be more efficient than CMC).

In addition, the ability of SMC to estimate derivatives of the reli-
abilities is crucial to allowing its use in gradient-based optimization
schemes. Examples of this are presented in Refs. 2 and 3.

Appendix A: Summary of the CMC Approach

The CMC approach to evaluating the integral of a general func-
tion proceedsby evaluatingthe functionat each of a set of randomly
selected test points uniformly distributed over the region of the inte-
gral, or some convenientenveloping region.* This form is generally
not useful for the integration of probability density functions be-
cause their domain is typically infinite; thus, an alternate method is
used, which generatestest points with a distributionequal to the ac-
tual probability density of the probability function to be integrated
and then simply counts the number of test points that fall within the
region of the integral. This method may be called a direct Monte
Carlo simulation,as opposedto the usual meaning of the term Monte
Carlo integration.

Monte Carlo Integration

Considerthe computationof the integralof the function f(x) over
some region {2

F = ] f(x)dQ (Al)
Q
This integral may be approximated by evaluating f(x;) at a set of

M points x; distributed uniformly over the region €2, and using the
Monte Carlo equations

. | M . | X
Tey e Py SUer @

12 _ ()2
M

F Vi ED ED =y (A3)

where V' is the generalized volume of the region €2, i.e.,
V=] dQ
Q

The one standard deviation error estimate £ is based on the as-
sumption that f has a Gaussian distributionbut seems to work well
as a rough measure of error for most practical problems.

It is instructive to rearrange the terms of Eqs. (A2) and (A3) as

M 174 M 1
F= ]Qf(x)szZf(Xi)[M] = zf(XI)V]M (A4)

The first of these forms makes explicit the relationship between
dQand VI M; as M N VIiM _,dQ. The second form is of
computational interest, as the term [ f(x;) V] is simply equal to the
value the integral F would have if f(x) were equal to a constant
f(x;) everywhere in (2. If, as frequently happens, the region €2 is
not convenient to work with (i.e., it is difficult to find its volume
and/or generate points uniformly over the region) one can simply
use a new region €Y, which completely encompasses the original
region, and a new function f/(x), such that

f(x) if x E.Q

0 if x é.() (A5)

f’(x)E{

Monte Carlo Simulation

Monte Carlo simulation is used to directly estimate reliabilities
by generating a set of M test points (instances) x; with a distribu-
tion equal to that of the general population of x. Using the direct
simulation method, if the reliability of a system (i.e., the probability
that any given test point falls within the region of the integral) is
R, then the number of test points that fall within that region will
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be Rtimes M. This can be thought of as taking the integral of the
joint probability density function and transforming it into the do-
main of the probability density function itself and then using an
encompassing integrand volume €%, which covers all space, so that
V = | ¢, = 1. To make this correlation between Monte Carlo in-
tegration and simulation a bit more explicit, consider the following
integral of a one-dimensional probability density function:

B [ *oo o(x) if x E.Q
—]Q¢(x)dx_]_oo £(x) dx f(X)E{O i+ G0
(A6)

Apply the substitution

ds = P(x) dx —y5 = DA(x) x=0(s) (A

Then
re | 4o 1 (o) d ’ {lifx:CI)—l(s)e.Q
_]Q “]0 fU)ds 1) = 0 if x = O-I(s) g0

(A8)

Note, in particular, that the transformation x = ®-'(s) converts
a uniform distribution in s, 0 1, to the original distribution
¢(x)inx, _ b ~thisTreafs thata Monte Carlo integration
ins will gene?zgé a s€Tol test points that simulate drawing a random
set of M instances from the original population of x.

Because each of the n probabilistic parameters is considered to
be independent, this result can be immediately extended to the n-
dimensional case, with each x; generated independently according
to its own distributionas x; = q),—l (s;). The transformed integrand
becomes

1 if X€Q

0 if xé!) (A9)

f’(x)E{

and the equivalent Monte Carlo equations become

/= (/ M(RM)(1) = R /= (1/ M)(RM)(1>) = R

(A10)
(R) (R) _ R_(R)2
Ry R4 E E® = \/T (Al1)
or
EP® =/ R(1_R) (A12)

with the fractional error bound given by

&P = ER[R=(1/ \?)x/-(l_R)/R (A13)

At first glance this looks pretty good, because designs are generally
intended to operate in a region of high reliability,and as R __, 1 we
see that E™® and &® __, 0. Unfortunately, we must first address
the question of what constitutes an acceptably small error bound. If
the value of Ris 0.5, thenan E® of 0.005 (&® = 1%) is probably
quite reasonable; but, paradoxically, if R is 0.999 an E(® of 0.005
(&® ~ %%) is probably not acceptable, even though it represents a
smaller fractional error. This is because for high values of R what
is actually important is the accuracy with which the probability of

failure, F = 1 _ R, has been evaluated. Substitution into Eq. (A12)
yields
&0 = E®[F=(1/ W/RI(T_R) (Al4)

which goesto infinityas R __, 1. An equivalentway of statingthis is
that the number of Monte Carlo evaluations M required to maintain
a constant error will increase to infinity as R __, 1,

L _R (A15)

[«0] !

M=

Appendix B: Integrals of the Gaussian (Normal)
Distribution Function
The first and second statistical moments (mean and variance) of
a population can be estimated from a set of N discrete instances

of that population, or from a known continuous probability density
d(x), as

Discrete Continuous

1 & 00
= o(x)x dx
D D I
(B1)

1ZX'—“)2 ] P00 (x — )’ dx

It is very common to find that the statistical distribution of a pa-
rameter will follow, at least approximately,a Gaussian distribution,
which is also commonly known as the normal distribution. This
distribution can be defined completely in terms of its mean value
1, which is equal to its first moment, and its standard deviation o,
which is equal to the square root of its second moment (variance).
The general Gaussiandistributionfunction ¢(v) fora single variable
v with a mean value of 1 and a standard deviation of o is given by

() = dp(u, %) = p/(af)]exp[_g(v —w* ] (B

Note that ¢(v) and ¢(u, 6°) ar¥not two differentdistribution func-
tions, but merely two ways of expressingthe same function, i.e., the
distributionof v is defined in terms of its mean y and variance &°.
The probability that the actual value of (some specific instance of)
v is less than or equalto a given value z is then

P(v «2) = D(z2) :] ) o(v)dv (B3)

00
By translating the origin of v to its mean value and scaling by its
standard deviation, this can be transformed into the normal form:

p=l=t =2
- O (o)

&
QJ(&=Z_'u) :] _1 exp[_l&z]d&f
- —00 3 2

Note that by definition normalizggd parameters have their mean at
v = 0 and standard deviation o= 1.

Consider now a space of n independent parameters a; in normal-
ized space, and let &u; represent the (normalized) variance of some
actual instance of a; from the mean of its population. Because they
are independent, the joint probability density function ¢, (Sa) is just
the product of their individual probability density functions:

so0=]] J( —%l&f)
:(7) |- 3v)
=(— neXp —%Pi (BS)
Ve

and so the total probabilityMat the actual value of 6a will lie within
some region €2 is just

D,(6a €= ] (%)” exp( ;pﬁ) dQ  (B6)

Note that the resultant probabiliy density function is a function of
P, only, the normalized distance from the origin (mean) to the actual
value of a, and so is spherically symmetric in normalized space.

For the probability in a hypersphere, consider the case of a nor-
malized n-dimensional probability space, which contains a hyper-
sphere centered at the origin, with a radius of p,. The generalized
differential volume (i.e., generalized surface area) of a hypersphere
is shown in Ref. 2 to be

02: =

(B4)

Ln

_1_ T _1
S,r" 2F(n/2) (B7)
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where I'( ) is the standard gamma function. Thus, the probability
that the normalized radius r from the origin (mean) to the actual
value of a is less than or equalto p, is

Pn 27r%” . 1 L2
CI),,(p,,)_]0 F(n/2)r ( 2_)6 2" dr

:] p(mz—)) (e—%’z) (%)(n_l)/zdr (BS)
0

This hypersphericalcumulative normal distribution functionis plot-
ted in Fig. 2. Becauseit is of particularinterest for the SMC method,
it will be denoted in this text as ¥,(p,). Using the substitution
u = 5r*, du = r dr, this function can be rewritten in a more stan-
dard form as

ol
=to

F(p) =

1 - %n_ld
Twi|, <" ¢

11
:g)[zn, Epj] = x*(n, p) (B9)

where g is the incomplete gamma functionand y? is the chi-squared
cumulative distribution function.
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