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Abstract: This work presents the Third-Order Adjoint Sensitivity Analysis Methodology (3rd-ASAM)
for response-coupled forward and adjoint linear systems. The 3rd-ASAM enables the efficient
computation of the exact expressions of the 3rd-order functional derivatives (“sensitivities”) of a
general system response, which depends on both the forward and adjoint state functions, with respect
to all of the parameters underlying the respective forward and adjoint systems. Such responses
are often encountered when representing mathematically detector responses and reaction rates
in reactor physics problems. The 3rd-ASAM extends the 2nd-ASAM in the quest to overcome
the “curse of dimensionality” in sensitivity analysis, uncertainty quantification and predictive
modeling. This work also presents new formulas that incorporate the contributions of the 3rd-order
sensitivities into the expressions of the first four cumulants of the response distribution in the
phase-space of model parameters. Using these newly developed formulas, this work also presents a
new mathematical formalism, called the 2nd/3rd-BERRU-PM “Second/Third-Order Best-Estimated
Results with Reduced Uncertainties Predictive Modeling”) formalism, which combines experimental
and computational information in the joint phase-space of responses and model parameters,
including not only the 1st-order response sensitivities, but also the complete hessian matrix of
2nd-order second-sensitivities and also the 3rd-order sensitivities, all computed using the 3rd-ASAM.
The 2nd/3rd-BERRU-PM uses the maximum entropy principle to eliminate the need for introducing and
“minimizing” a user-chosen “cost functional quantifying the discrepancies between measurements and
computations,” thus yielding results that are free of subjective user-interferences while generalizing
and significantly extending the 4D-VAR data assimilation procedures. Incorporating correlations,
including those between the imprecisely known model parameters and computed model responses,
the 2nd/3rd-BERRU-PM also provides a quantitative metric, constructed from sensitivity and
covariance matrices, for determining the degree of agreement among the various computational
and experimental data while eliminating discrepant information. The mathematical framework
of the 2nd/3rd-BERRU-PM formalism requires the inversion of a single matrix of size N, X N,
where N, denotes the number of considered responses. In the overwhelming majority of practical
situations, the number of responses is much less than the number of model parameters. Thus, the
2nd-BERRU-PM methodology overcomes the curse of dimensionality which affects the inversion of
hessian matrices in the parameter space.
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reduction; predictive modeling; curse of dimensionality
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1. Introduction

The functional derivatives (also called “sensitivities”) of results (also called “responses”) are
needed for many purposes, including: (i) understanding the model by ranking the importance of the
various parameters; (ii) performing “reduced-order modeling” by eliminating unimportant parameters
and/or processes; (iii) quantifying the uncertainties induced in a model response due to model parameter
uncertainties; (iv) performing “model validation,” by comparing computations to experiments to
address the question “does the model represent reality?” (v) prioritizing improvements in the model;
(vi) performing data assimilation and model calibration as part of forward “predictive modeling” to
obtain best-estimate predicted results with reduced predicted uncertainties; (vii) performing inverse
“predictive modeling”; (viii) designing and optimizing the system. As is well known, even the
approximate determination of the first-order sensitivities dR/d«;,i=1,... , Ny of a model response R to
N« parameters o; using conventional finite-difference methods would already require N« large-scale
computations with altered parameter values, which is unfeasible for large-scale models comprising
many parameters. The computation of higher-order sensitivities by conventional methods is limited in
practice by the so-called “curse of dimensionality,” since the number of such large-scale computations
increases exponentially with the order of the response sensitivities. For the exact computation of the
first- and second-order response sensitivities to parameters, the “curse of dimensionality” has been
overcome by the Second-Order Adjoint Sensitivity Analysis Methodology (2nd-ASAM) conceived and
developed by Cacuci [1-3]. The unique capability of the 2nd-ASAM to compute comprehensively and
efficiently the exact first-and second-order sensitivities of a response to parameters in a large-scale
physical system has been demonstrated [4-6] by an application to a reactor physics system which
comprises 21,976 first-order sensitivities and 482,944,576 second-order sensitivities.

Sections 2 and 3 of this work present the Third-Order Adjoint Sensitivity Analysis Methodology
(3rd-ASAM) for coupled forward and adjoint linear systems, which evidently extends and generalizes
the 2nd-ASAM. The 3rd-ASAM aims at the efficient computation of the exact expressions of the
3rd-order functional derivatives (“sensitivities”) of a system response that depends on both the forward
and adjoint state functions with respect to all of the parameter underlying the respective forward and
adjoint systems. Such responses are often encountered when representing mathematically detector
responses and reaction rates in reactor physics problems. The 3rd-ASAM will be applied to the reactor
physics system analyzed in [4-7] to compute the exact magnitude of the 3rd-order sensitivities to
the model parameters that were found in [4-7] to have unexpectedly large 2nd-order sensitivities.
Furthermore, the 3rd-order sensitivities computed using the 3rd-ASAM are incorporated in the new
formulas, presented in Section 4, for computing to 3rd-order the first four cumulants of the response
distribution in the phase-space of model parameters. Section 5 presents a new mathematical formalism,
which will be called the “Second/Third-Order Best-Estimated Results with Reduced Uncertainties
Predictive Modeling (2nd/3rd-BERRU-PM).” Set in the joint phase-space of responses and parameters,
the 2nd/3rd-BERRU-PM incorporates experimental and computational information, including the
complete (as opposed to partial) vector of 1st-order response sensitivities, the complete hessian matrix
of 2nd-order second-sensitivities and also the 3rd-order sensitivities, all computed using the 3rd-ASAM
presented in Section 3. Thus, the 2nd/3rd-BERRU-PM extends the “BERRU Predictive Modeling” [7],
thereby generalizing and including, as particular cases, similar formulas used in other fields e.g., [8-10].
The 2nd/3rd-BERRU-PM uses the maximum entropy (MaxEnt) principle [11] to eliminate the need for
introducing and “minimizing” a user-chosen “cost functional quantifying the discrepancies between
measurements and computations.” Incorporating correlations, including those between the imprecisely
known model parameters and computed model responses, the 2nd/3rd-BERRU-PM also provides
a quantitative metric, constructed from sensitivity and covariance matrices, for determining the
degree of agreement among the various computational and experimental data and helping eliminate
discrepant information. Conclusions regarding the significance of this work’s novel results in the
quest to overcome the curse of dimensionality in sensitivity analysis, uncertainty quantification and
predictive modeling are presented in Section 6.
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2. Mathematical Description of the Physical System
A linear physical system is generally represented by means of N, coupled operator equations of
Nl(
the form ¥, Lij(a)pj(x) = Qi(«), i =1,...,Ny, x € Qy, in which the operators L;;(«) act linearly on
j=1

the state functions ¢ (x). The above system of equations can be written in matrix form as follows:
Lia(x)]e(x) = Q[x(x)], x € Oy )

Matrices and vectors will be denoted using bold letters. Since the right-side of Equation (1) may
contain distributions, the equality in this equation is considered to hold in the weak (“distributional”)
sense. Similarly, all of the equalities that involve differential equations in this work will be considered
to hold in the weak/distributional sense. All vectors in this work are considered to be column vectors,
and transposition will be indicated by a dagger (t) superscript. The vectors, matrices and operators
appearing in Equation (1) are defined as follows:

1. az(x,...,an, )1L denotes a N «-dimensional column vector whose components are the physical
system’s imprecisely known parameters, which are subject to uncertainties; o € Ex ¢ RN, where
E« denotes a subset of the N«-dimensional real vector space RV«. The symbol “£” will be used
to denote “is defined as” or “is by definition equal to.” The vector & € Eo C RN« is considered
to include any imprecisely known model parameters that may enter into defining the system’s
boundary in the phase space of independent variables.

2. x=(xq,..., xNx)Jr € RNx denotes the N,-dimensional phase-space position vector, defined on a
phase-space domain denoted as ().

3. @(x) = [p1(x),..., 0N, (x)]" denotes a N,-dimensional column vector whose components
represent the system’s dependent variables (also called “state functions”). In virtually all
of the physical systems represented by Equation (1), the components @;(x), i = 1,...,N, are
square-integrable functions and ¢ (x) € Hy,, where H,, is a Hilbert space endowed with an inner
product that will be denoted as (¢ (x), ¥ (x)),, ¥ (x) € Hy, and which is defined as follows:

@000, 2 [ @lvax= Y, [ piboutxix @

4 Q(a) = [Qi(«x),...,Qn, («)]" denotes a N,,-dimensional column vector. The components of Q
are operators acting (in general nonlinearly) on & and x;

5. L(«x)=[Li(«),...,Ln, ()] denotes a Ny-component column vector. The components of L(«) are
operators acting linearly on @ and nonlinearly on «. When L(«) contains differential operators, a set
of boundary and/or initial conditions which define the domain of L(«) must also be given. Since
L(«) is considered to act linearly on @(x), the accompanying boundary and/or initial conditions
must also be linear in ¢ (x). Such linear boundary and/or initial conditions are represented in the
following operator form:

B () @ (x)—Cr () = 0, x € Q. ®)

In Equation (3), the operator Bp (o) = [Bij(oc)]; i=1,...,Np; j=1,...,N, is a matrix comprising,
as components, operators that act linearly on ¢(x) and nonlinearly on «; the quantity Np denotes
the total number of boundary and initial conditions. The operator Cr(cx) = [Cl (x),...,Cny (oc)]Jr isa
Np-dimensional vector comprising components that are operators acting, in general, nonlinearly on o.
The subscript “F” in Equation (3) indicates boundary conditions associated with the “forward” system
of equations.
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In most practical situations the Hilbert space H,, is self-dual. The operator L( ) admits an adjoint
(operator), which will be denoted as L™ (), and which is defined through the following relation for an
arbitrary vector \(x) € Hy:

(W), L(@) 9(x)), = (L™ () h(x), @(x)), @)

In Equation (4), the formal adjoint operator L' () is the N, X N, matrix:
L™ (a) 2 [L;(cx)], ij=1...,Nu, ®)

comprising elements L]J.lf () obtained by transposing the formal adjoints of the operators L;;(cx). Thus,
the system adjoint to Equations (1) and (3) has the following general representation in operator form:

LT (a)P(x) = Q" (), x € Oy, (6)

B4 ()P (x)—Ca(ax) =0, x € 9Qy. (7)

The domain of L™ («) is determined by selecting the adjoint boundary and/or initial conditions
represented in operator form in Equation (7), where the letter “A” indicates “adjoint” and the letter
“B” indicates “boundary andjor initial conditions.” These adjoint boundary and/or initial conditions are
selected so as to ensure that the boundary terms that arise when going from the left-side to the right
side of Equation (4) vanish, in conjunction with the forward boundary conditions given in Equation (3).
The source term Q™ [x(x)] in Equation (6) is associated with the system’s response which, in this work,
is considered to be a scalar-valued nonlinear functional of the adjoint and forward fluxes, which will be
denoted as R[¢(x), P (x); «]. Such responses are often encountered when representing mathematically
detector responses and reaction rates in reactor physics problems, and can be generally represented in
the following inner-product form:

Rlp(x); (x); o] 2 (S(3; o), 1), ®)

where S(@;; &) denotes a suitably differentiable function of its arguments. The nominal solution of
Equations (1) and (3) is denoted as @°(x), and is obtained by solving these equations at the nominal
parameter values o’. The superscript “zero” will henceforth be used to denote “nominal” or “expected”
or “mean” values. Thus, the vectors @°(x) and a? satisfy the following equations:

L(oco)(po(x) = Q[ao(x)] ;X € Q)y, 9)

BF(O(O)([)O(X) - CF((XO) =0, x € Q). (10)

Equations (9) and (10) represent the “base-case” or nominal state of the forward physical system.
Similarly, the “base-case” or nominal state of the adjoint physical system is given by the following
equations:

L (e (x) = Q" (), x € Oy, (11)
B(o” )" (x)-Ca(a®) = 0, x € 9. (12)

The nominal value of the response, R[(po(x),lbo(x) ; cxo], is determined by using the nominal
parameter values a’, the nominal value of the forward function ¢°(x) obtained by solving Equations
(9) and (10), and the nominal value of the adjoint function obtained by solving Equations (11) and (12).
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3. The Third-Order Adjoint Sensitivity Analysis Methodology (3rd-ASAM) for Coupled Linear
Forward and Adjoint Systems: Another Step Towards Overcoming the Curse of Dimensionality
in the Exact Computation of High-Order Response Sensitivities

The model parameters «; are imprecisely known quantities, so their actual values may differ from
their nominal values by quantities denoted as do; = o — cx?, i=1,...,Ng. Since the model parameters
o and the state functions are related to each other through the forward and adjoint systems, it follows
that variations & = (8«1, ..., day, ) in the model parameters will cause corresponding variations d¢ =
(0@1,...,80N,), 0@ = @;— (p?, i=1,...,Ny,and dp = (61])1,...,611)1\,“), d; = U; —1])?, i=1,...,Ny
in the forward and adjoint state functions. In turn, the variations d«, d¢, and 5 cause a response
variation R((po + 5@; 0 + 5; o0 + 6cx) around the nominal response value R[(po(x),ll)o(x); cxo].

3.1. The First-Level Adjoint System (1st-LASS) for Computing Exactly and Efficiently the First-Order Model
Response Sensitivities to Parameters

The total first-order sensitivity of the response R[@(x), P (x); &] to variations da = [0, ..., (SozNa]Jr

in the model parameters is given by the definition of the Gateaux (G-) differential, denoted as
6R((p0;1p0; ol 6@; 611);60() of R[@(x),P(x); «] around the nominal values ((po;lbo; ao). By definition,
this G-differential is:

6R((p0;1|)0; o 50; 611);6oc) S f—g{R<(PO + e5@; P + eo; ol + 5‘50‘)}520 13)
(R (ot ), + o8 (070750 00w,

where the “direct-effect term” {5R ((po ;90 of; 60()} i depends solely on the parameter variations oo
and is generally defined as follows:

{OR (@;; o; 6x)}y; = ([9S(@;W; &) /dex] Oex, 1), (14)

while the “indirect-effect term” {6R ((p0 ;0% af; d; 61p)}in p depends solely on the variations 6¢ and
oy in the forward and, respectively, adjoint functions, and is generally defined as follows:

{OR (@;0; o; 0@;0W) 1,4 = ([0S (@;; &) /I 69,1}, +([9S(@; W; &) /Ip] o, 1),.  (15)

Since the nominal values of the forward and adjoint functions are known after having solved
Equations (9) through (12), it follows that the direct-effect term {6R ((p0 ;90 af; 60()} 4y €A already

be computed at this stage. The indirect-effect term {6R ((p0 ; 1])0 s oQ; 61]))}m 4 can be computed only
after having determined the functions 6¢ and 6. These functions are obtained by solving the 1st-Level
Forward Sensitivity System (1st-LFSS), which is obtained by G-differentiating the original forward and
adjoint transport equations and respective boundary conditions given in Equations (1), (3), (6) and (7).

Performing these differentiations yields the following 1st-LFSS:

{( L(O“) L*?oc) )}(ao)( gigg )_{ Qgigi 2223 )((pon,,omo{ (16)

together with the following boundary conditions:

{Br()0@ (%)} 0) = {9 [Cr(et)—Bp(a) @ (x)]/dex}(0,0)00, X € Iy,

(B4 ()W (x)}(0) = {2[Cal(et)=Ba (@) (x)]/det} 0,000, X € Iy (17)
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The source-terms le) (@; &;00) and Qél) (¥; &; 6cx) in Equation (16) are defined as follows:

Q" (@; 0 50x) 2 {9[Q[ex(x)]-L(ox)(x)] /dex )5 x

Qil) (P; o; 8cx) £ {(9 [Q+ [x(x)]-L* (oc)tb(x)]/aa}éa, 18)

Solving the 1st-LFSS defined by Equations (16) and (17) is computationally expensive, since
the 1st-LFSS would need to be solved anew for every variation 6a;, i = 1,..., N, in the model
parameters, as each such variation would affect the source term on the right-side of Equation (16).
The computationally expensive evaluation of the indirect-effect term by using the 1st-LFSS can be

avoided by expressing this indirect-effect term {6R ((p0 ;0% al; o@; élb)}in ; In terms of the solution
of the 1st-Level Adjoint Sensitivity System (1st-LASS), which is constructed by implementing the

following sequence of steps:

1.
(i) Consider two vector-valued functions u(’)(x) 2 [ugl)(x),uél)(x)] and vD(x) 2
+
[vgl)(x),vél)(x)] , each having two N,-dimensional vector-components defined as

.[.
follows: ufl)(x) S [ufrll)(x),...,ul%.)(x),...,uo) (x)], i = 1,2, and vfl)(x) 2

[vf}l) (x),..., US.) (x),..., OS\)IL, (X)]+' i = 1,2,. The components of these vectors are assumed
to be square-integrable functions.

(ii) Introduce a Hilbert space, denoted as H;), endowed with the following inner product, denoted
as <u(1) (x), vV (x)>(1), uM(x) e Hy), v (x) e H 1), between the two functions defined in item

(i), above:

f [ug.) (x)][vfy (x)]dx (19)
Q

(iii) In the Hilbert space H(;), form the inner product of Equation (16) with a yet undefined
+
vector-valued function PV (x) = [xpil)(x),q)gl)(x)] € H(y) to obtain the following relation,

evaluated at ((p0 ; 1|)0 ; cxo), in which the superscript “zero” is omitted to simplify the notation:

M\ 5 O (0D (e as
< tb%l) ( () 0 )( ® )> _ < tb%l) Q%U(@, o dcx) > 20)
7 + S - 7
¥} 0 Lf(x) \ o0 ) 5 5 (W o 0x) (1)
(iv) Use the definition of the adjoint operator in the Hilbert space Hy) to recast the left-side of
Equation (20) as follows:

(G I T H A

where the bilinear concomitant P(!) [6(1) ; 0; 11)51), wgl)] is defined on the phase-space boundary

) st foeonu ] @
(1)

x € dQ),. The superscript “zero” denoting nominal values for the quantities ((pO PRURS oco) was also
omitted in Equations (20) and (21), in order to simplify the notation. Omitting henceforth the
superscript “zero” denoting nominal values for the quantities ((pO ;0 oco) should not cause any
loss of clarity, since all quantities are to be evaluated/computed using the respective nominal
values of the model parameters and using the nominal values of the forward and adjoint functions
evaluated at preceding stages/steps at nominal parameter values.
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v)

(vi)

(vii)

Identify the term on the left-side of Equation (21) with the indirect effect term defined in
Equation (15), i.e., require that

11,;1> 0 Lt (x) )\ 60
+
_ <[ lbél) ] [ Qél)(m; o 0x) ]>
21) 21> (1])/ x; 60‘) 1)

and use Equation (21) in conjunction with the boundary conditions given in Equation (17) on the
above relation to construct the following 1st-Level Adjoint Sensitivity System (1st-LASS):

<[ o ]T, (M L0 ) e )>(1) = (125305 ) /9] 5,13, + (125 (035 ) /] 5, 1),

(L+<cx> 0 )u)%l)(x) :([8S(<p;w;a)/a<p]* )
0 Lia) )| vV(x) [0S(@;w; ) /o] |

The boundary conditions given in Equation (17) are now implemented in Equation (21),
thereby reducing by half the number of unknown boundary-values in the bilinear concomitant

p) [(S(p ; OU; wgl),lbél)]. The boundary conditions for the adjoint functions 11)51) (x) and 1])51) (x)
are chosen next so as to eliminate the remaining unknown boundary-values of the functions o¢
and 01 while ensuring that Equation (22) is well posed. The boundary conditions thus chosen

for the adjoint functions 1])%” (x) and u)gl) (x) can be represented in operator form as follows:
BY [0 0005w (0, w1 (x); ] =0, x € 200 23)

In most cases, the above choice of boundary conditions for the 1st-level adjoint function P (x)
will cause the bilinear concomitant P(l)[é(p,élb,ﬂ)gl),ll)gl)] in Equation (21) to vanish. When
the boundary conditions for the original system are non-homogeneous, however, the bilinear

concomitant P(1) [6(p, o, 1])51), 11)21)] may not vanish. Even when it does not vanish, however, this

bilinear concomitant will be reduced to a quantity, denoted here as P [(p;ll) ; d)gl),ll)él) Hes 60(],

which will contain only known values of its arguments.

(viii) Use the 1st-LASS defined by Equations (22) and (23) together with Equations (20) and (21) to

obtain the following expression for the indirect-effect term defined in Equation (15), in terms of
the adjoint functions 1])51) (x) and 11)&1) (x):

@\ (1) '
e D (D, _ || ¥ Q" (@; 0 0x) I Yc0] PPRUTRSIR C) IS GO N
{6R ((plll”lll)l rll»’z ,(xlécx)}ind—<( ll);l) ]/ [ Qil)(lb;oc;écx) (1) p I:(pllbrll)l /11)2 /0(;60(]- (24)

As indicated in Equation (22), the function 1])51) (x) is computed by solving the original forward

equation with the source dS(@;\; &)/ while the function q)f)(x) is obtained by solving the

original adjoint equation with the source [dS(@;; &)/ d¢]". Thus, after the 1st-LASS is solved to
determine these two adjoint functions, the “indirect-effect term” is computed efficiently and exactly by
simply performing the integrations (“quadratures”) indicated by the inner-product on the right-side of
Equation (24).
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Replacing Equations (24) and (14) in Equation (13) eliminates the appearance of the functions
S@(x), 0P (x) in the resulting expression. Consequently, the total 1st-order response sensitivity can be

expressed in terms of the adjoint functions 1])51) (x) and ngl) (x) as follows:

OR (@ W; WY o dex) = <w dax, 1> + <1I)§1), Q" (e; cx;éoc)>
v

P
N Ne [aR(@:p; vV« (25)
+<‘|’él)/ le)(ﬂ); oc;écx)>(p —P(l)[fp;ll);ll)il);lbgl);cx;éoc] = '21{ ( 8011 2 ) da.

All of the quantities shown in Equation (25) are to be evaluated at the nominal values

((po;ll)o,‘ 1p§1)'°;1p§1)'0; oco). The partial 1st-order response sensitivities, denoted in Equation (25) as

aR(<p;1p;1p§l);1p§”;a)/aai, i =1,...,Ng, of the response R(¢;; x) to a generic parameter «;
are obtained by identifying the quantities that multiply the various parameter variations 0«; in
Equation (25).

3.2. The Second-Level Adjoint System (2nd-LASS) for Computing Exactly and Efficiently the Second-Order
Model Response Sensitivities to Parameters

The second order sensitivities of the response R(@;{;x) with respect to the parameters
®;, i = 1,...,N,, are obtained by determining the first-order G-differentials of the 1st-order

sensitivities 3R((p;1l),‘l])§l) ;wgl) ;oc)/ ;. For this purpose, it is convenient to use the
notation REl)((p;lb;lbil);lj)gl);o() = 8R((p;1p;1|)§1);¢§l);oc)/&oci. The first-order G-differential of
Rgl)((p ;P q)il) ; 1])51) ; cx) is obtained, by definition, as follows:

W o (D (D), e e o (1) o (1))«
{6R1 ((P/‘brll’l /11’2 ,“,O(P/blp/blh /éll)z /éo‘)}((p[];‘po;q)g]),0;11’21),0;0‘(])
= % R(l)((po + ed@; P + 5611);11)?)’0 + sétl)in;ll)gl)’o + 851])21); o séoc)}gzo (26)
8R5 )(w;tb;lb?);lbg]);oc)
Jdx

5a+{6R51>(<p;¢;¢§1>;w§’;a;6@;6¢;6¢§1>;6¢§1>)}_ ,
(@205 ax0) i

where the “indirect-effect term” {6R51)((p;1]);1b51);1|)é1); x; 0@; NP; 61])51); 61])&1))}'

depends solely on
ind

the variations 6@, O, 61])%1) and 61|)§l) in the forward and, respectively, adjoint functions and is
defined as follows:

{5R§1)(<P;1I)} w?%w?% o 0@; 0; 61!)51); 61b£1))}ind

t +
. BRfl)(<p;ll’;lb§1);lb§1);vc) HRfl)(@;tb;lbil);lbgl);oc)
= ,00) + , O
e o 27)
t ? i 7
3R£1)(<p;1l);¢§1);¢£1);0c) (1) 8Rfl)(<p;lb;¢§1);¢£l>;a) (1)
' ¢ ’ 2 (@00 a0)

The indirect-effect term defined in Equation (27) can be computed only after having obtained both
the solution the functions 6@, 6V, 61p§1) and 61p§1). The functions 6¢ and o are the solutions of the
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1st-LFSS defined by Equations (16). Furthermore, the functions 611)51) and 61b§1) are the solutions of the
following system of equations obtained by G-differentiating the 1st-LASS:

L* (@)o]) (x) - T4k (x) - %w(>—Q<2>(@-w-¢§”;a;aa)

I0I® (28)
2 .
Loy (x) ~ 5500 (x) — Z5n o (x) = ) (0rbiby ;e e
1 (1)
Yp aB unb Lol
532)(@;11);1])51);11)&1);0()_ o —— ) ((p SR )6
BBX)(@;QJ;wgl);wgl);a)é 1) 191321)((0;11);11)] ,lbz ; )6 (1) (29)
P by F pmg b,
9B§P(<p;1b;¢gl);tbgl);a)
+ s oax =0, x € IQ)y.
where:
+ (1)
2s(prpia) LT @B )]
Qiz)(@;w;tbil);oc;éa)é g(';;; ) P o, (30)
@) 1) PS(p;); &) &[L(“)"’gl) (")]
Q, ((p;lb;lbz ;oc;éoc)é N EP oax. (31)

The system comprising Equations (16) and (28), together with the boundary conditions provided
in Equations (17) and (29) constitutes the 2nd-Level Forward Sensitivity System (2nd-LFSS). Since the
source-terms of the 2nd-LFSS depend on the parameters variations 0«;, it follows that the determination
of the functions 61 gl) and 61])&” is at least as expensive computationally as determining the functions
0@ and 61 by solving the 1st-LFSS. To avoid the need for solving the 2nd-LFSS, the indirect-effect
term defined in Equation (27) will be expressed in terms of a 2nd-Level Adjoint Sensitivity System
(2nd-LASS), which will be constructed by following the general principles introduced by Cacuci [1-3],
comprising the following sequence of steps:

(i) Define a Hilbert space, denoted as H ), having vector-valued elements of the form the u@(x) £

1 2 773 4

+
ul@ (x) £ [uf,zl) (x),.. .,ugj) (x),... ,ug\au (x)] , i=1,...,4, with square-integrable components uﬁ) (x).

In H,), define the inner-product, denoted as <u(2) (x), v (x)>

+
[u(Z) (x), u? (x) u? (x), u? (x)] € Hy), with components that are N,,-dimensional vectors of the form

, of two functions u® (x) € H(,) and

f ., ) (x) dx. (32)

(2)
v@(x) e Hy) as follows:

4
(u 00, v200) = Yo {u 00,9 00) = Y

i=1 i=1 ]:1

Nll
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Using the definition provided in Equation (32), construct the inner product of a vector 1])52) (x) £

t
[1])521.) (x), wézl.) (x), 11);21.) (x), 1])533 (x)] € H(,) with Equations (16) and (28) to obtain the following relation:

2) t L(x) 0 0 0
lp%éi)(X) 0 L* (o) 0 0 5 (x)
< wzéi ) | _PS(eiwi)  PS(0iw ) L"(a) 0 61]()1())() > -
by P5larye) azsg(walj)p ) 2
(2) B ;P x Q;P; s ()
s () \ e ow Yo 0 L« 2 o -
wﬁ) (x) le) (@; o 0cx)
11)52) (x) Q) (9; o 50x)
:< IP;%)(X) ’ ng)(@}ll);ll)gl);a;écx) >
‘l’fi)(x) Qéz)(cp;lb;lbél);a;éa) o

(ii) Use the definition of the adjoint operator in the Hilbert space H,) to recast the left-side of
Equation (33) as follows:

11)5?(x) L(x) 0 0 0 59 (x)
< v () o Ll = 00 0 ob(x) >
2 ’ PS(pap;)  3*S(@ip;x) _
¥ (x) 82 (9(((:)’(9(() s a(fppa(p ) Lt () 0 611)%3@()
2 S(@;P; S(@p
"’zfi)(x) S e T 0 L(x) \ 0w, (x) o
t P*S(@ap;x)  PS(@ap;ex) (2)
0 Lt 0o - - Py (x) (34)
6$Ex§ () 8253(@?9 ) azg(mﬁg ) %21)
_ X 0 L(O() _ (p,ll),(x _ O \Pp,x 11)2,1 (x)
sV , dpIe PP %)
P e 0 e N R
o o0 0 L@ | el

P@) o ow; 0w, 0wl (0, WL (), (0, w7 )]

where the bilinear concomitant P<2)[6@;61]);611)51),611);1);11)522 (x),xbfi)(x),tl)ﬁ) (X)rﬂ)fi) (X)] is
defined on the phase-space boundary x € d(),.

(iii) Identify the first term on the right-side of Equation (34) with the indirect-effect term defined in
Equation (27) by requiring that the following system of equations be satisfied fori =1,... Ny:

LH (o7 () - 2 25biedy ) (x) - 25l 2 ) = (R @i w0l o )/aq)]
L(o)w(?) (x) ~ L0, 2) ) %%( ) =R (sl o]
L(Oé)ll)é?(X)Z[ Ri ((p;ll);ll)1 ) ;a)/z?ll)l ]

L*(“)ll)ﬁ) (x) = [9R§1)(<p;ll’;lb§1);tb§1);cx)/z?lbél)r

(35)

(iv) The boundary conditions given in Equations (17) and (29) are now implemented in Equation (34),
thereby reducing by half the number of unknown boundary-values in the bilinear concomitant

(2) [6(p; Sp; 61])51), (Sll)gl); 11)%21.) (x), 1|)§21.) (x), wézi) (x), ‘1’4(;21') (x)] The boundary conditions for the
2nd-level adjoint functions 1|)§21.) (x), ll)ézi) (x), 1|)§21.) (x), 1])5121.) (x) are now chosen so as to eliminate the

remaining unknown boundary-values of the functions d¢, o1, o1 gl) and 611)&” while ensuring
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that Equation (35) is well posed. The boundary conditions thus chosen for the adjoint functions

11)51) (x) and ll)él) (x) can be represented in operator form as follows:
B[00 (0} (091 (0,0 05 (00 ()0 (x| = 0, xe 000, 36)

In most cases, the above choice of boundary conditions for the 1st-level adjoint function (1) (x) will
cause the bilinear concomitant P(2) [6({); op; 61])51), 61])&”;1])5? (x), 1])31.) (x), 11);? (x), wfi) (x)] in Equation
(34) to vanish. Even when it does not vanish, however, this bilinear concomitant will be reduced to
a quantity, denoted here as p(z)[(p;tp;lpgl),lbél);tpﬁ) (X),‘ll)éi.) (x),ll)gi.) (x)/lbii) (x); o; (50(], which will
contain only known values of its arguments.

The system of equations comprising Equations (35) and (36) will be called the 2nd-Level Adjoint
Sensitivity System (2nd-LASS) for the 2nd-level adjoint functions 1|)§2]> (x),xj)é,z],) (x),lpg} (X),‘ll)fj) (x),i=
1,...N«. These 2nd-level adjoint functions are obtained by solving the 2nd-LASS successively by
using two “forward” and two “adjoint” computations, for each of the imprecisely known scalar
model parameters.

(v) Use the 2nd-LASS defined by Equations (35) and (36) together with Equations (33)—(35) to
obtain the following expression for the indirect-effect term defined in Equation (27), in terms of the

2nd-level adjoint functions 1|)§2]) (x), 11’?]-) (x), P gzj) (x), 1"4(12]') (x)

{or (@il s 00,95 (0, 98 (50,07 (x); )|

» 0 Y Qg; (@; o 00)

ind

¥\ (x) Q, " (W; o; dex)

< w(x) | ng)(cp;tb;tbgl);a;éa) > 57)
() O ot 0D s
00 ) | @ ey esa) |

=@ i1, 2 0, (0, 0 (), ) () x|

As Equation (37) indicates, the indirect-effect term can be computed speedily by quadratures once
the 2nd-level adjoint functions 1|)§2]) (x), q)f].) (x), P éz}) (x), 1])55}? (x) become available.

(vi) Replace Equation (37) in Equation (26) to obtain the following expression for the total 2nd-order
response sensitivity to model parameters:

6Rfl)(@;¢;¢§l);¢§1); o; 0@; Op; 61b§1);61b§1);6a) =
Ne
= -21 Rff)[m;w;wﬁ”;wé”;wﬁ’ <x>,¢§2 (X),tbéi) (X),lbfi) (X);cx]éaj ,i=1,...,Ny.
]:

(38)

where Rsz)[<0;1l);tl)§l);1b§1);ll)fi) (x),wéi-) (X),ll)éi) (X),lbi/zi) (X);cx] = ’R/dajdaj; i,j = 1,...,Ng
denotes the 2nd-order partial sensitivity of the response to the model parameters and is defined
as follows:
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3Rfl)(<0;ll);lb§1);lb§1);tx)

o]l 0, 00,95 ), i (00 | 2 7
) 0, 21Qax)-Lix o (x)/2n;) + (020, 2] Q" (1L (b (] 2a, )
W (39)
(2 825( o) aL*(‘X)ll)l (X) (2 925( o) aL (X‘LI)2 (x)
+<1I)3,i)(x)’ (9((gt9aj - [ Baj ] 1"‘41)( )’ a$aaj - [ aaj ]
¢

j
Note that the 2nd-LASS is independent of parameter Variations oo Thus, the exact computation

of all of the partial second-order sensitivities, R [(p P; 1])(1) 11) ll)fi) (x),wél (x), 1])(2)( ),wizi) (x); oc],

, ] = 1,...,Nq, requires at most N large- scale (adjoint) computations using the 2nd-LASS, rather
than O(N%x) large-scale computations as would be required by forward methods. It is also
important to note that by solving the 2nd-LASS N «-times, the “off-diagonal” 2nd-order mixed sensitivities

Rgf)[(p;tp;tpil);lpél);lpﬁ) (X),lbgi) (x),q)g,zi) (x),tl)fé) (x); cx] will be computed twice, in two different ways
(using distinct 2nd-level adjoint functions), thereby providing an independent intrinsic (numerical) verification
that the 1st- and 2nd-order sensitivities are computed accurately. In practice, it is useful to prioritize the
computation of the 2nd-order sensitivities by using the rankings of the relative magnitudes of the
1st-order sensitivities as a “priority indicator”: the larger the magnitude of the relative 1st-order
sensitivity, the higher the priority for computing the corresponding 2nd-order sensitivities. Also,
since vanishing 1st-order sensitivities may indicate critical points of the response in the phase-space
of model parameters, it is also of interest to compute the 2nd-order sensitivities that correspond
to vanishing 1st-order sensitivities. Thus, only the 2nd-order partial sensitivities of the response
R[@(x), P (x); &] which are deemed important will need to be computed. Information provided by the
1st-order sensitivities might indicate which 2nd-order sensitivities could be neglected.

3.3. The Third-Level Adjoint System (3rd-LASS) for Computing Exactly and Efficiently the Third-Order Model
Response Sensitivities to Parameters

The third-order sensitivities of the response R(¢;y; ) with respect to the model
parameters ocl, i = 1 ., Ny, are obtained by determining the first-order G-differential,
OR; 2)[(0 RV 11)1 ,11)2 fll)ll ( ),ﬂ)gzi)’o(x) Il)gzi)'o(x) d)flzi)’o(x);ao], of the 2nd-order sensitivities

Rl(]2 [(p,‘ll),‘l])l ;11)2 ;q)l,i (x),tpzll. (X),ll)g, (x), 1|) ( ); ] computed in Section 3.2, which is given by
the following expression:

6Rff>[cpo(x);w°(x);w§”'0(x);¢§”’°(x);wﬁ?'o(x),wﬁ)"’(x),wé?”(x),wﬁ)")(x);cxo;
60 (x); 01 (x); 51b{ ) ()6 ()50 %) (), 6, o), o) oo

2 4{RE 0000 + 00 (x);1°(x) + e (0 (x) + o (070 ) + v

P (x) + eop® (>,1|»§}2'°(x)+s6¢§2,w§?<x>+e61p§2’°,w§?(x)+sé¢$}/°;a0+saa]} (40)

2 e=0
9Riv (@P;..;x)
{—’ ~ } dox
@
(@%00;..;00)

H{orP (0wl 0w seiowiowlViowd w0l )} =1 Ne =1

The quantity { ((P,lp 11)1 ,11)2 '11’11 ,11)552;(x,‘6(p;61p;61p§1);61b§l);61b§,2i),.--/511)4(1,21-))}1,”[1

denotes  the 1nd1rect—effect term”, which depends solely on the variations
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(6@;61]);61])%” ;61p§1) ;61|)§,2i),...,61|)i,2i)) in the forward and adjoint functions, respectively, and

is defined as follows:
{5R§.2>(<P;tb'lb§1);tbél);lbﬁ), . ,ll)f,-); o; 0@; 611’;611)51); 6tb§1); 6¢§i>, e 611"(51’))}1*”51

R (0] R (oo | R (V. ¥
={<[% ,6¢>> +<[$ ,5w> +<—"’( <) ,5¢<1>>

P} (1) 1
) @ L ° e @
K. oK. K] (41)
ij \"r2 (1) ij \" VL ij \" 2
oA LI | B iR ahATESY B — N s
+< oy 2 > +< Y ‘p“> +< ) ¢1’>
t ¢ )( , ) ) ' , '
8R§2.)(.“'1p(2,).“) IR (L
i, '3 2 i, Y . . .
+</# /5‘l’§,i)> +</—< 61])41> ,i=1.. Na; j=1,...,i
Iy ‘9"’41
' ¢ ) (@%..;00)

The indirect-effect term defined in Equation (41) can be computed only after having computed the
functions 5P gz)/ 61])9 61]):(3 51p512), in addition to the functions 6@, NP, 61])51) and 511’(1) Altogether,
the functions 0@, o, 611)1 , 61])21) 61])1Z (51])2 l) 5xp3l 611) Y, , are the solutions of Equation (28),

augmented by the solutions of the system of equations obtained by G-differentiating the 2nd-LASS,
which can be written in matrix form as follows:

L) O 0 0 0 0 0 0 5 (x) Q;)(w o; o)
0 Lt(a) 0 0 0 0 0 0 61{)1()X) Q) (w; o 5x)
FoOFY L) 0 0 0 0 0 51b%1>(><) Qiz)((p; ;o)
F%é) F%é) 0 Ly 0 0 0 0 |k (o | Q%” (@;...;00) @)
F) F) EY R Lt o EBY  FY 611’% ; ) | 7| Q¥ (... ;00
F% F% F% F% 0 L(w EY EY | ow 2 (x) QY (¢;...;00)
O S S O Rl I O
Fo  Fy Fg;  Fyy 0 0 0 L¥(e) 511’;2 () in)((p .;0)
where:
(@ . PSei) Loy, PS(eiia) Loy, PS(@wie) Loy, 9PS(eiia) @)
31 a(pa(p 7732 31b8(p 741 a(p 31]) 742 31])81]) 4
ONRGRICA L) PS(@; ;o)

. @)y @y 9 [ (), (1), '
G2 - ) - S S () a(p[f?Ri (orw 0wl a)o0] s @

a[aRf”(@;xb; wﬁl);tbél); cX)/B(p]Jr

() o _PS(e; ) _PS(e; ;) _ '
F52 - awg(pa(p 3,i (X) a(paq) 31]) 1"’4’1‘ (X) &ll) 7 (45)
J t P t
FO) 2 o [aRfl)(m;tb;lbil);w;l);cx)/acp] ED) 5 )[ ( ol )/aq)] ; (46)
(911)1 albz
(3) » CH0) _ 53 . PS(@ie) ), PS(ew;a)
Fss =L («); Fe =0, Fy; = W F5g = _W' (47)

(3) . 9°S(e; ;) _ PS(s; «)

o1 =" g Ve () dPIPIP 11’4: [

o) 2 _PS(eiw; “>¢(2) (x) - 3*S(@;; &) |
62 poPpde 3 ) 4,1

(m,w;wi”;wg”;a)/awr; (48)
[&R (@,w;w?);wé”;a)/awr; (49)

® 29 RO 0w 0™ 00, RO Of 0w v 0. "
F63 __WI:HRZ' ((plll)/ll)l /11’2 ,(X)/a'll)] s F64 __MI:QRI' ((lep/lbl /11’2 /(x)/alb:l 7 (50)
1 2
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£ 0. 5O 2 (g g0 o _PS@Wia) ), PS(eiwia)
F. =0; F, = L(a); F, = wae  Fes T ERIENA (51)
+ 9 +
iy & = or sl sl s oo | B = - ar (eswsewlia)ou ] 62)

t t
(3) 2 W o atyeaty Dy, (. M. g6 = W o atyeaty Dy, (1. M.
F73 - _ﬁ[aRl ((P, Il)/ ll)l lll)Z ’ “)/aq)l ] s F73 - _@[81{1 ((P, Il)rll)l /1|)2 ’ 0()/81])1 ] s (53)

FY =0, BV =0; EY) 2 L(a); EY) = 0; (54)
t 0 +
£ = - or sl ol s o/ au | B = - SR (e w i) oul ] 5 59)
t t
ng)é—ﬁn[alzf”(m;w;wi”;wg”;oc)/awg”];FS)— e (R (@il o awl |5 66)
FE(SS) =0 Fé6) =0 Ff(s7) =0 F( S 2L (o); (57)
+
Q§i>(<p;¢;w§1’;¢§1);¢§? tb4l o; 6oc) e ai{[ Rfl)(fp;w;lbf);tbél);cx)/a@] 8)
L (3 () - TR () - S ) (9 oo
,
Qg?(cp;w;q)gl),-q)gn;wg);...;u) oc,éoc)éai{[&{l(l( ! ,a)/aw] )
2 aly - 2
Lo} (x) = TRkl (x) - Sk (x) hoa,
Qéi)(cp;ll);lbil);lbén;tbﬁ); o ;wfj); o 6cx) )
A
e %{[81{51)((0;1!);11)51);11)9); «)/ow | - Lo (x)}éoc,
3 1 1 2 2
Qii)(wl“bﬁ @, ‘lbi,)'a'éoc) "

{[aR Dwwrwswil; o) owl! ] (a)lbfé)(X)}éoc

The boundary conditions for the functions 0@, 5, 61|)§1), 61|)§l> M’ﬁ')' 611)?1.), 61|)§21.), 61])552,
are those provided in Equations (17) and (29), augmented by the boundary conditions obtained by
G-differentiating Equation (36), i.e.:

o) (62)

1' s
‘9‘3542)(---"’?1')---) 2) + B ‘hz ) (93%(...0()
x

; 1) 6 =0, x € Q).
3‘P§,i 3,i 31|) 1I)41 B

4,

The system comprising the 2nd-LFSS together with Equation (42) and the boundary conditions
provided in Equation (62) is called the 3rd-Level Forward Sensitivity System (3rd-LFSS). Since the
source-terms of the 3rd-LFSS depend on the parameters variations dc;, it follows that solving this
system of equations is prohibitively expensive computationally. To avoid the need for solving the
3rd-LFSS, the indirect-effect term defined in Equation (41) will be expressed in terms of a 3rd-Level
Adjoint Sensitivity System (3rd-LASS), which will be constructed by implementing the following
sequence of steps:
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(i) Define a Hilbert space, denoted as H ), having vector-valued elements of the form the

+
u®(x) £ [uf) (x),..., u® (x)] € H3), with components that are N «-dimensional vectors of the form

8
1.
ul@ (x) £ [uﬁ) (x),...,ug) (x),...,ufi), (x)] , i=1,...,8, with square-integrable components uf?) (x).
In H 3), define the inner-product, denoted as <u(3) (x),v® (x)> (3’ of two functions u® (x) € H(3) and

v (x) e H 3, as follows:

8 8 Ny
(u®(x),v® (x)) ot Z<u§3> (x), v\ (x)> =Y uﬁ) (x)vﬁ) (x) dx. (63)
im1 == O '

A

Using the definition provided in Equation (63), construct the inner product of a vector q,l{;’) (x) £

.l.
[tpﬁ)j(x), ey wéi)](x)] € H(3) with Equations (16) and (28) to obtain the following relation:

@)\

e

G Lio) 0 0 0 0 0 0 0 5@
Wy 0 Lf(a) 0 0 0 0 0 0 o

1
oy F2 B Lfa) 0 0 0 0 0 61!)%)
1

<‘bf’$ F,/ F? 0 L(«) 0 0 0 0 6¢%2;>

3 |- 3) 3) (3) (3) (3) 3) =
L T I G B T ¢
11)233 Fo o T Fes F?4 0 Lia) Fy  Fg éll)Zéi
AN I B R R RV R N
by D R B 0 0 0 L )| sp?
1bé3) 81 82 83 84 b,

/<3>() t ® (64)
lp%éi{ ’ Qin(fv; o; ox)

lp%éf{ > Q" (W3 o 00

11’3,,»{(") Qéz)((p; .5 000)
_< IPS',»{(X) Q%i)(tp, LY >

lp&(sg;-(x) ' Ql,i)((p’ .. 00)

A 3

o3 Q) (p-..10%

| |ae

(3 Q i((p, . 0)

Py ;(x) 4, “
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(ii) Use the definition of the adjoint operator in the Hilbert space H3) to recast the left-side of
Equation (64) as follows:

MORY

};')f L) 0 0 0 0 0 0 0 o
11’2,1‘{ 0 L(x) 0 0 0 0 0 0 61!)1

3
Oy F,)OEY L) 0 0 0 0 0 51b§ :

< ‘l’ﬁ; F;) F;) 0 L@ 0 0 0 0 511)%1;
(C’i ’ F 3) F 3) F<3) F<3) L+ (0() 0 F(3) F(3) (51])12, >
sy B D 0 B0 | sp®
me Fe, Fe, Fes Ee 0 L(a) Fg; Fes o,
64 I B R ®
e Fg) Fg) F7(33) F%) 0 0 L(a) 0 o
7,if 2
lb(S{ Eg Fg Fg Fg, 0 0 0 L™ (a) 5‘1’51 1>
8ii ®
(3)
3y (65)

o (v 0 B e
) G R ) B ) 3) ® g0 2,
o I S B B B
! 0 0 Lo 0 F F F F 3if
s, N B o B 0| e®

:< A 0 0 L'(x) E} FE} FE) F, 4 >
11’1éi 0 0 0 0 L& 0 0 0 )
oY) 0 0 0 0 0 L(a) 0 0 |0
s 3) - 6ij
W 0 0 0 o F) Y Lt o f
e o 0 o0 o B O 0 iw) V%
Oy, 58 68 () II)(3{

8ij 7 (3)

+PO)ogsowsowt owsow Y, ow vl ],

where the bilinear concomitant P(3)[(§<p; op; 61])51), 61])&”; 61])521.), e, 61])552 ;11)8., .. .,11)2(;3%] is
defined on the phase-space boundary x € dQ).

(iii) Identify the first term on the right-side of Equation (65) with the indirect-effect term defined in
Equation (41) by requiring that:

t
[aR??) /B(p]
1
Ly @ o0l
oo (]| beed
2 2 3 3 3 3 ii

A T T T R Rt

S I T N MG )
0 0 0 Lo EJ) EJ) E) E b || L7 1) o
0 0 0 0 Lia) 0 0 0 | v [aRf,z)/alpiz,)] (66)

0 0 0 0 0 Lf(a) O 0 w0 ]2 '2’+

0 0 0 o FY F%‘? L' (a) 0 lp?’s’{ [51{5]-)/«911);{)]

) %) 7ij 1

0 0 0 0 Fag Fes 0 L(«) ¥ ] [azzf? /P éz,) ]

8,ij &

)

fori=1,..Ny; j=1,...,1i

(iv) The boundary conditions given for the 2nd-LFSS and those given in Equation (62) are now
implemented in Equation (65), thereby reducing by half the number of unknown boundary-values

in the bilinear concomitant P(3)[6([);61b;61b§1),61b§1);61b§2i),...,611)2%%1])%1},...,1])&}]. The

boundary conditions for the 3rd-level adjoint functions 1])%31‘)‘,...,1]);31.)]. are chosen
next so as to eliminate the remaining unknown boundary-values of the functions

o@; N; 61])51),611)9) ;61])&2[),...,61])4(3 while ensuring that Equation (66) is well posed. The
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boundary conditions thus chosen for the adjoint functions 1|)§3i)]., R 1])2(331.)]. can be represented in
operator form as follows:

B[00 ()1 000 (0 () 0 00 0] =0 xe 000 67

In most cases, the above choice of boundary conditions for the 3rd-level adjoint functions lbﬁ)] 1p8 i

will cause the bilinear concomitant P(3 [6((), ov; 611)1 , 61])?) ; 611)%1.), cee, (51]) 1|)1 i AUN 1]] in Equation
(65) to vanish. Even when it does not vanish, however, this bilinear concomltant will be reduced to a
quantity, denoted here as p®) [(p A ;11)51), wé” ; ll)fi), ... ,ll)fl.) ; 1])531)], . 1])8 i B 60(], which will contain
only known values of its arguments. The system of equations comprising Equations (66) and (67) will be
called the 3rd-Level Adjoint Sensitivity System (3rd-LASS) for the 3rd-level adjoint functions 1|)§3[)], ey wé(:i)j’
i=1,...No j=1,...,i

(v) Use the 3rd-LASS together with Equations (65) and (64) to obtain the following expression for
the indirect-effect term defined in Equation (41), in terms of the 3rd-level adjoint functions tl)ﬁ)], 1) Sl)]

{5R§.2)( -u)-wi”,-wg”;wﬁ),...,wii);¢§i§ xpg,, ada))
2, (wrasow) +(wl)x), o (w cxéoc) < ® 0, Q¥ @;...;6a)>(p
Y, Q7 (e ,...,6a>@+<wg,l]<> Q) (g;...; cx> (W, -...;m))q) (68)
+{wl) ), Qéi-)(@;-..;éoc)> (w0, Qf) <<p,-...,6a>>@
_pd [(plj) e, ,q)fé);q)ﬁ)j,...,wéi)j;cx;aa],z‘:1,...,N“;j:1,...,i

As Equation (68) indicates, the indirect-effect term can be computed speedily by quadratures once
the 3rd-level adjoint functions 1])§3i)]., ey 1])5(;31.)]. become available.

(vi) Replace Equation (68) in Equation (40) to obtain the following expression for the total 2nd-order
response sensitivity to model parameters:

5R@ [m;w;w§1>;w§1);¢§?, . wf)wﬁ)] e wg)] ;00
’ ’ (69)

2 3 . .
Z ijk [(prll’ 11’1 Ill)z ,11’11 . ’11’4(1,1')’.11)5,[; Ill)gl]/“ 6D(k, i= 1,. 0(; ]= 1,...,4,
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where the quantity R [(p,tp 1|)1 ,11)2 ,1|)11 1b41 1|)1 i 1|)8 i 0(] denotes the 3rd-order
partial sensitivity of the response to the model parameters and is defined as follows:

(1), 2) (2) N f]?)(v;ﬂ);...;a)

<¢§33,< ), d [Q[a(X)J—L(a)@(X)]/8ak>¢ (sz a[Q+ L @ 0o]/dan).
o0, g N Ly, "2‘3‘&5’53;"‘) el
W), 55 {[9R<1>(<p,-w-w§1>;¢§”; a)/a0] ~L (2w ()
_Es(onie) 0y %%()})@
+<wé?j(x>, %{[aRl (w0 wiws ;cx)/aw] ~L(a) 2 (x)
- ) ) - el 0]

+<1b;i.)](x) gik{[aRi (cp;tb;lbl ;1b21>;oc)/811’1 F_ L(e )11’(2)( )}>

(70)

¢
,
+<1p§)](x> aik{['91{(”(@;11);11»5”;11)2”;cx)/awg”] )y (x }>
®3)
APl
- [(p 1 : 3101(]( - 11] & ]I i=1 . Na; ]_ 1,. /l/ k= ]

(vii) Note that the 2nd-LASS is independent of parameter variations 0. Thus, the exact computation of

all of the partial third-order sensitivities, Rf;{)[(p;tl);tp 11)2 ,1])(2) ..,11)53 ,1|)§31)] 1|)8 i ] i=

N j=1,...,5 k=1,..., ], requires at most No(Ny + 1) /2 large-scale (adjoint) computations
using the 3rd-LASS, rather than N, (N, + 1)(Ny +2)/6 large-scale computations as would be
required by forward methods. In order to implement the practical computation of the 3rd-level
adjoint functions, I])ﬁ)j, e, 1|)é31)] it is important to note that, in component form, Equation (66) has
the following structure, foreachi=1,...N,; j=1,...,i

.[.
L@w) = [R 70w )] 71)
L (o)) = [8R(2)/81b(2)]+ (72)

6,ij ij 2,i |7

( )ll)7z] [ R(z /81])31 ] F(3) 51] Fé:;)lbéi)] ’ (73)

2) f 3
( )11’81] [QR( /31P41] ll)51)] 11’61] (74)
( )ll)4 ] [aRE].Z)/8IP£1)] —Féi)lbé i] F(3 l1)61] 72)11’;?] ll)8 ,ij 7 (75)

t

L(O()l])é?’l)] [ Rff)/albgl)] 53 ll’5 ,i] - F63 ll)6 ,i] F(3 1I)71] ll)8 ,ij 7 (76)

G) _ [Hp?) (2) ), ®) _ 53,3 _5G) @) _5B), ) _gB),,3)
L(“)‘bz,z‘j - [aRij /811)] - K ll’3 i —Fp 1|’4,z'j —F5, lI’s,z‘j —Fe ‘I’s,ij -7 11’7,1']‘ ~Fy ‘I)s,ij - (77

+
B _ 2 (2),,3) _g(2) 1 3) _g03),B) _gB) B _£0),0) _£O), O
L+(“)¢1,ij - [aRij /a‘p] —Fy ‘I’a,ij —Fy ‘I’4,ij —F5 ‘1’5,1']' —Fa 1b6,ij -F II’7,1']‘ —Fg ‘I’s,ij' (78)
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Thus, the 3rd-LASS it is to be solved successively, by first using Equations (71) and (72) to compute
the 3rd-level adjoint functions 1]) 5.j ) and 1]) p 11 Note that solving using Equations (71) and (72) would
be performed by using the same forward and adjoint solvers (i.e., computer codes) as used for solving
the original forward and adjoint systems, namely Equations (1) and (6) subject to the correspondmg
boundary conditions, except that the right—sides of the respective solvers would have as “sources”

the terms 8R(2) / 81])( and 9R )/ 311)2 , respectively. After having obtained the 3rd-level adjoint
functions 1[) 5. ) and 1])(3) the next round of computations would be to solve Equations (73) and (74)

in order to determine the 3rd-level adjoint functions 11);?. and wéi)j, respectively. As before, solving
using Equations (73) and (74) would be performed by using the same forward and adjoint solvers (i.e.,
computer codes) as used for solving the original forward and adjoint systems, namely Equations (1)
and (6) subject to the corresponding boundary conditions, except that the right-sides of the respective
solvers would have different “sources.” The next round of computations would require the use of
the forward and adjoint solvers to solve Equations (75) and (76) in order to determine the 3rd-level
adjoint functions 1])53 and 11);31)], respectively. The final set of computations would require the use of
the forward and adjoint solvers to solve Equations (77) and (78) in order to determine the 3rd-level
adjoint functions 1p§31>] and 1p§31)], respectively. Thus, solving the 3rd-ASAM in order to determine the
3rd-level adjoint functions does not require any significant “code development,” since the original
forward and adjoint solvers (codes) do not need to be modified; only the right-sides (i.e., “sources”) for
these solvers/codes would need to be programmed accordingly.

Using the 3rd-LASS enables the specific computation of the 3rd-order sensitivities in the priority
order set by the user, so that only the important 3rd-order partial sensitivities R[@(x), P (x); ] would
be computed. Information provided by the first- and second-order sensitivities might indicate which
3rd-order sensitivities could be neglected.

4. Third-Order Expressions for the Cumulants of the Response Distribution in Parameter Space

The 3rd-ASAM presented in Section 3, above, provides the most efficient way for computing
exactly the first-, second- and third-order sensitivities of a response that couples the forward and
adjoint systems that describe physical problems which are linear in the state-functions. The availability
of these sensitivities enables the use of a third-order multivariate Taylor series-expansion (of the
response around the known nominal parameter values) for quantifying the cumulants of the response
distribution in the phase-space of model parameters. For a model’s computed-response, denoted as
rfl( «), where the superscript “c” denotes “computed” and the subscripti; = 1,..., N, denotes one
of a total of N, responses that would be of interest, the third-order Taylor-series of r5(«) around the
model’s parameters’ mean (expected) values o = (oco e, oc?\]a) is:

ll
or¢ (cx) N« Bzrl? ()
716'1(0‘) ( )+ Z‘{ du; } (“i‘“?)’L%,Z {30018%'} (“i_oc?)(“j_(x(]?)
") a0 i,j=1 T ) &0
1 N Pr; () 0 0 0 79
+5 ‘Z {m} (ocl- - ocl.)(oc]- - oc].)(ock - ock) +..;a=1,...,N,.
i,j k=1 «0

where rlc.1 ((xo) denotes the nominal value of the response computed at the nominal (mean) parameter

values o £ (oc(l), .., cx?\] )

In practice, the values of the parameters «;, are determined experimentally. Therefore, these
parameters can be considered to be variates that behave stochastically, obeying a multivariate probability
distribution function, denoted as p« (&), which is seldom known in practice, particularly for large-scale

systems involving many parameters. Considering that the multivariate distribution p () is formally
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defined on a domain D, the various moments (e.g., mean values, covariance and variances, etc.) of
P () can be defined in a standard manner by using the following notation:

(@) = [ u(epa(eda (80)

Dy

where u(«) is a continuous function of the parameters . Using the notation defined in Equation (80),
the expected (or mean) value of a model parameter «;, denoted as oc?, is defined as follows:

oc? 2 (o) = fcxip“(a)d(x, i=1,...,Ny (81)
D

The covariance, cov(oc,-, oc]-), of two parameters, «; and o, is defined as follows:
u;j(cx) 2 cov(oci, oc]') 2 <<cx1 - oc?)(cxj - oc?)>(x, i,j=1,...,Nu (82)
The variance, var(«;), of a parameter «;, is defined as follows:
var(oy) = <(o<1 - oc?)2> ,i=1,...,Ny (83)
o

The standard deviation, o;, of «;, is defined as follows: 0; £ /var(o);
The correlation, p; jr between two parameters «; and o, is defined as follows:

Pij L coz;((xi, o(j)/(GiGj); i,j=1,...,N« (84)

The 3rd-order moment, /,t;jk, of the multivariate parameter distribution function p(«), and the
3rd-order parameter correlation, ijks respectively, are defined as follows:

ik . . ..
yg (x) £ f(ai - oc?)(ocj - a?)(ock - a,?)p(cx)doc = tixoiojok, i,j,k=1,...,Na; (85)
Dq

The 4th-order moment, luzkl, of the multivariate parameter distribution function p(«), and the
4th-order parameter correlation, g;j, respectively, are defined as follows:

yzkl(oc) Z f(ai - a?)(aj - a?)(oxk - ag)(al - a?)p(cx)dcx = qijnoiojoxoy; i,j,k,1=1,...,Na.  (86)
Dy

Using Equations (79) together with Equations (81) through (85) yields the following expression
for the expected (mean) value, denoted as E [rl?l (oc)], of a response rl?l (a):

c ¢ (0 1 Ne azrlc'l(a) 1 Ne a3r’?1(“) i
E[r (0] =7 () +3 X \Tamy | Pio0itE X {amaae | fikoi00k i =L Neo o (87)
i,j=1 7 ) 0 i,jk=1 / o0
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Using Equations (79) together with Equations (81) through (86) yields the following expression
for the covariance, denoted as cov(rl?l, rl?z ), of two responses, rl?l () and rl?z () foriy, i =1,...,Ny

Ng Ng (or¢ or 1 Na No No P It o 9~
o1, 7)) = El L (aa Era )Pua 9t 2 121 21 L (aa,aa] do T T dudeg |Hin0io O
1 Na Ng N N“] P’re P ]
+3 121 ]Zl ‘uzl Vzl(aai(;“j)(m)(qmw - Piijv)GinOyGV (88)
(Ne Ng Ng Nefor P o P\
+ 121 ]Zl yzl Vzl(ale 304]804#8% + z9_oci8aj8¢x“z9av) ql]WO,O]OyOV .

In particular, the variance of a response rf,l () is obtained as by setting iy = i, in Equation (88).
The covariance of a response, rc. () and a parameter og, iy = 1,...,Nyand £ = 1,..., N, which is

denoted as cov( i oc,g) and is given by the following expression:

Ne (9] (@) | Neo (7 ()
cov( i O(t’) ; 9% cov( o, xg) + 7.; Taga ( tijeoiojor
i=1 ol ij=1 i) &0

N« 331*1,1(0() )
+ Z Txdodog Jijuv0i0jOk0¢; i1=1,...,N; £=1,...,Nq.
i,jk=1 o o

(89)

The third-order cumulant for three responses, 1 (&), % («) and 7¢ (), which is denoted below as
I ] 3

y3<rl?1,rl?2,rfa), for iy, ip, i3 = 1,...,N,, is obtained similarly by using Equations (79) together with
Equations (81) through (86), and has the following expression:

w5 rs) = L7 5|1, - BOR) I — B ),

No( Ng Ng Iré (9;'1?2 ¢9rc o« No Ny Irs k&r 8271?
=L XL Bocl Io; I, > 1iju0i0j0y + 3 Z Z Y Y gaoa aa,aocv(qu pl]pHV)GlG]GHUV
i=1j=1p=1 ] i=1j=1p=1v=1 UG
(Ne Neo Noo Neo 9% 3P ot (90)
i
+ 121 ]Zl yzl vg o ¢9ocjz9ocH 80cv(ql]HV p’VpLU)G’G]GMGV

 Nec Neo Neo Neo Prf -t ot
+32 121;1”;”2 Jodo; day aav(qu pl]pHV)UIU]GHGV'

In particular, the skewness of a single response is customarily denoted as y1(R), and is defined as

#3(R)

follows: y1(R) = =, where 113(R) denotes the third central moment of the response distribution.

[var
For normally-distributed uncorrelated parameters and a single response, the expression in Equation (90)

simplifies to yield u3(R) =3 Z ( ok ) 0'4 As is well-known, the skewness provides a quantitative

measure of the asymmetries m the respectlve distribution.

The first-order sensitivities contribute the leading terms to the second-, third-, and fourth-order
moments of the response distribution, thus providing the leading contributions to the responses
variance/covariances, skewness, and kurtosis. Obtaining the exact and complete set of first-order
sensitivities of responses to model parameters is of paramount importance for any analysis of a
computational model.

The second-order sensitivities contribute the leading correction terms to the response’s expected
value (causing it to differ from the response’s computed value). The second-order sensitivities also
contribute to the response variances and covariances. If the parameters follow a normal (Gaussian)
multivariate distribution, the second-order sensitivities contribute the leading terms to the response’s
third-order moment. Thus, neglecting the second-order response sensitivities to normally distributed
parameters would nullify the third-order response correlations and hence would nullify the skewness
of a response.
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The fourth-order cumulant, denoted as l114(1’;.’1, r;.:z, rlc.3,rf4) foriy,ip,i3,is = 1,...,N,, among four

C C
responses r; (), r

(), 7 (&) and rf.4 (x), is also obtained by using Equations (79). Up to fourth-order

3

correlations in the model parameters, y4(rc. L8, 1676 ) has the following expression:
151 12 13 14
ua(r v e ) 2 ([ —E( [ - E()|[r - B0 - E(<)])
Nll N12 ]\/'13 1\114 o allc o ;lc Ip ) 13 13 Iy 14 04 (91)
o« x 24 o d Vl- k or: T T
_ 1~ _2_B 4. .o
=YL X X Jo; o douy dou, Tijuv9i®jOuOv -
i=1j=1p=1v=1 !

5. 2nd/3rd-Order Best-Estimated Results with Reduced Uncertainties Predictive Modeling
(2nd/3rd-BERRU-PM) in the Joint Phase-Space of Responses and Parameters

Cacuci [7] has summarized the scope of “BERRU-PM” as follows: “BERRU-PM commences
by identifying and characterizing the uncertainties involved in every step in the sequence of the
numerical simulation processes that ultimately lead to a prediction. This includes characterizing;
(a) errors and uncertainties in the data used in the simulation (e.g., input data, model parameters,
initial conditions, boundary conditions, sources and forcing functions), (b) numerical discretization
errors, and (c) uncertainties in (e.g., lack of knowledge of) the processes being modeled. Under ideal
circumstances, the result of is a probabilistic description of possible future outcomes based on all
recognized errors and uncertainties.”

Consider a vector-valued variate x = (x, ..., xN)+, the components of which obey an unknown
multivariate distribution p(x). Of course, the probability distribution function p(x) would need to be
properly normalized, i.e., it must also satisfy the constraint:

fp(x)dx =1 (92)

Consider further that the moments of several known functions Fy.(x) over the unknown distribution
p(x), denoted as (Fy), and defined as:

(Fpy = fp(x)Fk(x) dx, k=1,2,...,K (93)

are also known. The problem of reconstructing a function from a finite number of its moments has
been investigated for many decades in the mathematical and physical sciences. For the purposes of
predictive modeling, the main goal is to determine a probability density function p(x) which is consistent with
the knowledge expressed by Equation (93) and introduces no unwarranted information. Such a probability
density function, p(x) , can be constructed using the method of maximum entropy (“MaxEnt”), which
generates the most conservative estimate of a probability distribution with the given information
and the most non-committal one with regard to missing information [11]. According to the MaxEnt
principle, the unknown probability density function p(x) must satisfy the constraints expressed by
Equation (93) while having its Boltzmann-Shannon-Gibbs (BSG) entropy (also referred to as the
“information entropy”) as large as possible. For a continuous distribution having a probability density
function p(x), the expression for its information/BSG-entropy is:

p(x)

m(x)

H(p) = - [ dxp(in (98)
where m(x) is a prior density function that ensures form invariance under change of variable. Intuitively,
in a bounded domain, the most conservative distribution, i.e., the distribution of maximum entropy,
is the one that assigns equal probability to all the accessible states. Hence, the method of maximum
entropy can be thought of as choosing the most “uniform” distribution p(x) that satisfies the given
moment constraints expressed by Equation (93) and introduces no unwarranted information. Any
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probability density function p(x) satisfying the constraints which has smaller entropy will contain
more information (less uncertainty), and thus would predict something stronger than warranted by our
knowledge and/or assumptions. The probability density function with maximum entropy, satisfying
the constraints imposed, is the one which should be least surprising in terms of the predictions it makes.

Selecting the unique p(x) which would maximize the information entropy defined by Equation
(94) while simultaneously satisfying the known constraints given in Equations (93) and (92) is a
variational problem that can be solved by the well-known method of using Lagrange multipliers,
M, k=1,2, ..., K, to construct the following Lagrangian functional:

L) = - [[aep(imE —kfl[ftk [ ax-ceo]-aol [poonx 1] o9

m(x
The critical point of L[p(x)] is obtained by solving the equation that results from setting the first

Gateaux-differential of L[p(x)] to zero, namely:

- —fln Z(();) dp(x)dx — fép(x) dx — )If )\kf dp(x)Fy(x) dx — )\of dp(x)dx. ©)

It follows from Equation (96) that:

AxFr(x)

K
: 97)

p(x) = m(x)exp[—)\o -1-
k=1

Replacing the results obtained in Equation (97) into Equation (92) and eliminating the Lagrange
multiplier A from the resulting expression leads to the following expression for the probability density

function p(x):
K
=Y AeFe(%)
k=1

where the normalization constant Z in Equation (98) is defined as follows:

K
zZx fdx m(x)exp[—z ?\kPk(x)} (99)
k=1

In statistical mechanics, the normalization constant Z is called the partition function (or sum over
states), and carries all of the information available about the possible states of the system.
The expected integral data is obtained by differentiating Z with respect to the Lagrange multiplier

px) = Zm(xerp 98)

Ak, to obtain the following relationships:

(Fy = —ai}\kmz, k=1,2,...,K (100)

When the integral data (Fy) are not yet known, the uniform distribution m(x) = 1 is the most
appropriate to consider. In this case, the maximum entropy (MaxEnt) algorithm yields the uniform
distribution as would be required by the principle of insufficient reason. Thus, the MaxEnt principle
generalizes the principle of insufficient reason. The MaxEnt can be applied to both discrete and to
continuous distributions. The MaxEnt method has been shown [12] to be equivalent to constrained
variational inference, thus establishing the link between MaxEnt and Bayesian approximations.
The MaxEnt method has been used in many fields; enumerating these fields is beyond the scope of this
work, which is limited to nuclear engineering applications. The pioneering application of the MaxEnt
method to time-independent nuclear reactor physics problems was initiated in the 1970s [13-17].
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The first application of the MaxEnt method to a time-dependent nuclear energy system was by
Barhen et al. [18]. This work was subsequently extended by Cacuci and Ionescu-Bujor [19], which
presented analytical formulas for predicted mean values and covariance matrices, for both predicted
model parameters and responses, which have generalized the previous results presented in data
assimilation procedures for geophysical sciences and linear Bayesian models. Other applications to
nuclear energy systems are presented in [20-27].

To the author’s knowledge, none of the analytical results published thus far include
comprehensively all of the second- and third-order response sensitivities to all of the model’s parameters.
The end-results to be presented in this section will extend the results published thus far in the open
literature by presenting analytical formulas for both predicted model responses and parameters by
including all of the second-and third-order sensitivities of computed model responses to the model’s parameters.

5.1. 2nd/3rd-BERRU-PM: A Priori Information

This Subsection will present the mathematical form of the information that will be ultimately
used for predicting the optimal, best-estimate mean values for both the model responses and model
parameters, with reduced predicted uncertainties, in the combined parameter-response phase space.

5.1.1. Expected Values and Covariances of Measured Responses

Consider that N, quantities of interest, henceforth called “system responses” and denoted as
r;.”, i =1,...,N;, have been experimentally measured, yielding their expected values, as well as
their corresponding covariances (i.e., standard deviations and correlations). For the mathematical
derivations to follow, it is convenient to consider the responses r}" to constitute the components of the
N,-dimensional column vector 1" defined as follows:

T (r;”, ... ,r;\”]r)Jr (101)

Since the experimentally measured responses cannot be measured exactly, they are usually
considered to be variates that follow an unknown multivariate distribution function of the observations,
denoted as p,(r), which is formally defined on a domain D,. Methods for finding estimates of a
measured quantity and indicators of the quality of the estimates depend on the assumed form of the
unknown distribution function p,(r) of the observations. The moments of the distribution of measured
responses can be conveniently denoted by introducing the following notation for the expectation
(or mean value) of a function w(r™):

Elw(r™)] = fw(rm)pr(r)dr (102)
Dy
When the distribution is discrete, the integral in Equation (102) denotes a sum over the respective

discrete probabilities. Using the notation introduced in Equation (102), the expectation (or mean value)
of the experimentally measured responses " is formally defined as follows:

E(r;”) = fr:” pr(r)dr, i=1,...,N;, (103)
D,

The expected values of the measured responses will be considered to constitute the components
of the vector 1" defined as:

Ew") £ [E(),... B[ (104)



Energies 2019, 12, 4216 25 of 34
The covariance matrix of measured responses will be denoted as C;,;, and is defined as:

]

B RN e T SV

5.1.2. Expectations and Covariances of Computed Responses Including Second- and Third-Order
Sensitivities to Model Parameters

Cur 2 ([~ Bl ~E(e))'), =[eon{rr, )|

For subsequent computations, it is convenient to consider that the expected values oc? of the

components «; of the N-dimensional vector of model parameters & = («1, ..., an, )Jr are components
of the following vector of mean (expected) values:

ol £ (oc(l), .o, oc?\]“f (106)

The variances and covariances defined in Equations (82) and (83) are considered to constitute
the elements of a symmetric, positive-definite parameter covariance matrix of dimension Ny X N,
denoted as C, and defined as follows:

+
C é<o¢—¢x0 o—of > . 107
w2 (o= a)(a-af)) (107)
Consider that the values of the N; experimentally measured responses r;" can be computed using
a multi-physics model that comprises N model parameters &;, n = 1,..., N« which are related to the
model’s independent and dependent variables through the model’s underlying equations, correlations,
tables, etc. Of course, the computed response values will not coincide with the measured ones, because,
just like the experimentally measured responses, the model’s parameters and numerical solution of the
underlying equations, and consequently the computed response values, are also subject to uncertainties.
The computed responses rli(oc), k=1,...,N,, are considered to be elements of an N,-dimensional
vector 1°(«), defined as follows:
. t
r () 2[5 (), 75 ()] (108)
The expectation values E[r;(a)] given by Equation (87) are considered to be the components of
the following vector of “expected values of the computed response”:

E[¢“(e)] £ [E(¥),.. .,E(rf\]r)r (109)

The response covariances defined in Equation (88) are considered to be the components of a
(Ny X N;)-dimensional matrix denoted as C, and defined as follows:
A +
C 2 ([ —E() [ - E(e)]") (110)
The covariances between the computed responses and the model ~parameters defined in Equation
(89) are considered to be the components of an (N, X Ny )-dimensional matrix denoted as C,« and

defined as follows: .
Cro 2 <[rc —E())(x - o) > =, (111)

4

The joint covariance matrix, denoted as Cps, of the model parameters and model-computed
responses is defined as follows:

Crs 2 Co Cur
M ( C, C, )/ ( )
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5.2. 2nd/3rd-BERRU-PM: Analytical Expressions for Best-Estimate Results with Reduced Uncertainties for
Responses and Parameters in the Joint Phase-Space of Responses and Parameters

Consider the joint probability function p(«, r) of the multi-variates & and 1™, which is defined on
the domain D £ Dy X D, and is properly normalized such that:

fp(oc, r)dodr=1 (113)

The exact form of p(«, r) is unknown, of course. Since the (multi)variates & and r™ are statistically
independent of each other, it follows that p(«, 1) = pr(r)p« (). Therefore, the expected value of a
function w(r™) satisfies the following relations:

LN fw (e, 1) dex dr
(114)
= [w(r () dox dr = fp(x )Jdo f r)dr| = (w(r")),
D
while the expected value of a function u(«) satisfies the following relations:
o)) = f (a, 1) dox dr
(115)
= [u(x () dox dr = fp, Jar|| [ u(a)po(e)de| = (u(e))y
D Dy «

Therefore, the a priori information about the model parameters, computed and measured responses
can be conveniently summarized by considering that the physical system under consideration is
described mathematically by a multivariate vector:

x £ o, 1°(ex), ") (116)
obeying an unknown joint multivariate distribution function:

pler) = pr(r)pa(a) (117)

but having a known vector of expected values denoted as:

+
x 2 [o, E(x), E(r")] (118)
and a covariance matrix denoted as:
Cy Csxr O
C:| Gy G 0 (119)
0 0 Cyu

Applying the MaxEnt principle as described in the Appendix A to the information provided in
Equations (116) through (119) indicates that the MaxEnt form, denoted as pz(xlxo, C), of the unknown
distribution p(«, r) will have the following multivariate Gaussian form:

. exp[—%(x - x0)+C‘1<x - xo)]dx,
pa(xIx’, C) dx = ) , =00 < xj < 0. (120)
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The MaxEnt-Gaussian form shown in Equation (120) can also be written in the equivalent form:

Pz(xlxo, C) = 2 [Q(“’rc'rm(;] .\
Vdei‘(leCm) \ dEt[Zn[ C & CO:T H

T

(121)
0

Qlox, 1, x") = —%( rc“__E“:C) )+( o )1( ‘o Ee) )— L - E(e)] G [ - B

The expression provided in Equation (121) highlights the “Bayesian” construction underlying the
expression of the a posteriori joint maximum-entropy provability distribution function pz(xlxo, C) of
the physical system’s responses and parameters. In order for the measured and computed responses
to represent the same physical quantity, it is necessary that:

" =r(ax) =, (122)

where the vector r represents both the computed and measured responses. Determining the moments
of po (xlxo, C) for subsequent predictions will require evaluations of integrals of the following form:

[ g(er)explh(e,1)] dex dr

D
fexp[h((x, r)] dec dr
D

Elg(e,1)] = (123)

Expressions such as shown in Equation (123) can be evaluated to a high degree of accuracy
(a priory controlled) by using the saddle-point method (also called Laplace approximation, or steepest
descent method), which relies on evaluating the respective integrals at the so-called “saddle point(s).”
For the integral in the denominator of Equation (123), the saddle point, denoted as xp = (ap, rp),
is the point at which the gradient of the function h(x) vanishes, i.e., Vxhi(xp) = 0, so that h(x) can be

expanded in the following Taylor series:
h(x) = h(xp) + SOT(x), (124)

where the quantity “SOT(x)” denotes terms of second- and higher-order in x. When the function g(x)
varies slowly, it is simply evaluated at the respective saddle point, and the resulting expression of
E[g(ex, 1)] in Equation (123) becomes:

g(ap, rp)exp[h(ep, rD)]Dfexp[SOT(oc, r)] do dr

Elg(e )] = exp[h(ocD,rD)]fexp[SOT(cx, )] doc dr = gleo,m), (125)
D

where the saddle-point (ap, rp) is defined as the point in phase-space where the gradients of h(«, r)
vanish, i.e.,
{Vah(e, 1)}

When the function h(x) has a Taylor-series containing powers higher than second-order in x,

XD, XD XD, XD
the gradient Vyh(x) of the function h(x) may vanish at multiple saddle points, in which case the
contributions from all of these saddle points would need to be accounted for when evaluating the
integrals in Equation (123).
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5.2.1. Predicted Best-Estimate Expected Values for the Responses and Parameters in the Joint
Phase-Space of Responses and Parameters

The MaxEnt Gaussian pz(xlxo, C) has a quadratic form and hence possesses a single saddle point,
which is determined by requiring the first-variation 8Q(ap , rp; d«, dr) of the exponential term in
Equation (121) to vanish at the saddle point xp = («p, rp), namely:

. ) d 2Q 20
. a ) . . = = —=5r=0. 127
8Q(exp , 1p;dex, Or) {de(ocD+660c,rD+&6r)}s_o acxéoch ” dr=0 (127)

Imposing the requirement indicated in Equation (127) while taking Equation (122) into account

yields the following system of equations:

A T e oo

i{—l( - o )+( Coo Cor )1( - o )—1[r—E<rm>J*C;1{r—E<r"1)}l= 0. (129

or| 2\ r—E(r) Co G r—E(r%) 2
Recalling that:
a(x*Ax)
_ t
o =x (A+AY) (130)

and applying the result shown in Equation (130) to evaluate the expressions provided in Equations
(128) and (129), respectively, yields the following system of equations at the saddle point, denoted as

(ap,1p):

(& ) lmmad (0 &ms )+ (e o )= (2] 00

Solving Equation (131) yields the following intermediate expressions:

ap — o + Co,C,l rp — E(r™)] 0
-1 = . (132)
rp — E(r°) + C,C,, [rp — E(x™)] 0
For computational purposes, the results obtained in Equation (132) are recast into the following
forms:
1p = E(r") + Cu(Ci + C) ' [E(r°) — E(™)), (133)
ap = & = Cor (Cpy + C) HE(E) — E(X™)]. (134)

In view of Equation (125), it follows that “best-estimate predicted” results for the posterior
expectation values for the responses and parameters, which will be denoted as (rbe, ocb‘f), will have the
same expressions as shown in Equations (133) and (134), namely:

e 2 frpz(xlxo, C) dodr = 1p = " + Cp(Cy + C) HE(EE) — E(¥™)], (135)
D

ot £ focpz(xlxo, C) dadr = ap = & — Cor (Co + C,) HE(E) = E(¥™)]. (136)
D

Since the components of the vector E(r¢), and the components of the matrices C, and C, contain
2nd-order and 3rd-order sensitivities, the formulas presented in Equations (135) and (136) generalize
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all of the previous formulas of this type found in data assimilation/assimilation procedures published
to date (which contain at most first-order sensitivities).

5.2.2. Predicted Best-Estimate Covariances for the Responses and Parameters in the Joint Phase-Space
of Responses and Parameters

The second-order moments of the posterior distribution p(«,r) = p,(r)p«(x) comprise the
covariances between the best estimated response, which are denoted as Cf‘e, the covariances between
the best-estimate parameters, which are denoted as Cl(’,f, and the covariances between the best-estimate
parameters and responses., which are denoted as C%.. The expression of the “best-estimate” posterior
parameter covariance matrix C¥ for the best-estimate responses r'* is derived by using the results
given in Equations (133) and (135) to obtain:

e 2 [ (r—r¥)(r - 1) p(e 1) dexdr = oy = Cou(Cou + €)' Cin
D (137)

= Cu[1- (Cu +C)7'Cul].

As indicated in Equation (137), the initial covariance matrix C;, is multiplied by the matrix
[I —(Cu+ Cr)_lCm], which means that the variances contained on the diagonal of the best-estimate

matrix C¥ will be smaller than the experimentally measured variances contained in C,,. Hence, the
addition of new experimental information has reduced the predicted best-estimate response variances
in C by comparison to the measured variances contained a priori in C,,. Since the components of
the matrix C, contain 2nd-order and 3rd-order sensitivities, the formula presented in Equation (137)
generalizes all of the previous formulas of this type found in data assimilation/assimilation procedures
published to date (which contain at most first-order sensitivities).

The expression of the “best-estimate” posterior parameter covariance matrix C% for the
best-estimate parameters a* is derived by using the result given in Equation (136) to obtain:

CZ‘E = f(cx — ocbe)(oc — cxbe)er(oc, r) docdr = Co — Cor (Cpy + Cr)_lcm. (138)
D

Both matrices C« and Cqur(Cpy + Cr)_lCm are symmetric and positive definite. Therefore, the
subtraction indicated in Equation (138) implies that the components of the main diagonal of C%
must have smaller values than the corresponding elements of the main diagonal of C. In this sense,
the introduction of new computational and experimental information has reduced the best-estimate
parameter variances on the diagonal of Cl;f. Since the components of the matrices Cy, Cyr, and C,
contain 2nd-order and 3rd-order sensitivities, the formula presented in Equation (138) generalizes all
of the previous formulas of this type found in data assimilation/assimilation procedures published to
date (which contain at most first-order sensitivities).

The expression of the “best-estimate” posterior parameter covariance matrix C% for the
best-estimate parameters &’ and best-estimate responses 1** is derived by using the results given in
Equations (135) and (136) to obtain:

le,fr = f(cx — (xb"’)(r— rbe)er(oc, r) docdr = Cor(Cyy + Cr)_lCm . (139)
D

As before, since the components of the matrices Cy;, and C, contain 2nd-order and 3rd-order
sensitivities, the formula presented in Equation (139) generalizes all of the previous formulas of this
type found in data assimilation/assimilation procedures published to date (which contain at most
first-order sensitivities).
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The expression of the best-estimate covariance matrix Cffx is derived by performing a sequence of
operations similar to that shown in Equation (139) to obtain:

cle + f (r =)= o) p(oc, 1) dex dr = C(C + €)' Cree = (2, (140)
D

Itis important to note from the results shown in Equations (135) through (140) that the computation
of the best estimate parameter and response values, together with their corresponding best-estimate
covariance matrices, only requires the computation of (C, + Cy)_l, which entails the inversion of a
matrix of size N; X N,. This is computationally very advantageous, since N; < N (i.e., the number
of responses is much less than the number of model parameters) in the overwhelming majority of
practical situations.

5.2.3. Data Consistency Indicator

As will be shown in the following, the minimum value, Qmin, of the functional Q(abe, rbe) in the
exponential in Equation (121), provides a “consistency indicator” which quantifies the mutual and
joint consistency of the information available for model calibration. The minimum value, Qy;,,, of the
functional Q( ole, rbg) in the exponential in Equation (121) has the following expression:

be 0 * -1 be 0
. A be e _ _1 X" - Cy Cyur X -
Qmin = Q(“ , T )7 2( rbE_E(rc) ) ( Co G ) ( rbe_E(rc) ) (141)
—I|xb —E(rm)]C,_nl[rbe —E(rm)r.

For subsequent matrix algebra, it is convenient to use the following matrix:

1
B11 B2 ) N ( Cx Cour )
= . 142
( By1 Bx» Coa G (142)

Using Equations (142) and (132) in Equation (141) yields the following result:

Qumin = —3[E(r) = E@™)] (Cp + C) ™
X[Cra(B11Car 4+ B12C;) + Cr(By1Car + B22Cr) + Ci) (Ciu 4+ C) HE(r) — E(x™)] (143)
= -ld*(c, +C) '

where
d = [E(r) - E(x")] (144)

As the expression obtained in Equation (143) indicates, the quantity Q,,;, represents the square of
the length of the vector d 2 [E(r°) — E(r'")], measuring (in the corresponding metric) the deviations
between the experimental and nominally computed responses. The quantity Q,;, can be evaluated
directly from the given data (i.e., given parameters and responses, together with their original
uncertainties) after having inverted the covariance matrix (C,, + C;). It is also important to note that
Qumin is independent of calibrating (or adjusting) the original data. As the dimension of [E(r°) — E(r™)]
indicates, the number of degrees of freedom characteristic of the calibration under consideration is
equal to the number N, of experimental responses. In the extreme case of absence of experimental
responses, no actual calibration takes place. An actual calibration (adjustment) occurs only when
including at least one experimental response.

It is noteworthy that the expressions presented in Equations (135) through (139) and (143)
look superficially similar to the expressions presented in [7,19]. This superficial similarity stems
from the fact that the 2nd/3rd-BERRU-PM formalism only includes means and covariances of the model
parameters and computed and measured responses. However, contrary to previously published works, the
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2nd/3rd-BERRU-PM formalism presented in in Equations (135) through (139) and (143) comprise all of the
2nd-order and 3rd-order sensitivities of the computed responses with respect to the model parameters. None of
these 2nd- and 3rd-order sensitivities appear in the works previous to this work. Consequently, the
2nd/3rd-BERRU-PM formalism comprises, as particular cases, the previously published formulas used
in Kalman filters, Bayesian linear statistics [10], data adjustment [13-17], data assimilation [8,9] and
predictive modeling [7,18-27].

6. Conclusions

This work has presented the Third-Order Adjoint Sensitivity Analysis Methodology (3rd-ASAM),
which enables the efficient computation of the exact expressions of the 3rd-order functional derivatives
(“sensitivities”) of a general system response that depends on both the forward and adjoint state
functions, with respect to all of the parameters underlying the respective forward and adjoint systems.
Such responses are often encountered when representing mathematically detector responses and
reaction rates in reactor physics problems. The 3rd-ASAM extends the 2nd-ASAM in the quest
to overcome the “curse of dimensionality” in sensitivity analysis, uncertainty quantification and
predictive modeling.

Very importantly, the computation of the an—level adjoint functions 1])52)( ), wgzj)( ), w;zj)( ),

11) Iy ( ), and of the 3rd-level adjoint functions, 11)1 . ,1|)81 is performed by using the same forward
and adjoint solvers (i.e., computer codes) as used for solvmg the original forward and adjoint systems,
namely Equations (1) and (6) subject to the corresponding boundary conditions. Thus, solving the
2nd-LASS and 3rd-ASAM would not require any significant “code development,” since the original
forward and adjoint solvers (codes) would not need to be modified; only the right-sides (i.e., “sources”)
for these solvers/codes would need to be programmed accordingly. Of course, if the response depends
only on the original forward or original adjoint function, than only half of the equations underlying
the 2nd-ASAM and, correspondingly, the 3rd-ASAM will need to be solved.

This work also presents new formulas that incorporate the contributions of the 3rd-order
sensitivities into the expressions of the first four cumulants of the response distribution in the
phase-space of model parameters. Using these newly developed formulas, this work also presents a new
mathematical formalism, called the 2nd/3rd-BERRU-PM (“Second/Third-Order Best-Estimated Results
with Reduced Uncertainties Predictive Modeling”), which combines experimental and computational
information in the joint phase-space of responses and model parameters, including not only the 1st-order
response sensitivities, but also the complete hessian matrix of 2nd-order second-sensitivities and also
the 3rd-order sensitivities, all computed using the 3rd-ASAM. The 2nd/3rd-BERRU-PM formalism uses
the maximum entropy principle to eliminate the need for introducing and “minimizing” a user-chosen
“cost functional quantifying the discrepancies between measurements and computations,” thus yielding
results that are free of subjective user-interferences and generalizing and significantly extending the
4D-VAR data assimilation procedures. Incorporating correlations, including those between the
imprecisely known model parameters and computed model responses, the 2nd/3rd-BERRU-PM also
provides a quantitative metric, constructed from sensitivity and covariance matrices, for determining
the degree of agreement among the various computational and experimental data while eliminating
discrepant information. The mathematical framework of the 2nd/3rd-BERRU-PM formalism requires
the inversion of a single matrix of size N; X N, where N, denotes the number of considered responses.
In the overwhelming majority of practical situations, the number of responses is much less than
the number of model parameters. Thus, the 2nd-BERRU-PM methodology overcomes the curse of
dimensionality which affects the inversion of hessian matrices in the parameter space.
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Appendix A

For convenient referencing, this Appendix summarizes the derivation of the MaxEnt approximation
of distribution, p(x), when only the first- and second-order moments of this distribution are known.
These moments are generally defined as follows:

(i) The vector x £ (x(lj,...,xON

defined as x(l) S fxip(x)dx,'

(i) The second-order moment or covariance, ylzj (x) = cov(xi, x]-), of two parameters, x; and x is defined

t
) of mean values (first-order moments), denoted as x?, of x;, and

as y;j = cov(xl-, x]-) = f(xi - x?)(x]- - x?)p(x)dx, i,j=1,...,N. The covariances y;j(x) constitute

the elements of a symmetric, positive-definite parameter covariance matrix of dimension N X N,

#51 [J%N
denoted as C £ . [u;/ .
#le ‘ ‘uzNN

Taking m(x) = 1 and particularizing the generic constraints represented by Equation (98)
yields the following particular probability density function, denoted as p»(x), where the subscript

N N N
“2” indicates “up to second-order moments:” py(x) = leexp{— Y, aix; — % Y Y bij(xi - x?)(xj - x?)},
i=1 i=1j=1

N N N
where the normalization constant Z is defined as Z, = f dxexp| -}, aix; — % Y Y b j(xi - x?)(x i x? )]
i=1 i=1j=1

The normalization constant Z, can be evaluated in closed form as follows: introduce the N-dimensional
t . .
vectorsz = (z1,... ,ZN)+ 2x—x02 (x1 - x(l), C XN — x?\]) ,az(a,.. .,aN)Jr and the N x N-dimensional

symmetric matrix B £ (bij) to transform the expression in the argument of the exponential as follows:

N N N
Y oax-1y ¥ b..(x._x())(x._xo) — a0 —atz— 1,'Bz
2, A% = g L 2 V(X = X (X T X )= 2
=1 l:l]:1

— —%(z + B‘la)+B(z + B‘la) +afx?+ la'Ba.

Since fdxexp[—%(z + B_la)JrB(z + B‘la)] = gtn(%:;, it follows that Z, =
‘gitn(%:; exp(—a+x0 - %a*B_la). The Lagrange multipliers a; and b;; are now obtained as follows:
—gm@:ﬁ+@*#:ﬁ;=¢w:aﬁﬂ@qu
a; i
—%j InZ, = %[det(B)]_l a[dggij)] - mfculitto(rB()bij)

—[g1] =, 7 ji= . -1 _
=[B L_%,LFJJNWN,z Bl=cC
Inserting the above results into the expression of p,(x) yields:
t
exp[—%(x - xo) C_l(x - xo)]dx,

p2(xl(x), C) dx = , =00 < xj < o0
(2m)Ndet(C)

The above derivation demonstrates that, when only means and covariances are known,
the maximum entropy algorithm yields the Gaussian probability distribution py(xI(x), C) as the
most objective probability distribution, where: x is the data vector with coordinates x;, C is the

covariance matrix with elements ulzj (x) = COU(XZ', xj), and dx = []; dx; is the volume element in the data
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space. It often occurs in practice that the variances yg(x) are known but the covariances y;] (x), i# ],
are not known. In this case, the covariance matrix C would a priori be diagonal. Consequently, only
the Lagrange parameters b;; would be non-zero, so that the matrix B = (bi]-) would also be a priori
diagonal. In other words, in the absence of information about correlations, the maximum entropy
algorithm indicates that unknown covariances/correlations can be taken to be zero.
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