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Abstract: This work presents the novel first-order comprehensive adjoint sensitivity analysis methodology
for critical points (1st-CASAM-CP), which enables the exact and efficient computation of the first-
order sensitivities of responses defined at critical points (maxima, minima, saddle points) of coupled
nonlinear models of physical systems characterized by imprecisely known parameters underlying the
models, boundaries, and interfaces between the coupled systems. Responses defined at critical points
are important in many applications, including system optimization, safety analyses and licensing.
For the design and licensing of nuclear reactors, such essentially important responses include the
maximum temperatures of the fuel and cladding in hot channels. The 1st-CASAM-CP presented
in this work makes it possible to determine, using a single large-scale “adjoint” computation, the
first-order sensitivities of the magnitude of a response defined at a critical point of a function in
the phase-space of the systems’ independent variables. In addition, the 1st-CASAM-CP enables
the computation of the sensitivities of the location in phase-space of the critical point at which the
respective response is located: one “adjoint” computation is required for each component of the
respective critical point in the phase-space of independent variables. By enabling the exact and
efficient computation of the sensitivities of responses and of their critical locations to imprecisely
known model parameters, boundaries, and interfaces, the 1st-CASAM-CP significantly extends
the practicality of analyzing crucially important responses for large-scale systems involving many
uncertain parameters, interfaces, and boundaries.

Keywords: critical points; coupled systems; adjoint sensitivity analysis; uncertain parameters;

uncertain interfaces; uncertain boundaries

1. Introduction

Computational models comprise independent and dependent variables, imprecisely
known parameters, imprecisely known internal interfaces and external boundaries, and
relations (equations) that relate all of these quantities to each other. The efficient computing
of the exact functional derivatives (called “sensitivities”) of the result of interest (called
“model response”) produced by the computational model has been of fundamental interest
for predicting the changes in the response induced by changes in the parameters. The
adjoint sensitivity analysis methodology for nonlinear systems introduced by Cacuci [1]
has become the most efficient tool for sensitivity analysis [2-5] of large-scale systems
involving a large number of parameters. Response sensitivities are also essential for
computing the uncertainties in responses induced by uncertainties in the parameters, data
assimilation [6-8], model calibration and predictive modeling [9].

Often, the result of interest produced by a computational model is located at a critical
point (e.g., maximum, minimum, saddle point, bifurcation point, etc.) of the respective re-
sponse in the phase-space of the model’s underlying independent variables. Such responses
occur in optimization problems and also in safety-related considerations. For example,
among the most important safety parameters for the licensing of nuclear reactors are the
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maximum fuel temperature, the maximum cladding temperature, the maximum admissible
heat flux, etc. For such model responses, variations in the imprecisely known parameters
and/or interfaces and /or boundaries will induce perturbations not only in the magnitude
of the respective response but will also cause the critical point of the perturbed response to
“move” in phase-space, i.e., to occur at another (perturbed) location in the phase-space of
the model’s independent variables, as opposed to re-occurring at the original location of
the critical point of the original, unperturbed model response. This fact has been recog-
nized by Cacuci [10] in his pioneering work on developing an adjoint sensitivity analysis
methodology for computing exactly and efficiently the sensitivities (functional derivatives)
of the magnitude of such a response—as well as the sensitivities of the respective critical
point(s)—with respect to the imprecisely known model parameters. The methodology
conceived in [10] has been successfully applied [11] to a large-scale computational tool
used for reactor physics and safety design, enabling the exact computation of the first-order
sensitivities of the magnitude of the maximum clad temperature (and several other similar
responses) to the many parameters underlying the computational model, as well as the
sensitivities of the location of the respective maximum to the respective model parameters.
Since the pioneering work described in [11], however, no other works have attempted to
compute sensitivities of the locations of responses defined at critical points to uncertain
model parameters. Furthermore, none of the works published thus far, including Cacuci’s
original work [10], have the capabilities of computing sensitivities of critical points with
respect to imprecisely known interfaces between coupled nonlinear subsystems and/or
with respect to their imprecisely known external boundaries in phase space. This work
alleviates this gap by extending the first-order comprehensive adjoint sensitivity analysis
methodology (1st-CASAM) recently developed by Cacuci [12], to enable the efficient and
exact computation of the first-order response sensitivities of model responses (of coupled
nonlinear physical systems) defined at critical points with respect to the systems’ impre-
cisely known parameters, interfaces between systems and domain boundaries. Thus, the
extended 1st-CASAM-CP presented in this work fundamentally generalizes all previously
published works on this topic, and includes the following novel characteristics:

(i) The system response considered in this work is a generic model response which
is defined at a critical point in the phase-space of the coupled nonlinear models’
independent variables. The critical point is defined implicitly as the location where
some (or all) of the first-order derivatives of the response with respect to some (or all)
of the models’ independent variables vanish.

(if) The 1st-CASAM-CP enables the simultaneous, efficient, and exact computation of
the 1st-order sensitivities of the magnitude of the model’s response to the imprecisely
known parameters, interfaces, and domain boundaries of the coupled physical systems.

(iii) The 1st-CASAM-CP also enables the simultaneous, efficient, and exact computation of
the 1st-order sensitivities of the response’s critical point location (in the phase-space
of independent variables) to the imprecisely known parameters, domain interfaces
and boundaries of the coupled physical systems.

The application of the 1st-CASAM-CP developed in this work will be illustrated in an
accompanying work [13] by considering a nuclear reactor thermal-hydraulics safety bench-
mark [14-16] which models heat conduction in a heated rod coupled to convection heat
transport through a coolant that surrounded the rod. This benchmark [14-16] admits exact
closed-form solutions for the sensitivities of the temperature distribution in the coupled
rod/coolant system which can be used to benchmark thermal-hydraulics production codes.
This benchmark is of fundamental importance both to the simulation of heat transport
through reactor core channels, as well as to the design and operation of electrically heated
rods in experimental thermal-hydraulics facilities. In particular, this benchmark was used
to simulate the geometry of an advanced (“Generation-IV”) modular nuclear reactor [17]
while verifying the numerical results produced by the commercially available FLUENT
Adjoint Solver [18] and highlighting, in the process, various shortcomings of the current
version of this code.
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This work is structured as follows: Section 2 presents the mathematical definition
of a response located at its critical point in the phase-space of the independent variables
underlying two coupled generic nonlinear physical systems comprising imprecisely known
parameters, interfaces, and boundaries. Section 3 presents the extended 1st-CASAM-CP
for computing exactly and efficiently the first-order sensitivities of the magnitude of
the response and of its phase-space location of its critical point to the physical systems’
imprecisely known parameters, interfaces, and boundaries. The discussion presented in
Section 4 offers concluding remarks

2. Mathematical Modeling of a Response Defined at Critical Points of Two Generic
Coupled Nonlinear Physical Systems

The mathematical model of the physical system considered in this work comprises
two coupled nonlinear sub-systems which will be called “sub-system I” and, respectively,
“sub-system II”. These sub-systems are considered to be coupled to each other across a
common internal interface (boundary) in phase-space. The first subsystem is represented
mathematically as follows:

ND[u(x); o] = QW (%), x € Q) 1)

Bold letters will be used in this work to denote matrices and vectors. The superscript
“I” will be used to denote quantities referring to “sub-system 1.” Unless explicitly stated
otherwise, the vectors in this work are considered to be column vectors. The second
subsystem is represented mathematically as follows:

NI v(y); o] = Q" (ey), y € Qy(x) 2)

The superscript “II” will be used to denote quantities referring to “sub-system II.” The
sub-systems are coupled through interface conditions. Furthermore, when Equations (1)
and (2) include differential operators, the interface conditions appear as internal boundary
conditions, which may need to be supplemented by conditions on the sub-systems” external
boundaries, as well as initial/final conditions. Altogether, the interface, boundary and
initial (or final time) conditions can be represented in operator form as follows:

Blu(x),v(y); o x,y] = 0, x € 00 (), y € 00y (x) ©)]

The quantities (operators, vectors, scalars) appearing in Equations (1)-(3) are de-
fined/described in Appendix A.

The system responses (i.e., quantities of interest) considered in previous works [12]
were generic function-valued operators of the model’s dependent variables and parameters.
In contradistinction to previous works [12], however, the specific response considered in
this work is a scalar-valued functional defined at a critical point of the model’s dependent
variable(s), including maxima, minima, saddle points or bifurcation points. A function
defined on the phase-space domain of “Sub-system I” will be denoted as F[u(x); &; x].
The critical point of F[u(x); «; x] will be denoted as &(o) £ [¢1(x), ..., &k (x)]!, K < Ny,
and is defined implicitly as the point at which the first-order partial derivatives of F with
respect to some or all of the independent variables x;, k = 1,...,K < Ny, vanish, i.e.,

{aF[“(X)“X]} =0, k=1...,K< Ny @
an ()
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The value (i.e., magnitude) of the response at the critical point & () £ [&(w), ..., &k ()],
K < Ny of Flu(x); &; x|, which is defined implicitly by Equation (4), will be denoted as Ry
and is represented by the following functional:

R Ny bi(o‘) K
Re2T] [ dxiFlux);aox)T ] ol — &), K< Nx 5)
i=1 k=1
ai(ex)

where the following definition has been used:

N, bi(ex) by (o) by, ()
I1 / dx; & /dxl... / dxn, ©)
=) o (o) an ()

The phase-space coordinates (), k =1,...,K < Ny, of the critical point &( ) £
[E1(c), ..., k()] of F[u(x);«; x| are imprecisely known since they are functions of the
uncertain values of the imprecisely known model parameters o = (ay,...,az, )1L € R%.
Hence, the actual value/magnitude of the response Ry is also unknown. The nominal value
of the response at the critical point defined implicitly by Equation (4) will be denoted as
RY and is determined by computing this response at the nominal values & and u’(x), i.e.,

Ny bi(‘xo) K
02 Flu®(x): of- _ 0
Ry = Eﬂi(zo) dxlF{u (x); ,x,} gé{xk gk(a )] , K< N, (7)

Similarly, when the system response is a scalar-valued functional defined at a crit-
ical point of a function Gv(y); & y] pertaining to “Sub-system II,” the critical point of
G[v(y); & y] will be denoted as n(«) £ [1(c), ..., 7m(x)]T, M < Ny, and is defined
implicitly as the point at which the first-order partial derivatives of G with respect to some
or all of the independent variables y; vanish, i.e.,:

{aGMy)“yJ} 0, m=1,...,M<N, ®
Ym n(a)

The imprecisely known value of the response at the critical point of G[v(y); &;y],
determined implicitly by Equation (8), will be denoted as R, and is defined as follows:

N ( M
H/ ey LLolum —mm(e)), M< N, ©)

The nominal value of the response at the critical point defined implicitly by Equation (9)
will be denoted as Rg and is determined by computing this response at the nominal values

o’ and vV (y), i.e.,

;o
élj / dy; G[v'(y); O;y}lj\—ié[ym—iym(ao)}, M<Zz, (10)

0‘0
3. Mathematical Framework of the 1st-CASAM-CP for Responses Defined at a
Critical Point

The true but unknown values of the parameters will differ from their known nominal
values by quantities denoted as d«x £ (6ay, ..., 00z, ), where du; 2y — zx?, i=1,...,7Z,.
In turn, the parameter variations d« will cause variations du(x) 2 [6u1(x),. .., duy, (x)]'
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and ov(y) £ [6v1(y),...,0vN, (y)]" in the state functions, respectively. Furthermore, the
variations d«, du(x) and év(y) will cause variations in the response Ry around the nominal
response value RY, as well as variations in the response R, around the nominal value RS.
Sensitivity analysis aims at computing the functional derivatives (called “sensitivities”) of
the response under consideration to the imprecisely known parameters . Subsequently,
these sensitivities can be used for a variety of purposes, including quantifying the uncer-
tainties induced in responses by the uncertainties in the model and boundary parameters,
combining the uncertainties in computed responses with uncertainties in measured re-
sponse (“data assimilation”) to obtain more accurate predictions of responses and/or
parameters (“model calibration,” “predictive modeling”), etc.

The 1st-order total sensitivity of a general vector-valued nonlinear operator V[u(x), v(y); «],
defined on the complete domain )y U Q) on which the two coupled nonlinear systems are
defined [details are provided in Appendix A] is defined [1-5] by the first-order Gateaux-
(G-)variation of the respective operator. To simplify the notation in preparation for comput-
ing the G-variation of V[u(x), v(y); «], it is convenient to denote the functions appearing in
the arguments of V[u(x), v(y); &] as being the components of a vector e £ [u(x), v(y); «]",
which represents an arbitrary “point” in the combined phase-space of the state functions
and parameters. The point which corresponds to the nominal values of the state functions

and parameters in this phase space is denoted as e? = [u’(x), v%(y); ] " Analogously, it
is convenient to consider the variations in the model’s state functions and parameters to be
the components of a “vector of variations”, de, defined as follows: de £ [su(x), 5v(y); 5a]".
With these notations, the first-order G-variation of V(e), denoted as 6V (e’; ée), of V(e) at

e in directions e is defined is as follows:

0.50) 2 [ @ 0 0 .50
(5V(e ,(5e) = {dSV{u (x) + edu(x), v-(y) + edv(x); x +€5cx} }8_0 (11)

The G-differential 5V (e’; ée) is an operator defined on the same domain as R(e) and
has the same range as R (e). The G-differential 5V (e’; 5e) satisfies the relation V (e® + ede) —
V(e?) = 6V (e’ de) + A(Je), with hn&[A(sée)]/s = 0. The existence of the G-variation

£—

5V (e?; 5e) does not guarantee its numerical computability. Numerical methods most often
require that 5V (e’; ée) be linear in the variations de in a neighborhood (e + ede) around
e’. The necessary and sufficient conditions for the G-differential §V (e’; de) of a nonlinear
operator V(e) to be linear in Je in a neighborhood (e” + ede) around e, and thus admit
partial and total G-derivatives, are as follows:

(i) For an arbitrary variation de, the operator V(e) must satisfy a weak Lipschitz condi-
tion at e, i.e.,
HV(eO +e(5e> - v(eO) | < K|ee?||, k < o (12)

(i) For two arbitrary variations de; and Jey, the operator V(e) must satisfy the follow-
ing relation:

V(eO +ede; + S(Sez) _ V(eO + e(5e1) _ V(eO + eéez) + V(eO) —o(e)  (13)

In practice, however, the conditions shown in Equations (12) and (13) are seldom used
directly. Rather, after the G-variation of the operator under consideration is obtained by
applying the definition provided in Equation (11) and the resulting operator is subsequently
verified (often by inspection) if it is linear (or not) in the variation de. A G-variation
5V (e; 5e) which is linear in de is called the G-differential of V(e) at e’ in directions Je.
The G-differential of V(e) is often denoted as DV (eo ; 6e) in order to emphasize its linearity
in de and its identification with the total differential in customary calculus.
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3.1. First-Order Sensitivities of the Response Ry to the Imprecisely Known Model Parameters,
Internal and External Boundaries

Section 3.1. presents the derivations of the first-order adjoint sensitivity system needed
for the exact and efficient computation of the first-order sensitivities of the response R, with
respect to the model’s uncertain parameters, including boundary and interface conditions.
Section 3.2. presents the derivations of the first-order adjoint sensitivity system needed
for the exact and efficient computation of the first-order sensitivities of the critical point
E(a) 2 [F1(x), ..., Zk(«)]T, K < Ny at which the response R, is defined.

The total sensitivity of the response R, defined in Equation (6) with respect to vari-
ations in the parameters and state functions around their respective nominal values is
provided by the 1st-order G-variation of the response Ry; this first-order G-variation will
be denoted as JRy. The total sensitivity Ry is obtained, by definition, as follows:

by (¥ +edox) by, (o0 +edx)
SRy 24 [ dxy... [ dixnF[ul(x) +edu(x); o + edo; x|
a1 (a0+edox) an, (a0+edox) (14)

Jﬂép — {5Rx}d”+{(5R }l?ld

K B Zy R,
<Ml o] | = B {3

e=0

o)

where the so-called “indirect-effect term” {(SRx}ind depends on the unknown variation
du(x) and is defined as follows:

K
{0Rx }mdAH / dxl{[al-"u,oc, ]H } , K<N, (15
k=1 (u;0)

while the so-called “direct-effect term” {R }dir does not depend on the unknown variation
du(x) but only depends on the parameter variations d and is defined as follows:
Ny

dir Zy bi(a?) dF (u;x;x) K
(ORI = z { e }(e ey = I lf )dxl{[M&a}knlfs[xk—gk(a)]}

N, N bi(e) aby (o) 5 1
+y. I [ dx; { u; oc;x)]xi:bi(a())[ o 506} [T d[xx — ‘fk(“)]}
i=1j=1,j#i, ( )

(%)

(u0,a0)
Ne DNy (“) da;(x) K (16)
“E T {1000l [ 6200 TT ol — (0]}
i=1j=1,j#iq,(0)

(uf,&0)

k=1 | i=1g;(a0) m=1,m

K [ Ny bi(a?) 92, o0) K
~ LI dnF s - 8] (Fow) TT olem — En(eo) ,
(u;0x0)

The following notations have been used for the various (column) vectors appearing in
Equations (15) and (16):

OF(u; 0;x) [ OF oF 17 oF(u; ;x) B Nu 9F (u; o; x)

au = |:au1, ey auNu:| , au (Su = ; 781/[1 Jul ’ (17)
OF(u; 0;x) o [ OF oF Jr_ OF(w; 0x) . Zs, OF (u; o; X)

ox [&“l, Y a“ZJ ' PR p;1 duy o (e

The vectors d¢; (o) /dex, dby () /dex, and day(ex) /dex, which appear in Equation (16),
each have the same structure as the vector 0F(«)/0dx defined in Equation (18). Thus,
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the partial derivative QR%"/ dap, which is implicitly defined in Equation (16), has the
following expression:

() = 1T dxz{[aF(ganEI St~ &uled)

=lg;(a) (u%;x0)
Ne N bl ab oc) K
+Z . H . dx]{[F(u’ ‘X;x)]xi:bi(cx H 5[3(]( - gk( )]}
1:1]:1,]751,1/,(“0) k=1 (u0,a0)
N b (o) K )
_'Z ) H ) dx]‘{[F(U,' “}X)]xi:ai(“()) E)lzxp H 5[3(]( —{fk(oc)]}
i=1j=1,j#i, aj(a0) k=1 (u0,a0)
K | N Bia®) / o) K
- H f dx; F(w; 0;x)0" [ — Cr ()] é‘a, [T Ofxm —Gm(e)] .
k=1 | i=1, (ax0) F m=1,m=#k 0.0
(u%ex?)

As indicated by Equation (16), the “direct-effect” term {(SRx}dir depends only on

the parameter variations do and can therefore be computed immediately. On the other
hand, the “indirect-effect” term {(5Rx}i”d depends indirectly on the parameter variations
da through the yet unknown variation du. The variations du and dv(y) are related to
the parameter variations d through the “first-level forward sensitivity system” (1st-LFSS),
which is obtained by G-differentiating the original equations that underly the coupled
nonlinear sub-systems I and II. Applying the definition of the first-order G-variation to
Equations (1)—(3) yields the following relations:

{‘iN(I) [uo(x) + edu(x); o + 850(} }s=0 = {;SQ(I) (cxo +ed; x) }Ezo,x € Qx(ao), (20)
{;ﬁ NUD [ (y) + edv(y); o« + séoc} }8_0 = {iQ(”) (oco +ebe; y) }8_0, y ey (ao), (21)
{;eB [uo(x) + edu(x), vO(y) + edv(y); o + sécx;x,y} }8_0 =0, x€ an(ch), y € 0Q)y (oco). (22)

Performing in Equations (20)-(22) the differentiations with respect to € and setting
e = 0 in the resulting expression yields the following system of equations:

SN {uo(x), (xO;(Su(x),(Soc} = (SQ(I) (ao;écx) , XE Qx<cx0) (23)
SN [vo(y), ol (5v(y),5(x] — QD) (ao;éoc) ,ye Qy(cxo), (24)
6B(e%de) = 0, x € 30 (), y € 90, () (25)

The existence of the G-variations in Equations (23)—-(25) does not guarantee their
numerical computability. Numerical methods most often require that these G-variations
be linear in the variations de in a neighborhood (e’ + ee) around e, implying that the
operators NU ), Q(I ), NI ), Q(I I ), B must satisfy the necessary and sufficient conditions
provided in Equations (12) and (13), which will henceforth be assumed to the case, so that
Equations (23)-(25) can be written in the following form:

NOwe) (5u(x>> Q" (u; e 6e)
o ANCl | f NS Q) iasoa) ) [ 26
for x € Ox(a?), y € Oy(a),

v(y
Ju
v(
Jx

Bulx) 4 { PETIIA L v(y)
+{ 9B[u(x),v(y);e;x,y] }

S =0, x € 90 (a?), y € 90, (a?).

(e%)
(e%)

(27)
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where

1 2|0 (ox)—ND [u(x);«
{Q§ )(u; o; o) }(uO.“O) 2 { { = } Yo
/ (u0;x0)

(28)
Zo [ 3|QW (%) -ND [u(x);e1]
= E [ ou; ] 50‘1‘/
i=1 (uo “o)
9|1QUD (ey) ~NUD [v(y);ex]
{Qél)(V; 0‘;5“) }(vo o) = { [ Jx ] oo
' (v0,a) (29)

v [ 2]QD (ey)-NUD[v(y);a]
= ] { { atl,‘ } 50{1‘,
(+0,00)

The partial G-derivatives IN(!) [u(x); o] /9u, OND [v(y); &] /9v, OBu(x ) v(y); % x,y]/ou,
B[u(x), v(y); &;x,y]/dv, IND [u(x); «] /de, ONUD [v(y); «] /0ex, 9QW [u(x); ] / dex,
9QUD [u(x); ] /da and 9B[u(x), v(y); &; x, y] /e, which appear in Equations (26)-(29), are
matrices of corresponding dimensions.

The 1st-LFSS, comprising Equations (26) and (27), could be solved to obtain the varia-
tions Ju and v in the state functions in terms of the parameter variations d « which appear
as sources in the 1st-LFSS equations. Subsequently, the variations Ju and Jv thus obtained
could be used to compute the total sensitivity 0R, using Equation (14). However, com-
puting repeatedly the 1st-LFSS for every possible parameter variation dap, p=1,...,2Z,
becomes prohibitively expensive for large scale systems involving many uncertain pa-
rameters. These repeated computations can be circumvented by extending the concepts
underlying the “Adjoint Sensitivity Analysis Methodology” conceived by Cacuci [2,3] to
construct a “First-Level Adjoint Sensitivity System” (1st-LASS), the solution of which will
be independent of the variations d«, Ju and dv. Subsequently, the solution of the 1st-LASS
will be used to compute the indirect-effect term {5Rx}i"d by constructing an equivalent
expression (for this indirect-effect term) which would not involve the unknown variations
du and év.

The construction of the requisite 1st-LASS is achieved by implementing the following
sequence of steps:

1. Consider the union of independent variables describing the combined domain ), U (),

to be the components of the following N-dimensional column vector z £ [z, .. ., ZNZ]JF.
2. Introduce a Hilbert space pertaining to the domain (), U (), denoted as H, comprising

A

+

square-integrable vector-valued elements of the form £0) (z) £ {g(‘” (x),h@ (y)} €H
t t

and £#)(z) 2 [g#)(x),hP)(y)| " € H, where g<“>< x) & [gi“) ()-8 )] 8P (x) 2

"
5P, 58] () 2 W), 18 )] 0P ) 2 1P ), B3]
3. Define the inner product, denoted as <f ( ) f(ﬂ (z )> between two elements of H,
as follows:
N, bi(a0) Ny di(0)
£9)(2),£F) (z)) & dx;| g\ (x + dy; h(B)
< VI [ axle o8] +TT [ aufn i)
a;(f) Yei(a0)
(30)
where
! 2 3 @) )P
g9 (x)gP 02 Y & g (%) (31)
n=1
Ny
h®(y) P (y) 2 3 ) (3) (32)
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4.  Use the definition provided in Equation (30) to form the inner product of Equation (26)

+
with a square-integrable vector (V) (z) £ [11)([) (x), pI) (y)} € H to obtain the
following relation:

(5 ) (250
1|)(U) (y) / 0 aN(Ha)‘Ev;tx) @) 5v(y)
(E=N
vy )7 Q)" (v; o 6ax) @/

5. Using the definition of the adjoint operator in the Hilbert space H, recast the left-side
of Equation (33) as follows:

Il)(l (x) % 0 du(x)
<< ) ) H 0o  ANDve ] }<e0)( 5v(y) )>
<( 38; ) {[ A*(g; K B*(S; ) ] }(eO) < llll))((lll)>(();)) ) > o

+4 BC® [u(x);v(y); w D (x), 61D (y); 6u(x), 0v(y); i, y; 6 /

a0 Ua0y (e9)

where the operator A*(u; &) denotes the formal adjoint of dA(u; )/0du, the
operator B*(v; &) denotes the formal adjoint of dB(v; &) /dv, and where
BCcM) [u(x);v(y);w(” (x), pUD (y); u(x),6v(y); & x, y; 6 denotes the
anany &0

bilinear concomitant evaluated on the combined (internal and external) boundary
00 U 5QY,.

6. Replace the left-side of Equation (33) with the right-side of Equation (34) and re-
arrange the resulting equation to obtain the following relation:

du(x) ' A*(w; &) 0 I(x)
)AL w1 (i )
/(e ! QY (u; &; ex) 35)
vy )\ oV miese) ) [

- {BCm {u(x);v(y);t])(” (x),pD (y); u(x), 6v(y); «; x, y,&a}

3QanQy

Require the left-side of Equation (35) to represent the indirect-effect term {5Rx}i"d
defined in Equation (15), which can be fulfilled by requiring the yet undetermined (adjoint)
functions D (x) and D (y) to satisfy the following (adjoint) equations:

C e K
{A"(w &) }eoy 9V (x) = {ap(‘;’u""x)ﬂé[xk - ék(cxﬂ} , K< Ny, (36)
k=1 (u%;x0)

{B*(v; ) }(eO)‘P(H) (y)=0 37)

7. The boundary, interface, and initial /final conditions for the functions P (x) and
YU (y) are now determined as follows:

(1) The boundary, interface and initial/final conditions given in Equation (27) are
substituted into the bilinear concomitant in Equation (35).
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(i)  The remaining unknown boundary, interface and initial /final conditions in-
volving the functions du(x) and év(y) are eliminated from { BC'V [u(x); v(y);
P (x),pUID (y); bu(x), ov(y); o x, y;&a]aﬂxumy }(e0) by selecting boundary,

interface and initial/final conditions for the adjoint functions (! (x) and
YD (y) such that: (a) the selected conditions for these adjoint functions must
be independent of unknown values of Ju(x), 6v(y) and d; and (b) Equations
(36) and (37) are well posed in conjunction with the boundary conditions
chosen for the adjoint functions ) (x) and {1 (y).

(iii)  In operator form, the boundary, interface, and initial /final conditions thus
obtained for the adjoint functions () (x) and ¥ (y) can be represented
as follows:

{CE:) [u(x);v(y);lp(” (x),lb(n) (y); & x,y} }(eO) =0, x €09Qy, y €30y (38)

where the subscript “A” indicates “adjoint” and the superscript “(1)” indicates
“ftirst-level.” The system of equations represented by Equations (36) and (37)
together with the boundary/interface and initial /final time conditions rep-
resented by Equation (38) constitute the 1st-Level Adjoint Sensitivity System
(1st-LASS). It is important to note that the 1st-LASS is independent of the pa-
rameter variations o and therefore needs to be solved only once to determine
the (1st-level) adjoint functions (! (x) and ) (y).

The selection of the boundary conditions for the adjoint functions (") (x) and ') (y)
represented by Equation (38) eliminates the appearance of any unknown values of
the variations du(x) and év(y) in the bilinear concomitant in Equation (35), reducing
it to a residual quantity that contains boundary terms involving only known values
of 6, u(x), v(y), pV(x), " (y), and . This residual bilinear concomitant will

be denoted as {15(1) [u(x);v(y);lb(l) (x),pUD (y); o x, y; bex } . In general,
0 xUs 0y 0

this residual bilinear concomitant does not automatically vanish, although it may
do so in particular instances. If necessary, this residual bilinear concomitant could
be forced to vanish by considering extensions, in the operator sense, of the linear
operators A" (u; @) and/or B*(v; x).

Using Equation (35) in conjunction with Equations (36) and (37) in Equation (15)
yields the following expression for the indirect-effect term {(5Rx}i”d:

: Zy ind (1) ¥ (1) (. .5
SR} — 3 aR; su :<<ll’ (x) >/{<Q1 (W o; (x))} >
{ } p:l{ oy }(eo) 4 lb(ll)(Y) QS)(V; 0‘?50‘) (e0) (39)

_{13(1> [u(x)}V(Y)}ll’(l)(x)f‘I’(H) (v); “’.x'y;(m} a0 } ’
U0y (EO)

where

i=1a;(a0)

o B N, bi (o) 4 0 a[Q(l)(o(;x)—N(l)[u(x);tx]]
{ a, }(eo) =11 f dx;q b (X) dup (500

Ny d,‘((xo) 0 Q(”) ; 7N(H) v ;X
i dyl-{w““(y)- Qe N ”} (0)
=lei(o0) ' (v;a0)

{aipﬁ(” () v(y); w D (), W (y); a6,y 6

30anQy (eo)
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As the expression in Equation (39) indicates, the desired elimination of the unknown
variations du and év from the expression of {(5Rx}i"d
used the adjoint functions P! (x) and D (y).

The complete expression for computing exactly and efficiently the partial sensitivities
dRy /9wy of the response R, with respect to an uncertain parameter «), at the nominal values
(uo ; oco) is obtained by adding Equations (19) and (40) according to Equation (14), i.e.,

9R JRdir aRind
P () P P ()

3.2. First-Order Sensitivities of the Critical Point of Ry to the Imprecisely Known Model
Parameters, Internal and External Boundaries

has been accomplished by having

The implicit definition provided by Equation (4) for the critical point &(x) =
[C1(x),...,¢C K(oc)]Jr of F[u(x); &;x] can be written in the following equivalent form:

bi(ex)
N oF[u(x); o; x| +&
1‘{ / dxl-[(ax)k]né[xj—éj(oc)} —0, k=1,...,K< Ny. 42)
) =

Taking the first-order G-variation of Equation (42) at e’ in directions Je yields the
following expression:

N, bil o tesar)

d IF[u(x)+edu(x); 0 +ed o;x
%H f d'xi [ Bxk ]
i=1g;(a0+edox) (43)
K
X Hé[xm—ém((xo—i—w(x)}} =0, k=1,...,K<N,.
m=1 e=0

Carrying out the differentiations indicated in Equation (43) leads to the following relation:

0— ﬁ bi(fo‘O)dX'{i[aF(u;“;X)éo“"‘aF(u;“;x>5u:|} IIS[ (S[JC _é (0‘0)}
_i:1a~(oc0) oL da ou Wsad) =y
Ny Ny bj("‘[]) K
T dx.{ OF[u(x);ex] () 5 117 sl — o (o }
igljzll,qjyéiuj(i% ! [ o }bui(“O)[ 9o }ml_:ll b = (o) (w0, 0)
Ne Ny bi(e?) K (44)
_ d; OF[u(x);o;x] 8ai(cx)5(x ST — o }
IR A ], o [P0 11 bt}
K | N bi(e) . , K
— R I [ a2 belsr [ — ()] [S0w] T ol — (@)
=1 | i=la(a0) ¢ m=1m#] (a0:x0)

for k=1,...,K<Ny.

After having determined the variations Ju, which are needed in order to evaluate the
second term on the right-side of Equation (44), the K x K system of equations represented
by Equation (44) can be solved, in principle, to compute each of the sensitivities dZj () /0a,

of the components of the location &(x) £ [&;(c), ..., &k («)]" of the critical point of in
phase-space. However, the determination of Ju requires solving the x-dependent 1st-
LFSS, cf. Equations (26) and (27), for each parameter variation day,, which is prohibitively
expensive computationally for large systems with many parameter variations.

To avoid the need for having to solve repeatedly the dx-dependent 1st-LFSS, cf.
Equations (26) and (27), for each parameter variation d«;, the term containing du in
Equation (44) can be expressed in terms of adjoint functions that will be the solutions of a
da-independent first-level adjoint sensitivity system (1st-LASS), which will be constructed
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next by following the same procedure as the one that led to Equations (36)—(38). The
following well-known relation

7/g x,y)8 (x —§)dx = / 78‘?(82}/)5(96*5)” (45)

is used to recast the last term on the right-side of Equation (44) as follows:

j=1 :1,1 (D‘U) m=1,m

K [ Ny bila®) o
z{n J ey (o)) [B460] T ,5[xm¢m<a>1}
: 7 W) (46)

K N, bi(a®)
2F( dg;(ex)
i dx; { T Ty s
J=1li=lg,(a0)

_ 0
}(u(’ “[]x §/> Hl [xm (Zm(lx )} .

The relation provided in Equation (45) is also used in order to recast the term contain-
ing du in Equation (44) into the following form:

Ny bi(e®) K
X OF (u;06x
-1 dxi{aixk {%&l} }(uo;txo)ml;ll(s[xm - gm(ao)}

i=1g;(a0) (47)

Nx bi((xo)d aF(u'oc'x)é é‘/ 0 K 5 0
= x4 /L= X, — Yo '
iljlai({p) 1{ Jdu u}(uo;“O) [ k Ck(“ )]m:gn#k [ m gm(“ )]

The right-side of Equation (47) is similar to the expression of the indirect-effect term
defined in Equation (15), with the following correspondence indicated below by the
symbol “ <

o K
{w5u}(u0;o&0)y [xk - gk(o‘o)] IT (S[Xm —Cm (O‘O)]

JF (w;0;x . 0
o {M5ea} o TL00w— (o)

Based on the correspondence indicated in Equation (48) and applying the same
procedure as already outlined in Section 3.1 for expressing the indirect-effect term defined in
Equation (15) leads to the following expression for the functional defined in Equation (47):

N, bi(a) oo K
}}JMMP%;U@MMﬁM—awM [ 0l —En(a)]

m=1,m=#k
(1) ¥
() )G )], )
Py (Y) QZ (Vr 0‘/‘50‘) (e0)
—{ﬁm ()i v(y) @) (%), @ (y); %,y 6 k=1, K< Ny,
3QXU80y (e())

where the adjoint functions (pgl) (x) and (p( D (y) are the solutions of the following first-level
adjoint sensitivity system (1st-LASS), foreachk =1,...,K < Ni:

(8w o 00 = (T} - G)] T ol Ea(@)],  (60)

m=1,m#k
(B* ;) by 0y (y) =0 (51)

{cd [uivy)i o) . 0 (v); e,y }(eo) =0, x€dy yeo, (52
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Replacing the results obtained in Equations (46) and (49) in Equation (44) and rear-
ranging the terms in the resulting relations yields the following equation:

() Az, )
o (y) )’ Q) (vi e o) (e?)
) {p(l) [“(X): v(y)i oy (0, @ (y); eix, v b

BQXUaQy (eo)
N, bi(a)

JF (w;0x K
I T [ ) T 5T = (o))
i=1g,(a) /&) m=1
N, N b)) K (53)
. do: oF[u(x);06x] 8h,-(cx)5(x Sl — 0( }
i§1j:11}¢iuj(£0) J{[ ox Li:bi(o@)[ Jdo Lnl—:[1 [2xm — Gm ()] (a0, o)
Ny Ny bj(“O) dF [u(x);ox] 9a; (o) K
+'§ ':H' ' / dxj{[ 0% LCi:ﬂi(fxo)[ dx 50‘} I——Il(s[xm_‘:rn(“ﬂ} 0 o0
i=1j 1,]7&1a],(“0) m (u’,a9)

Ny bi(?) ) 5
_ dx: 0°F(u;0;x) éj((x)50(
jgl i£ll ‘11‘({‘0) l { axkax]- Jex }(UO;(XO;XJ':‘:j)

for k=1,...,K<N;,.

11 6m — En(a)] -

m=1

Zy
Replacing (0/da)éax = Y. (9/0a,)da, in Equation (53) and collecting the expressions

multiplying the parameter variations da), in the resulting relation leads to a K x K system
of equations for determining the sensitivities (agk / aa,,), k=1,...,K < N,, for each

parameter ap, p = 1,...,Z,. This K x K system of equations can be written in matrix form
as follows:

hin - ik 9§p) sY’)
HeP) —sP) H2 . Lol 2 . s 2 . . (54)
hxkr - hgk 91(<P) ng)

where:

(a) the matrix H denotes the Hessian of the function F(u; &; x) computed at the nomi-

nal value E,(cxo) of the critical point of F(u; «;x); the components of H are defined
as follows:

m=1

Ny bi(a®) 2r o K
he £ T1 [ dx {a (o) I1

h axkax,{
i=1a;(a)

5[xm—r;‘m(cx)]} i k(=1,...K<Ng (55

(u%e)
(b) the components of the vectors 0(") and s(7), respectively, are defined as follows:

0P 2 9z () /day; k=1,..., K<Ng p=1,...,7 (56)
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Ny bi(e) 3| (ox) —-NWu(x);«]
= 1 dx,{ o9 - ]
i=1g,(x0) (u% )
4i(e) 3[Q!!" (evy) -NI v(y)ied
fT dy,{cp,i Ny d - }}
=lej(a0) (v9;e0)
—3 2P [u);v(y) @) (%), @ (v); aix v dex
p aﬂxuagy (eo)
Ny bi(e?) (57)
M J 9 9F(wo;x) 0
nor i e} T 8 — ()]
Ny N, bi(e) K
N . ] [P0 abi(e) Sl — (o }
El;’zlr}#a,({% ]{[ S Lf:bl‘(“%gl o = (o) (w0, %)
Ne Ny bi(e) 9F[u(x); x| da; ()
+ dx{ X %) m }
S AL, L R e, [ el

k=1,..K<Ng p=1,...,Z.

Evidently, the sensitivities GIEP )2 dCk(ex)/0ay; k=1,...,K < Ny of the critical point
E(a) 2 [E(x), ..., Ek ()] with respect to the uncertain parameter a, are computed at the
nominal value & () by solving Equation (54) to obtain:

o) =H s, p=1,...,2, (58)

Examining the structure of Equation (58) reveals the following important characteristics:

1.  The matrix H, which is the only matrix that needs to be inverted, does not depend on
the parameters variations and has very small dimensions (its dimensions are at most
equal to the number of the independent variables that characterize “subsystem 1”).
Therefore, H can be inverted once and for all, and its inverse can be easily stored for
using it as many times (i.e., Z,-times) as there are system parameters.

2. Before computing the right-side of Equation (58), it is necessary to determine

the adjoint functions (p]((l) (x) and (p]((U) (y) by solving the 1st-LASS comprising

Equations (50)—(52). Solving the 1st-LASS represents a “large-scale” computation, of
the same size as solving the original system represented by Equations (1)-(3). Solving
the 1st-LASS is expected to be less intensive computationally than solving the original
system, since Equations (50)—(52) are linear in the dependent variables, whereas
Equations (1)—(3) are nonlinear in the dependent variables. It is also important to note
that the 1st-LASS is independent of parameter variations. The 1st-LASS needs to be
solved once for each component of the critical point in the phase-space of independent
variables, which is a relatively small number (e.g., the 1st-LASS need to be solved
once for one-dimensional systems, at most twice for two-dimensional systems, at
most three times for three-dimensional systems, etc.).

3. Only the right-side of Equation (58) depends on derivatives of various quantities with
respect to the parameters, so it would need to be computed anew for each parameter.
However, these computations involve only integrals over various quantities. These
integrals can be computed efficiently and inexpensively using quadrature formulas
(as opposed to needing to solve large-scale differential equations).

The derivations of the first-order adjoint sensitivity system needed for the exact and
efficient computation of the first-order sensitivities of the response Ry and of the critical
point &(ot) £ [&1(), ..., & («)]", T < Ny at which the response Ry is defined (with respect
to the model’s uncertain parameters, including boundary and interface conditions) are
similar to those presented in Section 3.1 and are therefore presented in Appendix B, for
convenient reference.
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4. Discussion

This work has presented the mathematical framework of the extended “first-order
comprehensive adjoint sensitivity analysis methodology for critical points” (1st-CASAM-
CP), which enables the exact and efficient computation of the first-order sensitivities of
responses defined at critical points of coupled nonlinear systems characterized by im-
precisely known parameters, interfaces, and boundaries. It has been shown that the
computation of the first-order response sensitivities of the magnitude of a response defined
at a critical point of a function in the phase-space of the systems’ independent variables
requires a single large-scale computations of the 1st-LASS which corresponds to the mag-
nitude of the critical point. Solving the 1st-LASS represents a “large-scale” computation
which is not more extensive than solving the original coupled systems, since the 1st-LASS
is linear in the dependent variables, whereas the original coupled systems nonlinear in the
dependent variables. Furthermore, the computation of the sensitivities of the location in
phase-space of each critical point requires solving one 1st-LASS for each of the components,
in the phase-space of independent variables, of the respective critical point. Noteworthy,
the 1st-LASS needed to solve in order to obtain the respective adjoint sensitivity functions
have the same operators on their right-sides; only the sources on the left-sides of the
respective 1st-LASS differ from each other. Hence, the same solver can be used to solve
all of the requisite 1st-LASS (as opposed to needing to develop a different solver for each
1st-LASS) to compute all of the respective adjoint functions. Of course, the computational
effort and resources needed to solve the requisite 1st-LASS are significantly less expensive
than attempting the compute the sensitivities of critical points by brute-force forward
re-computations using the model of the coupled nonlinear systems with altered parame-
ter values in conjunction with finite-difference schemes, which would require at least as
many large-scale computations as there are uncertain parameters in the coupled nonlinear
systems. Computing higher-order sensitivities

In the accompanying work [13], the unique features of the 1st-CASAM-CP presented
in this work will be illustrated by applying it to a nuclear reactor thermal-hydraulics
safety benchmark [14-16] which has been used for the verification of the “FLUENT Adjoint
Solver” [18].
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Appendix A. Mathematical Modeling of Two Coupled Nonlinear Systems Comprising
Uncertain Parameters, Internal Interfaces and External Boundaries

The quantities appearing in the definitions of Subsystems and II, cf. Equations (1)—(3)
are defined as follows:

1. o (..., Za)Jr € R% denotes a column vector having Z, scalar-valued compo-
nents representing all of the imprecisely known internal and boundary parameters of
the physical systems, including imprecisely known parameters that characterize the
interface and boundary conditions. Some of these parameters are common to both
physical systems, e.g., the parameters that characterize common interfaces. These
scalar parameters are considered to be subject to both random and systematic uncer-
tainties, as is usually the case in practical applications. In order to use such parameters
in practical computations, which is the scope of the methodology presented in this
work, they are considered to be either “uncertain” or “imprecisely known.” “Uncer-
tain” parameters are usually considered to follow a probability distribution having
a known “mean value” and a known “standard deviation.” On the other hand, the



Fluids 2021, 6, 33

16 of 24

actual values of “imperfectly known” parameters are unknown. To enable the use of
such parameters in computations, “expert opinion” is invoked to assign each such
imprecisely known parameters a “nominal value” (which plays the role of a “mean
value”) and a “range of variation” (which plays the role of a standard deviation).
For practical computations, the actual origin of the parameter’s nominal (or mean)
value and of its assigned standard deviation is immaterial, which is why the qualifiers
“uncertain” and “imprecisely known” are often used interchangeably. In this work,
the superscript “zero” will be used in this work to denote the known nominal or
mean values of various quantities. In particular, the vector of nominal and/or mean

1 0 2 0 0 * u Dy .
parameter values will be denoted as o’ = ((xl,. ' Zﬂ) . The symbol “=” will be

used to denote “is defined as” or “is by definition equal to” and transposition will be
indicated by a dagger (1) superscript.

x = (xp,. ..,xZX)Jr € R?% denotes the phase-space position vector, of dimension
Zy, of independent variables for the system defined in Equation (1). The vector
of independent variables x is defined on a phase-space domain denoted as Oy (),
Oy () 2 {—o0 <a;(ax) < x; < bj(ax) <o0; i=1,...,7Zy}, and is therefore consid-
ered to depend on the uncertain parameters & The lower-valued imprecisely known
boundary-point of the independent variable is denoted as 4;( ), while the upper-
valued imprecisely known boundary-point of the independent variable is denoted as
b;(x). For physical systems modeled by diffusion theory, for example, the “vacuum
boundary condition” requires that the particle flux vanish at the “extrapolated bound-
ary” of the spatial domain facing the vacuum; the “extrapolated boundary” depends
on the imprecisely known geometrical dimensions of the system’s domain in space
and also on the system’s microscopic transport cross sections and atomic number
densities. The boundary 9Q(«) £ {a(a) Ub(x)} of the domain Q, (&) comprises
all of the endpoints a(«) £ [a1(x), ..., az («)]" and b(x) £ [b1(x), ..., bz, ()] of
the intervals on which the respective components of x are defined. It may happen
that some components a;(cx) and/or b;(«) are infinite, in which case they would not
depend on any imprecisely known parameters.

u(x) = [ug(x),...,uz, (x)]" denotes a Z,-dimensional column vector whose compo-
nents represent the system dependent variables (also called “state functions”) that
characterise “subsystem 1” defined in Equation (1).

+
NOD[u(x); o] 2 {Nl(l)(u;o&),...,Ni(l)(u;oc),...,Ng‘)(u;oc)} , i=1,...,Z,, which

appears in Equation (1) denotes a column vector of dimensions Z,, whose components
are operators that act nonlinearly on u(x) and «.

Q(I) (a;x) £ [an (xx),..., Q(le,) (a; x)} ' denotes a Z,-dimensional column vector
whose elements represent inhomogeneous source terms that depend either linearly or
nonlinearly on . The components of Q1) (&; x) may involve operators (rather than
just finite-dimensional functions) and distributions acting on & and x.

+
y £ <y1/ . .,yzy) € R% denotes the Z,-dimensional phase-space position vector of

independent variables for the physical system defined in Equation (2). The vector of
independent variables y is defined on a phase-space domain denoted as (2, (), which
is defined as follows: Q) () £ {—o0 < ¢j(a) <y; < dj(x) < o0; j=1,...,Zy}. The
lower-valued imprecisely known boundary-point of the independent variable y; is
denoted as c;( ), while the upper-valued imprecisely known boundary-point of the
independent variable y; is denoted as d;(«). Some or all of the points ¢;(«) may
coincide with the points b;( ). Also, some components of y may coincide with some
components of x, in which case the respective lower and upper boundary points
for the respective coinciding independent variables would also coincide correspond-
ingly. The boundary 9Qy (&) = {c(e&) Ud(x)} of the domain Q) (ex) comprises all of
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+ +
the endpoints ¢(x) = [C1((X), . ,czy(cx)] and d(o) = [dl(oc), . ,dzy(oc)} of the
intervals on which the respective components of y are defined.
7. v(y) £ [o(y),..., vz (y)]Jr denotes a Z,-dimensional column vector whose compo-

nents represent the dependent variables of “subsystem I1” represented by Equation (2).

+
8. N(”)[u(x);cx] £ {Nl(m(u; oc),...,Nl.(U)(u,'oc),...,Ngvl)(u;oc)} , i =1,...,7,, de-

notes a column vector of dimensions Z, whose components are operators acting
nonlinearly on v(y) and «.

9. Qb (gy) & [an) (xy),..., Q(ZIUI) (o; y)} ' denotes a Z,-dimensional column vector
whose elements represent inhomogeneous source terms that depend either linearly
or nonlinearly on «. The components of QD («;y) may involve operators and
distributions acting on o and y.

10. The vector-valued operator B[u(x), v(y); &; x, y] comprises all of the boundary, inter-
face, and initial /final conditions for the coupled physical systems. If the boundary,
interface and/or initial/final conditions are inhomogeneous, which is most often the
case, then B[0,0; o; x, y] # 0.

Since Q'Y (a; x) and QU (e y) may involve operators and distributions acting on «
and y, all of the equalities in this work, including Equations (1)—(3), are considered to hold
in the weak (“distributional”) sense.

The nominal (or “base-case”) solutions of Equations (1)—(3) are denoted as uo(x) and

v)(y), and are obtained by solving these equations at the nominal parameter values o, i.e.,

N [uo(x); ao} = Q(I) (oco;x> , x €0y (oco) (A1)
NUD |:V0(y); oco] = Q(H) (ao;y) , Y€ Qy(ao) (A2)
B [uo(x),vo(y); al;x, y} = 0, x € 00, (oc0>, y € aﬂy(oco) (A3)

The response considered in this work is a generic nonlinear function-valued operator,
denoted as follows:
Rlu(x), v(y); o;xy] (A4)

The nominal value of the response, denoted as R® £ R[u’(x), v¥(y); «% x, y], is deter-
mined by computing the response at the nominal values a’, u%(x) and v?(y). The true val-
ues of imprecisely known model, interface and boundary parameters may differ from their
nominal (average, or “base-case”) values by variations denoted as & £ (6ay,...,onN,),

A . . . . . .
where da; = o; — IX?, i =1,..., N Inturn, the parameter variations J o will cause variations

su(x) £ [duy(x),...,d0uz, (x)]" and dv(y) £ [sv1(y),.. .,&sz(y)]+ in the state functions.
All of these variations will cause variations in the response R[u(x), v(y); &; x, y| around
the nominal response value R’. Sensitivity analysis aims at computing the functional
derivatives (called “sensitivities”) of the response to the imprecisely known parameters «.
Subsequently, these sensitivities can be used for a variety of purposes, including quantify-
ing the uncertainties induced in responses by the uncertainties in the model and boundary
parameters, combining the uncertainties in computed responses with uncertainties in
measured response (“data assimilation”) to obtain more accurate predictions of responses
and/or parameters (“model calibration,” “predictive modeling”, etc.).

As has been shown by Cacuci [1], the most general definition of the 1st-order total
sensitivity of a model response to parameter variations is provided by the first-order
“Gateaux-variation” (G-variation) of the response under consideration. To determine
the first G-variation of the response R[u(x), v(y); &; X, y], it is convenient to denote the
functions appearing in the argument of the response as being the components of a vector
e 2 [u(x),v(y); ", which represents an arbitrary “point” in the combined phase-space of
the state functions and parameters. The point which corresponds to the nominal values of
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the state functions and parameters in this phase space is denoted as e’ = [u’(x), v0(y); «°] "

The variations in the model’s state functions and parameters are considered to be the
components of a “vector of variations”, de, defined as follows: de 2 [su(x),sv(y); a]".
The 1st-order Gateaux- (G-) variation of the response R(e), which will be denoted as
SR (e%; e), for arbitrary variations de in the model parameters and state functions in a

neighborhood (e’ 4 ede) around e, is obtained, by definition, as follows:

d
OR (eo; (Se) = {R [uo(x) + edu(x), vO(y) + edv(y); o + edex; x, y} } (A5)
de e=0
Appendix B. 1st-CASAM-CP Computation of the Sensitivities of R, and of Its
Corresponding Critical Point (&) 2 [1(x),...,71m(x)]', M < Ny
The total sensitivity of the response Ry defined in Equation (9) with respect to vari-
ations in the parameters and state functions around their respective nominal values is

provided by the 1st-order G-variation denoted as 6Ry, of the response Ry. The total sensi-
tivity 6R,, is obtained, by definition, as follows:

dy (P +edox) dNy(‘xOJFE‘S“)
SRy = [ dy... i dyn, G [0 (x) + e6v(x); & + edoi; y]
c1(ea¥+edex) ey (o0 +edex) (A6)
/ dir ind
X 1—[15[y]-—17]-(0c0+85a)]} = {6Ry}"" + {6R,} ",
]:

e=0

where the “indirect-effect term” {(SRy}ind depends on the unknown variation év(x) and is
defined as follows:

. N, 4(e) C o M
(RY™METT [ ay, { {E’G(‘gf‘fmv} TT 6l — qm(oc)]} , M<N, (A7)
(v0;a0)

i=1 m=1
ci(af)

while so-called “direct-effect term” {(SRy}dir does not depend on the unknown variation
ov(x) but depends on the vector of parameter variation d«, and is defined as follows:

. Zu aRdir
{6R,}" = ¥ { Y Say (A8)
=1 a“P 0
b (e9)
where
dir Ny dl(‘xo) L. M
(B2} 2 0T {2 1 sy — nn(a0) }
4 (e9) i=1¢;(a0) Pom=1 (v0;a0)
M Ny di(a”) , () M
LI [ dyiG(v;y)d [ym — ()] 5™ TT  6[yj —nj()]
m=1 | = (o) b=t i00)

Nu NI/ dj((xﬂ) ad.((x (A9)

+r T d*{Gv;oc; —d; ,
iglf:g#iq({co) iy [ Vly=a,(e0) onp
N, Ny () -

_42 ; H . f dyj{[G(v; O‘?Y)]yi:a(cxo) a'ap IT 6[ym _77711(0‘)]} .
==L g a) m=1 (W0, a0)

—=
=
S
3
I
=
3
2
Hl—,._/

g

The dependence on the unknown variation 6v(x) of the “indirect-effect term” {R,, } ind

defined in Equation (A7) will be eliminated next by constructing an appropriate 1st-LASS
by following the same logical path as that outlined in Section 3, namely:



Fluids 2021, 6, 33

19 of 24

Use the definition provided in Equation (30) to form the inner product of Equation (26)

A

1 I 11 f
with a square-integrable vector f( )(z) = {f( )(x),f( )(y)] € H to obtain the
following relation:

£0) (x) ' % 0 du(x)
(D IR | R i e
() {(Fez))
£(10) (y) le) (v; & 6x) (e0)

Using the definition of the adjoint operator in the Hilbert space H, recast the left-side
of Equation (A10) as follows:

() (x T N (wex) a(x
(A5 e ()
- Ju(x) t A*(u; &) 0 £(D (x)
N << sv(y) ) ’ {[ 0 B'(va) ] }(eO) ( €10 (y) ) N

—I—{BC(D [u(x);v(y); £ (x), £UD) (y);du(x),ov(y); & x,y; 6 ,

0QyU 00y (eO )

(A10)

where { BC(V) [u(x);v(y);f(l) (x), £ (y); 6u(x), 6v(y); o x, y; 6 denotes
anany (eo)

the bilinear concomitant evaluated on the combined (internal and external) boundary

00y U 6Q)y;, which has the same formal expression as in Equation (34), except that the

+
vector hp 1 (z) £ [1[)(1) (x), p1) (y)} € H is replaced correspondingly by the vector

£ (z) & [f(” (x), £10) (y)}+ €H.

Replace the left-side of Equation (A11) with the right-side of Equation (34) and re-
arrange the resulting equation to obtain the following relation:

du(x) f A¥(w; &) 0 £ (x)
<< sv(y) ) ’ {[ 0  B'(va) } }(eO) ( £ (y) ) >
00\ [ o
Wy )1\ a
. £(D)

) u oo
( %1)( ) (A12)
2 (e%)
—{BC(l) [u(x);v(y), (x),f(”) (y);éu(x),év(y);oc;x,y;(Soc} } .
anUBQy (eO)

(V; & 0x)

Require the left-side of Equation (35) to represent the indirect-effect term {6R, } nd
defined in Equation (15), which can be fulfilled by requiring the yet undetermined

(adjoint) functions ) (x) and ) (y) to satisfy the following (adjoint) equations:
{A"(w0) o) () =0 (A13)

. IG(v; &; M
{B*(vi ) } (o0 1) (y) = {(avw TT olxm — nm(aﬂ} , M <N, (Al4)
m=1 (v0;0)

The boundary, interface, and initial /final conditions for the functions £0) (x) and
£ (y) are determined now as follows:
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variations du and v from the expression of {4R, }
used the adjoint functions £0) (x) and £(10) (y).

(1) The boundary, interface and initial/final conditions given in Equation (27) are
substituted into the bilinear concomitant in Equation (A12).

(ii)  The remaining unknown boundary, interface and initial /final conditions
involving the functions du(x) and dv(y) are eliminated from { BC()[u(x);
v(y); fO (x), FID (y); du(x), 6v(y); o X, y; 0] o }(e0) by selecting bound-

ooty

ary, interface and initial/final conditions for the adjoint functions P (x)
and D (y) such that: (a) the selected conditions for these adjoint functions
must be independent of unknown values of du(x), év(y) and do; and (b)
Equations (A13) and (14) are well posed in conjunction with the boundary
conditions chosen for the adjoint functions ) (x) and £ (y).

(iii)  In operator form, the boundary, interface and initial/final conditions thus ob-

tained for the adjoint functions £() (x) and £ (1) (y) can be represented as follows:

{0 [0 vyt 00, # () y] | o =0 x €90, yeany,  (AL5)

The selection of the boundary conditions for the adjoint functions (") (x) and /) (y)
represented by Equation (A15) eliminates the appearance of any unknown values
of the variations du(x) and dv(y) in the bilinear concomitant in Equation (A12),
reducing it to a residual quantity that contains boundary terms involving only
known values of éa, u(x), v(y), ) (x), f/1)(y), and «, which will be denoted as

{15(1) [u(x);v(y); £ (x), £ (¥); e x,y; 50(]

Using Equation (A12) in conjunction with Equations (A13)-(A15) in Equation (A7)
ind

yields the following expression for the indirect-effect term {R, }":

in Zy JRind f(I) (x) f Q<l> (u' X; (S(X)
OR, VM = y } Suy = , by,
{oRy} ,El{ LT << £ (y) ) Q) (v; o;6cx) 0
@/ (A16)
_{pw [ v(y)i £ (), €10 (y); 6, y; 6 :

a0xU o0y ( e0 )

00xUs 0y (e(])

oRind Ny bi(a”) 910" (o;x)—ND [u(x);«]
(5} | = HT and 1000 T )
P ) () ! (u0; )

Ny di(a®) 3[QD (o) —NUD [v(y);
+11 I dyi{f(”) (y)- [ (e y>aap [v(y) oc]] } (A17)
=l¢i(a0) (v0;a0)

- { o2 P [u(x); v(y): £ (x), €10 (y); e, y; 6

BQXUBOy (e0)

As the expression in Equation (A17) indicates, the desired elimination of the unknown
ind . .
has been accomplished by having

The complete expression for computing exactly and efficiently the partial sensitivities

dRy /da, of the response R, with respect to an uncertain parameter &, at the nominal values
u’; 0(0) is obtained by adding Equations (A17) and (A19) according to Equation (A6), i.e.,

IR, ORYT  OR{M
Y = + ,p=1...,24. (A18)
dapy (e9) dayy dap (@)
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The implicit definition provided by Equation (8) for the critical point n (o) =
(), ..., ()], M < Ny of F[u(x); &; x| can be written in the following equivalent
form:

Ny diec) 0‘, M
]‘[/ aym ITT60—m(e)] =0, m=1,..,M<N,.  (A19)
1 b

0(

Taking the first-order G-variation of Equation (A19) at " in an arbitrary direction de
yields the following expression:

Ny di(o™Hede)  5ri0i) L esviod teses
ATl ay, V() gym,cx esoiy]
=1 (x0+edox) (A20)
M
xQJ[yj—nj(ao+£5a)]} =0, m=1,..., M<Nj.
= e=0

Carrying out the differentiations indicated in Equation (A20) leads to the following relation:

Ny d;(«0) -
_ (vcxy) (V‘xy) '
0= EC(I dyi{ 52 [ 295D o+ ‘5"”@0,-“0)2 [y — ()]

N, Ny di(a?) . M
+ dvy: (vixy) adi(“)(g(x Sy — il
El j:{}#wio) y]{ [ W :|yi:di(°‘0) [ da }]131 lyj —nj()] )

N, N, dj(a?) .
STy [

. M (A21)
Yo () 5] [T 5[%-—;7]-(“)]}
i=1 ]:1,]#15].(“0) (V0,0)

] xi=a;(a?) [ da

M | Ny di(a0) v P M
—z{ﬁ Ty S [y — (o) [“hoa] T el — (o] ,

J=1 | i=1g(a0) m=1,m#j
for m=1,...,M < Ny.

After having determined the variations Jv, which are needed in order to evaluate
the second term on the right-side of Equation (A21), the M x M system of equations
represented by Equation (44) can be solved, in principle, to compute each of the sensitivities
017m(ex)/da, of the components of the location n(«) £ [1(x), ... ()], M < Ny, of
the critical point of in phase-space. However, the determination of /v requires solving
the dx-dependent 1st-LFSS, cf. Equations (26) and (27), for each parameter variation éx),
which is prohibitively expensive computationally for large systems with many parameter
variations. To avoid the need for having to solve repeatedly the da-dependent 1st-LFSS,
cf. Equations (26) and (27), for each parameter variation Ja;, the term containing v in
Equation (44) can be expressed in terms of adjoint functions that will be the solutions of a
dx-independent first-level adjoint sensitivity system (1st-LASS), which will be constructed
next by following the same procedure as the one that led to Equations (36)—(38).

The relation provided in Equation (45) is used in order to recast the terms in Equation (A21)
which contain the quantities év and, respectively, ¢’ [y; — 7;()], into the following
respective forms:

d,((xo M
IG(v;x;
11—[1 fO) dyl{ E);m [(E)iv}’)(sv} }(VO;.;XO)],I;Il 5[% - 17](0‘0)]
e (A22)
Ny di(ec’) G M
= — dy; (vcxy)(g 5 [y — 11 (&0 STy — (0],
11:[161({‘0) / { v}(vo;cxo) [y = (o )]jzll—’].l#m [yj —n;(e”)]
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and, respectively,

Ny di(cxo) BG(vcxy) , Bn](zx) M
T3 Ty eene' y —(e)] 500 T olym = m(a0)
i=1 | ¢(a0) m=1,m#j
(v (A23)
Ny [ di(a®) 2G(voov) [Omi(ox M
=13 | dyZee [ M sa] T olym — (o] p
i=1 ci(af) m=1 (v9;a0)

The appearance of the unknown variations Jv in the functional defined by Equation (A22)
is eliminated by using a 1st-LASS which is constructed by applying the general principles
outlined in Section 3.1. Since the sequence of operations is similar to that in Section 3.1, it
will not be repeated here. The final result is:

Ny di(‘xo) ac M
dy; (viy) s 5 o, 0 (5 (a0
il;llc ({‘0) y { ov V}(vo;ao) [y ( j= I—[;ém ]/] (0( )]
g%)(x) ' (W dx)
= ) , (A24)
gn  (¥) (Vi o 6ex)
—{13<1) [u(x);v(y);g%)(x),g%l)(y) o X, y,&x} ,m=1,...,M<N,,
BQ,any (e )

where the adjoint functions g,(é ) (x) and g,(nl D (y) are the solutions of the following first-level
adjoint sensitivity system (1st-LASS), foreachm =1,..., M < N

(A" (u; ) } o0y 8 (x) = 0 (A25)

(B (0 } gt v) = {2 0ov} 5= ()] T ol = i(e)] (A2

(v0; 0 j=Lj#m
[ [utoviy)zg 09,80 ) eoxy] |

Replacing the results obtained in Equations (A24) and (A23) in Equation (A21) and
rearranging the terms in the resulting relations yields the following equation:

—0, x €30y, y €90 (A27)

M Ny o BZGV on;(x) M
g H{C lw‘;‘]}'){%&x] [T Oym — nm ()]
(v%;a0)

)
(#5) (gez)).)
g (y) Q' vieaow) ) f )
— {P“) [u(X);V(y);gfﬂ” (%), %" (¥); o x, y;50‘] }
aQXUBQy (eO)

Ny d;(0) M (A28)
_ d C(v.vy) 5 STy — 1: (o0
zHl (£0) yl{ay" Jox o‘}(vo;oco)jl;ll [y] 17](“ )]
N, Ny di(af) - M
_ dy: (v;oy) i) s o | TT 6Ty — 11:(ex
igl j:g;éi (f 0) ]/]{ [ Wm :|yi:di(0(0) [ dox LI;[] []/] ’7]( )} (W0, 00)
N, N, () M
+ d G(v;x;y) afi(“)5a oy —m:(ax ,
B iy, (f ) y]{[ o L":“*"‘O)[ o Lgl v e (,a0)

for m=1,..., M <N,.
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Zy
Replacing (9/0x)dax = Y. (9/9np)da, in Equation (53) and collecting the expressions
p=1
multiplying the parameter variations day, in the resulting relation leads to an M X M system
of equations for determining the sensitivities (d17,,/dnp), m =1,...,M < Ny, for each
parameter &y, p = 1,...,Z,. This M x M system of equations can be written in matrix
form as follows:

1+ him Tl(p) qu)
TP =q"), T2 S , P . , S . , (A29)

tm1 - tmMm TI(VFI;) qg\i)

>
'-QA
=
>

where:

(a) the matrix T denotes the Hessian of the function G(v; &;y) computed at the nominal
value n(a?) of the critical point of G(v; &;y), and has components defined as follows:

di(a®
tk/ L % f )dy 9°G(v;oy) 1151 (S[ — ((x)] k=1 M < N.: (A30)
T i o L1 OWm = kl=1,..M<N;

i=1p;(x0) (v0;a0)
(b) the components of the vectors T(P) and q(P), respectively, are defined as follows:

) 2 dy(a)/ay; k=1,...,M<Ng; p=1,...,7, (A31)

bi (o)

Ny Vi 3|1 (ox) -NWu(x);«
g =11 | dxi{ g (x)- | T | }
i=lg;(a0) (u%;a0)

Ny di(a®) 31Q"D (cy)~NUD [v(y);
+11 Ik dyl{gi )( ) { 9, }}
i=lg,(a0) (v0;e0)

- { 2PV a0 v(y)igy (%), 81" (y); o y; 6|

3QanQy (e0>

Ny di(ec?) M (A32)
_ dy; d aG(V“Y) Sly: —n: (O
11:[1c,(f 0) 4 {Bym oy }(vo;oco)jl;ll []/] ’7]( )]
N, Ny dj(a?) - M
_ dv: (v;xy) odi(x) STy — (o
Elj:lr}#icj({‘o) 3/]{ [ Wm Oy Li:di(“())]l;ll [y —nj(e0)] )
N, N, (%) R, M
+r I dy-{ o) oo I10[y; —nj(«) ,
i:lj:l,j;éicl,(a(]) ! [ W o }xi:ai((xo)]il [ : : ] (v9,a0)
for m=1,..., M < Ny.
The sen31t1V1t1es 9 £ 9¢(«)/9ay; k=1,...,K < Ny of the critical point &(x) =

1(ax),..., ¢kl w1th respect to the uncertain parameter «, are computed by invertin
% P P p y g
Equation (A29) to obtain:

W =T1"q%, p=1,..,2 (A33)

The characteristics of Equation (A33) are similar to those of Equation (58), namely:

1.  Before computing the right-side of Equation (A33), it is necessary to determine

the adjoint functions g,gp(x) and g,(,fl) (y) by solving the 1st-LASS comprising

Equations (A25)-(A27). Solving this 1st-LASS represents a “large-scale” computation,
of the same size as solving the original system represented by Equations (1)-(3).
Solving the 1st-LASS is expected to be less intensive computationally than solving
the original system, since the 1st-LASS is linear in the dependent variables, whereas
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Equations (1)—(3) are nonlinear in the dependent variables. It is also important to note
that the 1st-LASS is independent of parameter variations. The 1st-LASS needs to be
solved once for each component of the critical point (o) 2 [&(c), ..., & ()]" in
the phase-space of independent variables.

2. Since the right-side of Equation (A33) depends on derivatives of various quantities
with respect to the parameters, it would need to be computed anew for each parameter.
However, these computations involve only integrals over various quantities. These
integrals can be computed efficiently and inexpensively using quadrature formulas
(as opposed to needing to solve large-scale differential equations).

3.  The matrix T is the only matrix that needs to be inverted. It is small, having dimen-
sions equal to the number of the independent variables (or less) that characterize
“subsystem II.” Therefore, T is inverted once only and its inverse is stored for subse-
quent use for computing Z,-times the right-side of Equation (A33).
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