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Abstract. Many high-dimensional uncertainty quantification problems are solved by polynomial dimensional
decomposition (PDD), which represents Fourier-like series expansion in terms of random orthonor-
mal polynomials with increasing dimensions. This study constructs dimensionwise and orthogonal
splitting of polynomial spaces, proves completeness of polynomial orthogonal basis for prescribed
assumptions, and demonstrates mean-square convergence to the correct limit—all associated with
PDD. A second-moment error analysis reveals that PDD cannot commit larger error than polynomial
chaos expansion (PCE) for the appropriately chosen truncation parameters. From the comparison
of computational efforts, required to estimate with the same precision the variance of an output
function involving exponentially attenuating expansion coefficients, the PDD approximation can be
markedly more efficient than the PCE approximation.
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1. Introduction. Polynomial dimensional decomposition (PDD) is a hierarchical, infinite
series expansion of a square-integrable random variable involving measure-consistent orthog-
onal polynomials in independent random variables. Introduced by the author [20, 21] as a
polynomial variant of the well-known analysis-of-variance (ANOVA) dimensional decomposi-
tion (ADD), PDD deflates the curse of dimensionality [3] to some extent by developing an
input-output behavior of complex systems with low effective dimensions [4], wherein the ef-
fects of degrees of interactions among input variables weaken rapidly or vanish altogether.
Approximations stemming from truncated PDD are commonly used for solving uncertainty
quantification problems in engineering and applied sciences, including multiscale fracture me-
chanics [6], random eigenvalue problems [24], computational fluid dynamics [27], and stochas-
tic design optimization [25], to name a few. However, all existing works on PDD are focused
on practical applications with almost no mathematical analysis of PDD. Indeed, a number
of mathematical issues concerning necessary and sufficient conditions for the completeness of
PDD basis functions; convergence, exactness, and optimal analyses of PDD; and approxima-
tion quality of the truncated PDD have yet to be studied or resolved. This paper fills the gap
by establishing fundamental mathematical properties to empower PDD with a solid founda-
tion, so that PDD can be as credible as its close cousin, polynomial chaos expansion (PCE)
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[5, 10, 28, 29], providing an alternative, if not a better, choice for uncertainty quantification
in computational science and engineering.

The principal objective of this work is to examine important mathematical properties of
PDD, not studied heretofore, for arbitrary but independent probability measures of input ran-
dom variables. The paper is organized as follows. Section 2 defines or discusses mathematical
notations and preliminaries. Two sets of assumptions on the input probability measures re-
quired by PDD are explained. A brief exposition of univariate and multivariate orthogonal
polynomials consistent with a general but product-type probability measure, including their
second moment properties, is given in section 3. The section also describes relevant polynomial
spaces and construction of their dimensionwise orthogonal decompositions. The orthogonal
basis and completeness of multivariate orthogonal polynomials have also been proved. Section
4 briefly explains ADD, followed by presentations of PDD for a square-integrable random vari-
able. The convergence and exactness of PDD are explained. In the same section, a truncated
PDD and its approximation quality are discussed. The formulae for the mean and variance
of a truncated PDD are also derived. The section ends with an explanation on how and when
the PDD can be extended for infinitely many input variables. Section 5 briefly describes
degreewise orthogonal decompositions of polynomial spaces, leading to PCE. In section 6, a
second-moment error analysis of PDD is conducted, followed by a comparison with that of
PCE. Finally, conclusions are drawn in section 7.

2. Input random variables. Let N := {1,2,...}, Ny := NU {0}, and R := (—o00,+00)
represent the sets of positive integer (natural), nonnegative integer, and real numbers, respec-
tively. Denote by At} i =1,..., N, an ith bounded or unbounded subdomain of R, so that
AN = xN AU} C RN,

Let (€2, F,P) be a complete probability space, where €2 is a sample space representing an
abstract set of elementary events, F is a o-algebra on , and P : F — [0, 1] is a probability
measure. With BY := B(AY) representing the Borel o-algebra on AN C R consider an
AN _valued input random vector X := (X1,...,Xn)T : (Q,F) — (AN, BY), describing the
statistical uncertainties in all system parameters of a stochastic problem. The input random
variables are also referred to as basic random variables [10]. The nonzero, finite integer N
represents the number of input random variables and is often referred to as the dimension of
the stochastic problem.

Denote by Fx(x) := P(N¥,{X; < x;}) the joint distribution function of X, admitting
the joint probability density function fx(x) := 0N Fx(x)/0z;1---Oxyn. Given the abstract
probability space (£2, F,P) of X, the image probability space is (A", BY, fxdx), where A" can
be viewed as the image of  from the mapping X : Q — AN, and is also the support of fx(x).
Similarly, each component random variable X; is defined on the abstract marginal probability
space (Q{i}, Flit, P{i}) comprising sample space Qi o-algebra F {1} and probability measure
P{#}. Then, the corresponding image probability space is (A%, B fy dx;), where AU} C R
is the image sample space of X;, B} is the Borel o-algebra on At} and [x,(x;) is the
marginal probability density function of X;. Relevant statements and objects in the abstract
probability space have obvious counterparts in the associated image probability space. Both
probability spaces will be used in this paper.

Two sets of assumptions used by PDD are as follows.
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Assumption 2.1. The input random wvector X := (X1,...,Xn)T : (Q,F) — (AN,BY)

satisfies all of the following conditions:

(1) Each input random variable X; : (U3, FUby o (A1} BU}) has absolutely continuous
marginal distribution function Fx,(x;) := P(X; < x;) and continuous marginal density
function fx,(x;) == OFx,(x;)/0x; with a bounded or unbounded support AU C R.

(2) All component random variables X;, i = 1,..., N, are statistically independent, but
not necessarily identical. In consequence, X is endowed with a product-type probability
density function, that is, fx(x) = Hf\;l fx,(x;) with a bounded or unbounded support
AN C RNV,

(3) Fach input random variable X; possesses finite moments of all orders, that is, for all
i=1,...,N andl € Ny,

(2.1) pig:=E [Xf} = /QXf(w)dIP’(w) = /AN zkfx (x)dx = /A !l fx, (z;)dz; < oo,

where B is the expectation operator with respect to the probability measure P or fx (x)dx.

Assumption 2.2. The moments and marginal density function of each input random vari-
able X;, where i =1,..., N, satisfy at least one of the following conditions [10]:
(1) The density function fx,(x;) has a compact support, that is, there exists a compact
interval [a;, bi], ai,b; € R, such that P(a; < X; < b;) = 1.
(2) For the moment sequence {1;;}ien, for Xi, there holds

o1/20
(2.2) lim inf (i) 77 < 0.
l—o00 21

(3) For the moment sequence {1;;}ien, for X;, there holds
(2.3) )P ——
S (a2

(4) The random variable X; is exponentially integrable, that is, there exists a real number
a > 0 such that

(2.4) /A{i} exp(alx;|) fx, (zi)dz; < o0.

(5) If the density function fx,(x;) is symmetric, differentiable, and strictly positive, then
there exists a real number a > 0 such that

1 (x; —xz;df x, (z;)/dx;
(2.5) / —dei:oo and zidfx, (@i)/d — 00 as (x; = 00, x; > a).
At}

1+ -T% sz(ml)

Assumption 2.1 ensures the existence of an infinite sequence of orthogonal polynomials
consistent with the input probability measure. Assumption 2.2, in addition to Assumption
2.1, guarantees the input probability measure to be determinate, resulting in a complete or-
thogonal polynomial basis of a function space of interest. Both assumptions impose only mild
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restrictions on the probability measure. Examples of input random variables satisfying As-
sumptions 2.1 and 2.2 are Gaussian, uniform, exponential, beta, and gamma variables, which
are commonly used in uncertainty quantification. These assumptions, to be explained in the
next section, are vitally important for the determinacy of the probability measure and the
completeness of the orthogonal polynomial basis. Therefore, for both PDD and PCE, which
entail orthogonal polynomial expansions, Assumptions 2.1 and 2.2 are necessary. Unfortu-
nately, they are not always clearly specified in the PDD or PCE literature. A prototypical
example where Assumption 2.1 is satisfied, but Assumption 2.2 is not, is the case of a lognor-
mal random variable. As noted by Ernst et al. [10], the violation of Assumption 2.2 leads to
indeterminacy of the input probability measure and thereby fails to form a complete orthogo-
nal polynomial basis. Finally, Assumptions 2.1 and 2.2 can be modified to account for random
variables with discrete or mixed distributions [11] or dependent random variables [23]. The
discrete or mixed distributions and dependent variables are not considered in this paper.

3. Measure-consistent orthogonal polynomials and polynomial spaces.

3.1. Univariate orthogonal polynomials. Consider an ith random variable X; defined
on the abstract probability space (Q}, Fii} PU}) with its image (A{i},B{i},fxidmi). Let
{3 := R[z;] be the space of real polynomials in z;. For any polynomial pair Py, Qiy € It
define an inner product

(3.1) (P{i}7Q{i})ind$i = /A{i} Priy(2:)Qiy (i) fx, (i) da; =: B [Py (Xi)Qay (X4)]

with respect to the probability measure fx,(z;)dz; and the induced norm

1/2
o ] ] _ 2 . . . . 2 .
HP{@'}”indmz‘ = \/(P{’}’P{Z})fxidzi — </A{i} P{i}(xz)fxi(a;z)dm,> =:4/E [P{i}(XZ)]

Under Assumption 2.1, moments of X; of all orders exist and are finite, including zero-order
moments fi;0 := [,y fx,(xi)dx; =1, =1,..., N, that are always positive. Clearly, Pyl >
0 for all nonzero Pp;, € {3, Then, according to Gautschi [12], the inner product in (3.1)
is positive-definite on IIt"}. Therefore, there exists an infinite set of univariate orthogonal
polynomials, say, { P j, (i) : ji € No}, Py, # 0, which is consistent with the probability
measure fx,(x;)dz;, satisfying

E[PZ, (X0, ji = ki,

3.2 Py i Py ks =

for k; € Np, where 0 < E[P{ZZ.}JZ_ (Xi)] < oo. Here, in the notation for the polynomial Py ;. (),
the first and second indices refer to the ith variable and degree j;, respectively. Prominent
examples of classical univariate orthogonal polynomials comprise Hermite, Laguerre, and Ja-
cobi polynomials, which are consistent with the measures defined by Gaussian, gamma, and
beta densities on the whole real line, semi-infinite interval, and bounded interval, respec-
tively. Many orthogonal polynomials, including the three classical polynomials mentioned,

can be expressed in a unified way by invoking hypergeometric series, incorporated in a tree
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structure of the Askey scheme [1]. For even more general measures, established numerical
techniques, such as Gram—Schmidt [13] and Stieltjes’ procedure [26], can be used to generate
any measure-consistent orthogonal polynomials.

3.2. Multivariate orthogonal polynomials. For N € N, denote by {1,..., N} an index
set, so that w C {1,..., N} is a subset, including the empty set (), with cardinality 0 < |u| < N.
When () # « C {1,..., N}, a |u|-dimensional multi-index is denoted by j, := (ji;,- - - aji|u\) €
Ngd with degree |j,| = i, + - + Jji,» where ji, € No, p = 1,...,|ul, represents the pth
component of j,.'

For ) # u C {1,...,N}, let X, := (Xil,...,Xi‘ul)T, a subvector of X, be defined on
the abstract probability space (Q%, F*,P*), where Q" is the sample space of X,, F" is a
o-algebra on Q%, and P“ is a probability measure. The corresponding image probability space
is (A", B*, fx,dx,), where A" := Xico Al C Rl is the image sample space of X, BY is
the Borel o-algebra on A%, and fx,(x,) is the marginal probability density function of X,
supported on A*. Under Assumption 2.1, fx,(xu) = [[;c, fx;(2:). Denote by

" == Rxy| = Rlwi,, ..., 25, |

the space of all real polynomials in x,. Then, given the inner product

(Pus @) e, = [ Puloi)@u) e, (xu)x, = EPUX,)Qu(Xo).

Av

two polynomials P, € II* and @,, € II* in x,, are called orthogonal to each other if (P, Q) ., dxa
= 0 [8]. Moreover, a polynomial P, € II" is said to be an orthogonal polynomial with respect

to fx,dx, if it is orthogonal to all polynomials of lower degree, that is, if [§]

(3.3) (Py, Q“)fxudxu = 0VQ, € II" with deg @, < deg P,,.

Let {Pyj, (%) : ju € Nl)u‘}, 0 #u C {1,...,N}, represent an infinite set of multivari-
ate orthogonal polynomials, which is consistent with the probability measure fx, (x,)dXy,
satisfying

(34) (PU,jzm Pu’k“)fxudxu =K [Pu,ju (Xu)Pu,ku (Xu)] =0 Vju 7é ku7 ku S Nl()u‘

Clearly, each P,;, € II* is a multivariate orthogonal polynomial satisfying (3.3). Due to
the product-type probability measure of X,,, a consequence of statistical independence from
Assumption 2.1, such multivariate polynomials exist and are easily constructed by tensorizing
univariate orthogonal polynomials.

Proposition 3.1. Let X := (X1,..., Xn)T : (, F) — (AN, BN) be a vector of N € N input
random variables fulfilling Assumption 2.1. Suppose that the sets of univariate orthogonal

polynomials for all marginal measures are obtained as { Py j,(z;) : ji € No}, i = 1,...,N.
!The same symbol | - | is used for designating both the cardinality of a set and the degree of a multi-index
in this paper.

(© 2018 Sharif Rahman



Downloaded 06/19/18 to 128.255.19.140. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

POLYNOMIAL DIMENSIONAL DECOMPOSITION 821

Then, for O #u C {1,..., N}, the set of multivariate orthogonal polynomials in x,, consistent
with the probability measure fx,,(Xy)dX, is

(3.5) {Pu,ju(xu) Ju € N‘ul} = Q) {Piyi(@i)  ji € No}},

1€u
where the symbol Q) denotes the tensor product. In terms of an element, the multivariate
orthogonal polynomial of degree |ju| = Ji, + -+ - + Jij,, 18

(36) 7Ju XU H P{ }.]'L l‘l

€U

Proof. Consider two distinct polynomials P, j, (x,) and P, x, (x,) from the set { P, j, (xu) :
ju € Ng”} satisfying (3.5). Since j, # ku, ju, and k, must differ in at least one component.
Without loss of generality, suppose that j;, # k;,. Then, by Fubini’s theorem, with statistical
independence of random variables in mind,

(P Julu ku)fxudxu = fAu Pu,ju(XU>Pu,ku<Xu)qu(XU)dxu

|ul

(37) - fxl:iy%{ip} ]‘_[2 [P{ip}vjip (xip)P{ip},kip (‘Tip)inp (xzp)dxlp]
p:

X [atiny Prinygs, (@i ) Ppisy e, (i) fx, (@4 )d,
where the equality to zero in the last line results from the recognition that the inner integral
vanishes by setting i =iy in (3.2).
In addition, for j, € Ng“”,
(38) (Pu,juPU,ju)qudxu = E [ 7.]u H]E [P{ }Jz ]
1EU

and is finite by virtue of the existence of the set of univariate orthogonal polynomials { Pp;; ;. () :
Ji € No} for i =1,..., N. Therefore, {P,;,(Xu) : ju € N‘OM} satisfying (3.5) is a set of multi-
variate orthogonal polynomials consistent with the probability measure fx, (Xy)dx,. |

Once the multivariate orthogonal polynomials are obtained, they can be scaled to generate
multivariate orthonormal polynomials, as follows.

Definition 3.2. A multivariate orthonormal polynomial ¥ j, (x,), @ # v € {1,...,N},
ju € Ng”, of degree |ju| = ji, + -+ + Jij, that is consistent with the probability measure
fx, (xy)dx,, is defined as

(x P
(39) ,Ju Xu — 7Ju u {}’J’L H\Il{ }7]1 xz

\/ ng ’eu [{Z}W( )] 1eu

where Wi 5 (i) = Py j,(i)/ E[P{QZ}] (X3)] is a univariate orthonormal polynomial in x;

of degree j; that is consistent with the probability measure fx,(z;)dz;.

(© 2018 Sharif Rahman
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3.3. Dimensionwise orthogonal decomposition of polynomial spaces. An orthogonal
decomposition of polynomial spaces entailing dimensionwise splitting leads to PDD. Here, to
facilitate such splitting of the polynomial space IT* for any ) # v C {1,..., N}, limit the
power j;, of the iyth variable, where i, € u C {1,...,N}, p=1,...,|u[, and |u| > 0, to take
on only positive integer values. In consequence, j, := (ji;, - - - ,ji‘u‘) e NIl the multi-index of
Py, (xu), has degree |ju| = ji, + - -+ + jijy, varying from [u] to oo as ji, # -+ ji,, # 0.

For j, € Nl and x, = (Tiys - ,xilu), a monomial in the variables z;,,... s Ty, is the
din Tl
iy T
ljul =1, |u| <1 < o0, is a homogeneous polynomial in x,, of degree I. For ) #u C {1,...,N},
denote by

product =z and has a total degree [j,|. A linear combination of x];f, where

QY = span{xJ" : |ju| =1, ju € N}, Ju| <1 < o0,

the space of homogeneous polynomials in x,, of degree [ where the individual degree of each
variable is nonzero and by
@U

m

= span{xJ : [u| < [ju| < m, ju e N¥}, Jul <m < oo,

the space of polynomials in x,, of degree at least |u| and at most m where the individual degree
of each variable is nonzero. The dimensions of the vector spaces Q' and ©y;,, respectively, are

-1
. u N |’U4‘ . _ _
(3.10) dim Q! —#{Ju e Nl ; |j,| _z} - (M _1>
and
- - [—1 m
3.11 dimO!, = 3" dim Qf — ( ):( )
(311 0= 2 dm =2 (1) =

Let Zﬁtl = @ﬁtl' For each |u| + 1 <1 < oo, denote by Z* C ©} the space of orthogonal
polynomials of degree exactly [ that are orthogonal to all polynomials in ©7 ;, that is,

2" ={Py € O] 1 (Pu, Qu) pxdx, =0V Qu € O] 1}, [ul +1 <1 < oo

Then Z}*, provided that the support of fx,(x,) has nonempty interior, is a vector space of
dimension 1
M, :=dim2Z!=dim Q= ().

’ ul =1
Many choices exist for the basis of Z/. Here, to be formally proved in section 3.5, select
{Puj.(xu)  jul = Lju € N‘“'} C 2} to be a basis of Z}', comprising M, ; number of basis
functions. Each basis function P, ;, (x,) is a multivariate orthogonal polynomial of degree |j,|
as defined earlier. Clearly,

28 = span{P,j, (x4) : [jul = L,ju € N}, Ju| <1 < oc.

According to Proposition 3.3, to be presented later, P, ;,(X,) is orthogonal to P, i, (X,)
whenever (1) u # v and j,, k, are arbitrary; or (2) v = v and j, # k,. Therefore, any two

(© 2018 Sharif Rahman
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distinct polynomial subspaces Z;* and Z}}, where § # v C {1,...,N}, 0 # v C {1,...,N},
lu] <1< o0, and |v] <1’ < 0o, are orthogonal whenever u # v or [ # I’. In consequence, there
exist orthogonal decompositions of

m m
oL, = Pzt =P span{Puy, (xu) : liul = Lju € N}
I=Jul i=ul

= span{P,, (xu) : [u] < |ju] < m,ju € NI}

with the symbol @ representing the orthogonal sum and

m =16 P Pzi=19 P Pspan{Py,(x):ljvl =1j, € N1}

(3.12) P£vCu I=|v| P£vCu I=|v|
= 19 @ span{ Py, (xy) : ju € NP1y,
P#vCu
where 1 := span{l}, the constant subspace, needs to be added because the subspace Z}

excludes constant functions.
Recall that ITV is the space of all real polynomials in x. Then, setting u = {1,..., N} in
(3.12) first and then swapping v for u yields yet another orthogonal decomposition of

= 1e & éz;*

0#uC{1,...N} i=lul
x

(3.13) =10 @ P svan{Puj,(xu) : ljul =1,ju € N"}
0#uC{1,...,N} I=|u]
= 1 @ span{ P, ;, (xu) : ju € Ny,
0#AuC{l,...,N}

Note that the last expression of (3.13) is equal to the span of

N
(3.14) {PJ(X) 1j € Név} = ® {P{Z}JI(ZL)) 1 i € NO} ,
=1

representing an infinite set of orthogonal polynomials in x.

Given the dimensionwise orthogonal splitting of IIV, any square-integrable function of
input random vector X can be expanded as a Fourier-like series of hierarchically ordered mul-
tivariate orthogonal or orthonormal polynomials in X,,, § # u C {1,..., N}. The expansion
is referred to as PDD, to be formally presented and analyzed in section 4.

3.4. Statistical properties of random multivariate polynomials. When the input random
variables X1, ..., Xy, instead of real variables x1,...,xy, are inserted in the argument, the
multivariate polynomials P, ;, (X,) and ¥, ;, (X,), where § # « C {1,...,N} and j, € Nl
become functions of random input variables. Therefore, it is important to establish their
second-moment properties, to be exploited in the remaining part of this section and section
4.

(© 2018 Sharif Rahman
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Proposition 3.3. Let X := (X1,...,Xn) be a vector of N € N input random variables
fulfilling Assumption 2.1. For ) # u,v C {1,...,N}, ju € Nl and k, € NI, the first- and
second-order moments of multivariate orthogonal polynomials are

(3.15) E [Pug, (X.)] = 0
and

HE [P{Qz},h(Xl)} s =, ju=Kky,
(316) E [Pu,,]u (X’M)P’U k, (Xv)] =\ ic€u

)

0 otherwise,

respectively.

Proof. Using (3.6) and statistical independence of random variables, E[P,;, (X,)] =
[Licu ElPgy,5,(Xi] for any j, € NI/, Since each component of j, is nonzero, (3.2), with
the constant function Ppy o # 0 in mind, produces E[P;; j,(X;] = 0 for any i € u, j; € N,
resulting in (3.15).

To obtain the nontrivial result of (3.16), set v = v and j, = k, and use (3.8) directly.
The trivial result of (3.16) is obtained by considering two subcases. First, when v = v and
Ju # ke, (3.7) yields the result already. Second, when u # v and j,, k, € NIYl are arbitrary,
then w and v differ by at least one element. Suppose that i € (v Uwv) is that element with the
associated degree j; € N. Using the statistical independence of random variables and the fact
that E[Pp;, j,(X;] = 0, as already demonstrated, produces the desired result. [ ]

Corollary 3.4. For ) # w,v C {1,...,N}, ju € NIl and k, € NI*|, the first- and second-
order moments of multivariate orthonormal polynomials are

(3.17) E[Wy4,(Xy)] =0
and

I, u=w, ju = kv»
(3.18) E [T, (Xu) Uy, (X)) = !

0  otherwise,

respectively.

3.5. Orthogonal basis and completeness. An important question regarding multivariate
orthogonal polynomials discussed in the preceding subsection is whether they constitute a
complete basis in a function space of interest, such as a Hilbert space. Let L2(AN, BN, fxdx)
represent a Hilbert space of square-integrable functions with respect to the probability measure
fx(x)dx supported on AN . The following two propositions show that, indeed, measure-
consistent orthogonal polynomials span various spaces of interest.

Proposition 3.5. Let X := (X1,...,Xn)T : (Q,F) — (AN,BY) be a vector of N € N
input random variables fulfilling Assumption 2.1 and let X, = (X5, ... 7Xi|u‘)T QU FY) —
(A",B"), B # u C {1,...,N}, be a subvector of X. Then {Py;,(xu) : lju| = 1,ju € NI},
the set of multivariate orthogonal polynomials of degree I, |u| < 1 < oo, consistent with the
probability measure fx, (Xu)dXy, is a basis of Z}'.

(© 2018 Sharif Rahman
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Proof. Under Assumption 2.1, orthogonal polynomials consistent with the probability

measure fx,(x,)dx, exist. Denote by P,; = (Plsll), . ,Py}/lu’l))T a column vector of the
elements of {P,;, (Xu) : [jul = l,ju € NI} arranged according to some monomial order. Let
ail = (agll), .. ,ag\?"’l)) be a row vector comprising some constants agg eER,j=1,...,M,y,.

Set agijuﬁl = 0. Multiply both sides of the equality from the right by P7,  integrate with

u,l?
respect to the measure fx, (x,)dx, over A%, and apply transposition to obtain

(319) Gu,lau,l = Oa
where G,,; = E[PMPZZ] is an M,,; x M, ; matrix with its (p, ¢)th element

G(ﬁ) = /u sz) (Xu)PqE?l) (%) fx, (¥u)dxy = E Pqil,?l)(XU)PzE?l) (Xu)}

representing the covariance between two elements of P, ;. According to Proposition 3.3,
any two distinct polynomials from {Pu,ju (xu) @ jul = Lju € N'“'} are orthogonal, meaning
that IE[PEZ)RE?I)] is zero if p # ¢ and positive and finite if p = ¢. Consequently, G, ; is
a diagonal, positive-definite matrix and hence invertible. Therefore, (3.19) yields a,; = 0,
proving linear independence of the elements of P,,; or the set {P,;, (Xu) : |ju| = I, ju € NI*/}.
Furthermore, the dimension of Z}, which is M, ;, matches exactly the number of elements of
the aforementioned set. Therefore, the spanning set {P,;, (%) : |ju| = 1,ju € N} forms a
basis of Z}'. |

Proposition 3.6. Let X := (X1,..., Xn)T : (,F) — (AN, BN) be a vector of N € N input
random variables fulfilling both Assumptions 2.1 and 2.2 and let X, = (X;,... in\u|)T :
QU F*)y = (A%, BY), 0 #u C {1,..., N}, be a subvector of X. Consistent with the probability
measure fx,(Xy)dxy, let {Pyj.(Xu) : |ju| = Lju € N}, the set of multivariate orthogonal
polynomials of degree I, |u| <1 < oo, be a basis of Z;*. Then the set of polynomials from the

orthogonal sum

16 @ D spon(Pusux) : lial = Lju € N}

0£uC {1, N} I=u]

is dense in L>(AN, BN fxdx). Moreover,

(3.20) L?AN,BY fxdx) =10 & P 2z
0#uC{l,...,.N} I=|u]

where the overline denotes set closure.

Proof. Under Assumption 2.1, orthogonal polynomials exist. According to Theorem 3.4
of Ernst et al. [10], which exploits Assumption 2.2, the polynomial space i = Rlz;] is dense
in L2(A13 BU} fx dx;). Now use Theorem 4 of Petersen [19], which asserts that if, for p > 1
and all i = 1,..., N, II{# is dense in LP(A{i},B{i},fxid.ﬁi), then so is IV = Rxy,...,zy]
in LP(AN, BN, fxdx). Therefore, the set of polynomials from the orthogonal sum, which is
equal to II"V as per (3.13), is dense in L2(AN, BN, fxdx). Including the limit points of the
orthogonal sum yields (3.20). [ ]

(© 2018 Sharif Rahman
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4. Polynomial dimensional decomposition. Let y(X) := y(X1, ..., Xn) be a real-valued,
square-integrable output random variable defined on the same probability space (€2, F,P). The
vector space L2(Q, F,P) is a Hilbert space such that

E[y*(X)] = /

Q

fmwmmw=/zﬂm&ww<m

AN

with inner product

X)) = [ WK@K DIP) = [ 30200 () = (00, )

and norm

Iy 207,81 = £/ W(X), 5 L2252 = 1/ W0, 0(3X)) e = W(0)] e

It is elementary to show that y(X(w)) € L3(Q, F,P) if and only if y(x) € L2(AN, BN, fxdx).
4.1. ADD. The ADD, expressed by the recursive form [17, 22]

(4'13) y(X) =yp + Z yu(Xu)a
0#uC{L,...N}
(110) = [ v,
(4‘1C) yu(Xu) = /AN—IHI y(Xm x—u)fX_u (X—u)dx—u - Z yv(Xv);

vCu

is a finite, hierarchical expansion of ¢ in terms of its input variables with increasing dimensions,
where u C {1,..., N} is a subset with the complementary set —u = {1,..., N}\u and y, is
a |u|-variate component function describing a constant or an |u|-variate interaction of X, =
(Xip,..., X)) ony when [u| = 0 or |u[ > 0. Here, (Xy,x_y) denotes an N-dimensional
vector whose ith component is X; if i € v and z; if i ¢ u. The summation in (4.1a) comprises
2N — 1 terms with each term depending on a group of variables indexed by a particular subset
of {1,...,N}. When u = (), the sum in (4.1c) vanishes, resulting in the expression of the
constant function yp in (4.1b). When u = {1,..., N}, the integration in the last line of
(4.1c) is on the empty set, reproducing (4.1a) and hence finding the last function yg . n}-
Indeed, all component functions of y can be obtained by interpreting literally (4.1c). This
decomposition, first presented by Hoeffding [16] in relation to his seminal work on U-statistics,
has been studied by many other researchers described by Efron and Stein [9], the author [22],
and references cited therein.

The ADD can also be generated by tensorizing a univariate function space decomposition
into its constant subspace and remainder, producing [14]

(4.2) (AN, BN fxdx)=1e Wi,
P#£uc{l,...,N}

(© 2018 Sharif Rahman
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where
W, = {yu € L3(AY, B, fx,dxy) : B [y.(Xo)ye(Xy)] = 0if w # v,0 C {1, ... ,N}}

is an ADD subspace comprising |u|-variate component functions of y. However, the subspaces
Wy, 0 #u C {1,...,N}, are, in general, infinite-dimensional; therefore, further discretization
of W, is necessary. For instance, by introducing measure-consistent orthogonal polynomial
basis discussed in section 3, a component function y,(X,) € W, can be expressed as a linear
combination of these basis functions. Indeed, comparing (3.20) and (4.2) yields the closure of
an orthogonal decomposition of

(4.3) Wy = é Zy

I=|u|
into polynomial spaces Z}", |u| <1 < co. The result is a polynomial refinement of ADD, which

is commonly referred to as PDD.

4.2. PDD. The PDD of a square-integrable random variable y(X) € L?(Q, F,P) is sim-
ply the expansion of y(X) with respect to a complete, hierarchically ordered, orthonormal
polynomial basis of L2(Q, F,P). There are at least two ways to explain PDD: a polynomial
variant of ADD and a dimensionwise orthogonal polynomial expansion.

4.2.1. Polynomial variant of ADD. The first approach, explained by the author in a
prior work [20], involves the following two steps: (1) expand the ANOVA component function

(4.4) vu(Xu) ~ Y Cuj, Wy, (X)
ju€Nlul

in terms of the basis of W,, which originally stems from the basis of Z}, |u| <1 < oo, with

(4.5) Cuju = / Yu (%) W5, (%) fx, (%) dxy, O #u C{1,...,N}, j, € N

representing the associated expansion coefficients; and (2) apply (4.1¢) to (4.5) and exploit
orthogonal properties of the basis. The end result is the PDD [20] of

0#uC{1,...,N} j,eNlul

where, eventually,

(47) Cuge = [ HO0Wug 0 ().

Comparing (4.1) and (4.6), the connection between PDD and ADD is clearly palpable, where
the former can be viewed as a polynomial variant of the latter. For instance, Cy j, ¥y ;. (Xu)
in (4.6) represents a |u|-variate, [j,|th-order PDD component function of y(X), describing
the |j,[th-order polynomial approximation of y,(X,). In addition, PDD inherits all desirable
properties of ADD [20].

(© 2018 Sharif Rahman
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4.2.2. Dimensionwise orthogonal polynomial expansion. The second approach entails
polynomial expansion associated with the dimensionwise orthogonal splitting of polynomial
spaces, as explained in section 3.3. The latter approach is new, has not been published
elsewhere, and is, therefore, formally presented here as Theorem 4.1.

Theorem 4.1. Let X := (X1,...,XN)T : (Q,F) — (AN,BYN) be a vector of N € N in-
put random variables fulfilling Assumptions 2.1 and 2.2. For § # u C {1,...,N} and
X, = (Xz‘p---,XiM)T D (W FY) — (A%, BY), denote by {W,;,(Xy): ju € N} the set
of multivariate orthonormal polynomials consistent with the probability measure fx, (X, )dX,.
Then

(1) any random variable y(X) € L*(Q, F,P) can be hierarchically expanded as a Fourier-

like series, referred to as the PDD of

(o]
y(X) ~ D> Y Y Cuy P, (X
0AuC{1,...,N} I=|u| j, eNlu|
(4.8) J|ju\:l

= Y+ Z Z Cuu Vi, (Xu),

0#uC{1,...,N} j,eNlul

where the expansion coefficients yg € R and Cyj3, € R, 0 #u C {1,...,N}, ju € Nlul|
are defined by

(19) =Bl = [y s,
(@10) G = BB (K]t [ 0%, () fx(x)ix
and

(2) the PDD of y(X) € L*(Q, F,P) converges to y(X) in mean-square; furthermore, the
PDD converges in probability and in distribution.

Proof. Under Assumptions 2.1 and 2.2, a complete infinite set of multivariate orthogonal
polynomials in x,, consistent with the probability measure fx, (x,)dx, exists. From Propo-
sition 3.6 and the fact that orthonormality is merely scaling, the set of polynomials from the
orthogonal sum

[ee]
(4.11) 1o P @ span{l,y,(x): [ul = Lju e N¥} =1V
0£uC{L,..., N} I=u|

is also dense in L2(AN BN fxdx). Therefore, any square-integrable random variable y(X)
can be expanded as shown in (4.8). Combining the two inner sums of the expansion forms
the equality in the second line of (4.8).

From the denseness, one has the Bessel’s inequality [7]

2

(4.12) Elyp+ Y. > Cug Vg, (X)| <E[BAX)],
0#uC{1,...,N} j,eNlu|

(© 2018 Sharif Rahman
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proving that the PDD converges in mean-square or L. To determine the limit of convergence,
invoke again Proposition 3.6, which implies that the set on the left side of (4.11) is complete
in L2(AN, BN, fxdx). Therefore, Bessel’s inequality becomes an equality

Yp + Z Z Cuju¥uj, (Xu)

@#Ug{LuN}JuENlu‘

2

(4.13) E =E [*(X)],

known as the Parseval identity [7] for a multivariate orthonormal system, for every random
variable y(X) € L?(€, F,P). Furthermore, as the PDD converges in mean-square, it does
so in probability. Moreover, as the expansion converges in probability, it also converges in
distribution.

Finally, to find the expansion coefficients, define a second moment

(4.14) eppp = E [y(X> — Yo — Z Z Cox, Yok, (Xv)]

@#Ug{l,,N} k’UEval

of the difference between y(X) and its full PDD. Differentiate both sides of (4.14) with respect
to yp and Cyj,, 0 #u C{l,...,N}, ju € Nlul, to write

2
863P|) ) 6 E X E k 3 k,l 1{
— y( ) y@ Z CU, Uq’ ’ ( U)

Oy oYy 0#£vC{1,....,N} k,eNlv|

2
0
4 15 = E a y(X) - y@ - Z Z C’U,ku‘:[lv,kv (Xv)
#vC{1,...,N} k,eNlvI|
= 2E {y@ + Z Z Cv,kv\yv,kv (Xv) - y(X)} X 1]
0#vC{1,...,N} k,eNlvI
= 2{y —E[y(X)]}
and
) ) ’
e
aCPD.D = 80 . ]E [y(X) - y@ - Z Z C’U,kv\IIU,ku (X"U)]
Uilu Uau 0£vC{1,...,N} k,eNl"|
2
0
116 = E yX) =y — Y. D Cok, Ty, (Xy)
( . ) aCu,ju 0
#vC{1,...,N} k, NIVl
— 9E {y@ + > > Coe, Vo, (Xo) — y(X)}‘Ifu,ju(Xu)]

0#£vC{1,...,N} k,eNlvl
= 2{Cuj, —Ey(X)¥y;,(Xu)]}-

Here, the second, third, and last lines of both (4.15) and (4.16) are obtained by interchanging
the differential and expectation operators, performing the differentiation, swapping the expec-
tation and summation operators and applying Corollary 3.4, respectively. The interchanges

(© 2018 Sharif Rahman
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are permissible as the infinite sum is convergent as demonstrated in the preceding paragraph.
Setting deppp/Jdyy = 0 in (4.15) and Jeppp/9Cy;, = 0 in (4.16) yields (4.9) and (4.10),
respectively, completing the proof. |

The expressions of the expansion coefficients can also be derived by simply replacing y(X)
in (4.9) and (4.10) with the full PDD and then using Corollary 3.4. In contrast, the proof
given here demonstrates that the PDD coefficients are determined optimally.

It should be emphasized that the function y must be square-integrable for the mean-square
and other convergences to hold. However, the rate of convergence depends on the smoothness
of the function. The smoother the function, the faster the convergence. If the function is a
polynomial, then its PDD exactly reproduces the function. These results can be easily proved
using classical approximation theory.

A related expansion, known by the name of RS-HDMR [18], also involves orthogonal
polynomials in connection with ADD. However, the existence, convergence, and approximation
quality of the expansion, including its behavior for infinitely many input variables, have not
been reported.

4.3. Truncation. The full PDD contains an infinite number of orthonormal polynomials
or coefficients. In practice, the number must be finite, meaning that PDD must be truncated.
However, there are multiple ways to perform the truncation. A straightforward approach
adopted in this work entails (1) keeping all polynomials in at most 0 < S < N variables,
thereby retaining the degrees of interaction among input variables less than or equal to S,
and (2) preserving polynomial expansion orders (total) less than or equal to S < m < oc.
The result is an S-variate, mth-order PDD approximation?

S m

ysm(X) = y@“‘Z Z Z Z Cujy Vuj, (Xu)

s=1 l=s (Z)#uQ{LvN}JuENlul
(4.17) ul=s [jul=t

= w+ Y Y CuguWuu(X)

P#uC{l,..,N} j,eNl
I<ul<S Jul<|jul<m

of y(X), containing

(4.18) Lsm =1 +§ (JD (?)

number of expansion coefficients including yy. It is important to clarify a few things about
the truncated PDD proposed. First, a different truncation with respect to the polynomial
expansion order based on co-norm as opposed to 1-norm, that is, ||ju||lcc < m, was employed in
prior works [20, 21, 24]. Therefore, comparing (4.17) and (4.18) with the existing truncation,
if it is desired, should be done with care. Having said this, the proposed truncation has

one advantage over the existing one: a direct comparison with a truncated PCE is possible;

2The nouns degree and order associated with PDD or orthogonal polynomials are used synonymously in
the paper.
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this will be further explained in the forthcoming sections. Second, the right side of (4.17)
contains sums of at most S-dimensional orthonormal polynomials, representing at most S-
variate PDD component functions of y. Therefore, the term “S-variate” used for the PDD
approximation should be interpreted in the context of including at most S-degree interaction
of input variables, even though ys,, is strictly an /N-variate function. Third, when S = 0,
Yo,m = yg for any m as the outer sums of (4.17) vanish. Finally, when S — N and m —
00, Yg,m converges to y in the mean-square sense, generating a hierarchical and convergent
sequence of PDD approximations. Readers interested in an adaptive version of PDD, where
the truncation parameters are automatically chosen, are directed to the work of Yadav and
Rahman [30], including an application to design optimization [25].

It is natural to ask about the approximation quality of (4.17). Since the set of polynomials
from the orthogonal sum in (4.11) is complete in L?(AY, BN, fxdx), the truncation error
y(X) — ys,m(X) is orthogonal to any element of the subspace from which yg,(X) is chosen,
as demonstrated below.

Proposition 4.2. For any y(X) € L*(Q, F,P), let ys.m(X) be its S-variate, mth-order PDD
approzimation. Then the truncation error y(X) — ys m(X) is orthogonal to the subspace

(4.19) g, =1e P B span{T.;,(Xu) ju € NMY C 220, F,P),
0£uC{1,...N} j,eNl
ISpl<S  [ul<ljul<m

comprising all polynomials in X with the degree of interaction at most S and order at most
m, including constants. Moreover, E[y(X) — ysm(X)]? = 0 as S — N and m — oo.

Proof. Let

(4.20) IsmX) :=Tg+ Y > Cok, Vo, (Xu),
P#vC{1,...,N} k,eNIvl
1<[p]<S ol < ko|<m

with arbitrary expansion coefficients g, and Ci'vvkv, be any element of the subspace Hg m Of
L?(Q, F,P) described by (4.19). Then
(4.21)

E Hy(X) - yS,m(X)}gS,m(X”

- E[{ Z Z Cuvju\l’uyju(xu)+ Z Z C’u,ju\llwu(xu)}

0#uC{l,...N}  j,eNlul P#uC{l,...,N} j,eNlul
1<[ul<S  mi1<]jul<oo SHI<[u|<N [u]<[ju|<oo

X {Q@ + Z Z C’v,kv\I/v,kU (Xv)}]

0#vC{1,..,N} k,eNIvl
1<PI<S  |o|<[ky|<m
= 0,

where the last line follows from Corollary 3.4, proving the first part of the proposition. For
the latter part, the Pythagoras theorem yields

(4.22) E[{y(X) = ysm(X)}?] + E[y5,,(X)] = E[y*(X)].
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From Theorem 4.1, E[y%m(X)] — E[y?(X)] as S — N and m — oo. Therefore, E[{y(X) —
ysm(X)}?] = 0as S — N and m — oo. [ |

The second part of Proposition 4.2 entails L? convergence, which is the same as the mean-
square convergence described in Theorem 4.1. However, an alternative route is chosen for
the proof of the proposition. Besides, Proposition 4.2 implies that the PDD approximation
is optimal as it recovers the best approximation from the subspace Hg m» as described by
Corollary 4.3.

Corollary 4.3. Let Hgm in (4.19) define the subspace of all polynomials in X with the degree
of interaction at most S and order at most m, including constants. Then the S-variate, mth-
order PDD approzimation ys,(X) of y(X) € L*(Q,F,P) is the best approzimation in the
sense that
(4.23) E[y(X) —ysm(X))* = inf = E[y(X) — gsm(X))*.

Ys,m Engm

Proof. Consider two elements yg,,(X) and yg,,(X) of the subspace Hfg\f ms Where the
former is the S-variate, mth-order PDD approximation of y(X) with the expansion coefficients
defined by (4.9) and (4.10) and the latter is any S-variate, mth-order polynomial function,
described by (4.20), with arbitrary chosen expansion coefficients. From Proposition 4.2, the
truncation error y(X) — ys,m(X) is orthogonal to both yg,(X) and gg,»(X) and is, therefore,
orthogonal to their linear combinations, yielding

E {y(X) = ys,m(X) Hys,m(X)] — gs,m(X)}] = 0.

Consequently,

(4.24) E [y(X) — gsm(X))? E [y(X) — ysm(X)]* + E [ys,m(X) — Gs.m (X))

2
E[y(X) — ysm(X)]7,
as the second expectation on the right side of the first line of (4.24) is nonnegative, thereby
proving the mean-square optimality of the S-variate, mth-order PDD approximation. |

AVANI

The motivations behind ADD- and PDD-derived approximations are the following. In a
practical setting, the function y(X), fortunately, has an effective dimension [4] much lower
than N, meaning that the right side of (4.1a) can be effectively approximated by a sum of
lower-dimensional component functions y,,, |u| < N, but still maintaining all random variables
X of a high-dimensional uncertainty quantification problem. Furthermore, an S-variate, mth-
order PDD approximation is grounded on a fundamental conjecture known to be true in many
real-world uncertainty quantification problems: given a high-dimensional function y, its |u|-
variate, |j,|th-order PDD component function C,;, ¥, j,(Xy), where S +1 < |u| < N and
m+ 1 < |ju| < oo, is small and hence negligible, leading to an accurate low-variate, low-
order approximation of 4. The computational complexity of a truncated PDD is polynomial,
as opposed to exponential, thereby alleviating the curse of dimensionality to a substantial
extent. Although PCE contains the same orthogonal polynomials, a recent work on random
eigenvalue analysis of dynamic systems reveals markedly higher convergence rate of the PDD
approximation than the PCE approximation [24].
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4.4. Qutput statistics and other probabilistic characteristics. The S-variate, mth-order
PDD approximation yg,,(X) can be viewed as a surrogate of y(X). Therefore, relevant
probabilistic characteristics of y(X), including its first two moments and probability density
function, if it exists, can be estimated from the statistical properties of yg n(X).

Applying the expectation operator on yg,(X) and y(X) in (4.17) and (4.8) and imposing
Corollary 3.4, their means

(4.25) Elys.m(X)] = E[y(X)] = vy

are the same and independent of S and m. Therefore, the PDD truncated for any values of
0 < S <N and S <m < oo yields the exact mean. Nonetheless, E[yg.,(X)] will be referred
to as the S-variate, mth-order PDD approximation of the mean of y(X).

Applying the expectation operator again, this time on [ysm(X) — yp]* and [y(X) — yy?,
and employing Corollary 3.4 results in the variances

(4.26) var [ysm(X)] = ) > O

0#uC{L,...N} j,eNlu
I<pu|<S ul<jul<m

and

(4.27) var[y(X)] = > yoocz,

0#uC{1,....N} j,eNIlul

of ysm(X) and y(X), respectively. Again, var[ys ,(X)] will be referred to as the S-variate,
mth-order PDD approximation of the variance of y(X). Clearly, var[ys,(X)] approaches
var[y(X)], the exact variance of y(X), as S — N and m — oo.

Being convergent in probability and distribution, the probability density function of y(X),
if it exists, can also be estimated by that of yg,,(X). However, no analytical formula exists for
the density function. In that case, the density can be estimated by sampling methods, such as
Monte Carlo simulation (MCS) of yg,,(X). Such simulation should not be confused with crude
MCS of y(X), commonly used for producing benchmark results whenever possible. The crude
MCS can be expensive or even prohibitive, particularly when the sample size needs to be very
large for estimating tail probabilistic characteristics. In contrast, the MCS embedded in the
PDD approximation requires evaluations of simple polynomial functions that describe yg .
Therefore, a relatively large sample size can be accommodated in the PDD approximation
even when y is expensive to evaluate.

4.5. Infinitely many input variables. In many fields, such as uncertainty quantification,
information theory, and stochastic process, functions depending on a countable sequence
{X;}ien of input random variables need to be considered [15]. Under certain assumptions,
PDD is still applicable as in the case of finitely many random variables, as demonstrated by
the following proposition.

Proposition 4.4. Let {X;}ien be a countable sequence of input random variables defined
on the probability space (2, Foo,P), where Foo = o({Xi}ien) is the associated o-algebra
generated. If the sequence {X;}ien satisfies Assumptions 2.1 and 2.2, then the PDD of
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y({Xitien) € L2(Q, Foo,P), where y : AN — R, converges to y({X;}ien) in mean-square.
Moreover, the PDD converges in probability and in distribution.

Proof. According to Proposition 3.6, IV is dense in L?(AN,BY fxdx) and hence in
L2(Q, Fy,P) for every N € N, where Fy = o({X;}}¥,) is the associated o-algebra gen-
erated by {Xz}f\il Here, with a certain abuse of notation, IT"V is used as a set of polynomial

functions of both real variables x and random variables X. Now, apply Theorem 3.8 of Ernst
et al. [10], which says that if II"V is dense in L?(2, Fn,P) for every N € N, then

o0
.= | J oV,
N=1
a subspace of L%(Q, Fuo, P), is also dense in L%(Q, Fuo,P). But, using (4.11),

o0 o
> = Jie @ Dsvan{¥uy, ljul = Lju € N

N=1  0#4uC{1,...N} I=|u|

o0
= 10 P Dspan{Puy,  liul = 1Lj. € N3,

0#uCN I=|u|

demonstrating that the set of polynomials from the orthogonal sum in the last line is dense in
L?(), Foo,P). Therefore, the PDD of y({X;}ien) € L2(£, Foo, P) converges to y({X;}ien) in
mean-square. Since the mean-square convergence is stronger than the convergence in proba-
bility or in distribution, the latter modes of convergence follow readily. |

5. Polynomial chaos expansion. In contrast to the dimensionwise splitting of polynomial
spaces in PDD, a degreewise orthogonal splitting of polynomial spaces results in PCE. The
latter decomposition is briefly summarized here as PCE will be compared with PDD in the
next section.

5.1. Degreewise orthogonal decomposition of polynomial spaces. Let j := ji; . N} =
(j1,--+5,5n) € NY, ji € No, i € {1,...,N}, define an N-dimensional multi-index. For
x = (21,...,2ZN) € AN C R, a monomial in the variables z1,...,zy is the product xi =

:p{l -+ 2% and has a total degree |j| = ji1 + -+ + jn. Denote by

Hév = span{x): 0 < |jl| <p,jeNY}, peN,

the space of real polynomials in x of degree at most p. Let V) := II}Y = span{1} be the
space of constant functions. For each 1 <[ < 0o, denote by VZN C va the space of orthogonal
polynomials of degree exactly [ that are orthogonal to all polynomials in Hlj\i 1, that is,

VW= {Pell}): (P,Q)jxax =0VQ €M} }, 1<1< o0

From section 3, with u = {1,..., N} in mind, select {Pj(x) : |j| = {,j € N} € V" to be a
basis of VZN . Each basis function Pj(x) is a multivariate orthogonal polynomial in x of degree
lj|- Obviously,

VY =span{Pj(x) : |jl =,jeN)'}, 0<1< 0.

(© 2018 Sharif Rahman
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According to (3.7) with v = {1,..., N}, Pj(x) is orthogonal to Px(x) whenever j # k.

Therefore, any two polynomial subspaces VZN and Vﬂv , where 0 < [,r < oo, are orthogonal

whenever [ # r. In consequence, there exists another orthogonal decomposition of

6.1) TV =PV =@ span{P(x): il =1,j € N)'} = span{Pj(x) : j € N{'}.
IS\ leNyp

Compared with (3.13), (5.1) represents a degreewise orthogonal decomposition of ITV.

5.2. PCE. Given the degreewise orthogonal decomposition of II", the PCE of any square-
integrable output random variable y(X) is expressed by [5, 10, 28, 29]

(5.2) y(X)~ > D G(X) = Y G(X),
=0 jeNy jenyY

ll=t

where {¥;(X) : j € N{} is an infinite set of measure-consistent multivariate orthonormal
polynomials in X that can be obtained by scaling P; in (3.14) and Cj € R, j € N(])V, are the
PCE expansion coefficients. Like PDD, the PCE of y(X) € L?(£2, F,P) under Assumptions
2.1 and 2.2 also converges to y(X) in mean-square, in probability, and in distribution.

Since the PCE of y(X) in (5.2) is an infinite series, it must also be truncated in applications.
A commonly adopted truncation is based on retaining orders of polynomials less than or equal
to a specified total degree. In this regard, given 0 < p < 0o, the pth-order PCE approximation
of y(X) € L?(, F,P) reads

P
(5.3) (X)) = G (X) = Y GIy(X).
=0 jeny jenyy
ll=t 0<ljl<p

This kind of truncation is related to the total degree index set

N
{j eNy D i Sp}
i=1
for defining the recovered multivariate polynomial space of a pth-order PCE approximation.
Other kinds of truncation entail

N
{iemys mox ji<pf and {j R CEDEYE 1} ,
i—
describing the tensor product and hyperbolic cross index sets, respectively, to name just two.
The total degree and tensor product index sets are common choices, although the latter one
suffers from the curse of dimensionality, making it impractical for high-dimensional problems.
The hyperbolic cross index set, originally introduced for approximating periodic functions
by trigonometric polynomials [2], is relatively a new idea and has yet to receive widespread
attention. All of these choices and possibly others, including their anisotropic versions, can
be used for truncating PCE. In this work, however, only the total degree index set is used for

the PCE approximation. This is consistent with the 1-norm of j, used for truncating PDD in
(4.17).

(© 2018 Sharif Rahman
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6. Error analysis.

6.1. PDD error. Define a second-moment error,
(6.1) esm = E [y(X) — ys,m(X)],

stemming from the S-variate, mth-order PDD approximation presented in the preceding sec-
tion. Replacing y(X) and yg,,(X) in (6.1) with the right sides of (4.8) and (4.17), respectively,
produces

S [e9) N 0
(62) esm=> > > > Chu+ > > > > Cl
=1 I=mA1 0£uC{L,...N}j, enlul s=S+1 I=s 0£uC{L,...N}j,eNlv
ul=s ljul=1 |ul=s Lo | =1

where the second term vanishes expectedly when S = N as the lower limit of the outer sum
exceeds the upper limit. In (6.2), the first term of the PDD error is due to the truncation
of polynomial expansion orders involving interactive effects of at most S variables, whereas
the second term of the PDD error is contributed by ignoring the interactive effects of larger
than S variables. Obviously, the error for a general function y depends on which expansion
coefficients decay and how they decay with respect to S and m. Nonetheless, the error decays
monotonically with respect to S and/or m as stated in Proposition 6.1. Other than that,
nothing more can be said about the PDD error.

Proposition 6.1. For a general function y, €s4+im+; < €sm, where 0 < S < N, S <m <
oo, and i and j are equal to either 0 or 1, but not both equal to 0.

Proof. Setting i = 1, j = 0, and using (6.2),

€S+1,m — €S;m = Z Z Z Cg,ju - Z Z Z Cg,ju <0,

l=m+1 @#uC{1,...,N}j,eNlul I=S+1 0#uC{l,...,N}j,eNlul
lul=S+1  |j.|=l lul=S+1  |ju|=l

where the inequality to zero results from the fact that, as § < m, the first term is less than
or equal to the second term. Similarly, setting i = 0, j = 1, and using (6.2),

S
eSm+1 — €S;m = — Z Z Z Crj;. <0.

=1 0#uC{l,..N} j,enl
|u|:5 ‘Ju|:m+1

Finally, setting i =1, j =1,
€S+1,m+1 — €S;m = €S+1,m+1 — €S;m+1 T €Sm+1 — €ESm <0,

as esy1m+1 — €sm+1 < 0 and esmi1 —esm < 0. [ ]

Corollary 6.2. For a general function y, es/ y < eg,m whenever S" > S and m' > m.
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In practice, the effects of interaction among input variables and polynomial expansion
order become increasingly weaker as |u| and [j,| grow. In this case, C2 j..» Which is equal to
the variance of Cyj, ¥, ,(Xy), decreases with |u| and |j,|. Given the rates at which Cz;ju
decreases with |u| and |j,|, a question arises on how fast does eg,, decay with respect to S
and m. Proposition 6.3, Corollary 6.4, and subsequent discussions provide a few insights.

Proposition 6.3. For a class of functions vy, assume that C’iju, 0#£uC{l,...,N}, jy €
Nlul | attenuates according to ngu < Cpl_‘u‘p;““‘, where C' > 0, p1 > 1, and py > 1 are three

real-valued constants. Then it holds that
{1+p1(p2—1)}N_1
p1(p2 —1)

i i (JZ) (i:i)pfspihr i i (JZ) (i:i)pfspz_l]-

s=1 Il=m+1 s=S+1 I=s

(6.3) var[y(X)] < C

and

(64) €Sm <C

Proof. With the recognition that

#0Auc (V)i =) = (7). #ent == (1171,

use Ciju < Cpflulpgljul in (4.27) and (6.2) to obtain (6.3) and (6.4). [ ]

Corollary 6.4. For the function class described in Proposition 6.3, esiim4; < €sm, where
0<S<N,S<m< oo, and i and j are equal to either O or 1, but not both equal to 0.

According to Corollary 6.4, eg,, decays strictly monotonically with respect to S and/or
m for any rate parameters p; > 1 and ps > 1. When the equality holds in (6.3) and (6.4)
from Proposition 6.3, Figure 1, comprising three subfigures, presents three sets of plots of
the relative error, eg ,,/var[y(X)], against m for five distinct values of S =1,2,3,5,9. These
subfigures, each obtained for N = 20, correspond to three distinct cases of the values of p;
and pe: (1) p1 = 500, p» = 5; (2) p1 = 5, pa = 500; and (3) p; = 500, p» = 500. In
all cases, the error for a given S decays first with respect to m, and then levels off at a
respective limit when m is sufficiently large. The limits get progressively smaller when S
increases as expected. However, the magnitude of this behavior depends on the rates at which
the expansion coefficient attenuates with respect to the degree of interaction and polynomial
expansion order. When p; > po, as in case 1 (Figure 1 (top)), the error for a given S decays
slowly with respect to m due to a relatively weaker attenuation rate associated with the
polynomial expansion order. The trend reverses when the attenuation rate becomes stronger
and reaches the condition p; < po, as in case 2 (Figure 1 (middle)). For larger values of S,
for example, S = 5 or 9, the respective limits are significantly lower in case 2 than in case
1. When the attenuation rates are the same and large, as in case 3 (Figure 1 (bottom)), the
decay rate of error accelerates substantially.
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Figure 1. PDD errors for various attenuation rates of the expansion coefficients; (top) p1 = 500, p2 = 5;
(middle) p1 = 5, p2 = 500; (bottom) p1 = 500, p2 = 500.
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6.2. Relationship between PDD and PCE. Since PDD and PCE share the same or-
thonormal polynomials, they are related. Indeed, the relationship was first studied by Rah-
man and Yadav [24], who determined that any one of the two infinite series from PDD and
PCE defined by (4.8) and (5.2) can be rearranged to derive the other. In other words, the
PDD can also be viewed as a reshuffled PCE and vice versa. However, due to a strong connec-
tion to ADD endowed with a desired hierarchical structure, PDD merits its own appellation.
More importantly, the PDD and PCE, when truncated, are not the same. In fact, two im-
portant observations stand out prominently. First, the terms in the PCE approximation are
organized with respect to the order of polynomials. In contrast, the PDD approximation
is structured with respect to the degree of interaction between a finite number of random
variables. Therefore, significant differences may exist regarding the accuracy, efficiency, and
convergence properties of their truncated sum. Second, if a stochastic response is highly non-
linear, but contains rapidly diminishing interactive effects of multiple random variables, the
PDD approximation is expected to be more effective than the PCE approximation. This is be-
cause the lower-variate terms of the PDD approximation can be just as nonlinear by selecting
appropriate values of m in (4.17). In contrast, many more terms and expansion coefficients
are required to be included in the PCE approximation to capture such high nonlinearity. In
this work, a theoretical comparison between PDD and PCE in the context of error analysis,
not studied in prior works, is presented.

For error analysis, it is convenient to write a PCE approximation in terms of a PDD ap-
proximation. Indeed, there exists a striking result connecting PCE with PDD approximations,
as explained in Proposition 6.3.

Proposition 6.5. Let y,(X) and ys,m(X) be the pth-order PCE approzimation and S-variate,
mth-order PDD approzimation of y(X) € L?*(Q, F,P), respectively, where 0 < S < N,
S <m < oo, and 0 < p < oo. Then the pth-order PCE approzimation and the (p A N)-
variate, pth-order PDD approximation are the same; that is,

(6.5) Yp(X) = Ypanp(X),

where yo 0(X) = yg and p AN denotes the minimum of p and N.

Proof. According to Rahman and Yadav [24], the right side of (5.3) can be reshuffled,
resulting in a long form of the PCE approximation, expressed by

N—s+1 p—s+1 p—s+1

(66) yp =1y + Z Z Z Z Z C{Zl ‘s ts(Jig -+ dis) H szlqﬁq zq )

11=1 1s=ts—1+1 j- ;

s sums s sums;ji; +++Jis <p

in terms of the PDD expansion coefficients. Note that, depending on the condition p < N
or p > N, at most p-dimensional or N-dimensional sums survive in (6.6), meaning that
the pth-order PCE approximation retains effects of at most (p A N)-degree interaction and
at most pth-order polynomial expansion order. Accordingly, the compact form of the PCE
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approximation can be written as
pAN  p

(6.7) =Yp+ Z Z Z Z Cuju Y (Xu) = yYpan p(X),

s=1 l=s @#Ug{l, 7N}_]uEN|u|
|u|:s |ju|:l

completing the proof. |
Using Proposition 6.5, the number of expansion coefficients, say, L, associated with the

pth-order PCE approximation can be calculated from that required by the (p A N)-variate,
pth-order PDD approximation. Accordingly, setting S =p A N and m = p in (4.18),

pPAN

with the last expression commonly found in the PCE literature [29]. The advantage of (6.7)
over (5.3) is obvious: the PDD coefficients, once determined, can be reused for the PCE
approximation and subsequent error analysis, thereby sidestepping calculations of the PCE
coefficients.

6.3. PDD versus PCE errors. Define another second-moment error,

(6.9) ep =K [y(X) — yp(X)]2 )

resulting from the pth-order PCE approximation y,(X) of y(X). Using Proposition 6.5, e, =
epaN,p, meaning that the PCE error analysis can be conducted using the PDD approximation.

Proposition 6.6. For a general function y, let es,, and e, denote the PDD and PCE errors
defined by (6.1) and (6.9), respectively. Given a truncation parameter 0 < p < oo of the PCE
approximation, if the truncation parameters of the PDD approzimation are chosen such that
pAN<SS<NandpV S <m < oo, then

(6.10) esm < €p,
where pV S denotes the mazximum of p and S.
Proof. The result follows from Propositions 6.1 and 6.5, and Corollary 6.2. |

Proposition 6.6 aids in selecting appropriate truncation parameters to contrast the second-
moment errors due to PDD and PCE approximations. However, the proposition does not say
anything about the computational effort. Proposition 6.7 and subsequent discussion explain
the relationship between computational effort and error committed by both PDD and PCE

approximations for a special class of functions.

Proposition 6.7. For a special class of functions y, assume that CfLJ ,0#uC{1,...,N},
ju € NIl diminishes according to ngu < C’pf'u‘pz_uul, where C' >0, p1 > 1, and p2 > 1 are
three real-valued constants. Then it holds that

(6.11) e, <C %V i < ><l—i> popst 4 Z Z( >< >p1—sp2—l

s=1 I=p+1 s=pAN+1 I=s
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Proof. Replacing S and m in (6.4) with p A N and p, respectively, obtains the result. B

Theoretically, the numbers of expansion coefficients required by the PDD and PCE ap-
proximations can be used to compare their respective computational efforts. Table 1 presents
for N = 20 the requisite numbers of expansion coefficients when PDD is truncated at S =
1,2,3,5,9 and m = 1 — 20, and when PCE is truncated at p = 1 — 20. They are calculated
using (4.18) and (6.8) for PDD and PCE approximations, respectively. According to Table
1, the growth of the number of expansion coefficients in PCE is steeper than that in PDD.
The growth rate increases markedly when the polynomial expansion order is large. This is
primarily because a PCE approximation is solely dictated by a single truncation parameter p,
which controls the largest polynomial expansion order preserved, but not the degree of inter-
action independently. In contrast, two different truncation parameters S and m are involved
in a PDD approximation, affording a greater flexibility in retaining the largest degree of in-
teraction and largest polynomial expansion order. In consequence, the numbers of expansion
coefficients and hence the computational efforts by the PDD and PCE approximations can
vary appreciably.

Table 1
Growth of expansion coefficients in the PDD and PCE approximations.

LS,m
morp S=1 S=2 S=3 S=5 S=9 L,
1 21 21
2 41 231 231
3 61 631 1771 1771
5 101 2001 13,401 53,130 53,130
9 181 7021 102,781 2,666,755 10,015,005 10,015,005
12 241 12,781 263,581 14,941,024 211,457,454 225,792,840
15 301 20,251 538,951 53,710,888 2,397,802,638 3,247,943,160
20 401 36,501 1,336,101 265,184,142 51,855,874,642 137,846,528,820

Using the equalities in (6.3), (6.4), and (6.11), Figure 2 depicts how the relative PDD
error, eg,/var[y(X)], and the relative PCE error e,/var[y(X)], vary with respect to the
number of expansion coefficients required for N = 20. Again, the three preceding cases of
the attenuation rates p; and po with respect to the degree of interaction and polynomial
expansion order are studied. In all cases, the PDD or PCE errors decay with respect to
S, m, and p as expected. However, in the PDD approximation, the error for a fixed S
may decline even further by increasing m, whereas no such possibility exists in the PCE
approximation. This behavior is pronounced in case 1, that is, when p; > py (Figure 2 (top)).
For example, in case 1, the bivariate, sixth-order PDD approximation (S = 2, m = 6) achieves
a relative error of 8.54 x 10™° employing only 2971 expansion coefficients. In contrast, to match
the same-order error, the sixth-order PCE approximation (p = 6) is needed, committing a
relative error of 7.15 x 107° at the cost of 230,230 expansion coefficients. Therefore, the
PDD approximation is substantially more economical than the PCE approximation for a
similar accuracy. However, when p; < po, as in case 2 (Figure 2 (middle)), the computational
advantage of PDD over PCE approximations disappears as the attenuation rate associated
with the polynomial expansion order is dominant over that associated with the degree of
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Figure 2. PDD versus PCE errors for various attenuation rates of the expansion coefficients; (top) p1 =
500, p2 = 5; (middle) p1 =5, p2 = 500; (bottom) p1 = 500, p2 = 500.
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interaction. Nonetheless, in case 2, the S-variate, mth-order PDD approximation with the
lowest m possible cannot commit more errors than the mth-order PCE approximation for
the same computational effort. Finally, when the attenuation rates are the same, as in case
3 (Figure 2 (bottom)), the PDD approximation is still more computationally efficient than
the PCE approximation. For instance, the trivariate, fifth-order PDD (S = 3, m = 5) and
fifth-order PCE (p = 6) approximations require 13,401 and 53,130 expansion coefficients to
commit the same-order errors of 5.07 x 10714 and 3.51 x 10~4, respectively. But, unlike in
case 1, an unnecessarily large polynomial expansion order may render the PDD approximation
more expensive than required.

Readers should take note that the comparative error analyses reported here are limited to
PDD and PCE approximations derived from truncations according to the total degree index
set. For other index sets, such as the tensor product and hyperbolic cross index sets, it would
be intriguing to find whether a similar conclusion arises.

7. Conclusion. The fundamental mathematical properties of PDD, representing Fourier-
like series expansion in terms of random orthogonal polynomials with increasing dimensions,
were studied. A dimensionwise splitting of appropriate polynomial spaces into orthogonal
subspaces, each spanned by measure-consistent orthogonal polynomials, was constructed, re-
sulting in a polynomial refinement of ADD and eventually PDD. Under prescribed assump-
tions, the set of measure-consistent orthogonal polynomials was proved to form a complete
basis of each subspace, leading to an orthogonal sum of such sets of basis functions, including
the constant subspace, to span the space of all polynomials. In addition, the orthogonal sum
is dense in a Hilbert space of square-integrable functions, leading to mean-square convergence
of PDD to the correct limit, including for the case of infinitely many random variables. The
optimality of PDD and the approximation quality due to truncation were demonstrated or
discussed. From the second-moment error analysis of a general function of 1 < N < oo random
variables, given 0 < p < oo, the (p A N)-variate, pth-order PDD approximation and pth-order
PCE approximation are the same. Therefore, an S-variate, mth-order PDD approximation
cannot commit a larger error than a pth-order PCE approximation if p AN < § < N and
pV S < m < oco. From the comparison of computational efforts, required to estimate with
the same accuracy the variance of an output function entailing exponentially attenuating ex-
pansion coefficients, the PDD approximation can be substantially more economical than the
PCE approximation.
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