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Abstract

We apply concentration-of-measure inequalities to the quantification of
uncertainties in the performance of engineering systems. Specifically, we
envision uncertainty quantification in the context of certification, i. e., as
a tool for deciding whether a system is likely to perform safely and reli-
ably within design specifications. We show that concentration-of-measure
inequalities rigorously bound probabilities of failure and thus supply conser-
vative certification criteria. In addition, they supply unambiguous quantita-
tive definitions of terms such as margins, epistemic and aleatoric uncertain-
ties, verification and validation measures, confidence factors, and others, as
well as providing clear procedures for computing these quantities by means
of concerted simulation and experimental campaigns. We also investigate
numerically the tightness of concentration-of-measure inequalities with the
aid of imploding and exploding ring examples. Our numerical tests estab-
lish the robustness and viability of concentration-of-measure inequalities as
a basis for certification in that particular example of application.

Introduction

This paper is concerned with the application of concentration-of-measure inequal-
ities to the quantification of uncertainties in the performance of engineering sys-
tems. Specifically, we envision uncertainty quantification (UQ) in the context of
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certification, i. e., as a tool for deciding whether a system is likely to perform safely
and reliably within design specifications.

The certification process is sometimes described in terms of quantification of
margins and uncertainties (QMU) (cf, e. g., [1], [2], [3]). Thus, suppose that a
system is required to perform at a certain level, or threshold, for its safe opera-
tion. The system is designed so that its performance under a worst-case scenario
of potential operating conditions is somewhat higher than its threshold. A suitable
measure M of the distance between these two levels constitutes the performance
margin. However, because the systems of interest—and the conditions they oper-
ate in—are subject to statistical variation, performance measures are stochastic in
nature. Therefore, the precise values of the expected performance level and its
threshold are often uncertain. Sources of uncertainty include operation conditions
such as loads and system characteristics such as geometry and material behavior.
If U denotes a suitable measure of these uncertainties, the confidence factor

M
CF = i (1)
may be taken as a rational basis for certification. Thus, if CF is sufficiently larger
than 1, the system may be regarded as safe and reliable and a candidate for
certification.

A first obvious strategy is to attempt certification solely by means of experi-
mental testing and statistical sampling. This approach is indeed the only approach
possible when no a priori information is available about the behavior of the sys-
tem. However, the number of tests required for purely empirical certification
can be prohibitively high, especially in systems for which testing is expensive (cf
Section 2.5), which renders the empirical approach unfeasible in practice. The
problem is compounded when systems operate under extreme conditions outside
the range of direct laboratory testing. Examples include large space structures
and high-energy systems such as fusion reactors.

Under these conditions, modeling can provide a viable alternative to testing.
Thus, complex systems can often be modeled through the application of sound
physical and engineering principles and the resulting models can be used to accu-
rately predict the performance of the system. In these cases, the central question
concerns how the availability of a model can be exploited in order to achieve cer-
tification with the least number of tests. It is precisely in this potential reduction
in the number of tests required for certification that the benefit of model-based
certification lies. Evidently, the extent to which a model can reduce the amount
of testing depends on the predictiveness of the model. The assessment of model
predictiveness is accomplished through verification and validation, i. e., through a
careful assessment of numerical and modeling errors.
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Compelling as this picture is, the challenge of rendering it in rigorous and pre-
cise mathematical terms—and of developing a set of computational tools enabling
its efficient implementation—is quite considerable. By rigorous UQ we specifically
mean a set of mathematically provable inequalities that provide rigorous upper
bounds for the probability of failure of the system. While verification and valida-
tion (V&V) and UQ have been the subject of extensive research in recent years (cf,
e. g., [4], [1], [5], [2], [3]), a rigorous mathematical and computational framework of
the type just described does not appear to had been devised to date. For instance,
in the context of QMU rigorous (in the sense just described) definitions of M
and U—and tractable means of computing them—are often left unspecified. The
problem is compounded when system certification requires the quantification of
uncertainties in a number of performance measure simultaneously. In such cases,
ad hoc methods for aggregating uncertainties, e. g., by root-mean squares, are
often used without justification. A clear connection between the confidence factor
CF and the probability of failure of the system is also often lacking. In addition,
precise quantitative measures of model predictiveness, the sequence of verification
and validation tests required for computing such measures, and the precise man-
ner in which models aid rigorous certification are also often left unspecified, which
reduces the value of QMU and model-based certification to that of a compelling
but imprecise and heuristic conceptual framework.

The purpose of this paper is to develop a rigorous theory of uncertainty quantifi-
cation and certification in which the requisite probability-of-failure upper bounds
are supplied by concentration-of-measure inequalities. Roughly speaking, the
concentration-of-measure phenomenon is a consequence of the fact that functions
of a large number of variables, i. e., functions in high-dimensional spaces, with
small local oscillations with respect to each variable are nearly constant. More-
over, fluctuations can be controlled through elementary yet powerful and non-
trivial quantitative inequalities called concentration-of-measure inequalities (cf [6]
for a monograph, [7] for a survey). These tools have found broad application in
functional analysis, complexity theory, probability and statistics. However, the
application of concentration-of-measure inequalities to uncertainty quantification
does not appear to have been attempted to date.

In this paper we show how concentration-of-measure inequalities supply: prob-
ability-of-failure upper bounds resulting in rigorous and conservative certification;
precise definitions and quantitative measures of margins and uncertainties enabling
such certification; a precise relation between the confidence factor and the proba-
bility of failure of the system; a rigorous framework for model-based certification,
including precise quantitative measures of model predictiveness and the effect of
unknown unknowns; and the sequence of verification and validation tests required
for assessing model predictiveness. The manner in which concentration-of-measure
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supplies these figures of merit is demonstrated in Section 2 by means of a se-
quence of representative scenarios of increasing complexity. Section 3 illustrates
the present approach to QMU in a particular example of application, the implo-
sion and explosion of a ring, using the simplest variety of concentration-of-measure
inequalities. Finally, the outlook of the approach is discussed in Section 4. A brief
account of the development of concentration-of-measure inequalities in the field of
probability and a representative sampling that showcases the range of applicability
of the inequalities is presented in Appendix A for the convenience of the reader.

2 Concentration-of-measure inequalities applied
to uncertainty quantification and certification

The essential mathematical problem of QMU is as follows. Consider a system with
output performance measures Y : {0 — F; X --- X Ey on a given probability space
(Q,U,P). Here and subsequently throughout this work we use standard notation
of probability theory (cf, e. g., Chapter 2 of [8] for an introduction). In particular,
Ey, ..., Ey denote Euclidean spaces endowed with the standard metric and P is a
probability measure. Suppose that the safe operation of the system requires that
Y € A for some open admissible set A C Ey X -+ x Ey. Ideally, we would then
like the support of the probability measure associated to Y to be contained within
A i e,

PY € Al =1 (2)

Systems satisfying this condition can be certified with complete certainty. How-
ever, this absolute guarantee of safe performance may be unattainable, e. g., if P
lacks compact support, or prohibitively expensive. In these cases, we may relax
condition (2) to

PY € A < e (3)

for some appropriate certification tolerance e, where A° = E; x --- X Ex\A is the
inadmissible set. Inequality (3) expresses the requirement that the probability of
system failure be acceptably small and gives rigorous mathematical expression to
the QMU conceptual view of certification.

A conservative certification criterion is obtained when the probability of failure
P[Y € A9 is bounded from above and the upper bound is verified to be below the
certification tolerance e. Evidently, for an upper bound to be useful it must be
tight, i. e., it must be close to the actual probability of failure P[Y" € A¢]. Therefore,
the essential mathematical and computational challenge is to obtain tight upper
bounds to the probability of failure of the system.



o J oy Ul bW

OO UGG UGG GTUTOTOT N BB BB BB DAEDLDDNWWWWWWWWWWNONNNNNNNNNR e e e
GRWONRFRFOOVWOJdANNEWNROW®®JINUTAWNROWOOAdNTEWNRFROWOW®-JAURWNROW®W-T0UAWNR O W©

L. J. Lucas, H. Owhadi and M. Ortiz Uncertainty quantification

failure tolerance (¢) | number of tests (m)
1 0

1071 115
1072 23,025
1073 3,453,877
10~ 460,517,018
107° 57,564,627,324
107° 6,907,755,278,982

Table I. Number of tests required for certification as a function of the
probability-of-failure tolerance.

A first strategy that naturally suggests itself is to bound the probability of
failure empirically, i. e., solely by means of experimental testing. Suppose that m
tests are performed with outcomes Y1, ... Y™, With these data we can associate
the empirical probability measure

1 m
Hm = m 21 Oy (4)

Then, an application of Hoeffding’s inequality [9] gives, with probability 1 — €/,

PIY € A% < A7) + (5= log 2’ )

2m €
Hence, the inequality . .
y 1
pn[AT+ (5-log 5)? < e (6)
supplies a conservative certification condition. We note that inequality (5) can
be improved by using Chernoff’s inequality instead of Hoeffding’s inequality when
the probability of failure P[Y € A¢] is known. Since that probability of failure is
unknown, it can’t be used practice to give a bound on the necessary number of
tests one has to use Hoeffding’s inequality.

The certification criterion (6) reveals that the number of experiments required
to certify a system based on statistical sampling alone is of the order of 1¢~%log +.
The number-of-tests requirement is shown in Table I as a function of the probability-
of-failure tolerance e with ¢ = e. It is clear from this table that the number of
tests required for the purely empirical certification of a system can be prohibitively
expensive if the tests are costly and the required probability of failure is low.

It is natural to require that the confidence level on the estimation of the prob-
ability of failure is at least of the order of the required maximum probability of
failure. That is why € = € is a natural chose. For € > e the uncertainty on

5
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the estimation of the probability of failure would be larger than the probability
of failure itself, which translates into the fact that the probability of failure may
with probability ¢ be above the certification threshold e.

When empirical certification is not an option, the question that naturally arises
is how models can be employed to reduce the number of tests required for certifi-
cation. Thus, the goal of model-based certification is to achieve certification with
a minimum of testing. In order to frame this question in mathematical terms, sup-
pose that the behavior of the system is exactly described by an unknown function
Y = G(X,Z) of random input variables (X, 7). For definiteness, we shall as-
sume that X and Z are independent and range over known intervals, and that no
additional statistical information about the input parameters is available. These
assumptions can be readily relaxed, cf. Appendix A, but such extensions will not
be pursued here in the interest of simplicity. Suppose in addition that the behav-
ior of the system is modeled by means of a function ¥ = F(X). Thus X collects
the input variables that are accounted for by the model, whereas Z collects those
variables that are unaccounted for, or unknown unknowns. Evidently, if an ex-
act model were available no testing would be required to achieve certification. In
general, models cannot be expected to be exact and the degree of predictiveness
of the models needs to be carefully assessed, a process known as verification and
validation.

The manner in which concentration-of-measure supplies probability-of-failure
upper bounds with the aid of validated models is summarized in this section
through a sequence of representative scenarios of increasing complexity.

2.1 Scenario 1: Exact model, single performance measure
whose mean is known

We begin by assuming that the mean performance E[Y] is known exactly and the
model is perfect, i. e., there exists a random vector X : 0 — y; X -+ X xar and a
known function F': x1 X+ --Xxap — E1X---x Ey such that the relation Y = F(X)
describes the system exactly. These assumptions represent ideal conditions in
which all uncertainty regarding the response of the system is aleatoric uncertainty,
i. e., stems from the stochastic variability of the system, and there is no epistemic
uncertainty, i. e., the behavior of the system is known exactly, including its mean
response. We also begin by considering the case in which certification depends on a
single performance measure, i. e., N = 1. Under these assumptions, the admissible
set is of the form A = [a,00), where @ is the minimum threshold for safe system
operation. Then, if F' is integrable (and that is the only assumption on F') and
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the input parameters are independent McDiarmid’s inequality states that

2

r
P[FCO) ~ EIFCO] < —r] < exp (~ 27;) M
where
M
D3 = Z sup
hm1 (Lo 1,k 150 B ) EXT X oo Xbo—1 X X b 1 X XXM (8)

sup  |F(zy,..., A, ...x00) — Fay, ..., By, ...xp)
(Ak,Br)ex:

is the verification diameter of the system. Bound (7) can be re-written in the form

PV € A% < exp (- 2W) 9)

where we write z; := max(0, z), whence it follows that the inequality

EM=)e 5 ) fiogy (10)

supplies a conservative certification criterion.
Comparison of (10) and (1) affords the identification:

M = (E[Y] - a) (11a)
U= Dp (11b)

Thus, in the absence of epistemic uncertainty, i. e., for systems for which an exact
model is available and whose mean performance is exactly known, the margin M
is the difference between the mean performance and the threshold, or zero if this
difference is negative, and the uncertainty U equals the verification diameter of
the system. With these identifications, the certification criterion can be expressed

in the form
M 1
F=— >4/l - 12
CF=42 og\[6 (12)

This inequality establishes a clear correspondence between the probability-of-
failure tolerance € and the confidence factor CF. This correspondence is shown in
tabular form in Table II. Thus, concentration-of-measure inequalities supply pre-
cise definitions of margin measures, uncertainty measures and minimum confidence
factors that guarantee the safe operation of the system to within a pre-specified
probability-of-failure tolerance.
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failure tolerance (¢) | 1| 107! 1072 [ 1077 10 [ 10° [ 10°°

confidence factor (CF) | 0 | 1.07208 | 1.51743 | 1.85846 | 2.14597 | 2.30926 | 2.62826

Table II. Minimum confidence factor CF required to stay within a pre-specified
probability-of-failure tolerance e.

Several additional aspects of the certification method just described are note-
worthy. Firstly, the only information about the model that is required for certifi-
cation is the mean performance and the diameter of the system. In particular, the
response function F(X) need not be interpolated or otherwise represented, and
can effectively be treated as a black box. Secondly, only ranges of input parame-
ters, and not their detailed probability distribution functions, need be known for
certification. Thirdly, the present scenario provides an extreme example of how the
availability of a high-fidelity model helps to reduce the number of tests required for
certification: when an exact model is available, the need for experimental testing
is eliminated altogether.

It is also interesting to note that the verification diameter (8), which provides a
rigorous measure of the aleatoric uncertainty in the response of the system, repre-
sents the largest deviation in system performance that is recorded when each input
parameter is allowed to vary in turn between pairs of values spanning its entire
range. Evidently, the computation of the verification diameter of a system entails
an optimization over input-parameter space seeking to identify those large devia-
tions in the input parameters that result in the largest deviations in the output
parameters. It bears emphasis that consideration of large deviations is essential
and that, in particular, linearized sensitivity analysis is not sufficient for rigorous
certification in general. Specific optimization algorithms for the computation of
verification diameters are discussed in Section 3.

It should be noted that we use the term verification in a somewhat expanded
sense relative to other conventional uses of the term (cf., e. g., [4], [5]). Thus, a
common use of the term verification is to signify the process of assessing how well
a numerical model approximates the underlying physical laws governing the sys-
tem, often expressed as a system of partial differential equations. However, in the
present context the term verification naturally refers to the process of quantifying
all aleatoric uncertainties, whether arising from numerical errors, from the statis-
tical variability of the input parameters, the intrinsic stochasticity of the model,
or from other sources. Thus, verification aims to quantify how precisely a model
can predict the response of the system. A distinguishing characteristic of verifi-
cation is that it is achieved solely by exercising the model and without reference
to experimental data. The concentration-of-measure framework renders verifica-
tion, often a conceptually appealing but ambiguous and imprecise term, in precise

8
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quantitative terms. Thus, as already noted, verification is rigorously quantified by
the verification diameter, in the sense that once the verification diameter of the
system is known, the system can be certified rigorously and conservatively.

For completeness and in order to illustrate the assumptions required for (7)
to hold, we include a simple version of McDiarmid’s inequality [10] (where the
constant 2 in the exponential has been replaced by %), also known as bounded
differences inequality, and a sketch of its proof. The sharpening of inequality
(14) to (7) is technically involved and we refer to [10] for a complete account.
Independence is not a necessary condition for McDiarmid’s inequality, we refer
to [11] an extension of that inequality to centering sequences (for instance to
martingales).

Theorem 2.1 Assume that the random wvariables X1,..., Xy are independent.
Then
172
PIF(X) —E[F] > r] < exp(—5—7) (13)
2 D7
and
1 72

P[F(X) — E[F] < —r] < exp(—

< 517%) (14)

Proof. Here we adapt the proof of corollary 1.17 in [6]. By Chebyshev’s
inequality we have

P[F(X) — E[F] > ] < e*ME[exp (\(F — E[F}))] (15)
for all A > 0. In addition,

E|exp (\(F-E[F]))| = E[B[exp(A(F~E[F|F,1])|F, 1] exp(A(EF|F, 1] ~E[F]))]

(16)
where Fj denotes the c-algebra generated by Xi,..., X, We recall that, for
every bounded function f of zero mean with respect to a measure v and all A > 0,
Jensen’s inequality gives

/ My < / / ANy () dw(y) < 3

=0

D\ 919
L oD ()

with Dy :=sup, , |f(z) — f(y)|. Applying inequality (17) to the integration with
respect to the law of X,, we obtain

E[exp(MF — E[FIF, 1)) Fo] < exp(D2N/2) (18)
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where

It follows that
E[exp (\(F - ]E[F]))] - exp(D,%A?/z)E[exp(A(E[Fyfn,l] —E[F])] (20
and, by induction,
E[exp (\(F - E[F}))] — exp(D2)2/2) (21)

Combining this inequality with Eq. (15) and taking \ = r/D% finally gives

PIP(X) — E[F] > r] < exp(—2 1) (22)

2 D%
Inequality 14 is obtained by replacing F by —F. O
We additionally observe that Hoeffding’s inequality [9]

7,,2

(2?11(51‘ — ai)2/M)) (23)

follows from McDiarmid’s inequality as a special case when the spaces F; are equal
to intervals (a;, b;) and

1 M 1 M
Pl— X, — — E[X;| >r] < —2M
37 2% 37 I 2 7] < e

F(X)= % Z X; (24)

2.2 Scenario 2: Exact model, multiple performance mea-
sures whose mean is known

The preceding framework can be extended to the case in which certification de-
pends on more than one performance measure. To this end, suppose that A is an
arbitrary subset of RV, i.e., N >1and E; =R, i=1,..., N, and that the mean
performance E[Y] is known and belongs to the interior of A. Then, the following
concentration-of-measure inequality is deduced from McDiarmid’s inequality

PlY € A9 < inf i [exp <—2 l;z > + exp (—2 ;zF >] (25)

s,r€RN E[Y]H[IX, (—siri)CA =1 F, !

where Dp, is the verification diameter of the response function F; and the infimum
is taken over all hyperrectangles contained in A. This inequality follows simply

10
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from McDiarmid’s inequality by observing that, for all s, € RY (s := (s1,...,sx))
such that E[Y] + [TV, (—si,7:) C A, one has

A c UL {Y; — E[Y;] > r;} U{Y; —E[Y]] < —s;}, (26)
whence it follows that
N
PlY € A < (PlY; — E[Yi] > ri] + P[Y; — E[Yj] < —si]). (27)
=1

As in the preceding scenario, the inequality

N 2 2
T 5
inf exp <—2 g ) + exp <—2 y >} <e 28
s,r€RN E[Y|+[[N | (—si,7:)CA Z |: D%‘ DIQJ‘L ( )

=1 i

now supplies a conservative certification criterion. It follows that in the case of
multiple performance measures certification can be achieved by the computation
of the verification diameters of each of the components of the response function.

Suppose, for example, that A = Hij\il(ai, +00), where a; is the threshold of the
ith performance measure, and suppose that a; < E[Y;], ¢ = 1,..., N. Then, the
certification inequality (28) reduces to

iexp (a%}) <e (29)

It should also be noted that Equation (29) is based on the worst case scenario
that these events do not intersect and therefore the sum of their respective prob-
abilities is an upper bound for the union. In practical applications, there may be
an overlap between the individual failure events that constitutes this bound. This
point will be addressed in a sequel work.

By analogy to the case of a single performance measure we can now introduce
the margins and uncertainty measures

M; = (E[Y;] — a;)+ (30a)
U; =Dy, (30b)

for each performance measure in turn. Then, (29) can be rewritten in the form

1 1
CF = |log > 1/log/— (31)
VO exp(—2(CE)) \[

where we write

M.
Us

(32)

11
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CF, | 1.0 1.2 1.4 1.6 1.8 20 |
1.0 | 0.808348 | 0.909127 | 0.965192 | 0.989139 | 0.997179 | 0.999381
1.2 | 0.909127 | 1.045670 | 1.135196 | 1.178736 | 1.194371 | 1.198758
1.4 ]0.965192 | 1.135196 | 1.270207 | 1.352168 | 1.386639 | 1.397003
1.6 | 0.989139 | 1.178736 | 1.352168 | 1.487759 | 1.563896 | 1.591443
1.8 10.997179 | 1.194371 | 1.386639 | 1.563896 | 1.701007 | 1.772316
2.0 0.999381 | 1.198758 | 1.397003 | 1.591443 | 1.772316 | 1.911394

Table III. Aggregate confidence factor for a system characterized by two
performance measures with confidence factors CF; (rows) and CFy (columns).

Evidently, the certification criterion (31) reduces to (12) in the case of a single
performance measure. It is interesting to note that, in the case of multiple perfor-
mance measures, the confidence factor CF follows as an aggregate of the confidence
factors CF; of each of the performance measures according to the composition rule
(31). However, it should be carefully noted that neither margins nor uncertainties
can be aggregated independently of each other to define an overall margin and an
overall uncertainty of the system. The confidence-factor aggregation relation is
shown in Table III for a system characterized by two performance measures. As
expected, the aggregate confidence factor is smaller than each of the confidence
factors corresponding to the individual performance measures. Thus, lack of con-
fidence in individual performance measures compounds and the overall confidence
in the system takes a hit with the addition of every new performance measure.
However, because the individual confidence factors enter the aggregation relation
(31) through exponentials, it follows that the aggregate confidence factor-and the
certification process itself-is dominated by those performance measures having the
smallest individual confidence factors. Conversely, performance measures having
large confidence factors have negligible effect on the overall confidence factor of the
system and can be safely removed from consideration in the certification process.

2.3 Scenario 3: Exact model, single performance measure
whose mean is unknown

In the foregoing we have assumed that the mean performance E[Y] of the system is
known a priori. However, in most situations of practical interest such information
is not available and the mean performance must be estimated instead. Suppose
that, to this end, we perform m evaluations of the model F(X) based on an
unbiased sampling of the input parameters, resulting in predicted performances
YL Y2 ..., Y™ We then define the estimated mean performance corresponding

12



o J oy Ul bW

OO UGG UGG GTUTOTOT N BB BB BB DAEDLDDNWWWWWWWWWWNONNNNNNNNNR e e e
GRWONRFRFOOVWOJdANNEWNROW®®JINUTAWNROWOOAdNTEWNRFROWOW®-JAURWNROW®W-T0UAWNR O W©

L. J. Lucas, H. Owhadi and M. Ortiz Uncertainty quantification

to these calculations as
1~
)=y (33)
i=1

Start by additionally assuming that there is one single performance measure, N =
1, and that the safe operation of the system requires that Y > a for some threshold
a, i. e., A = [a,00). The probability P[Y" € A¢] can now only be determined to
within confidence intervals reflecting the randomness of the estimated mean (V).
Under these conditions, we obtain the following inequality

Y)Y — _ 2
P |P[Y € A > exp (_2W>] < €. (34)
F
where € is a pre-specified estimation tolerance and
a = Dpm 2(—log€)z. (35)

Inequality (34) follows simply from an application of McDiarmid’s inequality to
(Y'), with the result

PIE[Y] — (V) < —a] < ¢ (36)
whence it follows that, with P probability 1 — €',
A°C{Y —E[Y] <a+a-(Y)} (37)
Next we observe that (34) simply states that, with probability 1 — €/
P[Y € A < exp <—2W> (38)
P

and the certification criterion (3) now becomes

WE\/]O(@\/E. (39)

This certification criterion is again of the form (12) with margin and uncertainty
measure

M=[(Y)~a-al (40a)
U= Dp (40b)

Comparison of (11) and (40) shows that the estimation of the mean performance of
the system effectively reduces the margin in the amount «. Evidently, this margin
hit can be reduced to an arbitrarily small value by carrying out a sufficiently large
number of model evaluations. The certification criterion (40) again shows that, as
in the case of known mean performance, in the absence of epistemic uncertainty,
certification can be rigorously achieved from the sole knowledge of the verification
diameter of the system and an estimate of its mean performance.

13
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2.4 Scenario 4: Exact model, multiple performance mea-
sures whose means are unknown
For completeness, we proceed to record the extension of the preceding case to

multiple performance measures, N > 1, and arbitrary A in RY. In this case, with
probability 1 — ¢/,

N 2
S
PYEAC_ inf (eXp _27 +6Xp _9 )
| | s, €RN E[YIH]TIL (—si—ai,rita;)C z:: ) ( DQFl)
(41)
where a € RY and o
log =5 1
i = Dp € )2 49
“ F’( 2m ) (42)
Inequality (41) again follows from McDiarmid’s inequality by observing that
i i ¢
PEY] - (v)] 2 a) < 5 (43)

Hence, |E[Y?] — (Y)'| < o for all i with probability 1 — €, with the result that for
all 5,7 € RN such that (V) + Hij\il(—si — ;i + o) C A,

{Y € A% c UL {Yi - E[Y]] = si} U{E[Y] - Yi > 14} (44)
with probability 1 — €/, and the certification criterion finally becomes
. al r? s?

For example, suppose, as in scenario 2, that A = Hfil(ai, +00), where a; is the
threshold of the ith performance measure, and suppose that a; + o; < (V;), i =
1,...,N. Then, the certification inequality (45) reduces to

Z oxp (2B < (16)

where now N
log =1
a; = Dp, )2 47
1 Fz( 2m ) ( )
in view of the one-side form of the admissible intervals. By analogy to the case of
a single performance measure we can now introduce the margins and uncertainty
measures

M;=({Y;) —a; — ;)4 (48a)
(48b)

14
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for each performance measure in turn. Then, (46) can be rewritten in the form
(31) with the individual performance measure confidence factor defined as in (32).
As in the case of a single performance measure, we observe that the need to esti-
mate the mean performance has the effect of reducing the individual performance
measure margins in the amounts «;. These are controllable margin hits that can
be reduced to any desired extent by carrying out a sufficiently large number of
model evaluations. Again, in the absence of epistemic uncertainty certification
can be rigorously achieved from the sole knowledge of the verification diameters
of the individual performance measures and estimates of their mean performance.

2.5 Scenario 5: Inexact model

In practice F' stands for a numerical or analytical model of a physical system
whose output is the random vector Y. The model accounts for some of the input
parameters X that determine the performance of the system. If the model were
perfect then, for all X, F/(X) would exactly equal the outcome Y of an experiment
performed with an identical set of input parameters. In general, Y and F(X) are
not equal owing to:

i) imperfections in the model,

ii) the existence of additional unknown random input parameters, or unknown
unknowns, not accounted for in the model.

These two sources of error and epistemic uncertainty can be analyzed by supposing
that the exact response of the physical system is governed by a function G(X, Z),
generally unknown, of the random variables X that are accounted for by the model
and additional unknown unknowns Z. Even if no unknown unknowns exist and the
model accounts for all input parameters of the system, in general G(X, Z) # F(X)
owing to the limited fidelity of the model F'(X). Evidently, these sources of error
and epistemic uncertainty, namely, the existence of unknown unknowns and the
limited fidelity of the model, must be carefully assessed as part of the certification
of the system.

To this end, begin by considering the case of a single performance measure,
N =1, and by noting that

(Y <a} C{F(X)<a+h}U{G(X,Z)— F(X) < —h}, (49)

where G — F may be regarded as a modeling-error function and h is an arbitrary
number, leading to the estimate

PlY < a] <P[F(X) <a+h]+P[G(X,Z) — F(X) < —h (50)

15
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and to the conservative certification criterion
PF(X)<a+h|+PGX,Z)—-F(X)<—-h|<e (51)

Ideally h should be chosen to minimize the sum of the probabilities on the left
hand side of Eq. (51).

We have seen in previous sections how to obtain a bound for P[F(X) < a+ h],
i. e., for the probability of failure predicted by the model (with an additional margin
h). Certification now additionally requires a bound on P[G(X,Z) — F(X) <
—h], i. e., the probability that the predicted and measured performance differ
significantly. This probability measures the deleterious effect on predictiveness of
all model imperfections, whether resulting from the limited fidelity of the model or
from unknown unknowns, and may therefore be regarded as a measure of epistemic
uncertainty. As is evident from (51), the epistemic uncertainty has the effect of
decreasing the effective probability-of-failure tolerance. In particular, certification
is not possible if the model is not sufficiently faithful, i. e., if P[G(X, Z) — F(X) <
—h] > e

The epistemic uncertainty can again be rigorously bounded by means of concentration-

of-measure inequalities. Thus, a direct application of McDiarmid’s inequality to
G — F gives the concentration-of-measure bound

E[G — F| + h)?
PIO(X, Z) — F(X) < —h] < oxp (— 2 G~ FIE M (52
D&
where the validation diameter
M
Déf pi= Z sup sup sup
k=1 (11 ..... :Ek,l,mk+1,...l']\,1)€E1 X..Ep_1XEpp1X--XEp z€EEN 11 (Ak,Bk)eE;%
|F(z1, .o Tty Ag, Thg1, - ar) — G0, -0 Bpm1, Ag, Tigr, - T, 2)
- F(xla ooy Tty By Ty, - - JCM) + G(l“h R T B = NS P 1 Y Z)|2
=+ sup |G(I»Z) - G(xﬁzl)|2

(I,Z)EEl XX Epnry1,2' €EEp+1

(53)

supplies a measure of the epistemic uncertainty of the system. In particular, the
validation diameter measures the extent to which the predictions of the model
deviate from observation.

In practice E[G — F] and E[F] are not known and must instead be estimated.
let (G — F) and (F) be the empirical means of G — F' and F, respectively, es-
timated from m nominally identical model evaluations and experiments. Take
ap = DFm_%(—loge')% and ag_p = Dg_pm~2(—log€)2. Then we have seen

16
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that, with probability 1 — 2¢’ for all h € [0, a],

(F) —a—h—ap)?

PF(X)<a+h] <exp(—2

and
(G—=F)+h—agr);

PG(X,Z) — F(X) < —h] <exp (—2 5 ) (55)
D¢ _p
It therefore follows that the inequality
F)—a—h-— 2 G—F)+h-oagr)?
infexp(—2(< )—a 5 aF])+)+eXp(—2(< >+2 aa F)+)§e (56)
h D3 De p

supplies a conservative certification criterion. A near optimal choice for h is given
by matching the expressions in the exponentials, with the result

(<F> —a— OCF)DG,F + (OZGLF — <G — F>)DF

h—
Dp+ D¢g_p

(57)

whence the certification criterion becomes
M 2
CF=—>1/l — 58
U= (%VZ (58)

M= ((F)~a—ap—agr+(G-F)), (59a)
U=Dpr+Dg_rp=Us+Ug (59b)

with

It is interesting to note that the total uncertainty U is indeed the sum of an
aleatoric uncertainty Uy, measured by the verification diameter Dp, and an epis-
temic uncertainty Ug, measured by the validation diameter Dg_p. Generalizations
to the cases of multiple performance measures, N > 1, estimated mean perfor-
mance and arbitrary admissible set follow along similar lines as those presented in
the preceding scenarios.

We also observe that the effect of epistemic uncertainty, whether due to lack
of fidelity of the model or the existence of unknown unknowns, is to decrease the
margin M by ag_r + (G — F) and increase the total uncertainty U by Dg_p. It
should also be carefully noted that the determination of the validation diameter
Dp_g requires the simultaneous and coordinated execution of the model F' and
experiments G for equal known parameters X, in order to assess the fidelity of
the model, and the repetition of experiments for equal known parameters X, in
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order to assess the effect of the unknown unknowns. Since experiments are often
costly and time consuming, the value and practicality of model-based certification
thus depends critically on the ability to quantify epistemic uncertainties by means
a sufficiently small number of experiments. However, for a sufficiently predictive
model the function G — F involved in the evaluation of validation diameter Dg_p
can be expected to exhibit much less variation than either F' or G, thus enabling the
computation of Dg_p by means of a rapidly-converging iterative scheme requiring
a small number of model evaluations and experiments.

Thus, the precise manner in which a predictive model cuts down on the number
of experiments required for certification is by restricting the need of testing to the
specific purpose of validation, presumably a much less testing-intensive task than
purely empirical certification of the system regarded as a black box. Evidently, the
requisite number of experiments depends critically on the quality of the model, as
well as on the method of optimization used to determine the epistemic uncertain-
ties. An extreme case is furnished by a perfect model that accounts for all input
parameters, in which case the quantification of the total uncertainty requires no
experiments. In general, the purpose and benefit of model-based certification is
to reduce the number of experiments required for certification through the formu-
lation of a sufficiently predictive model. Herein lies the promise, as well as the
challenge, of model-based certification.

3 Numerical tests

In this section we apply, by way of demonstration, the concentration-of-measure
approach to the problem of predicting the state of maximum compression implod-
ing ring. The behavior of the ring in the high-energy regime is strongly nonlinear
and dynamical and the calculation of performance measures requires the solution
of an initial value problem in time. Because the system undergoes multiple bifurca-
tions and generally traverses a rough energy landscape, the performance measures
are expected to depend sensitively on initial conditions and on the parameters of
the system. In addition, in the high-energy regime the shape of the ring at max-
imum compression is expected to be highly crumpled and irregular. Thus, while
straightforward in its definition, the example of an imploding ring does pose a
non-trivial and illuminating test of the theory.

That the certification criterion (Eq. (39)) is indeed conservative, i. e., that
if Eq. (39) is satisfied then the probability-of-failure is indeed less than e with
probability 1 — €, has been rigorously proven mathematically. However, several
practical questions remain to be ascertained. A first question concerns whether the
bounds furnished by concentration-of-measure are tight enough to supply a practi-
cal means of certification. A second question concerns the means of calculation of
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the aleatoric and epistemic uncertainties, as measured by their corresponding veri-
fication and validation diameters, including the relative efficiencies of optimization
algorithms and the number of system evaluations and experimental tests required
for the computation of the uncertainty measures. The imploding ring example
presented in this section sheds useful light on these and other related questions.

3.1 Test case description

We consider a ring described by means of a bead model consisting of n point
masses interacting through two- and three-body potentials. The ring starts from
an equilibrium circular configuration and is imparted an inward radial velocity.
The objective of the analysis is to characterize the state of the ring at the point
of maximum compression.

Figure 1: Schematic of ring implosion and explosion test.

The configuration of the ring at time ¢ is characterized by the coordinates x,(t),

a=1,...,n, of all the beads. The total energy is assumed to be of the form
E(CL‘) _ EeXt($) + Eben(x) _ Z (bext + Z ¢ben (60)
bonds masses
19
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where for notational convenience we collect in the array = = {x,,a = 1,...,n} the
coordinates of all the beads, ¢ is a two-body potential giving the extensional
energy of a bond, ¢"*® is a three-body potential giving the bending energy of a
pair of bonds incident on a bead, and E®* and E® are the total extensional and
bending energies of the ring respectively. In calculations, we adopt the simple

two-body potential
C r
ext — 71 2 1
¢ 5 1og <a0) (61)

where r is the length of the bond and ag and C' are the equilibrium length and the
extensional stiffness of the bond, respectively, and the simple three-body potential

ben D [T1T2COSx — ajas cos ayg 2
P = — (62)

2 \rirgcosa + ayas cos

where r; and ry are the lengths of the two bonds incident on a bead, a; and as
are their respective equilibrium lengths, D is the bond-pair bending stiffness, « is
the angle subtended by the bonds and «g is the corresponding equilibrium angle.
The two-body force diverges strongly as r — 0, which prevents bond collapse. By
contrast, the two-body force goes through a maximum at r = eag, and the three-
body force resulting from the extension of the bonds at constant angle likewise goes
through a maximum at r = 2ag, which allows for bond breaking in tension. The
three-body potential diverges when @ — 7 — ag, with bonds otherwise unstretched,
causing the bond angles to remain in the interval (—m+ag, m—ap). The three-body
potential is otherwise compliant about the equilibrium angle «q, which allows for
the development of fine waviness and renders the behavior of the system difficult
to predict.
The resulting equations of motion of the ring are

Mzi(t) + f(x(t) =0 (63)
where we use a superposed dot to denote differentiation with respect to time, the
diagonal matrix M collects the masses of the beads, and

)
= — 64
fla) = 52 (a) (64)

is the interaction force array. In order to approximate the trajectory of the ring
we discretize the equations of motion, Eq. (63), in time by means of the standard
explicit Newmark algorithm (cf, e. g., [12])

1
Tpi1 = Tp + Atv, + iAtzan (65a)
At
Upy1 = Up + 7(% + apy1) (65Db)
tnir = =M f(@11) (65c)
20
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where At is the increment of time, and (x,,, v,, a,,) denote the coordinates, veloci-
ties and accelerations of the ring at time ¢, = nAt. Eqgs. (65) are explicit and can
be used to advance the solution in time from the initial conditions. We specifically
assume that the ring is initially at rest and in an equilibrium configuration in the
form of a circle of radius R. In addition, we assume a initial radial velocity profile
of the sinusoidal form

V(0) = Vy + AV sin(kf) (66)

where 6 is the polar angle around the ring, V; represents the mean initial radial
velocity, AV the amplitude of the fluctuation, and k is the wave number of the
fluctuation.

The initial time step At is chosen to be of the order of one tenth of the lin-
early stable time step for explicit integration. In calculations we make use of a
Richardson extrapolation time-step selection scheme to ensure that the total en-
ergy remains ostensibly constant. Specifically, the state of the ring is advanced
twice from time ¢, to t,,1 by: a single update with the current time step At,;
and two consecutive updates with time step At,, /2. If the energy error estimate at
time t,,1 obtained by Richardson extrapolation is within a prescribed tolerance
we set At,,1 = At, and proceed. In addition, the Richardson extrapolation of
the two trajectories is used as the state of the ring at ¢,,;. If the energy error
estimate exceeds the prescribed tolerance the entire process is repeated with At,
halved. The iteration stops if the time step decreases below a minimum value, in
which case the calculation is discarded.

A typical trajectory of the ring is shown in Fig. 2. As may be observed in the
figure, the ring buckles early on and subsequently undergoes extensive crumpling,
with the amplitude of the resulting crumpling increasing monotonically up to the
point of maximum compression.

Suppose that the objective of the analysis is to predict the bending energy
EP" at the point of maximum compression of the trajectory. A natural measure
of the extent of compression of the ring is supplied by the extensional energy
E**. Likewise, the bending energy EP®® provides a natural measure of the degree
of crumpling of the ring in compression. Therefore, an appropriate performance
measure is given by the value of the bending energy EP® of the ring at the time
the extensional energy E®*' attains its first maximum. Thus, simulations stop
when B attains its first maximum in time, at which point the value of E*" is
recorded as the single performance measure Y of interest. We shall additionally
assume that the proper operation of the system requires Y to be above a certain
threshold a. Thus, the system fails when the bending energy achieved at the point
of maximum compression falls short of the threshold value.

The calculations described earlier implicitly define a response function ¥ =
F(X) that returns the performance measure Y as a function of the parameters X
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Figure 2: Ring implosion test. Crumpling of circular ring resulting from implosion (left to
right, top to bottom).

of the system. These parameters include material constants, geometry, loading,
initial conditions and numerical parameters such as the time step used for numer-
ical integration. For definiteness, we shall regard all parameters to be certain, and
therefore treat them as fixed constants, with the exception of the bending stiff-
nesses D of the bond-pairs in the ring, which we assume to be uncertain. Specif-
ically, we divide the circumference of the ring into M segments of equal length.
Each of the beads in a particular section ¢ = 1,..., M is assigned a variable value
X; for the bending stiffness within a certain range. In order to investigate the
effect of the range of the inputs on the probability-of-failure estimates we have
considered the bending stiffness ranges [0.95, 1.05], [0.99, 1.01], [0.995, 1.005], and
[0.999,1.001]. In addition, in order to examine the corresponding effect of the
nonlinearity of the model we have considered the mean initial velocities Vy = 3,
3x 1071, 3x 1072, and 3 x 1073, The remaining values of the parameters used in
calculations are tabulated in Table IV.
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Parameter Value
Number of beads (n) 256
Extensional stiffness (C') 1.0
Individual bead mass density (m) 1.0
Ring radius (R) 0.25
Initial time step (At) 6.14 x 1074
Initial velocity fluctuation (AV') Vo/3.0
Initial velocity wave number (k) 4
Minimum time step 1.0 x 107
Richardson extrapolation energy tolerance | 1.0 x 1073

Table IV. Values of fixed parameters used in imploding ring calculations.

3.2 Uncertainty quantification analysis

undeformed undeformed

deformed deformed

(a) (b)

Figure 3: Ring configurations considered in the definition of the coarse-grained model. a) Exact
model; b) Coarse-grained model.

The fundamental calculations to be carried out for purposes of uncertainty
quantification are the calculation of the estimated mean performance (Y'), Eq. (33),
the verification diameter Dp of the response function, Eq. (8), and the validation
diameter Dg_r, Eq. (53). In lieu of experimental data, G is taken as the response
function of a higher resolution ring model discretized with 768 beads, with F' then
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representing a coarse ring discretized with 256 beads obtained by coarse-graining
(G. As in the case of actual experimental data, the evaluations of GG are expensive,
which places a premium on optimization methods that require the least number
of evaluations of G. The extensional and bending energies of the coarse-grained
model are taken to be of the same form (61) and (62), respectively, with effective
axial and bending stiffness coefficients determined so that the energies of the two
configurations shown in Fig. 3, corresponding to uniform compression or extension
of the ring, are identical. In addition, we require the kinetic energies of the coarse
and fine models to be identical for uniform velocity around the ring. Relations
consistent with these constraints are

CF = Z CG s (67&)
Dr=> Dg, (67b)
mp = Z meg . (67c)

Here C'r, Dr and mg denote the axial stiffness, bending stiffness and bead in the
coarse-grained model, Cq, Dg and mg denote the axial stiffness, bending stiff-
ness and bead mass in the exact model, and the sum extends to the beads in the
fine model represented by each bead in the coarse model. We note that o = «p,
i. e., the bond angles remain unchanged, uniformly throughout the ring in the two
configurations shown in Fig. 3, leading to the simple scaling (67). For large devi-
ations from a perfect circular configuration, the coarse-grained model F' deviates
significantly from the exact model G, especially as a result of the strong nonlinear
dependence of the bending energy on the bond-pair angle and of the inability of
the coarse-grained geometry to resolve fine wrinkles in the deformed configuration
of the exact model. It bears emphasis that the upscaling model just described
is not proposed as an accurate method of coarse-graining but, contrariwise, it is
intended as a rough approximation for purposes of ascertaining the uncertainties
introduced by modeling assumptions.

In addition, in order to introduce unknown unknowns of the type that are likely
to be encountered in practice, i. e., arising from fine unresolved length scales, we
introduce nodal mass perturbations in fine model G that are subgrid relative to
the coarse model F, i. e., preserve the aggregate masses (67c) of all beads in
F. This constraint is satisfied by adding a mass Z to the beads of G explicitly
accounted for in F, and subtracting masses Z/2 to the remaining beads in G.
This distribution of mass over the fine model is indeed undetectable on the level
of resolution of the coarse model. In this manner, the added mass Z becomes sole
unknown unknown of the system. In calculations, the added mass Z is either zero
or is varied bead-wise so that the variation of the total mass of the ring is in the
range [—0.1,0.1].
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The estimation of the mean performance (Y') can be carried out simply by
means of Monte Carlo sampling. The computation of the diameters D and Dg_ g
requires an optimization over parameter space. Owing to the roughness of the
energy function landscape of the ring and the lack of explicit derivatives of the
response function, global optimization methods such as genetic algorithms and
simulated annealing naturally suggest themselves in the computation of Dp. In
calculations we employ the quasi-Newton method and genetic algorithms imple-
mented in Sandia National Laboratories” DAKOTA Version 4.0 software package.
By contrast, the computation of Dg_p requires costly experimental tests and global
optimization algorithms are often not viable due to their slow convergence. The
expectation, however, is that for a sufficiently high-fidelity model the function
G — F exhibits much less variation than either £ or GG, and that, therefore, the
computation of Dg_p can be carried out by means of rapidly converging iterative
schemes such as a quasi-Newton iteration.

3.3 Implosion tests

3.3.1 Perfect model

MC Histograms for F(X)
De[0.99,1.01],V=3.0,Worst Case

Standard deviation%(c)go(; MC simulations of F(X)
107 -
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Figure 4: Ring implosion test. Monte Carlo calculations (10® samples per system) of the
distribution of the performance measure as a function of the number of random variable inputs
of the system (a) Histogram of the performance measure. (b) Standard deviation (o) on the
distribution (slope & -0.43). The cases correspond to uniform sampling and extreme point
sampling, labeled 'worst case’. The ranges of variation of the random input (bending stiffness
D) are also indicated. Both figures demonstrate the concentration-of-measure phenomenon.

25



o J oy Ul bW

OO UGG UGG GTUTOTOT N BB BB BB DAEDLDDNWWWWWWWWWWNONNNNNNNNNR e e e
GRWONRFRFOOVWOJdANNEWNROW®®JINUTAWNROWOOAdNTEWNRFROWOW®-JAURWNROW®W-T0UAWNR O W©

L. J. Lucas, H. Owhadi and M. Ortiz Uncertainty quantification

We begin by supposing that the model F' is perfect. Fig. 4 depicts the depen-
dence of the distribution in performance on the number of random inputs. The
distributions are calculated directly by Monte Carlo sampling, with the sampling
carried out in two ways: assuming a uniform distribution of the inputs over their
intervals of variation, referred to as 'uniform distribution’ in the figure; and assum-
ing that the inputs are at the end points of their intervals of variation, referred to
as 'worst case’ in the figure. As expected, uniform sampling results in a lower prob-
ability of failure than worst-case sampling. All Monte Carlo calculations presented
in the sequel are carried out using worst-case sampling. The standard deviation
of the distribution is found to scale as M ~%4% with the number of random variable
inputs M, Fig. 4b. A marked concentration of the performance histogram as the
number of inputs is increased is clearly evident in the figure, which vividly demon-
strates the concentration-of-measure phenomenon on which the present approach
is predicated.

DF2 vs. Randomness
De[0.99,1.01],V,=3.0

-5

10
= © - Quasi—Newton
—— Quasi-Newton fit
] - » = Genetic Algorithm
10 —— Genetic Algorithm fit | ]
« L
()]
107} |
10° ‘ ‘
10° 10 10° 10°

Number of Random Inputs
Figure 5: Ring implosion test. Dependence of the verification diameter (as computed by either
a quasi-Newton iteration or a genetic algorithm iteration) on the number of random inputs of

the system, showing clear power-law behavior.

The dependence of the verification diameter Dy of the response function on
the number M of input parameters is shown in Fig. 5. For linear F' one has the
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scaling Dgp ~ M *%, and hence the power-law behavior (Dp ~ M=% in the quasi-
Newton calculations, Dy ~ M~%43 in the genetic algorithm calculations) evident
in Fig. 5 owes to the lack of regularity of the response function F'(X). This scaling
behavior serves to illustrate one of the principal strengths of the concentration-
of-measure approach, namely, that the uncertainty bounds become sharper as
the number of random variables increases. Therefore, concentration-of-measure
bounds are particularly attractive in the context of certification of large complex
systems with many random inputs. It is also interesting to note from Fig. 5 that
both the genetic algorithm and quasi-Newton results exhibit ostensibly identical
behavior.

Figs. 6 and 7 show the minimum design margins required in order to guarantee
that the concentration-of-measure bounds on the probability of failure are less
than € = 1073, 1072 and 10~!. The results shown in Fig. 6 correspond to a
perfect model whose mean performance is exactly known, termed scenario 1 in
Section 2.1, whereas the results shown in Fig. 7 correspond to a perfect model
whose mean performance is estimated empirically, termed scenario 3 in Section 2.3.
The initial implosion velocity is Vo = 3 in all cases. This initial velocity causes the
ring to crumple extensively with the result that the behavior of the ring becomes
exceedingly nonlinear. The figures show the dependence of the required margin on
the number of random inputs for four input ranges: D € [0.95,1.05], [0.99,1.01],
[0.995, 1.005] and [0.999, 1.001]. The figures also show a comparison of the margins
resulting from aleatoric diameters Dr computed by a genetic algorithm and a
Quasi-Newton iteration.

A number of features of the results presented in Figs. 6 and 7 immediately
come to prominence. Interestingly, despite the extremely nonlinear behavior of
the system the margins required to guarantee its safe performance take modest
values which, presumably, should be attainable by practical designs. The modest
range and good behavior of those design margins illustrates the feasibility and
practicality of concentration-of-measure inequalities as a basis for the certification
of complex systems. A second feature of interest is the steady decrease of the
design margins with the number of random inputs, a decrease that is in keeping
with the expected behavior of concentration-of-measure inequalities. Thus, the
concentration-of-measure approach to certification pursued in the present work,
which are based on the simple Hoeffding inequality, is particularly effective for
systems with a large number of uncorrelated or weakly correlated random inputs.
Extensions of concentration-of-measure inequalities to correlated inputs are sum-
marized in Appendix A but will not be pursued here in the interest of simplicity.
A final feature of interest, which is evident from a comparison of Figs. 6 and 7,
concerns the small increase of the required design margins that results from esti-
mating the mean performance of the system empirically. This small effect suggests
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Figure 6: Minimum design margins required in order to guarantee probabilities of failure
less than € = 1073, 1072 and 10~!. Perfect model and exact mean performance case. Initial
implosion velocity Vy = 3. The figures show the dependence of the required margin on the
number of random inputs for four input ranges: D = [0.95,1.05], [0.99,1.01], [0.995,1.005] and
[0.999,1.001]. The figures also show comparison of the margins resulting from aleatoric diameters
Dp computed by a genetic algorithm and a Quasi-Newton iteration.

that in practice mean performances can be safely estimated empirically and that
the mean performance of the system need not be known exactly.

3.3.2 Inexact model

Next we investigate the effect of modeling uncertainties, including unknown un-
knowns. The precise manner in which the exact model is coarse-grained and
unknown unknowns are introduced has been described in Section 3.1. The de-
termination of the residual probability-of-failure tolerance requires the estimation
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Figure 7: Minimum design margins required in order to guarantee probabilities of failure less
than € = 1073, 1072 and 10~!. Perfect model and estimated mean performance case. Initial
implosion velocity Vy = 3. The figures show the dependence of the required margin on the
number of random inputs for four input ranges: D = [0.95,1.05], [0.99,1.01], [0.995,1.005] and
[0.999,1.001]. The figures also show comparison of the margins resulting from aleatoric diameters
Dp computed by a genetic algorithm and a Quasi-Newton iteration.

of the mean deviation (G; — F;) between predicted and measured performance
measures and the computation of the validation diameters D¢, _p,. Again we note
that this determination requires the simultaneous execution of nominally identical
calculations and experiments, a process that gives precise form to the notion of
validation.

As stated in Section 2.5, in the context of certification, models are useful pre-
cisely because, for sufficiently predictive models, the objective function required to
compute the validation diameter, eq. (53), may be expected to exhibit much less
variation than the response function itself, with the result that the evaluation of
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Figure 8: Ring implosion test. Computation of the validation diameter Dg_r. Comparison of
the number of iterations to convergence using a quasi-Newton iteration and a genetic algorithm
as function of the number of random input parameters. All calculations are carried out using
Sandia National Laboratories” DAKOTA Version 4.0.

the validation diameter can be based on rapidly-convergent iterative procedures,
which in turn can greatly reduce the number of experimental tests required for
certification. This working assumption may be tested in the case of the imploding
ring example. Fig. 8 shows plots of the number of iterations to convergence using
a quasi-Newton iteration and a genetic algorithm as function of the number of ran-
dom input parameters. As may be seen in the figure, for a small number of input
parameters the quasi-Newton iteration converges more rapidly than the genetic
algorithm and the number of iterations to convergence is manageably small. As
the complexity of the system increases, the performance gap between the genetic
algorithm and the quasi-Newton iteration narrow and, for a large number of input
parameters the genetic algorithm requires fewer iterations to convergence.

In a certification context, the effect of the limited model fidelity is an effective
reduction in the probability-of-failure tolerance, cf Section 2.5. Thus, the com-
puted probability of failure must now be compared against a reduced tolerance
that accounts for modeling errors. Fig. 9 shows that, for the particular choice of
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Figure 9: Ring implosion test. Ratio of validation diameter, Dg_r, to verification diameter,
Dp.

upscaling model used in the calculations, the validation diameter Dp_q is greatly
in excess of the verification diameter Dp. Thus, the epistemic or modeling un-
certainty Ug completely overshadows aleatoric uncertainty U4 resulting from the
intrinsic variability of the inputs and any stochastic nature of the system. The rea-
son for the large epistemic uncertainty is clearly illustrated in Fig. 10, which shows
that fine crumpling of the ring occurs in the late stages of compression, Fig. 10a.
This localized crumpling greatly contributes to the bending energy of the ring, i. e.,
to the chosen measure of performance. However, the localized crumpling cannot
be resolved by the coarse model and is completely suppressed, Fig. 10b, with the
result that the bending energy of the ring is greatly underestimated.

In order to compensate for the large epistemic uncertainty, the certification
of the system requires larger margins than otherwise required in the case of the
perfect model, cf Fig. 11. This is particularly so for large numbers of random input
parameters owing to the lack of concentration exhibited by the inexact model, a
behavior that is in sharp contrast to the perfect model which, as noted earlier,
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() (b)

Figure 10: Closeup of a snapshot of the ring trajectory showing: a) localized crumpling in the
exact system represented by G(X, Z); and b) the failure of the coarse-grained model F(X) to
resolved the localized crumpling.

exhibits strong concentration with increasing system size. The behavior of the
system is not significantly altered by the introduction of unknown unknowns, cf
Fig. 12. Remarkably, despite the large level of epistemic uncertainty and the
introduction of unknown unknowns the minimum margins required for certification
remain within relatively modest values attainable by practical designs. Thus,
while the concentration advantage may be diminished, concentration-of-measure
inequalities remain a viable avenue for certification in the context of inexact models
and unknown unknowns.

4 Summary and Discussion

Certification is a process that seeks to establish whether the probability of failure
of a system is below an acceptable tolerance. Often, certification is expressed
in a language of quantification of margins and uncertainties (QMU), with the
understanding that a system is certified if its performance uncertainty is less than
its performance margin. Appealing as the QMU conceptual framework is, the
precise quantitative definition of uncertainty measures, the precise means by which
the uncertainty measures can be determined in practice, be it experimentally, by
computer simulation or a combination of both, and the precise manner in which
mitigating and controlling uncertainties guarantees the safe operation of a system,
are often left unspecified.

We have developed a method of certification predicated upon the use of concen-
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Figure 11: Minimum design margins required in order to guarantee probabilities of failure less
than € = 1073, 1072 and 107!. Inexact model, estimated mean performance and no unknown
unknown case. Initial implosion velocity Vy = 3. The figures show the dependence of the required
margin on the number of random inputs for four input ranges: D = [0.95,1.05], [0.99,1.01],
[0.995,1.005] and [0.999,1.001] for the coarse model F, with corresponding intervals for the fine
model G obtained from the scaling relation (67b). The figures also show comparison of the
margins resulting from aleatoric diameters Dy and epistemic diameters Dg_p computed by a
genetic algorithm and a Quasi-Newton iteration.

tration-of-measure inequalities as a means of bounding performance uncertainties.
These uncertainty bounds are mathematically rigorous and, therefore, can be taken
as a basis for formulating conservative certification criteria. In addition, the ap-
proach is unambiguous and supplies precise quantitative definitions for a number
of terms of art that are often loosely used in ad hoc certification methodologies,
including the following:

i) Margins. When the mean performance of the system is known, the margin
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Figure 12: Minimum design margins required in order to guarantee probabilities of failure less
than € = 1073, 1072 and 107!. Inexact model and estimated mean performance. Unknown
unknowns added to the system in the form of added bead masses resulting total ring mass varia-
tions in the range [—0.1,0.1]. Initial implosion velocity Vo = 3. The figures show the dependence
of the required margin on the number of random inputs for four input ranges: D = [0.95,1.05],
[0.99,1.01], [0.995,1.005] and [0.999,1.001] for the coarse model F', with corresponding intervals
for the fine model G obtained from the scaling relation (67b). The figures also show comparison
of the margins resulting from aleatoric diameters Dp and epistemic diameters Dg_p computed
by a genetic algorithm and a Quasi-Newton iteration.

in a performance measure is simply the difference between the mean per-
formance and its threshold for safe operation, eq. (11a). When the mean
performance of the system is estimated by way of a model, the margin is
the difference between the mean performance and an increased threshold,
eq. (40a). This threshold increase accounts for uncertainties in the estima-
tion of the mean performance and effectively results in a net loss of margin.
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ii)

iii)

iv)

Uncertainty. The total uncertainty of the system follows as the sum of an
aleatoric uncertainty and an epistemic uncertainty, eq. (59b). The aleatoric
uncertainty measures the spread in predicted performance arising from nu-
merical errors, from the statistical variability of the input parameters, the
intrinsic stochasticity of the model, or from other sources. The epistemic
uncertainty measures the deviation between predicted and observed perfor-
mance due to the limited fidelity of the model and existence of unknown
unknowns.

Aleatoric uncertainty. The aleatoric uncertainty in a performance measure
is quantified by its verification diameter (8), i. e., the largest deviation in
performance that is computed when each input parameter is allowed to vary
in turn between pairs of values spanning its entire range. The aleatoric
uncertainty is computed directly from the model without reference to exper-
imental data. It bears emphasis that classical linearized sensitivity analysis
is not sufficient to quantify aleatoric uncertainties in general. Instead, worst-
case scenario large deviations in the system input parameters, resulting in
likewise large deviations in system performance, must systematically be iden-
tified and taken into account. Finally, we note that aleatoric uncertainties
can be determined on the sole basis of input parameter ranges without precise
knowledge of their probability density functions.

Epistemic uncertainty. The epistemic uncertainty in a performance measure
is quantified by its validation diameter (53), i. e., the largest deviation in the
difference between computed and measured performance that is recorded
when each input parameter is allowed to vary in turn between pairs of values
spanning its entire range. The determination of the validation diameter is
an optimization problem in which the evaluation of the objective function
requires the execution of nominally identical calculations and experiments.
The algorithm employed in the solution of this optimization problem, be it
a stochastic algorithm such as simulated annealing or a genetic algorithm or
an iterative algorithm such as a quasi-Newton iteration, determines the pre-
cise sequence of calculations and experiments to be performed. It should be
noted that, in executing nominally identical calculations and experiments,
unknown-unknown input parameters are assigned random values within their
respective ranges, which adds to the computed modeling uncertainties and
systematically and automatically accounts for the effect of unknown un-
knowns.

Confidence factor. With the preceding definitions, the confidence factor is
simply the quotient of margin to total uncertainty, eq. (10). However, it
should be carefully noted that what is specifically asserted through this
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definition is the mathematical fact that concentration-of-measure inequal-
ities rigorously guarantee that a system whose confidence factor is above a
well-defined threshold will operate safely within a pre-specified probability-
of-failure tolerance. This stands in contrast to QMU methodologies based
on ad hoc definitions of margins, uncertainties and confidence factors which,
while eminently reasonable and intuitive appealing, may lack a similar math-
ematical guarantee and, therefore, fail provide a sound basis for certification.

vi) Aggregation of uncertainties. In cases in which the safe operation of a system
requires multiple performance measures to be above their respective thresh-
olds, certification can still be expressed in terms of an overall confidence
factor for the system. In the concentration-of-measure approach to certifi-
cation, the overall confidence factor follows as a well-defined function of the
individual confidence factors of each of the performance measures, eq. (31).
It bears emphasis that neither margins nor uncertainties can be aggregated
in separation of each other. Instead, individual performance measure con-
fidence factors, which naturally weigh individual margins against their cor-
responding uncertainties, are to be compounded into an overall confidence
factor for the system. In particular, ad hoc formulae for aggregating uncer-
tainties, such as root mean square (RMS) formulae, fail to provide a sound
basis for certification in general.

It bears emphasis that, in a certification context, the purpose and utility of
devising models of the highest possible fidelity is to minimize the number of—
presumably costly—tests that are required for certification. Predictive Science
may then be regarded as the art of formulating such models. Some of the benefits
of the concentration-of-measure QMU framework towards the goal of achieving
predictive science are worth noting carefully.

The computation of the verification and validation diameters of system requires
a global optimization over parameter space. Global optimization algorithms such
as simulated annealing and genetic algorithms exhibit a very high degree of con-
currency, since at every step of the algorithms large populations of replicas of the
model can be evaluated independently. This concurrent evaluation can be accom-
plished by running a large number of independent jobs on relatively small processor
counts (~500-1000). Bottlenecks should be rare in this mode and exceedingly high
efficiencies are expected. Petascale computing capacity presently under develop-
ment will enable the running of vast numbers of such jobs simultaneously. Thus,
concentration-of-measure uncertainty analysis lends itself ideally to—and provides
a potentially important use of—petascale computing.

The calculation of aleatoric and epistemic uncertainties, as measured by the
verification and validation diameters of the system, entails a systematic explo-
ration of parameter space and thus identifies where the critical large-perturbation
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sensitivities of the system and modeling errors reside. Thus, one important out-
come of uncertainty quantification through the computation of the verification
and validation diameters is the identification of bad actors, i. e., the components
of the model, be they numerical, physics models or otherwise, responsible for the
highest system uncertainties. Those model components can then be targeted for
refinement through the addition of higher-fidelity physics laws, higher-accuracy
numerical algorithms, or by other means. In this manner, QMU systematically
guides model development and provides a rational basis for allocating modeling
and experimental priorities and resources. Such systematic and prioritized model
development is an integral and indispensable part of predictive science.

In closing, we proceed to enumerate some of the present limitations of the
proposed approach and possible extensions and enhancements thereof. For sim-
plicity, in this paper we have considered input parameters that are independent
and supposed that all that is known about the variability in the input parameters
is that they lie within certain intervals. However, the concentration-of-measure
phenomenon is not limited to the case of independent random inputs and it is
possible to devise concentration-of-measure inequalities that account for corre-
lations between inputs (cf., e. g., theorems A3 and A4). It is also possible to
devise concentration-of-measure inequalities that take as input probability density
functions of the input variables, and take the resulting inequalities as a basis for
formulating conservative certification criteria (cf., e. g., theorem A4).

An additional concern is whether the concentration-of-measure inequalities sup-
ply a sufficiently tight upper bound on the probability of failure. The test case of
an imploding ring shows that the simplest concentration-of-measure inequalities,
namely, those based on Hoeffding’s inequality, can significantly overestimate the
probability of failure. There are a number of alternative concentration-of-measure
inequalities, such as Chernoff’s inequality, that provide tighter upper bounds on
the probability of failure. Another possibility is to exploit special characteristics
of the system. For instance, a case that often arises in practice concerns systems
that are composed of coupled components or subsystems. Each subsystem can
then then be modeled separately and an integrated model of the entire system
can subsequently be obtained by modeling the coupling between the subsystems.
Hierarchies of models in which the subsystems can themselves be recursively de-
composed into finer subsystems are also encountered in practice. In these cases,
concentration inequalities can be applied recursively in order to bound uncer-
tainties in the integrated system. The uncertainties in the subsystems can be
computed through experiments tailored to each subsystem and through numerical
simulations based on subsystem models, presumably an easier task than testing
and modeling the integrated system itself. The resulting bounds on the subsystem
uncertainties exhibit Gaussian tails. The uncertainty of subsystems higher in the
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hierarchy can then be controlled by means of powerful concentration inequalities
for Gaussian random variables. We recall that concentration inequalities having
independent Gaussian random variables as input parameters return back Gaussian
tail estimates. In this manner, uncertainties can be propagated recursively up the
system hierarchy using concentration inequalities for Gaussian random variables.

It should be carefully noted that the present approach requires the determi-
nation of the epistemic uncertainties, as measured by the validation diameter,
through the execution of a sequence of identical simulations and experiments.
While this aspect of the method may be regarded as a strength—it supplies
precise guidelines for model validation and leads to rigorous and conservative
certification—it also limits the applicability of the method to systems for which
integral tests can be conducted on demand. This raises the question of whether it
is possible to extend the present approach—and, more generally, whether rigorous
certification is possible at all-—when only historical integral data is available and
the possibility of acquiring new integral data does not exist. From a mathemat-
ical standpoint, the main difficulty is that in general there is no guarantee that
historical integral data samples parameter space adequately, specially when cer-
tifying new designs, and that performance uncertainties are not underestimated
as a result. The situation improves significantly if component testing is possible.
Thus, if the system consists of a number of components and interfaces between the
components, and if each component and interface can be tested, then it is possi-
ble to derive rigorous uncertainty bounds, leading to conservative certification, by
methods similar to those outlined in the preceding paragraph.

Finally, we remark on the likely range of applicability of concentration-of-
measure inequalities relative to other competing approaches. In cases in which
the probability of failure is large, sampling methods such as Monte Carlo or Quasi
Monte Carlo require a relatively small number of samples and are likely to enjoy a
competitive advantage. Sampling methods are also advantageous when large data
sets are available or are inexpensive to obtain. However, methods based on direct
sampling become impractical if the probability of failure is small, i. e., if failure
is a rare event, and if sampling is costly. By way of contrast, the effort required
for the computation of the verification and validation diameters is independent
of the size of the probability of failure and concentration-of-measure inequalities
can conveniently be applied—and enjoy a competitive advantage-when probabili-
ties of failure are small. Furthermore, concentration-of-measure inequalities are
just about the only available certification tools for systems with a large number of
inputs whose probability density function is not fully known.
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Appendix A. A brief review of concentration-of-
measure inequalities

The concentration-of-measure phenomenon refers to the property that functions of
a large number of variables, i. e., functions over high-dimensional spaces, with small
local oscillations in each variable are almost constant. Moreover, the fluctuations
can be controlled through powerful inequalities called concentration-of-measure in-
equalities. These inequalities have found a wide range of application in functional
analysis, complexity theory, and probability and statistics but remain largely un-
known outside the specialized mathematical community where they are currently
being developed. In this appendix we collect basic facts and background on the
concentration-of-measure phenomenon for the convenience of the reader. We refer
the interested reader to [6] for a monograph and to [7] for a survey.

Recognition of the concentration-of-measure phenomenon as such may be traced
back to an observation by Lévy [13] that functions on high dimensional spheres
with small local oscillations, i. e., whose modulus of continuity can be controlled,
are strongly concentrated around their mean value with respect to the uniform
Lebesgue measure on the hypersphere. The study of this phenomenon was pio-
neered in the early seventies by V. Milman in his work on the asymptotic geometry
of Banach spaces [14], [15], [16], [17]. For an isoperimetric interpretation of the
concentration-of-measure phenomenon and powerful applications to geometry we
refer to [18], [19] and [20]. For early probabilistic results in the context of sums of
independent random variables we refer to [9] (Hoeffding’s inequality), [21] (Cher-
noff bound) and to ([22] and [23]) for quantitative inequalities pertaining to the
Glivenko-Cantelli [24], [25] convergence of empirical distributions. Far-reaching
extensions, that in particular provide dimension-free concentration-of-measure in-
equalities in product spaces, have more recently been advanced by M. Talagrand,
cf. [26], [27], [28], [29], [30], [31], [32]. For a selection of relevant articles in proba-
bility and statistics we refer to [33], [34], [35], [36], [37], [38], [39] and [40].

A brief compendium of representative concentration-of-measure inequalities is
collected in the following. Whereas only the simplest McDiarmid concentration-
of-measure inequalities is used in this paper, the more advanced inequalities de-
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scribed below supply avenues for extension of the present QMU methodology to
systems including correlated inputs, inputs with known probability distributions,
unbounded inputs and other cases of interest.

McDiarmid’s inequality. McDiarmid’s inequality is perhaps the simplest
example of concentration-of-measure inequality. Let Xi,..., Xy be M random
variables with values in spaces Ei,..., Ey. Let F' be a-one dimensional function
of X1,..., Xy Write

M
D2 -
= sup
im1 (@1 @i 1,@ig 1, M )EEL X By X B X X By
2
sup  |F(x1, ... @1, Ay Tiga, - Ty) — F(xla s Tim1, By, wig, e fL'M)’ .
(Ai,B;)EE?
(A1)

We refer to Dp as the diameter of F'. In Eq. (Al) the suprema are taken with
respect to variables in the spaces Ei,. .., Ey. Let P and E be the measure of prob-
ability and expectation associated with the random variables X;,..., X3;. Write
X = (Xi,...,Xum). The following theorem [10], also known as the bounded-
differences inequality, bounds the fluctuations of F(X) away from its mean with-
out a priori knowledge of the probability distribution of the random variables
X1,..., X

Theorem A1l (McDiarmid, 1989) Let the random variables Xi,..., Xy are
independent. Then
2

P[F(X) ~E[F] 2 ] < exp(~257) (A2)

Observe that if the spaces E; = (a;,b;) and

Hoeffding’s inequality [9]

T2

(i, (b — ai)?/M)

Pl > - > BN > 1] < expl-2M ) (A9)

is recovered as a special case.
Convex-distance inequality. The bounded-differences inequality is a spe-
cial case of the more powerful convex-distance inequality [30]. In particular, the
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convex-distance inequality applies in cases where the bounded-differences inequal-
ity fails. Assume that Xi,..., X are independent variables, each taking values
in a measurable set £. Write X = (X;,..., X)) and P[A4] := P[X € A]. Let
A C EM be an arbitrary measurable subset of E. For a € [0,1]™, we define the
weighted Hamming distance from the point z € E to A as

do(z, A) = inf > o] (A5)

i 2, FT
Writing [la]|? := 3>, a? we define the convex distance of X from the set A as

dr(z, A) == sup do(z, A) (A6)

a€[0,1]M [|af|=1

Then we have the following.

Theorem A2 For any subset A C EM with P[X € A] > L and t > 0,
t2
min {IF’[A],IP’[dT(X, A) > t]} < eXp(—Z) (AT)

The convex-distance inequality originates in a remarkable series of papers by Ta-
lagrand [27], [30], [41]. The preceding statement of the inequality is taken from
[42].

Concentration inequalities with correlated random variables. The
concentration-of-measure phenomenon is not limited to the case of independent
random inputs and also arises when the inputs are correlated. Suppose, for defi-
niteness, that F; = [0,1] for all 4. Let f(Xi,...,Xy) be the probability density
of the inputs and denote by f(Xj, ey Xul(Xa, o X, Xa) = (2,0 xl))
the the law of X,..., X conditioned on (X7,...,X;1,X;) = (z1,..., %1, 7).
A matrix I' measuring the correlations between pairs of random variables X; may
then be defined as follows: I';; :== 0 if ¢ > j; I';; := 1; and, for i < j,

I'i =" sup sup
24,2,€[0,1)2 (z1,...,x;—1)€[0,1]*~1
(X Xad (X X1, X) = (1, i, 1)) — (A8)

f(Xj, e ,XM|(X1, R ;XiflyXi) = (J}l, e ,J}ifl,ZZ‘))HT\/,

where ||.|rv denotes the total variation norm over probability measures. For in-
stance, if (X;)1<i<y is a Markov Chain on [0, 1] with uniformly contracting tran-
sition kernels, i. e.,

Q= Sup Hf(Xi|Xi—1 = l“z) - f(Xi’Xi—l = zi)HTV <1, (A9)

1,Ti—1,%i—1
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then ]
I < o1 (A10)

— (2

Write ||I']] for the operator norm of the matrix I'. Then we have the following.

Theorem A3 Let F be 1-Lipschitz over [0,1]™. Then

7,2

PllF —E[F]| > r] < QGXP[— W]

(A11)
We refer to [43] for a proof of the following theorem, and to to [44], [45], [37], [46]
for related results.

Concentration inequalities with functions with unbounded oscilla-
tions. Concentration-of-measure inequalities are not limited to functions with
bounded differences or inputs taking their values on compact spaces. General
concentration-of-measure inequalities can be obtained by controlling the Lipschitz
regularity of the output function and the tail of the random variables X; at infinity.
This control can be achieved by means of analytical inequalities called logarithmic
Sobolev inequalities [47]. Let f be a non-negative measurable function f over a
measure space (E, B, 1) such that [ fIn(1+ f)du < oo. We define the entropy of

f as
b, (1) = [ Fingdn— | fauin( [ sa. (A12)
We refer to Section 5 of [6] for the following theorem and to references therein.

Theorem A4 Let i be a probability measure on the Borel sets of a metric space
(E,d) such that for some C >0 and all locally Lipschitz function f on E

Ent,(f?) < 20/ IV f|2dp (A13)
with
|V fl(x):= limjup W . (A14)

Then for every 1-Lipschitz integrable function F' : E — R and for every r > 0
2
,u({YZ/qu—i—r}) §exp(—2r—c). (A15)

Eq. (A13) is called logarithmic Sobolev inequality with constant C'. The applica-
tion of theorem A4 to product of metric spaces (E;, d;) follows from the observation
that if the measures u; satisfy the logarithmic Sobolev inequality

Eat,, (%) <26, [ 193/ Pdn (Al6)
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for every locally Lipschitz function f on E;, where |V, f| is the generalized modulus
of gradient on E; defined as in Eq. (A14), then the product measure p = py X
-+ X ppr satisfies the logarithmic inequality (see corollary 5.7 of [6])

Eut, (/%) <2 max C; [ V1P (A1)

with [Vf2 = S0 [Vif[?, for every locally Lipschitz function f on E = Fy x

- X FEpr. The particular application to Gaussian distributions follows simply
from the observation that a normal centered Gaussian distribution on R™ satisfies
the logarithmic Sobolev inequality with constant 2.

Concentration inequalities for empirical processes. Concentration in-
equalities can also be used to obtain powerful and very quantitative estimates
for empirical processes defined by sampling, [27], [30] and [41] and [35]. Let
Y! ..., Y" beindependent random variables, not necessarily identically distributed,
in some measurable space (F,B). Let F be some countable family of real-valued
measurable functions on (£, B) such that || f|l« < b < oo for every f € F. Let

N
Z = sup | ; F(7)] (A18)
or N
Z:= sup| ;(f(Yi) —E[f(V3)]] (A19)
Let, in addition, i
o* = igg;\/ar[f (V7)) (A20)

Then we have the following [35].

Theorem A5 For any positive real number € and x,

]P’[Z > (14 €)E[Z] + 0V 2k + K(E)bl‘] < exp(—x) (A21)
with k = 4, r(e) = 2.5+ 32¢. Moreover,

P[Z < (1-OE[Z] — oV2r'z — K/(e)x} < exp(—z) (A22)

with £ = 5.4 and K'(€) = 2.5+ 43.2¢7 1.
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In the particular case in which the random variables Y; are identically distributed,
theorem A5 furnishes powerful estimates for the empirical process

N
1
BN = N ; dy, (A23)
by observing that
Z = sup Nluw(f) — () (A24)
feF
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