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random domain. The basic idea of the proposed methodology is to adaptively decompose
the random domain into subdomains. Within each subdomain, a sparse grid interpolant is
constructed using the classical Smolyak construction [S. Smolyak, Quadrature and interpo-
lation formulas for tensor products of certain classes of functions, Soviet Math. Dokl. 4
(1963) 240-243], to approximate the stochastic solution locally. The adaptive strategy is
governed by the hierarchical surpluses, which are computed as part of the interpolation
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Stochastic Galerkin method procedure. These hierarchical surpluses then serve as an error indicator for each subdo-
Sparse grids main, and lead to subdivision whenever it becomes greater than a threshold value. The
Adaptive sampling hierarchical surpluses also provide information about the more important dimensions,
Reliability and accordingly the random elements can be split along those dimensions. The proposed
Geometrical uncertainty adaptive approach is employed to quantify the effect of uncertainty in input parameters
Uncertainty propagation on the performance of micro-electromechanical systems (MEMS). Specifically, we study

the effect of uncertain material properties and geometrical parameters on the pull-in
behavior and actuation properties of a MEMS switch. Using the adaptive approach, we
resolve the pull-in instability in MEMS switches. The results from the proposed approach
are verified using Monte Carlo simulations and it is demonstrated that it computes the
required statistics effectively.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Micro-electromechanical systems (MEMS) have been used in widespread applications such as micro-switches, gyro-
scopes, accelerometers, etc. In order to design and analyze such devices it is required to accurately model the interaction
of various physical fields such as mechanical, electrical and fluidic. In recent years, advances in numerical simulation meth-
ods have increased the ability to accurately model these devices [2-5]. These simulation methods assume that the material
properties and various geometrical parameters of the device are known in a deterministic sense. However, low cost manu-
facturing processes used for MEMS often result in significant uncertainties in these parameters which may lead to large var-
iation in the device performance. Thus, in order to design reliable and efficient electrostatic MEMS devices, it is required to
quantify the effect of uncertain input parameters on various relevant performance parameters.
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Uncertainties can be described using stochastic quantities — uncertain parameters can be modeled using random vari-
ables and uncertain spatial functions are represented as random fields. Using this, the original governing equations can
be reformulated as stochastic partial differential equations (SPDEs). Traditionally, sampling based methods such as Monte
Carlo (MC) method has been used for systems with random input parameters. It involves generating various realizations
of the input parameters according to the underlying probability distribution, and repeatedly employing the deterministic
solver for each realization. Although the MC method is straightforward to implement and readily generates the required
statistics, the simulations may become expensive as it offers slow convergence rate. Notably, the convergence rate for the
MC method does not depend on the number of random dimensions or the smoothness of the stochastic solution in the
random domain. The convergence of the MC method can be improved by using techniques such as the Latin hypercube
sampling (LHS) [6], the quasi-Monte Carlo (QMC) method [7] and the Markov Chain Monte Carlo (MCMC) method [8],
etc.

An important non-sampling approach is based on stochastic Galerkin method, where the basic idea is to project the un-
known stochastic solution onto a stochastic space spanned by complete orthogonal polynomials. The stochastic Galerkin
method was initially developed by Ghanem and Spanos [9] using Wiener-Hermite polynomial chaos expansion [10], where
the orthogonal polynomials are chosen as global hermite polynomials in terms of Gaussian random variables. This idea was
further generalized by Xiu and Karniadakis [11], to obtain exponentially converging algorithms even for non-Gaussian ran-
dom variables. We developed a stochastic Lagrangian framework based on generalized polynomial chaos (GPC) in [12], to
handle the uncertain electromechanical interaction. It was demonstrated that the stochastic framework can be effectively
used to quantify the effect of uncertain input parameters on the performance of MEMS devices, as long as the solution is
smooth in the random domain.

The stochastic Galerkin method provides high accuracy and faster convergence rate. However, as the number of stochastic
dimensions of the problem increases, the number of basis functions needed to obtain accurate results increases rapidly,
which reduces the efficiency. Also, the coupled nature of the deterministic equations that need to be solved to determine
the modes of the solution makes the implementation non-trivial. It may be further complicated in situations when the gov-
erning equations take complicated form, such as nonlinear terms and coupled multiphysics.

In recent years, another class of methods known as stochastic collocation method [13-15] has been explored. The sto-
chastic collocation method provides high resolution as stochastic Galerkin method, as well as easy implementation as the
sampling based methods. This approach is based on approximating the unknown stochastic solution by constructing sparse
grid interpolants in the multi-dimensional random domain, based on the Smolyak algorithm [1]. Using this algorithm, inter-
polation schemes can be constructed with orders of magnitude reduction in the number of support nodes to give the same
level of approximation (up to a logarithmic factor) as the usual tensor product.

The stochastic Galerkin and collocation approaches provide fast converging approximations as compared to the sampling
based methods, assuming that the unknown stochastic solution is sufficiently smooth in the random domain. However, in
many physical systems, small variations in the uncertain parameters may lead to jumps in the solution. For example, in
MEMS actuators, because of the nonlinear nature of the electrostatic actuation force, small variation in material properties
and geometrical parameters may lead to a well known phenomenon known as pull-in. This pull-in instability is manifested as
a discontinuity in the switch displacement in the random domain. In order to accurately compute the statistics of the sto-
chastic solution in such situations, it is important to correctly capture these discontinuities in the random domain. To this
end, several efforts have been made using the Galerkin approach, such as the wavelet based Weiner-Haar basis functions
[16,17] and the multi-element GPC (ME-GPC) method [18,19]. The basic idea of ME-GPC is to adaptively decompose the ran-
dom domain into a set of random elements, and then to employ a GPC expansion within each element to locally approximate
the stochastic solution. This leads to a set of coupled deterministic equations that need to be solved within each random
element. An adaptive sparse grid collocation methodology was presented in [15], based on the dimensional adaptive quad-
rature algorithm given in [20], to study the equilibrium jumps encountered during the stochastic modeling of natural con-
vection problems. This approach automatically detects the more important dimensions and the sparse sampling is
appropriately biased in those dimensions.

This work proposes a domain adaptive stochastic collocation approach to effectively handle discontinuities or sharp varia-
tions in the random domain. The basic idea of the proposed methodology is to adaptively decompose the random domain
into subdomains. Within each subdomain, we then construct the sparse grid interpolant using the classical Smolyak con-
struction in a hierarchical fashion, to approximate the stochastic solution locally. The adaptive strategy is governed by
the hierarchical surpluses, which are computed as part of the interpolation procedure. These hierarchical surpluses then serve
as an error indicator for each subdomain, and lead to subdivision whenever it becomes greater than a threshold value. The
hierarchical surpluses also provide information about the more important dimensions, and accordingly the random elements
can be split along those dimensions.

During the preparation of this manuscript, the authors came across two recent methods which also deal with problems
with limited regularity in the stochastic domain. The first approach, multi-element probabilistic collocation method (ME-
PCM) proposed by Foo et al. [21], discretizes the parametric space, and prescribes a collocation/cubature grid on each ele-
ment. Although, both the ME-PCM method and our approach, adaptively decompose the parametric space into elements,
the construction of the interpolant within each random element, and, more importantly, the computation of local error indi-
cators, which ultimately leads to adaptive refinement, are significantly different. For the benefit of readers, we summarize
the key differences between the two approaches as follows:
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e The ME-PCM method constructs sparse/tensor interpolants within each random element using nodal interpolation. How-
ever, in our method, we employ hierarchical sparse grid interpolation within each random element. The construction of
the hierarchical interpolation is different than the usual procedure using nodal basis functions. This hierarchical construc-
tion is central to our adaptive refinement procedure and has been explained in detail in Section 4.

e Once the interpolant is constructed within each random element, the ME-PCM method then projects this interpolant onto
the GPC bases, in order to obtain the coefficients, using which the adaptivity criterion is evaluated exactly as described by
the ME-GPC framework [19]. On the other hand, in our method, the construction of the sparse interpolant within each
element, requires us to compute the so called hierarchical surpluses, which is the difference between the actual function
value and the value obtained using the interpolant from the previous level. As described in Section 5, these hierarchical
surpluses automatically yield an estimate for the interpolation error within each element, and can be appropriately used
to decide whether or not to refine a particular element and also along which random dimensions. Thus, the ways in which
the two approaches compute the adaptivity criterion are entirely different.

The second approach, introduced by Ma and Zabaras [22], relies on resolving the discontinuities using piecewise-multi-
linear basis functions, such that, as the adaptive refinement proceeds, functions with smaller support are inserted in parts of
the domain with limited regularity, as determined using the hierarchical surpluses. This method does not involve any expli-
cit decomposition of the random domain. On the other hand, in our approach, the discontinuities are resolved by adaptively
decomposing the parametric space into elements. As the adaptive refinement proceeds, only elements which do not meet the
prescribed error tolerance are subdivided, to locally approximate the solution with greater accuracy. Also, in our approach,
the interpolation within each random element can be constructed using piecewise-multilinear or Lagrange polynomials
based on suitable 1D rule, as their support is controlled by the size of the element.

We employ the proposed adaptive approach to study the effect of uncertain material properties and geometrical param-
eters on the pull-in behavior and actuation properties of a MEMS switch. Using the adaptive approach, we resolve the pull-in
instability in MEMS switches, which was not possible using the framework developed earlier in [12]. The results from the
proposed approach are verified using Monte Carlo simulations and it is demonstrated that it computes the required statistics
effectively. The rest of the paper is organized as follows: In Section 2 we present the deterministic and stochastic formulation
for the coupled electromechanical problem, applicable to static analysis of electrostatic MEMS. In Section 3 we briefly pres-
ent the Monte Carlo and the stochastic Galerkin framework for the stochastic electromechanical problem. We then explain
the stochastic collocation approach based on classical Smolyak construction in Section 4, using which the adaptive stochastic
collocation framework is developed in Section 5. In Section 6 we consider the numerical example of a MEMS switch and
study the effect of uncertain parameters on its pull-in behavior and actuation properties. We finally conclude the discussion
in Section 7.

2. Problem formulation
2.1. Deterministic formulation

Physical level analysis of electrostatic MEMS requires a self-consistent solution of the coupled mechanical and electro-
static equations. A framework for the deterministic analysis is presented in [4], which uses a Lagrangian description both
for the mechanical and the electrostatic domains. The mechanical deformation of the MEM structures is obtained by per-
forming a 2D geometrically nonlinear elasticity analysis [23]. Let Q represent the undeformed configuration with boundary
dQ = dQ, U dQ,. The governing equations for the deformation of the MEM structures in the absence of body force are given
as,

V-(FS)=0 inQ, 1)
u=G ondQ,, (2)
P.-N=H ondQ, 3)

where u is the displacement vector, F is the deformation gradient, P and S are the first and second Piola-Kirchoff stress ten-
sors, respectively. H is the electrostatic pressure acting on the surface of the structures and N is the unit outward normal
vector in the undeformed configuration. The prescribed displacement is given by G. The constitutive law can be written as,

1
S=CE, E=5(FF-I) (4)
where C is the material tensor and E is the Green-Lagrangian strain.
The electrostatic analysis is done using a Lagrangian boundary integral form as described in [24]. The Lagrangian boundary
integral equations are given by:

¢(P)= [ G(p(P), q(Q))a(q(Q))y(Q)dI'q+C, ()

dQ

Cr= /dg a(q(Q)7(Q)dl,. 7(Q) = [T(Q) - CQTQ), (6)
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where ¢ is the unknown surface charge density and Cis an unknown constant that needs to be computed. P and Q refer to the
positions of source and field points, respectively, in the undeformed configuration. G is the Green’s function, which in 2D is
given as G(P,Q) = —5L- In|P — Q + up — ug|, where ¢ is the dielectric constant of the medium and |P — Q + up — ug| repre-
sents the distance between the source and field points in the deformed configuration. Cr represents the total charge of
the system, which is set to be zero. C(Q) = F' (Q)F(Q) and T(Q) is the unit tangential vector at the field point Q in the unde-
formed configuration. The electrostatic pressure acting on the conductors in the undeformed configuration can be computed

from the surface charge density as,
H=PJF'N, 7)

where P, = (Zf—z is the electrostatic pressure acting normal to the surface of the conductors and J = det(F). Eq. (7) represents the
nonlinear coupling between the mechanical and electrostatic energy domains, and a relaxation or Newton scheme can be
used to obtain self-consistent solutions, as described in [4].

We can represent the coupled electromechanical system (Egs. (1)-(3), (5) and (6)) as

L(u,0;X)=0, XecQ. (8)

Such a system can be solved easily using finite element method (FEM) and boundary element method (BEM) [25]. State-of-
the-art design methodologies for MEMS are based on such deterministic approaches where the geometrical and physical
properties of the device are assumed to be known precisely. However, in practice, such devices may be subjected to severe
stochastic variations in these parameters, which must be considered during modeling.

2.2. Stochastic formulation

Let (©,B, P) denote a probability space, where @ is the set of elementary events, B is the o-algebra of events and P is the
probability measure. The symbol 0 specifies an elementary event in © and in the following presentation any quantity with 0-
dependence denotes a random quantity. For the stochastic modeling of the coupled electromechanical system given by Eq.
(8), we seek displacement u(x, 0) : Q x ©® — R and surface charge density o(x,0) : dQ x @ — R, such that for P-almost every-
where 0 € 0, the following holds

Lu,0;X,0)=0, (X,0) € Qx6. 9)

In order to solve the above problem numerically, we first need to reduce the infinite dimensional probability space into a
finite dimensional space. This can be accomplished by characterizing the input random parameters in terms of a finite num-
ber of random variables. For example, the input random processes can be decomposed into a set of uncorrelated random
variables using the Karhunen-Loéve (KL) expansion [26]. Representing the set of random variables as & = {&(0)},, we
can write £(u, 0;X,0) = L(u, 0; X, £). Further, we assume that the random variables ¢ are mutually independent. However,
we must note that representing the input random parameters in terms of independent random variables may not be a trivial
exercise. For example, when KL-expansion is used for representing non-Gaussian random processes, these random variables
would not necessarily be independent. In fact, the problem of representing non-Gaussian random processes in terms of inde-
pendent random variables is an area of active research [27].

Let & = {¢}!, represent mutually independent random variables with images I'; = &(®) and probability density func-
tions p; : I't — R*, for i =1,...,n. Then, the joint probability density function p(¢) is given as

n
p@&=]lp&) veer. (10)
i=1
where I' = [\, I'; represents the support of the set of random variables. Using this, we can rewrite Eq. (9) as: we seek ran-
dom displacement u(x, &) and surface charge density o(x, ¢), such that

Lu,0;X,8) =0, (X&eQxT, (11)

which represents a (d + n)-dimensional system, where d and n refer to the dimensionality of the physical space Q and the
random space I, respectively.

3. Numerical solution of stochastic systems

In this section, we briefly present the two most widely used approaches for the numerical solution of stochastic systems
(such as Eq. (11)), namely, Monte Carlo (MC) method and stochastic Galerkin method.

3.1. Monte Carlo method
Monte Carlo simulation has been traditionally used for systems with random input parameters. It involves generating

various realizations of the input parameters according to the underlying probability distribution, and repeatedly employing
the deterministic solver for each realization. Eq. (11) can be easily solved using MC method as follows:
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1. For the given number of realizations N, generate independent and identically distributed (iid) random variables
{&r=[&(0),.... &), forj=1,....N. o o

2. For each of the realizations, solve the deterministic problem £(w,¢’;X,&) =0 and obtain the solution (w,d’), for
j=1,....N.

3. Compute the required statistics such as mean pu and variance v, for example

1Ry IS g ? 12
u(u)—NE1 ) V(”)_N.l( fu(w))”. (12)
Jj= =

J

The amount of work required for a MC simulation to converge to a given accuracy € is €(N) = O N%), which is indepen-
dent of the number of random variables n. The convergence rate is quite low and it can be prohibitively expensive to achieve
high accuracy. The convergence can be slightly improved using quasi-Monte Carlo (QMC) method [7], where the determin-
istic problem is solved at structurally determined points, and not at random points as in MC method. The convergence rate
for QMC method is given as €(N) = O(N~!(log N)"), which is almost half an order better than the MC approach. However, the
convergence rate for QMC method depends weakly on the number of random variables n, and performance may suffer for
high dimensional problems. For MEMS, the Monte Carlo method incorporated in the ANSYS probabilistic design system
(ANSYS/PDS) has been used to study the effect of various geometrical features on the design of a comb drive [28].

3.2. Stochastic Galerkin method

The stochastic Galerkin method is based on representing the unknown random process w(x, 0) in terms of the orthogonal
basis functions {¥;(£(6))} in multi-dimensional random variables as,

00

w(x, 0) =Y wi(X)Pi(&(0)), (13)
i=0
where the coefficients {w;} are deterministic and are computed using Galerkin projections in the space spanned by the basis
functions {¥;}. The functions {¥;} form an orthogonal basis in the probability space, with the orthogonality relation

(P, W) = 05(7). (14)

where §; is the Kronecker delta and (-, -) denotes the ensemble average, which is the inner product given as
) = [ P w0 (15)
JO

The stochastic Galerkin method was initially developed using Wiener-Hermite polynomial chaos expansion [10], where the
basis functions {¥;} are chosen as global hermite polynomials in terms of Gaussian random variables. The method was fur-
ther generalized to improve performance for a wider class of problems, such as using hypergeometric polynomials from the
Askey scheme to obtain exponential convergence rate for non-Gaussian random processes [11], wavelet based Weiner-Haar
basis to deal with sharp or even discontinuous variation in the random domain [16,17] and piecewise polynomial expansions
[29,30].

We note that the expansion in Eq. (13) is usually truncated for numerical implementation. Using this for the stochastic
coupled electromechanical system given by Eq. (11), we first represent the random displacement field u(x, &) and the surface
charge density o(x, &) as,

N N
ux, &) => wX)¥i(é), and o(x,&) =Y 0i(X)¥i(&), (16)
i-0 0

where N + 1 is the total number of terms used. Using this in Eq. (11) we get,

E(f:ui‘}’i,iv:aiwi;x,Q’) =0. (17)
i=0 i=0

The coefficients {u;} and {o;} are determined using Galerkin projections onto each of the basis function {¥;,j =0,...,N},

N N
<E<Zui‘1’i,zﬂi’1’i;&§),?’j> =0. (18)
0 0

Using the orthogonality of the basis functions {¥;}, this leads to N + 1 coupled set of deterministic equations which can be
used to solve for the modes {u;} and {a;}. The details of this approach for the stochastic modeling of electrostatic MEMS can
be found in [12].

The stochastic Galerkin method provides high accuracy and faster convergence rate and has been successfully applied to
various problems such as computational mechanics [31,32], diffusion [33], fluid flow [34,35] and heat conduction [36,37].
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However, as the number of stochastic dimensions of the problem increases, the number of basis functions (N + 1) that need
to be considered increases rapidly, which reduces the efficiency. Also, the coupled nature of the deterministic equations that
need to be solved to determine the modes of the solution makes the implementation non-trivial. It requires substantial effort
to convert a deterministic code to a stochastic implementation. Moreover, when the governing equations take complicated
form, such as nonlinear terms [38-40] and coupled multiphysics [12,41], the numerical implementation of the stochastic
Galerkin method may not be straightforward and may require special techniques, such as those described in [42].

In recent years, another class of methods known as stochastic collocation method [13-15] has been explored. The sto-
chastic collocation method provides high resolution as stochastic Galerkin method, as well as easy implementation as the
sampling based methods, and is described next.

4. Stochastic collocation method

The stochastic collocation method is based on constructing polynomial interpolants in the multi-dimensional random
space. It only requires the deterministic solution at a pre-determined set of points in the random domain, using which the
multi-dimensional interpolant is constructed which approximates the unknown stochastic solution. The stochastic collo-
cation method has been described in [13] and has been used in [15] for stochastic natural convection problem. In this sec-
tion, we briefly present this framework as given in [13,15], as it is later used to develop the adaptive stochastic collocation
method.

4.1. Formulation
Let IT, denote the space of all n-variate polynomials with real coefficients and ¢ = [¢;, ..., £,] be any point in the random
space I' ¢ R". The Lagrange interpolation problem can then be stated as: Given a set of pre-determined points X, = {6‘}511 in

the random domain I" and a smooth function f : R" — R, find a polynomial Zf € II,, such that Zf (¢") = f(&'),Vi=1,...,N.The
polynomial interpolation Zf, using Lagrange interpolation functions can be given as,

If(&) = D _fELi(9). (19)

where Li(&) = d;, (i,j) € [1,N]. The interpolated value of the function at any point ¢ is then simply given as Zf(&). Using Eq.
(19) for the stochastic electromechanical problem, we denote the interpolated displacement t(x, ) and surface charge den-
sity 6(x, &) as,

a(%,&)Li(8). (20)

M=

u(x,&) = > ux, L&), 6(x,&)=

M=

i 1

Using this in Eq. (11), the collocation procedure gives,
L(W,6;X,8)|4=0 Vkel,.. . N (21)

Using the property of the Lagrange interpolation polynomials L;(&) = ;, this immediately leads to: for k=1,...,N,
L(u(x, &), 0(x,8):x,¢) =0, x € Q (22)

Thus, the stochastic collocation procedure reduces to solving N deterministic systems, at each nodal point & k=1,...,Nina
given set of points X,,. We also note that these deterministic systems are naturally decoupled and existing deterministic sol-
ver can be readily used, unlike the stochastic Galerkin procedure where one needs to solve a set of coupled deterministic
equations. Once the deterministic solution is computed at all the collocation points, the statistics of the stochastic solution
can be easily computed using,

Elg(@)x) = 3 g(u(x. &) /L (&)de = Zg X E)wi, W= /L £)de, (23)

where E[] denotes the expectation operator and the weights {w,-},N: , can be pre-computed using appropriate quadrature
scheme and stored for later use. The function g(-) can be chosen appropriately, by noticing that the mean u(@) = E[a] and
the variance v(i@1) = E[(f1 — £(@1))*]. We note that in writing Eq. (23) we have assumed that the function g(@) can also be
approximated as,

N
> gu(x (€, (24)

i=1

where the coefficients g(u(x, &)) are easily computed using the sampled values of the unknown solution at the collocation
points.



7668 N. Agarwal, N.R. Aluru/Journal of Computational Physics 228 (2009) 7662-7688

The construction of a Lagrange interpolation polynomial as given by Eq. (19) is central to the stochastic collocation ap-
proach. There exists a well-developed theory of univariate Lagrange interpolation. However, to construct such an interpola-
tion in higher dimensions is a non-trivial task, and is considered next.

4.2. Multi-variate sparse grid interpolation

The computational effort required for the collocation approach is typically N times the effort required for the determin-
istic problem, where N represents the total number of nodes in the set x,,. Thus, the key issue for the stochastic collocation
procedure is the selection of this set of nodes X, such that using the minimal number of nodes one achieves a good approx-
imation (to the desired accuracy level) by Lagrange interpolation. One such possible choice proposed in [13,15] is based on
the sparse grids generated using the Smolyak algorithm [1]. In this section, we describe the construction of these sparse grids
based on linear or higher degree interpolation using the notation as given in [43]. Without loss of generality, we assume that
the bounded support of the random variables {¢} ; is I'; = [0, 1], and thus the bounded random domain I" = [0, 1]" is a n-
hypercube.

4.2.1. Hierarchical univariate interpolation
Let f : [0,1] — R be a function in 1D, which is approximated using a sequence of interpolation formulas given as,

My

TR = Y FE(©), foreachk > 1, (25)
j=1
with the set of support nodes X*={&|& €[0,1],j=1,....m}, and interpolation basis functions
I = {l]'f| l}( e ([0,1],j=1,...,my}, such that l}‘(g’f) =0, V i#j. Here k and my, refer to the depth of interpolation and the total
number of support nodes at depth k, respectively. One possible choice would be to use the piecewise linear basis functions
with equidistant nodes. For this choice, the set of equidistant nodes X* can be described using,

1, if k=1,
_ ) ) 26
M {2"*1+17 if k>1, (26)

v 0.5, forj=1if my=1,
j =9 -t for i - (27)
T orj=1,...,mif my > 1.
Using this set of points, the piecewise linear basis functions can be defined as follows,
k.
(¢ =1, fork=1, and, (28)
zk £z k 1
l]k(é): 1_(mk—1)‘5_Cj" lf‘C_éj"< M1 (29)
0, otherwise,
fork>1andj=1,...,m.

In the case of smooth objective functions, Lagrange polynomial interpolation offers faster error decay with increasing
number of nodes as compared to the piecewise linear interpolation. The approximation quality of the Lagrange interpolant
depends on the node distribution. Several node distributions which are known to perform better include Gauss quadrature
points, and the extrema of the Chebyshev polynomials (also known as Chebyshev Gauss-Lobatto nodes (CGL)). The set of CGL

nodes X* = {&F1™ are given as,
j Jj=1

m={d ko, e
i 0.5, forj=1if my=1,
g1_{<1—cos(%>)/2, forj=1,...,myif m, > 1. (31)
The Lagrange polynomial basis functions are given as,
1, for k=1, and
[(&) = (32)

fork>1andj=1,..., m.

We must note that both the set of nodes, namely equidistant and CGL, are nested and satisfy x* ¢ x**! k > 1. Using this
property, we can write the nodal interpolation formula given by Eq. (25), in a hierarchical fashion. We first define Z° = 0,
and the incremental interpolant A* = 78 — 7%, v k > 1 [43-45]. Thus,

44(f) =T =2 (), (33)
where, 7 (f) = Zikexkf(éj’-‘)ljl-‘ and Z*1(f) = Z¢(Z*(f)). Using this, we obtain (see [43] for details),
7]
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Ak(f Zf k lk Z Ikil(f)(ijl'()l}( (34)
_ Z ( _ Tk 1(f f") (35)

and, since f(ij’f) —TN)(E) =0V & e XM,
A(f) = (f(é]’-‘) —I’”(f)(cf,-k))l,’-ﬂ (36)

sk o vk
chen

where X* = &%\ A%1, with A° = ¢, represents the set of nodes added to the set of support nodes in going from depth k — 1 to
k. Clearly, A% has my = m, — my_; elements, and numbering them consecutively as Xk = (¢ ],] =1---,m}, we can rewrite
Eq. (36) as,

40 =30 (F&) -7 ) 37)

=

wk
i

Asin [43], we define W" as the 1D hierarchical surpluses, which is the difference between the actual function value and the
value obtained using the mterpolant from the previous level. We also define the set of functions IJ‘ as the hierarchical basis
functions. Using the incremental interpolant, we can rewrite the nodal interpolant in Eq. (25) in a hierarchical fashion as,

k
TP =T () + 44 () = > _A'(f), (38)
i=1

using the set of support nodes X* = Ufle X', The 1D nodal and hierarchical support nodes and basis functions for the case of
piecewise linear interpolation are plotted in Fig. 1.

4.2.2. Univariate to multi-variate interpolation
Given the univariate interpolation formula as in Eq. (25), to obtain an interpolation formula for the multi-variate case, one
could simply use tensor product, given as

i n k kn
@ oeTN) = 3 0 3 fGhg)-Ge ek, (39)
eyl dnexkn
1 In
where k = [ky, ..., k,] represents the depth of interpolation used in each direction. Using the hierarchical representation for

the 1D formulas (Eq. (38)), this tensor product can be rewritten as,

kn

(Ikl ®- Ik,, Z Z A 1n)(f‘). (40)

in=1

Clearly, the tensor product formula requires a very high number of support nodes N = m, - --m,. Even for a poor approx-
imation employing just two nodes (m,, = 2, Vi) in each direction, this number N = 2" grows rapidly for high dimensions
n > 1. Thus, although the tensor product formula easily extends the univariate interpolation formula to the multi-dimen-
sional case, it rapidly gets expensive as the number of dimensions grows.

The Smolyak algorithm [1] provides a way to extend the univariate interpolation formula to higher dimensions using the
minimal number of support nodes. The algorithm employs tensor products in a special way such that it leads to orders of

A
1

PN\ 1‘11 B/\ B @x
 mx
A

" ‘.

& & 8 & & & & & g &
(a) Nodal basis functions l_;“ and support nodes 5;-“, (b) Hierarchical basis functions l_’; and support
j=1,...,my, for depth k = 3. nodes 5;“ exk j=1,... mg fork=1,2,3.

Fig. 1. Univariate nodal and hierarchical basis functions and support nodes for linear interpolation.
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magnitude reduction in the number of support nodes, while maintaining the interpolation quality of the univariate formula
for higher dimensions up to a logarithmic factor [44]. The algorithm was proposed in [1] and has been extensively explored,
such as in [44,46,47]. Using the 1D incremental interpolant defined in Eq. (33), the sparse interpolant A, ,, where q is the
depth of interpolation (q > 0,q € Np) and n is the number of stochastic dimensions, is given by the Smolyak algorithm as,

Apnf)= D7 (400 4 f) = Agal)) + D, . (4 © @ 49 (F), (41)

|k|<n+q

withA_1, =0, and |K| = k; + ... + k,. Comparing this to the tensor product formula given by Eq. (40), it can be seen that the
sparse interpolant A, , only utilizes support nodes and basis functions with the restriction |K| < n + g, which leads to the re-
duced sum. Using the 1D incremental interpolant given by Eq. (37), the n-dimensional incremental sparse interpolant
AAqn(f), can be written as,

k kn . . ok
Man)= 3 S @@l (FE &)~ A aalf)(E, - ), (42)
[kl=n+q j
IJ!‘ WJ!‘
where j = (j;, ... ,j,) denotes the multi-index, such that j, =1,...,m/ and e =1,...,n. As for the 1D case, the coefficients

{wk} are defined as hierarchical surpluses, which is the difference between the actual function value and the value obtained
using the interpolant from the previous level. For the case of continuous functions, the hierarchical surpluses tend to zero as
the depth of interpolation q is increased. The adaptive stochastic collocation approach described later, employs these hier-
archical surpluses as error indicators to govern the adaptive refinement procedure.

From Eq. (41) we can also observe that the Smolyak construction is hierarchical, which means that the accuracy of the
interpolation can be improved by increasing the parameter g, and without having to discard previous results. In order to con-
struct the sparse interpolant A, ,, one needs to evaluate the function at sparse grid points H,, given by,

Hon= |J (X x - x X, (43)

|kl<n+q

recalling that the univariate interpolation nodes are selected in a nested fashion, X' ¢ x*, and Xk = x*k\ x*1, The sparse
grid Hq, can also be written in a hierarchical fashion as,

Hon = Ho1nUAHgn, AHgn= | (2% x---x x’;"), (44)

[kj=n-+q

with H_;, = (0. Thus, in order to increase the depth of interpolation from q — 1 to q in n-dimensions, one only needs to eval-
uate the function at newly added set of points given by AH,,. The tensor and sparse grids for the case of piecewise linear
interpolation using depth k; = 3, i = 1,2, are shown in Fig. 2, which illustrates a reduction in number of support nodes.

Remark 1. We must note that while constructing the interpolation hierarchically, the coefficients of the interpolation basis
functions are not the nodal function values, but are hierarchical surpluses (see Eq. (42)). Thus, when we compute the
variance using Eqs. (23) and (24), the coefficients g(u(x, &)) also denote the hierarchical surpluses corresponding to the
hierarchical interpolation for g(u), which can be trivially constructed using the sampled solution at the collocation nodes.

4.2.3. Interpolation error estimates
Using the univariate error bounds, a priori error estimators for Smolyak construction are derived in [44]. For a n-variate
objective function f : [0,1]" — R, we first define,

A @ Ay,
A O A B B A%,

A A A}[z_]z

0 OA: =
(a 1 (b)

1

Fig. 2. Set of support nodes for piecewise linear interpolation. (a) Tensor grid A> ® X>. (b) Sparse grid using Smolyak algorithm H,, = UﬁfDAHq_z.
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8\/J\
= {fID’f continuous if g; <rVi}, Df= ngﬁn

with g € Nj and || = Z[S, Then, for f € F>
tions is given as, i=1
If = Agn (Pl < €n- (N2 [log,NP™D), (45)

where ¢, > 0 is a constant which only depends on n, A;, denotes the sparse interpolant of f, and N = dim(%g,) is the total
number of support nodes. Similarly for f € F}, the error bound using higher-order Lagrange polynomials can be given as,

the error bound for the Smolyak construction using piecewise linear basis func-

n

If = Aga ()l < Cnr- (N HngN‘(HZ)("iUH)- (46)

where c,, > 0 is a constant which depends only on n and r.

From Egs. (45) and (46) we can observe that for sufficiently smooth functions, the convergence rate of the stochastic col-
location method using either piecewise linear or polynomial interpolation would be orders of magnitude faster than the
Monte Carlo (MC) or quasi-Monte Carlo (QMC) method, which were mentioned in Section 3.1. The performance of the sparse
grid method would suffer with increasing the number of dimensions (unlike MC method) because of the weak dependence
on the dimension in the logarithmic term. However, it has been shown in [13] that for the number of random dimensions as
high as 50, the sparse grid method is far more efficient than the brute force MC method. At this point, we also notice that the
sparse grid method offers exponential convergence only when the considered function is sufficiently smooth or the mixed
derivatives are continuous. In later sections, we demonstrate through numerical examples that the convergence rate is dras-
tically reduced for non-smooth functions. Based on this observation, we propose an adaptive stochastic collocation approach
which can be effectively used for situations where one expects jumps or discontinuities in the random domain.

4.3. Numerical examples

In this section we consider a numerical example to demonstrate the sparse grid interpolation procedure using piecewise
linear and polynomial basis functions based on the Chebyshev extrema. This example also serves as a motivation for the
adaptive sparse grid interpolation approach. In this work, we have used the sparse grid interpolation toolbox developed
by Klimke [45,48], where we have either modified the existing functions or added new subroutines as required. Consider
a two-dimensional function as follows:

f(fuéz):{

0, if & >0, &5 > o,

47
sin(m¢;) sin(mé,),  otherwise, (“47)

where 0 < ¢4, & < 1. In the following presentatlon we denote the n-variate Smolyak interpolant of depth g, based on piece-
wise linear interpolation functions as A qn(f) and the corresponding sparse grid as H .- Similarly, the n-variate sparse inter-
polant of depth q constructed using Lagrange interpolation functions based on Chebyshev nodes is represented as AC .(f) and
the corresponding sparse grid as H an

4.3.1. Interpolation of smooth functions
For oy = o = 1,f(&1,&,) represents a smooth function in domain [0, 1]°. We construct the sparse interpolants A: Z(f ) and
2(f ), where the accuracy of interpolation increases with increasing q. The approximate function f as given by Agz(f is
shown in Fig. 3(a). We compute the interpolation error as,

eLs )zgmxv@U—Aﬁvxa» (48)
E,l’f

where X; represents a sulfficiently fine grid, employed to compute the error. The interpolation error eé_z(f ) and eg_z (f) are
plotted in Fig. 3(b) with increasing depth of interpolation gq. As expected from Eqgs. (45) and (46), the interpolation error de-
cays much faster using higher-order Lagrange interpolation as compared to piecewise linear interpolation. The linear inter-
polation leads to an accuracy of ~ 1 x 10~ for ¢ = 9 using 3329 support nodes, as compared to an accuracy of ~ 1 x 107° for
q = 5 using 145 nodes. The corresponding sparse grids are shown in Fig. 4.

In addition to the interpolation error, we also consider the error in the moments, such as mean and variance, since ulti-
mately we are interested in approximating the statistics of the random solution. The relative error in mean eélﬁ(,u) and var-
iance eL{(v) are computed as,

AgnDl peo Vo= VG ()
o eV =——————, (49)
ol o Vo
where p, and v, are the actual mean and variance (computed analytically for the considered test functions), respectively, and
(ALC(f)) and V(A(L]'ﬁ(f)) are the approximate mean and variance, respectively, which can be computed using Eq. (23). The
relatlve error in mean and variance, with increasing level of interpolation g, is plotted in Fig. 5. As expected, the error in
the statistics also decays faster using polynomial interpolation as compared to linear interpolation.

o —
ek(p) =2
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(a) Interpolated function using piecewise linear basis func-
tions, N = 3329.

(b) Interpolation error using piecewise linear and polyno-
mials basis functions.

Fig. 3. Interpolation of a smooth function using sparse grid interpolation procedure.
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Fig. 4. Sparse grid collocation nodes for a two-dimensional problem.
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Fig. 5. Error in the statistics using piecewise linear and polynomial interpolation.
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4.3.2. Interpolation of non-smooth functions

In many physical systems, small variations in the uncertain parameters may lead to jumps in the solution. For example, in
MEMS switches, small variation in material properties and geometrical parameters may lead to pull-in, which is manifested
as a discontinuity in the switch displacement in the random domain. In order to accurately compute the statistics of the sto-
chastic solution using sparse grid interpolation technique, it is important to correctly capture these discontinuities in the
random domain. We again consider the objective function as given by Eq. (47), for o; = a; = 0.5. The function f has sharp
discontinuities at ¢ = 0.5 and &, = 0.5 planes. The sparse grid interpolation is used to construct an interpolant for this
function.

In Fig. 6(a) we plot the interpolation error obtained using linear and polynomial basis functions with increasing level of
interpolation. We observe that the convergence rate for both linear and polynomial interpolation are sub-linear for g < 11.
The linear interpolation leads to an accuracy in the range 1 x 10~ for g = 13 which includes 69,633 grid points. For the same
number of support nodes, the polynomial interpolation could only provide an accuracy in the range 1 x 10~'. This suggests
that for discontinuous functions it is better to use piecewise linear interpolation as compared to polynomial interpolation.
We also notice that the convergence rate for the discontinuous function is much slower as compared to the continuous case
(shown in Fig. 3(b)), since the function no longer satisfies the regularity condition as required for error bounds given in Egs.
(45) and (46). In Fig. 6(b) we observe same trend for relative error in mean and variance, where we obtain an accuracy in the
range 1 x 1072 using 69,633 support nodes for the discontinuous function, as compared to an accuracy of 1 x 10~ using
3329 nodes for the continuous function case. The interpolated function and corresponding sparse grids using linear interpo-
lation for various levels of interpolation are shown in Fig. 7.

5. Adaptive stochastic collocation method

The performance of the sparse grid interpolation deteriorates in the presence of discontinuities, as expected from Egs.
(45) and (46) and shown by the numerical example considered earlier. A dimension adaptive sparse grid interpolation
algorithm has been developed in [20] and further explored in [15,45], where important dimensions are sampled differ-
ently and ultimately it leads to employing larger number of support nodes in those dimensions. However, such an ap-
proach may not significantly improve the performance of the classical Smolyak construction in situations where most
of the considered random dimensions are important. Such a situation can occur more frequently for physical systems
where one may need to consider only a moderate number of random parameters, each of which may lead to a disconti-
nuity in the stochastic solution.

In order to effectively handle such situations, we propose an adaptive stochastic collocation approach. The adaptive
refinement proceeds as follows: we begin with the entire random domain, which is subdivided into several subdomains
or elements during the course of the refinement procedure. For the random domain, we construct a coarse interpolant using
the classical Smolyak algorithm. Such a construction involves computing the hierarchical surpluses, using which we estimate
the local contribution of the random element towards the global error. In addition, the hierarchical surpluses are also used to
estimate the more sensitive random dimensions. Based on these error estimates, we subdivide the random domain into sub-
domains along the most sensitive dimensions, as explained in the next section. The refinement procedure is then repeated
for each subdomain until the required error tolerance is achieved. Finally, the required statistics such as mean and variance
can be easily computed using the local statistics computed within each subdomain.

T T : r 10 T v . r
—&— Mean
10° | =:s 4 —— Variance
. 10° | 1
10 E
= -2 — _
g 107 3 2 107} 1
L w
107} E
1072} 1
107k 1
—&— Linear
—e— Chebyshev 3
. . . 10 . . . .
10' 10° 10° 10° 10° 10° 10’ 10° 10° 10* 10°
Number of gridpoints Number of gridpoints
(a) Interpolation error using piecewise linear and polynomial (b) Error in mean and variance using linear interpolation.

interpolation.

Fig. 6. Error in interpolation and statistics for discontinuous function.
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yi>rz-(j£r11§1_§yj), O<ty<1i=1,...,n, (54)

where 7, is a tunable parameter, which is chosen as 0.5 in this work.

We illustrate the refinement procedure for the case of piecewise linear interpolation using depth g, = 1, in Fig. 8. We be-
gin with the random element as shown in Fig. 8(a), and for simplicity, denote the hierarchical surplus corresponding to each
node as {w;}> ,. Using this, the error estimates can be computed as,

Bo=max(w), 7y =wi+w; andy, =wj+wi. (55)
€|,

The new random elements and the corresponding support nodes which are created based on the adaptivity criterion are
shown in Fig. 8(b-d).

We must note that when a random element s is split into subdomains, the local interpolant of depth g,, which had
already been computed, is no longer used, and such an interpolant needs to be constructed again for each of the subdo-
mains. This implies that the functional evaluations at the support nodes of the grid corresponding to an interpolant of
depth g, are wasted at each refinement step. However, this additional cost is not very significant since we employ a very
coarse interpolant (q; = g, = 1) within each subdomain. In order to represent the actual cost of the adaptive algorithm, we
report both the actual number of grid points N at any adaptive iteration step, as well as the total number of functional
evaluations N, for the numerical examples. In Fig. 9 we illustrate a few steps of the adaptive refinement procedure for
a two-dimensional problem.

5.2. Computation of moments

After we obtain the local approximation within each subdomain, we can construct the global moments as described by
Wan and Karniadakis for the case of ME-GPC in [18]. In each of the subdomains, we define a random vector #* : I;' (1) — I°*,
subject to the conditional PDF p*(»°), given as,

P = g (56)

Using this, we can approximate the mth-moment of the stochastic solution u(¢) on the entire random domain, using law of
total probability [26] as,

(@)
@ N R))
ws WI=Wa
_ 20
" WZ_W(I.])
1
oW [ J w3 @ ha mzw&i;
_(12)
W4_W(l.l)
w. _ ,(12)
o Ws =W
hy

SIS
SIS

®
hy hy
® 2 2
he © 60 e @ ®
@
®
@
I
2

SIEy
SIEy
=
S5y

(b) (© (d)

Fig. 8. Decomposition of a random element based on the adaptivity criterion. (a) Original random element s, (b) y, < T2 - 9, < 71, (€) V1 < T2 * P < V2, (d)
Y12 2 T2 Vs (@s = 1,V = MaXiz127;)-
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Ng
(@) ~ /F i"(&)p(&)de = Pr(ly=1) /F ()P 'l (57)
s=1 ;

In this work, since we assume ¢ to be a vector of n mutually independent uniformly distributed random variables in [0, 1],
p(€) =1 and Pr(I; = 1) = Volume(I®). Also, the integral over I"* in Eq. (57), can be mapped to the standard domain [0, 1]", by

introducing another random vector & = g, () : I;'(1) — [0,1]", with a PDF p; = 1, where,

gs("s) 577f:(b?—a?)5?+a?7 i:‘lv"wnv (58)
and (a,b;),i=1,...,n define the subdomain I’ = [a3,b]) x [a5,D3)... x [aS, b;,). Using this, Eq. (57) can be rewritten as,
Nq
W)Y op =) [ i (59)
s=1 0.1)"

where (&%) represents the approximate solution in sth-subdomain.
5.3. Error estimate

Following [18] it can be shown that the error in the L, norm of the mth-moment of the random field u(¢) can be written as
a weighted sum of the local L, error in the mth-moment in each random element,

Ny 3
€= / (U™ (&) — i) p(&)de = (ZLG?) : (60)
r s=1

where € and €, denote the global and local error, respectively, and J; = Pr(I; = 1) denotes the weight. The basic idea behind
the adaptive sparse grid collocation approach is to capture the discontinuity into smaller random elements, such that its con-
tribution towards the global error is minimal. For example, if the discontinuity lies in the element s*, we may not be able to
reduce the local error €, to the desired accuracy level by increasing the depth of interpolation g,., but we can certainly re-
duce the product J,. €2 by further refining the element s*. This error reduction strategy makes sense, since in the random do-
main we are only interested in computing the moments of the stochastic solution accurately. Although, we have not proved
any error bounds for the local error € for the case of discontinuous functions, we expect it to be bounded as the size of the
random element is adaptively reduced. We demonstrate the validity of such an assumption for the case of using piecewise
linear interpolation within each subdomain through numerical examples. The adaptive stochastic collocation methodology
is detailed in Algorithm 1.

Algorithm 1. Adaptive sparse grid collocation scheme

1: Pre-processing. Identify uncertain parameters (material properties and geometrical parameters) and represent them in
terms of independent random variables ¢ : @ — I' = [£;,&,, ..., fn]T, such that n represents the dimension of the random
domain I'.

2: Sampling. Sample the stochastic solution at the set of sparse grid points generated adaptively, as follows:

a. Initialization. Set number of subdomains Ny = 1, depth of interpolation in each subdomain g, = qy,s = 1,...,Ny. Spec-
ify desired error tolerance 7; and parameter T,.
b. Repeat.
c. Loop over all subdomains s =1,...,Ng.
Solve the deterministic problem at the sparse grid nodes H,,_,, and compute the error estimates f; and y;,i=1,...,n.
If (BJ, > 71), then
Add dimension i to the index set [;.
End If
Split the random element s into two equal elements along all directions contained in index set I;. Update the number
of subdomain Nj.
Else Do Nothing for element s.
End If.
d. Until (8J; < 71),s=1,...,Nq.

3: Post-processing. Compute the statistics (such as mean and standard deviation) of the deformation u(x, ¢) and surface
charge density g (X, £).
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Fig. 10. Interpolation error for the non-smooth function using classical and adaptive interpolation procedure based on piecewise linear basis functions.
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