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Abstract

Internal interfaces in a domain could exist as a material defect or they can appear due to propagations of cracks.
Discretization of such geometries and solution of the contact problem on the internal interfaces can be computationally
challenging. We employ an unfitted Finite Element (FE) framework for the discretization of the domains and develop a tailored,
globally convergent, and efficient multigrid method for solving contact problems on the internal interfaces. In the unfitted FE
methods, structured background meshes are used and only the underlying finite element spaces are modified to incorporate the
discontinuities. The non-penetration conditions on the embedded interfaces of the domains are discretized using the method
of Lagrange multipliers. We reformulate the arising variational inequality problem as a quadratic minimization problem with
linear inequality constraints. Our multigrid method can solve such problems by employing a tailored multilevel hierarchy of
the FE spaces and a novel approach for tackling the discretized non-penetration conditions. We employ pseudo—L2 projection-
based transfer operators to construct a hierarchy of nested FE spaces from the hierarchy of non-nested meshes. The essential
component of our multigrid method is a technique that decouples the linear constraints using an orthogonal transformation.
The decoupled constraints are handled by a modified variant of the projected Gauss—Seidel method, which we employ as a
smoother in the multigrid method. These components of the multigrid method allow us to enforce linear constraints locally
and ensure the global convergence. We will demonstrate the robustness, efficiency, and level independent convergence property
of the proposed method for Signorini’s problem and two-body contact problems.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Contact problems are virtually ubiquitous in the field of mechanics and engineering. An accurate and reliable
simulation of the contact problem is important in many engineering applications. From the numerical modeling
perspective, contact problems are challenging to solve as the contact boundary is unknown a priori. Hence, a special
type of iterative scheme is needed to solve such problems, as the contact zone has to be identified during the solution
process. In this work, we present contact problems in the unfitted finite element (FE) framework and introduce the
problem in terms of a variational inequality. Here, we consider frictionless contact problems, where we neglect
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the tangential forces on the contact interfaces. The main contribution of this work is a novel generalized multigrid
method that is developed for solving the arising quadratic minimization problem with linear inequality constraints.

In the last two decades, unfitted FE methods have seen a rise in popularity and multiple frameworks for handling
unfitted geometries have emerged. Unlike traditional FE methods, these unfitted FE methods do not require a
fitted mesh that describes the computational domain explicitly. The unfitted FE methods, generally, require a
background mesh that encapsulates the computational domain, and the FE spaces associated with the background
meshes are modified to capture the information of the domain. These methods are ideal for solving problems
with complex computational domains, interface problems with discontinuous coefficients, or moving interfaces.
As the background mesh and the computational domain are created independently, the interfaces/boundaries of the
domain are, generally, embedded in the background mesh. For this reason, it becomes essential to enforce boundary
conditions or interface conditions in a weak sense. To this end, the penalty method, the method of Lagrange
multipliers, and Nitsche’s method are used to impose the interface/boundary conditions. In practice, Nitsche’s
method is significantly more popular than the method of Lagrange multipliers and the penalty method. This is
due to the fact that the penalty method is variationally inconsistent and it does not produce optimal convergence
rates of the discretization error in absence of a sufficiently large penalty parameter. Nitsche’s method can be regarded
as a variationally consistent penalty method and due to its robustness, it is widely used in the unfitted FE methods.
Nitsche’s method also requires a penalty/stabilization parameter, where the parameter has to be chosen such that the
coercivity of the bilinear form is ensured. The Lagrange multipliers give rise to mixed FE formulations, the linear
systems of equations stemming from this discretization scheme have a saddle point structure and the method is
not stable if the FE spaces do not satisfy discrete inf-sup condition. The eXtended finite element method (XFEM)
was introduced as a partition of unity method to enrich the underlying FE spaces to tackle the problems in fracture
mechanics with crack propagation [1,2]. A similar unfitted method, which utilized Nitsche’s method for enforcing
the interface condition, was introduced in [3,4]. This method evolved into CutFEM [5], where Nitsche’s method is
used to enforce the boundary/interface conditions and a ghost penalty type term is used for stabilization [6].

The modeling of contact problems in the context of fitted FE methods has been studied from both numerical and
theoretical points of view in detail, for example, in [7-9]. In the unfitted FE framework, the initial work regarding
the contact problem was carried out by Dolbow et al. in the context of XFEM to tackle the frictional sliding
contact on the crack faces [10]. In the work [10], the frictional contact constraints on the crack faces were handled
using the Large Time Increment (LaTIn) method [11]. In order to solve the contact problems in the unfitted FE
framework, multiple approaches have been considered. The penalty formulation for solving the contact between
the open crack faces was utilized in a few works [12—-14]. A formal theoretical framework of Nitsche’s method
for solving the contact problem was later given by several authors in fitted FE framework [15-18] and unfitted
FE framework for fictitious domain methods [19]. Recently, Nitsche-based contact problems in an unfitted FE
framework have been considered in the context of large deformation [20]. Nitsche’s method for enforcing the contact
conditions gives rise to a non-smooth energy functional and to solve such problems, the generalized Newton’s
method was used as a solution strategy in [21]. In the context of the CutFEM solver, a LaTIn-based solution
scheme was proposed for solving the contact problems, where the contact conditions are handled with Nitsche’s
method [22,23]. Lagrange multiplier based approaches for contact problems in unfitted methods have also been
pursued in several works [24-26]. In these approaches, multiple techniques for constructing a stable multiplier
space have been considered.

As noted earlier, the method of Lagrange multipliers gives rise to mixed FE formulations, and the stability of
the mixed formulation is ensured only if the discrete inf-sup condition is satisfied. In the unfitted FE framework, it
is shown that the most convenient approaches to construct the multiplier spaces give rise to instabilities [27,28]. To
circumvent the strict requirement of satisfying the inf—sup condition, a different approach was introduced by Barbosa
and Hughes [29]. In the Barbosa—Hughes approach, the restriction over the choices for FE spaces is dropped and the
stability of the formulation is ensured using a stabilization term, which penalizes the jump between the multiplier and
its physical interpretation. This approach was extended by Haslinger and Renard to the fictitious domain method in
the unfitted FE framework [30], where an additional ghost penalty type stabilization was also used for cut elements.
A different type of stabilization method was introduced by Burman and Hansbo, where the multiplier is chosen as
a piecewise constant function and the stability of the saddle-point formulation is achieved by penalizing the jump
of the multiplier over the element faces [31]. Alternatively, different augmented Lagrangian methods have also
been considered, where Nitsche’s method is derived by explicitly interpreting the multiplier in terms of primal
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variable [32]. Several other approaches are also considered in the literature to create FE spaces that satisfy the
discrete inf—sup condition, where a primal space with bubble-stabilized basis functions is considered [33,34]. Béchet
et al. developed a stable Lagrange multiplier space based on a vital vertex algorithm [24], which was later extended
by Hautefeuille et al. [35]. This method does not require any stabilization terms or modification of the primal
space, only the multiplier space is designed carefully such that it satisfies the inf-sup condition and ensures optimal
convergence of discretization error.

In the unfitted FE framework, the background mesh and the computational domains are independent entities,
hence the elements associated with the background mesh are allowed to intersect arbitrarily. Due to this reason, the
linear system of equations arising from the unfitted FE discretization can be highly ill-conditioned. Recently, many
efforts have been made to develop multigrid solution strategies in context of the unfitted finite element methods
[36-39]. For example, in [37], a multigrid method is developed for solving an elliptic interface problem with
high contrast coefficients. While in [38], a parallel geometric multigrid method is developed for solving elliptic
problems in the Finite Cell framework. Additionally, the system of equations arising from the discretization of
contact conditions using the method of Lagrange multipliers can be formulated as a quadratic minimization problem
with linear inequality constraints. Due to this reason, the standard multigrid methods cannot be employed to solve
the contact problems. In context of fitted FE methods, the geometric multigrid methods for solving contact problems
have been developed in [40—42] and the algebraic multigrid methods have been proposed in [43,44].

In our work, contrary to the more popular Nitsche’s method, the method of Lagrange multipliers is used to
enforce the non-penetration condition on the interface. We employ the vital vertex algorithm for constructing a stable
Lagrange multiplier space. In addition, the ghost penalty stabilization term is used to control the gradients of the
function on the cut elements, which in turn provides an upper bound on the condition number of the system matrix.
Here, as we have a mixed FE formulation, we need to solve a primal-dual constrained optimization problem. We
have circumvented this by developing a tailored multigrid method, which solves a constrained quadratic optimization
problem with linear inequality constraints, where we are required to solve the problem using the primal formulation.
Our generalized multigrid method utilizes the pseudo-L2-projection to compute the transfer operator which was
originally proposed in [39] and utilized in [45]. The generalized multigrid method is motivated by the monotone
multigrid method proposed in [46], which was developed for solving a quadratic minimization problem with point-
wise constraints arising from the variational inequalities. In the monotone multigrid method, the energy functional
is minimized successively such that each iterate satisfies the constraints. An important component of the monotone
multigrid is projected Gauss—Seidel (PGS) smoother, which can simultaneously minimize the energy functional and
project the current iterate onto a feasible set in each local iteration. For the linear constraints, which are represented
by a linear combination of several variables, the traditional PGS method is unusable. To overcome this difficulty,
we introduce an orthogonal transformation of the linear constraints and propose a novel variant of the PGS method
that can handle such constraints. The overall methodology proposed in our work, the particular combination of the
discretization and the multigrid method, is computationally less expensive than employing a variant of Nitsche’s
method.

In the context of the contact problems in the unfitted methods, similar to our discretization scheme, Nitsche’s
method also employs the ghost penalty stabilization term [19,22]. Additionally, in the context of fitted FE methods
for solving the contact problems, it has been shown that coercivity of the symmetric variant of bilinear form can only
be ensured if a sufficiently large stabilization method is used [15]. While for the non-symmetric variant the coercivity
of the bilinear form is ensured for any non-zero stabilization parameter [16]. The ghost penalty term added to the
bilinear form of a symmetric variant of Nitsche’s method provides additional coercivity, however, the stabilization
parameter has to be chosen carefully to ensure the coercivity. One can employ generalized eigenvalue problems
to estimate the stabilization parameter or a lifting operator scheme to remove the dependence of the stabilization
parameter on the coercivity [45]. Thus, (symmetric) Nitsche’s method also requires the ghost penalty term, and then
parameter selection for the stabilization parameter has to be carried out. Additionally, the non-penetration constraints
have to be replaced with an approximate nonlinear function which has to be penalized/enforced in Nitsche’s
method [47]. Due to this reason, Nitsche’s method remains in the primal formulation but it loses consistency as
small penetration may occur if the penalty parameter is not chosen carefully. A larger value of the penalty parameter
improves the approximation of non-penetration conditions, but it can cause the resulting linear system of the equation
to become severely ill-conditioned. The addition of such a term to the underlying Nitsche’s formulation causes it to
become nonlinear, and variants of the Newton method have to be employed to solve such problems [21]. At each
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Newton iteration, we have to reassemble the tangent system of Nitsche’s formulation corresponding to the current
active set. Therefore, by employing the proposed combination of the discretization and solution method, we have
to solve a system with n-unknowns only one time with a multigrid method, while for Nitsche’s method we would
need to solve a system with n-unknowns several times and during each iteration, we have to reassemble the bilinear
and linear forms.

The outline of this paper is given as follows. We introduce the two-body contact problem and discuss the unfitted
FE discretization in detail in Section 2. In Section 3, we introduce our generalized multigrid method and explain
each component of the multigrid method in detail. We discuss an orthogonalization strategy to decouple the linear
constraints and introduce a modified PGS method to tackle the decoupled constraints. Lastly, we present the results
of numerical experiments in Section 4. We study the discretization error and the performance of the multigrid
method with respect to several parameters. We show the robustness of the proposed generalized multigrid method
for Signorini’s problem and the two-body contact problem and also compare the performance of our multigrid
method with other solution strategies.

2. Two-body contact problem in an unfitted FE framework

In this section, we introduce the two-body contact problem within the unfitted finite element framework. Here,
we assume that the contact between the two bodies takes place on an embedded interface. The Dirichlet boundary
and Neumann boundaries can also be assumed to be embedded, but in order to simplify the presentation of the
problem, these boundaries are assumed to be fitted with the background mesh.

2.1. Problem description

We assume two elastic bodies 2!, 2? € R¢, d € {2, 3}, with Lipschitz continuous boundaries I'", I">. The bodies
are assumed to be subjected to volume forces f' : 2/ — R and traction/surface forces on the Neumann boundary
t, . I'i, — R?. Both bodies undergo deformation due to the influence of these external forces. A material point
X € 2 in the undeformed state moves to the location X + u after the deformation. Here, the vector-valued quantity
u : 2 — R? denotes the displacement field of the material point X, denoted as u := u(X). The boundary I is
decomposed into three parts: the Dirichlet boundary I'p, the Neumann boundary /'y, and apriori unknown contact
boundary .

In elastostatics, the displacement field u := (u', u?) can be given as a solution of the following boundary value
problem:

—V.ol@)=f in 2,
u' =u), onl}, (1)
o'y -n' =t on Ik,
where n' denotes the outward normal on the Neumann boundary F};,. We note that unlike Dirichlet and Neumann
boundaries the contact boundary is shared between both bodies, I, = I'' = I'>. These parts of the boundaries are
assumed to be disjoint and the contact boundary is assumed to have a positive measure, i.e., measy_;(I;) > 0. In
(1), we denote the Cauchy stress tensor as o = o(u). Here, we assume the bodies 21, 2?% to be linear elastic,
where the constitutive law is provided by Hooke’s law
o) =2u'e’) + Atr(e(u' )  fori e {l,2},

where A’ and p' are the Lamé parameters, tr(-) denotes the trace operator, I is second order identity tensor, and
the linearized strain tensor & := &(u) is defined as &(u) = %(Vu + (Vu)T).

We assume that a gap function g. : I'. — R™ is given between two bodies in the direction of outward normal
n, where the outward normal is defined as n = n' = —n?. The point-wise gap in the displacement fields for both
domains is defined as

[u-n)=u"-n'"+u> n*=@" —u? n'.

The non-penetration condition on the possible contact boundary I, is given as in (2a). The contact pressure or
stress developed in the normal direction on I, is compressive (2b). We also decompose the traction vector at the

4



H. Kothari and R. Krause Computer Methods in Applied Mechanics and Engineering 392 (2022) 114630

contact boundary into the normal and tangential components, given as on = o, - n 4+ o,, where 0, = n - on. The
third contact condition is given as complementarity condition, as in (2c), which ensures that the gap between two
bodies is zero in presence of non-zero contact pressure and the contact pressure is zero in absence of contact. As
we are considering the frictionless contact problem, the body is allowed to move freely in the tangential direction
and the induced tangential stresses are given as in (2d). The frictionless linearized contact conditions are given as
follows:

[wu-n]—g. <0 onl,, (2a)

0, <0 onl,, (2b)

([u-n] —g)on, =0 on I, (20)
o,=0 onl.. (2d)

In contact mechanics these conditions are known as Hertz—Signorini-Moreau conditions for frictionless contact,
while in optimization literature they are known as Karush—-Kuhn-Tucker (KKT) conditions of the constraints.

Remark. In this work, we also consider Signorini’s contact problem in the unfitted FE framework. In Signorini’s
problem, a contact between a linear elastic body and a rigid foundation is considered and the gap function is
computed as a distance from apriori unknown contact boundary to the rigid foundation. The non-penetration
condition for this problem is given as, u -n — g, < 0 on [,.

2.2. An unfitted FE discretization

In this section, we discuss the discretization of the two-body contact problem. For simplicity, we assume that
only the contact boundary is not fitted with the mesh, while Dirichlet and Neumann boundaries are fitted.

We assume a shape regular, quasi-uniform, conforming quadrilateral mesh 77, of a polygonal domain Q. The
polygonal domain Q is define as {2 D 2 = 2'U 2. The contact boundary I, is assumed to be resolved sufficiently
well by the mesh 771 and the curvature of the boundary is assumed to be bounded. Let #x be the diameter of the
element K, and mesh size is defined as 7 = maxy 7 hx. We define an active mesh, which is strictly intersected
by the domains N 0% as

Ti={KeT,: KN £0), foriell,2}.

For simplicity, we define a domain {2} = U, eri Ko where 2 C (2; for i € {1,2}. The active meshes exclude all
elements that are neither intersected by the boundary I'. nor are in the interior of the domain. We define a set of
elements that are intersected by the contact boundary I, as

Tor. ={K €Ty : KN T, # 0},

For all elements K € T 1., let K := K N {2 be part of K in domain (2. The elements K € T, \ T, 1, are strictly
in the interior of domain (2. For all K € T}, ., let FNK =TI,.NK be part of [, in K.
We define a continuous FE space over the mesh 7}, as

Vi ={v e [H' T 1 vlx € Qu(K), vl,7,, =0.VK € Tp), 3)
where Q| denotes the space of piecewise bilinear functions. Following the original XFEM literature [2], we define

a characteristic function of a computational domain 2 for i € {1,2}, as

Xo RIS R fo<X)=:1 e, @)
0 otherwise.
The function space Vh is spanned by nodal basis functions &, = {¢h }pe.i7» Where J%, denotes the set of nodes of
the background mesh 77, The characteristic function is used to restrict the support of the finite element space Vh to
the respective domain (2 thus Vh = xoi(X )V;,. We seek the approximation u; = (u} R Du h) in space V;, = Vh @Vh.
We define a set of nodes on an active mesh 7, associated with a domain {2’ as

={p et supp@)N 2 £@} forie{l,2}.
5
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[ [

) ~ = = =

(a) A quadrilateral mesh T of  (b) The mesh Tj, is strictly in- (c) The mesh Tp 1, is shaded (d) The set of faces Gp . is
) tersected by the domain Q. in blue, while the interior mesh  shown in the red.

a domain 2 is used as a back-
a comam ¢ 15 usec as a bac Tu\Th,r, is shaded in green.

ground mesh, where a semicir-
cular domain 2 C Q.

Fig. 1. An example of a domain {2 with a background mesh ’7},

We now define a “cut” basis function associated with a node p as
o = x0i(X)@P  Vpe N, iefl,2)

The function space V} is spanned by nodal basis functions & = {¢/} e We define the FE space V), = span{ &},
where @, = &} U &2, and the set of nodes associated with the mesh 7 is given by 4, = A,! U 4,2,

Remark. For Signorini’s problem, the characteristic function (4) is defined only on the domain 2'. An example
of a domain {2 embedded in the background mesh 7, the active mesh 7, the interior mesh, and the cut mesh are
shown in Fig. 1.

2.3. Variational formulation

The variational formulation of the two-body contact problem using the principle of virtual work is given as:
find u;, € IC;, such that, a(u,, v, —uy) > F(v, —uy,) Vv, € Kj, (®))

where a(-, ) : V;, x V;, — R is a symmetric, continuous and coercive bilinear form, and F(-) : V;, — R denotes
continuous and bounded linear form. The bilinear and the linear forms are defined as

2 2
auy, v,) = Z/ o' (u)) : e(v))d 2 = Z(/ 2l e(u) : e(v))d 2 +/ , xitr(e(u;l))tr(e(v;;))d(z),
— Joi — \J i Qi
151 i=1 (6)
F(v,) = Z(/ fividn +/ tﬁvv;dr).
o \Ja Iy
Here, we employ the method of Lagrange multipliers to enforce the non-penetration contact conditions (2a), where
the multiplier space is constructed by employing the vital vertex algorithm [24,35]. This is due to the fact that the
Lagrange multiplier formulation does not require modification of the primal formulation, and the contact condition
can be handled by the multipliers implicitly. Whereas, Nitsche’s formulation for the contact problem is more
complex as we have to handle the non-penetration conditions in the primal formulation.
1
We introduce the multiplier space M,;, € H~2([,) and define the bilinear form b(-, -) : M;, x V, — R, given
as

by, up) = Z f wunuy -n] dT Y, € My, VYu, € Vy, @)
I'g

KeTh,r,

and the linear form G(-) : M, — R, given as

Glun) = ) f wige dI' iy € M.
I

Finally, we can define a space of admissible displacements that satisfy the contact conditions as

IKCh = {v, € Vi : b(pn, vi) < G(p), Yo € My} ¥
6
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The space of admissible displacements /C, is a closed convex subset of the FE space V. Due to the inequality
condition in (5), the contact problem is inherently nonlinear.

2.3.1. Ghost penalty stabilization

In unfitted FE methods, a background mesh can intersect with a boundary/interface of the computational domain
of arbitrary shape, hence the elements are allowed to be cut arbitrarily by the boundary/interface. In general, this
flexibility can result in disproportionally cut elements, which might not be shape regular anymore. For this reason,
the bound on the gradient of a function can become arbitrarily weak for the unfortunately cut elements. By adding
a ghost penalty term [6], we regain control over the gradients of the function on cut elements with very small
support, and by extension, we can overcome the issue of ill-conditioning. This stabilization term has to be chosen
in such a way that it provides sufficient stability and stays weakly consistent with the original formulation for
smooth functions. We define a set of faces g,’;, r. for each subdomain 2! as

G, ={GCOK |K €T, . 0KNJT, =0} forie({l, 2}

An example of the set of faces G, . in the context of Signorini’s problem can be seen in Fig. 1(d). The ghost
penalty term is enforced on the faces G € Gy, ., and it is defined as

Jjun,vp) = Z Z eche2u' + )J')[Vrfhuh -ng][VEvi - ng] dG, "’
=12} geg; | ¢

where h¢ is the diameter of the face G, ns denotes a unit normal to face G, € is a positive constant and A,
denote the Lamé parameters associated with the either domain [48]. Here, &£, denotes thg canonical extension of
the function from the domain to the background mesh, which is defined as &, : Vi |k, = Vilx. This ghost penalty
term is enforced in the normal derivatives of the displacement field. A different approach is also considered in [22],
where the ghost penalty term is enforced in the normal derivatives of the stress field.

Now, we modify the variational formulation of the two-body contact problem by adding the ghost penalty
stabilization term. The updated variational problem is defined as:

find u;, € IC, such that  a;(u,, v, —uy) = F(v, —uy) Vv e ICy, (10)

with the bilinear form a;(u;, v;,) = a(uy, vy) + j(uy, v,).

2.3.2. Discretization of non-penetration condition

We have used the method of Lagrange multipliers to discretize and enforce the non-penetration contact condition.
To achieve optimal convergence rates of the discretization method, the choice of the FE spaces for primal variable
u;, €V, and the dual variable A, € M,, is crucial. In the unfitted FE framework, the most convenient options for
V;, and M,, are very rarely stable. As, the method of multipliers is stable only if the following discrete inf-sup
condition is satisfied

b(un,
inf  sup (K, n) >8>0, 11

“neMy v eV ”/"Lh ||H7%(Fh),h |||v/’t |||a

where the constant S does not dependent on mesh-size k. Also, the mesh dependent interface norm is defined as

. 2. ;
IIHhIIif%(Fh) = Y ket Mlinll2s ., and 1valllg = a(vn, va) + j(vh. v4) denotes a broken energy-norm. If the
inf—sup condition (11) is not satisfied, it can give rise to spurious modes in the discrete Lagrange multiplier space.

The effect of the spurious modes in the solution can be observed as locking phenomena on the interface. In the
unfitted FE framework, it is not trivial to create an optimal multiplier space, as the interface is not resolved by the
background mesh.

We employ the vital vertex algorithm to create a stable multiplier space, where the primal space is kept the
same and a coarser multiplier space is chosen. Such an approach of constructing a coarser multiplier space can be
found in several works in the context of unfitted FE framework [24,49]. Béchet et al. developed a stable multiplier
space based on a vital vertex algorithm [24]. This method does not require any stabilization term for the Lagrange
multiplier and the primal space V), does not require any modification. Only the multiplier space M, is designed
carefully such that it satisfies the inf—sup condition.
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We define a skeleton associated with the mesh 7 ., as Sp.r, = UkeT;, FCBK . The set of vertices is defined
by points that result from the intersection interface I, with the skeleton S ., given as %, r. := Sy, N I.. The
set of vertices 7, . is later decomposed into a set of vital vertices 7/;;‘,/11. and a set of non-vital vertices “//h{VFC.
This decomposition is carried out based on two main rules: a vertex is declared to be vital if it is not connected
to another vital vertex; a non-vital vertex has to be connected to at least one vital vertex. The dimension of the
multiplier space M, is given as |7/h‘,/1} |. A set of nodes .4 . includes all nodes that are endpoints of the cut-edges,
given as A, r, :={q € M, : ¢} 1. # 0}. The set .4, r, is later divided into a set of active nodes e/ijl‘,“n and inactive
nodes =/1{1' r.- Here, the set of active nodes JVhf*FC are defined as the endpoints of the edges on which the vital vertices
are located and the inactive nodes are given as ;. = A}, .\ A, . For each vital vertex p € %", , we define an
associated basis function v . These basis functions are defined as linear combination of trace of higher dimensional
basis function q)z on interface I, where g € .4}, 1., given as

p. q
Yy = Z WpqPp |1

qe/Vh,FC

where w),, are coefficients of the linear combination chosen such that v/ (q) = 8,, for all g € %", .

In Fig. 2, we can see a set of all vertices (Fig. 2(a)), a set of vital vertices ¥, . (Fig. 2(b)), a set of all nodes
associated with the cut elements .4, r. (Fig. 2(c)), and an identified set of active nodes %f‘n and inactive nodes
!y, (Fig. 2(d)) for Signorini’s problem.

2.4. Local basis transformation

The non-penetration constraints in the contact problem are given by the relative displacement of the bodies in
the normal direction. Thus, the constraint at any node is given by the coupling of the degrees of freedom (DoFs)
on the node. To create the constraint matrix such that the non-penetration condition is enforced only on one DoF
per node, we transform the system into a new basis.

Let {E,}i—;..._q be the Euclidean basis of R and n p be the outward unit normal on the node p. On each node
p € N r., we define a new basis e;(p) = n, and also change {e;};—> 4 such that this redefined basis is also
orthonormal, while for all ¢ € 4}, \ A5, . the definition of the Euclidean basis remains the same. This approach was
introduced for Signorini’s problems [50] and has been effectively applied to multi-body contact problems [41,42,51].
The transformed basis is constructed using a local Householder transformation on R¢, given as

O,p=1-2w,dw,) Vp e M.r.,

where the vector w, is computed by w, = (n, — E)/||n, — E1||>. Now, due to the Householder transformation
for all p € A5 . we can uniquely define local unit vectors as e;(p) = O ,,E;(p). While, we define 0,, = I
for all g € A, \ A4, 1., which ensure that the basis system on those nodes remain unchanged, i.e., e;(q) = E;(q).
Thus, by using these local transformation matrices, we can construct a global matrix O € R™*"? where nd =
[ ] - dT and O = @pc_y, Opp, Which is an orthonormal matrix with the properties, 00" = 0"0 = I and
0=0"

This transformation decouples and locally modifies the constraints and it is only applicable in the normal
direction. The bilinear form (7) for the two-body contact problem can be reformulated as

by, up) = Z / wplup - E\] dI'x Y, € My, Yuy, € V. (12)
I'k

Kefﬁ,,pc

In the next section, we discuss the algebraic formulation of the contact problem (10) and also discuss the effect
of the local basis transformation algebraically.

Remark. In unfitted methods, the interface I. is defined as the zero-isoline of level set of a function A(X).
The gradient of such level set function A is used to define unit normal at any point in the domain {2, given as
n= % [52]. Thus, even if a node p € 4, r. is not on the interface I, we can compute unit normals on any
nodes in .4}, r. using the above formula.
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(a) Set of vertices ¥4 p. are
marked with a green circle, all
cut edges which are intersected
by the boundary are marked
with blue line.

(b) Vital vertices V/QF are
marked with a green cnrclc the
cut edges on which the vital
vertices lie are marked with
blue line.

(¢) The nodes A% r, that be-
long to the sub-mesh 7’;,;‘{l are
marked with black squares

(d) All active nodes Jt/,frf_ are
marked with red squares, and
the inactive nodes JV,,{F(‘ are
marked with green squares

Fig. 2. Different type of nodes characterized by the vital-vertex algorithm.

2.5. Algebraic formulation

The abstract variational problem for the contact problem can be reformulated as an optimization problem with
inequality constraints, given as

1
u;rg}h J(u) = Ea,(uh, up) — F(uy) (13)
b(pp, up) < G(up) Y € M.

The above minimization problem can be written in an algebraic formulation using the local basis transformation
introduced in the previous section. We denote local entries of the stiffness matrix and the right-hand side as

pq = (aj((ﬁ}fEls ¢hEk))zk L., bp = (F(¢ E;))1,...

The global stiffness matrix and the right-hand side vector can be assembled as

subject to

(14)

A = (Appgery, b= bp)pen,.
The bilinear form b(-, -) can be decomposed into two parts, b'(-, -) : M, x V,} — R and b%(-,-) : M, x V}% — R
associated with domain 2! and (22, respectively, written as
b, wp) = b (n, wy) — b*(pn, uy),
where
b up) = Y f ui(u), -n)dl and D>y up) = Y f pn(uy - m) dl.
K€771 Te K€771 Te I’k

This decomposition allows us to write the local entries of the constraint matrices as

By = ' (i, Sy Ei=1,... B} = 0’y $LEN)i=1,..as & =GWy),

where ¥, ¢h and ¢h denote the basis functions associated with nodes r, k, [ in the FE spaces M}, V,f and V,f,
respectively. Thus, the entries of the constraint matrix B and the gap vector g are given as

15)

1 _ /pl ) _
B = (Brk)re“i/hvpc,ke./Vhl’ B” = (Brl)rE“V]ch,lex/th’ 8§ = (gr)re%:,l"c’

where %1 and %2 denote the set of nodes of the active meshes associated with each body, respectively, and ¥ r.
denotes the set of vital vertices. The matrix B can be constructed as B = B' — B2. Now, we can write the algebraic
formulation of the constraint minimization problem (13) as

. 1

min J(x) = —x"Ax —x"b

xeRnd 2

subject to

(16)
Bx < g,

where x,b € R, A € R"™" B ¢ R™" ¢ ¢ R" m « nd and rank(B) = m. Here, x denotes the unknown
displacements, and g denotes the gap between two bodies on the contact boundary.

As we have changed the definition of the Euclidean basis (in Section 2.4), we have to also modify the problem
algebraically. The (symmetric) matrix O can be used to transform the variables into the new basis as ¥ = Ox and

9
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x = OX. Similarly, the stiffness matrix A and the right hand side b in the new basis are given as A = OAO
and b = Ob. The constraint matrix can be written in the new basis as B = B, the matrix B is obtained by
discretization of (7) and the matrix B is constructed by discretization of (12). The algebraic formulation of the
contact problem (16) in the new basis system is given as following minimization problem:

min J(¥) = Lemds — 5"

xeRnd 2 a7

subject to Bx < g.

Remark. The local basis transformation for this problem can be carried out directly during the assembly process.
We can compute the stiffness matrix, constraint matrix and the right-hand side with locally transformed basis by
directly utilizing the new basis e; instead of the Euclidean basis E; in (14) and (15).

3. A generalized multigrid method

In this section, we introduce a new generalized multigrid method for solving a quadratic minimization problem
with linear constraints (17). This multigrid method is motivated by the monotone multigrid method [46,53], which
was originally developed to solve a quadratic minimization problem with point-wise inequality constraints. Here, we
present an extension of this method for solving a quadratic minimization problem with linear inequality constraints.

The monotone multigrid method is an iterative method, where within each iteration the energy functional
is minimized successively such that the current iterate satisfies the constraints. This task is carried out using
the projected Gauss—Seidel (PGS) method, which simultaneously minimizes the energy functional and projects
the current iterate onto a feasible set. The traditional PGS method is unable to tackle the linearly constrained
minimization problem, which represents a linear combination of several variables. To overcome this difficulty, we
introduce an orthogonal transformation and a variant of the PGS method that can handle the linear inequality
constraints. In addition, in this multigrid method, we employ the transfer operators constructed using the pseudo-L?-
projections. Here, we introduce the necessary ingredients used in our generalized multigrid method. The multigrid
method is an ideal iterative method for solving many large-scale linear systems of equations that arise from the
discretization of elliptic differential equations [54]. This method obtains optimal convergence rates by exploiting
discretizations with different mesh sizes. The multigrid method is considered to have optimal complexity as its
convergence rate is bounded from above and it does not depend on the size of the problem. Even though the
convergence rate of the multigrid method does not depend on the problem size, the number of arithmetic operations
grows proportionally with the problem size. Hence, the complexity of the multigrid method is given as O(n). The
robustness of the multigrid method depends on a sophisticated combination of smoothing iterations and coarse-
level corrections. These components are complementary to each other and reduce the error in a different part of the
spectrum. We define levels as £ € {0, ..., L}, where £ = 0 denote the coarsest level and £ = L denotes the finest
level. The standard multigrid method to solve a linear system A, x; = b, is described in Algorithm 1, where vy, v,
are the number of pre-smoothing and post-smoothing steps, respectively. The values of y =1 and y = 2, in the
multigrid algorithm transform the method to a V(vy, v;)-cycle and W (v, vp)-cycle, respectively. The matrix T§71
denotes a prolongation operator, and its adjoint denotes a restriction operator.

3.1. Transfer operators for unfitted FEM

It is well-known that the efficiency of the multigrid method depends heavily on the underlying hierarchy of
meshes and FE spaces. In the multigrid method, the multilevel decomposition of the FE space is performed in such
a way that the FE spaces associated with coarser levels are subspaces of the FE space associated with the finest
level. This does not necessarily hold for a hierarchy of FE spaces in the unfitted FE framework. Here, we briefly
present a strategy for constructing a nested hierarchy of FE spaces from a hierarchy of non-nested meshes.

We define a sequence of quadrilateral meshes of polygonal domain 2, denoted as {T}( =0,..,.L- We associate the
original background mesh on which the problem is defined as the mesh on the finest level, give as, 7. = Tj.
The sequence of meshes is created by choosing a mesh on the coarsest level To and uniformly refining this mesh.
Now, we can associate FE spaces V, to the meshes on each level, in the same way as given in (3). If the meshes
{T}g —o..... are nested then the associate FE spaces are also subspaces of the FE space on finest level, given as

10
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Algorithm 1: Standard multigrid cycle

Output: x

1 Function: MG(Ay, by, x¢, €, v1, v2, TE_,,y)

2 if ¢ # 0 then

3 X, < x;+ Smoother(Ay, by, x4, v1); > pre-smoothing
4 | reg < (T )Ty — Apxy); > restriction
5 A < (T DTATY > Galerkin projection
6 co—1 <0 > initialize coarse level correction
7 fori=1,...,y do

8 L Co1 <1+ MG(A;_1,r¢_1,L— 1,01, 19, Tﬁ:é, R > coarse level cycle
9 Xo <Xy + Tﬁflc@,l; > prolongation
10 X¢ < xy+ Smoother(Ag, by, x4, 12); > post-smoothing
11 else

12 L co <~ Aglro; > direct solver
\7z—1 C \74, for all £ € {1,...,L}. In order to create a hierarchy of meshes for unfitted FEM, the background

meshes are enriched, decomposed and they are associated with either of the domains.

In Fig. 3, we can see that even though the background meshes are nested, the active meshes are not necessarily
nested. The nestedness of the active meshes depends heavily on the embedded interfaces. Now, utilizing the
characteristic function (4), we restrict the support of the FE spaces V, to the domains, given as Vll and Vf,
respectively. Hence, enriched FE spaces associated with the domain {2 are also not nested, i.e., VLI [a Vé, for
ie{l,2}and ¢ € {1, ..., L}. To create a hierarchy of nested FE spaces from the hierarchy of non-nested meshes, we
adopt the variational transfer approach introduced for the unfitted FEM [39,55]. We define a prolongation operator
which projects quantities from a FE space associated with a coarse level to a FE space associated with a fine level,
thus as

I, Vi, >V, Veefl,....L}, i e{l,2},

such that Hﬁ_l iVé_l C Vé. By employing this prolongation operator, a FE space associated with an active mesh
7;" is constructed by the composition of a sequence of prolongation operators,

X =TI, - TV, Vieefl,...,L—1}, ie{l,2}

1
s

We borrow the definition of the FE space on the finest level as X i = VZ. The nested FE spaces are given as
XcXlc.cXx_,cXicx,c--CcXxj_,cxl, forief{l?2}

Following the previous section, we can construct the prolongation operator for the domain (2 as a direct sum of the
prolongation operators on each domain, i.e., Hf{q = Hffl’l &) Hﬁq,z’ for all £ € {1, ..., L}. Thus, we can create
enriched FE spaces X, := X} @ X7 associated with each level ¢. In addition, we can create a hierarchy of nested
_____ 1, for the domain {2 by using the prolongation operator I, .

We compute the algebraic representation Tﬁq of the prolongation operator Hﬁ_ | using the pseudo-L2-
projection [39,56]. We define the projection operator Hf_l Vi1 — Vg, given by

/ I ve_ip, d02 =/ Vo1 dS? Vi, € We, (18)
o Q

where W, is a space of Lagrange multipliers. To construct the algebraic form of the transfer operator, we enforce
weak equality condition (18) in a discrete framework, using w, = Hﬁ_] v,—1. We rewrite the weak equality condition
as

/wgug dQ:/ Ve, A2 Y € W,
19 19
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I~ = = H = =

(a) Quadrilateral mesh 7, ;. (b) Quadrilateral mesh 7. (c) Superimposition of 7, on T;_,.

Fig. 3. 2D Quadrilateral meshes on different levels encapsulating the domain 27, (domain (2 is shaded in gray).

We define basis of FE spaces V, and V,_| as {qbé}[e 4 and {¢271}ie #;_,» respectively. The basis of multiplier space
W; is given as {Qé‘}ke%. The set of nodes of the FE spaces V,_;, V, and W, are defined as .4;_;, .4, and .4,
respectively. Now, we introduce the definition of the basis functions of the respective FE space in above equation

> w@/ Pio; d= Y v / ¢ 6K dQ  Vke . (19)
ety 79 jeNi 2
The formulation (19) in matrix—vector form is given as Mw, = Nv,_;. Here, matrix M is a square matrix which
is defined on a fine level with entries M;, = f o ¢>29£‘ daf. While, the matrix N is a rectangular matrix, defined
between a fine and a coarse space, with entries Nj; = f o ¢,g_,9;< d (2. Hence, the formula to compute the discrete
transfer operator T, can be expressed as

wy = M_1N1)471 = T‘folvg,l. (20)

If the multiplier space W, is considered to be the same as the FE space V, it gives rise to a mass matrix
My = [, di¢; d(2. In this case, we would need to invert a matrix that is of the same size as the stiffness matrix.
Additionally, the inverse of such matrix M would be dense, and using such mass matrix would result in a dense
transfer operator.

In order to avoid inverting the mass matrix M and to create a sparse representation of the transfer operator, we
employ a different definition of the multiplier space [56—58]. To this end, we choose discontinuous piecewise linear
or bilinear basis functions v, such that W, := span{lﬂé}iE ;- The basis functions v, are defined to be biorthogonal
to the standard Lagrange basis with respect to L?-inner product, given by

/d)ft/fé’d!?:&,,q/ﬁd() Vpe N, qeN, 1)
0 0

where §,, denotes the Kronecker delta. The transfer operator constructed using this definition of the multiplier space
is termed as a pseudo-L?-projection operator. Now, we can compute the entries of the matrix M and matrix N are
computed as M;;, = i fQ d)é df? and Nj; = fQ ¢lf_lwek d {2, respectively. As we can notice, due to the definition
of the biorthogonal basis the matrix M becomes a diagonal matrix, which is trivial to invert. Also the inverse of
the matrix M is a sparse matrix and the transfer operator Tﬁq also has a sparse structure. We employ transfer
operators computed using the pseudo-L>-projection in our multigrid method.

Remark. In practice, we need to compute the pseudo-L>2-projection only on cut-elements. As for the elements that
are not intersected by the interfaces, we can employ the standard interpolation operator as the meshes are nested
in the interior of the domain. This can be efficiently carried out by constructing interpolation operators associated
with each subdomain and then replacing the entries (in the operator) associated with the cut-elements by appropriate
entries of the pseudo-L2-projection operator.

3.2. Orthogonal transformation

In this section, we introduce the orthogonal transformation for the contact problem (17). This transformation is
necessary to decouple the linear constraints, which in turn allows us to utilize the modified PGS method. In order
to decouple the constraints, we perform a QR decomposition of the constraint matrix B'

B"=0QR and B=R"Q",
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where @ € R">*"4 5 an orthonormal matrix. Thus, we have QQT = QTQ = I, where I € R™*" represents
the identity matrix. The decomposition of the matrix R € Rrdxm g given by R = [R; 0.1", where R, € Rmxm
is an upper triangular matrix and Q; € R®="™>" i a matrix with all zero entries. The matrix @ simply provides
a change of basis, and on this new basis system, the representation of the constraint is modified. It is clear from
the structure of the new constraint matrix R; that in the modified basis system the constraints are sequentially
dependent on the previous linear constraint. The matrix @ is used to define the variables in the new basis system,
given as ¥ = Q'x and ¥ = QX. Moreover, we can observe that Q" BT = R and B Q = R". By incorporating the
transformed matrices and vectors, we can reformulate the constrained minimization problem (17) as follows:

min J®) = 2TA% 37D

TeRrnd 2 (22)
subject to R'x < g

where A = QTZ Q and b= QTI_J. The constraints of the above optimization problem can be written algebraically
as,

X
X2
R, O o -~ 0 0 0 % g
Ry R, O --- 0 O 0 ) 2>
R3 Ry Ry -+ 0 0 -+ 0 o<l e, 23)
. . . .. . Xm .
. . . : . fx?erl :
le RZm R3m e Rmm o --- 0 . gm
Tx\nd

As @ is an orthonormal matrix, the spectral properties of the A and A are equivalent. But, the sparsity pattern
of the original matrix A and its rotated variant A are quite different. In practice, the matrix A is denser than the
original matrix, which in turn increases the computational cost of the matrix—vector products in the algorithm. The
new constraint matrix R' has a lower triangular structure, which can be handled easily by forward substitution.
It is important to note that, this type of constraint can be handled easily by the PGS method, due to its inherent
sequential nature.

Now, we define a constrained subspace or a feasible set as

={XeR"“:R'¥<g)
We pose our problem as an energy minimization problem in the following algebraic formulation:

find ¥ € K such that J®<JG VYyek (24)
3.3. Modified projected Gauss—Seidel method

Here, we introduce a modified PGS method for solving the problem (24). The Gauss—Seidel method minimizes
the energy functional J(-) in each local iteration step. The energy minimization takes place in the direction of the
nodal basis functions that span the FE space. The Gauss—Seidel method can be written as a subspace correction
method, where the subspace decomposition is achieved by a direct splitting of the underlying FE space into one-
dimensional subspaces spanned by the nodal basis functions. The PGS method is used widely to solve various
forms of obstacle problems, and it is globally convergent [40,46]. We remark that decoupling of the constraints
with respect to the nodal basis function is essential for the global convergence of the PGS method [46,59]. The
original linear contact condition, BX < g, does not satisfy this property, as the constraints are represented by the
linear combination of basis functions. The QR decomposition allows us to decouple the constraints by expressing
them in new basis as R'% < g. In order to discuss this method in generic way, we introduce abstract upper bound
ub € R and lower bound /b € R™. In the context of the contact problem, the lower bound and upper bound are
defined as Ib = {—o0} and ub = g, respectively. In addition, we define an active set as a set of all DoFs where
the constraints are binding, thus as

={p:(R'%), =g,
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Algorithm 2: Modified Projected Gauss-Seidel method
Input : Z,Z R, 7O 1b, ub, Vi
Output: %), o7
1 Function: Projected GS(Z,E, R, 7O 15, ub, v,)
2 for k=1,2,...,vs do

3 o <0 > initialize empty active set
4 fori=1,2,...,n do

~ _ 1 = 120 T k=Dy .
5 X = jii(bl- — Zj<i Aijxj — Zj>i Aijxj ) > update the iterate
6 if i < m then

1 o1 ) 1 i1 p . =)y .

7 Iby = R—ii(lbi — ZJ.:] Rjix; ); ub; = R—ii(ubi — Zj=1 Rjix; ) s > updated local bounds
8 if Er\gk) < Ilby or ub; < &\Ek) then
9 fl(k) = max(lby, min(fl(.k), uby)) ; > project onto feasible set
10 o <« o U{i}; > add current index to the active set

The matrix R" is a lower triangular matrix, which allows us to write the constraints as a linear combination of the
current nodal basis function and previously constrained basis. This key idea allows us to use the PGS method to
solve the problem (24). R

The iterative process is given as follows. For a given kth iterate X*) € K, we compute a sequence of local
intermediate iterates, z(©, z(V, ..., 2. We begin with the first local iterate z® := ¥®, and the next local iterates
are given by 2 = z0=D 4 ¢® fori =1,...,nd. Once all local intermediate iterates are computed, a new global
iterate of the Gauss—Seidel step is given by x**1 := z™_ The corrections ¢ are obtained as the unique solution
of the following local subproblems, given as,

find ¢ € D? such that J(z'™V+c¢D)<JE """ +y) VyeD?,
with closed, convex set D, defined for abstract upper bound ub and lower bound Ib as
DO ={c? eR":1b— Rz("D < R"¢ <ub— RZ07V). (25)

Each intermediate step ensures that the iterate does not violate constraints. If the current iterate violates the
constraints, it is projected to the admissible space. The PGS method for a generic linear inequality constrained
minimization problem is summarized in Algorithm 2.

Thus, we have a globally convergent PGS method that can be used to solve the problem (24). But the convergence
rate of the Gauss—Seidel method deteriorates as the size of the problem increases. Hence, we employ the modified
PGS method as a smoother in our multigrid method.

Remark. In Algorithm 2, we have assumed that the values of diagonal entries of the matrix R; (where R =
[R, 0,]") are positive, which does not hold in general. It is necessary to pay attention to the sign of diagonal
entries of the matrix R, as the sign of the diagonal values may change the inequality bounds.

3.4. Multigrid method

In this section, we summarize the generalized multigrid method, which includes all the components introduced

.....

..........

are computed using the pseudo-L2-projections. By means of these transfer operators, we create a hierarchy of nested
finite element spaces {X;},—o, ., from the hierarchy of background meshes. The prolongation matrices associated
with the transfer operators are given as {Tﬁ71}5=1 ,,,,, L.

The orthogonal transformation of the matrix BT plays a vital role in our multigrid method. We recall, on the
finest level the definition of the FE space is kept the same, as X, = V;, and hence also the nodal basis functions

14
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Algorithm 3: Generalized Multigrid algorithm

Input : Az by, xp, Lovi,vo, (TS g1, 1. B.O.1b,ub,y
Output: x; < 0Ox; X1 < QX

Function: GMG(A . by, xp., L, vy, v, (T5_ o=y

[,

1.B,0,lb,ub,y)

.....

2 Té—l <~ OTé_l; A < OéL(); b; <+ Oby:%X; < Ox; B < BO; > local basis transformation
3 O,R < QR Transformation(BT); > QR decomposition
4 ?IL‘_l A QTié_l; A, < QTA,Q; by < QTby; X, < OTxp; > orthogonal rotation
s while not converged do

6 %L, < %1+ Projected GS(Az, by, RT, %, 1b, ub, v)); > V| pre-smoothing steps
7 7L by —A[Xp; > residual
8 Ttre < tc(Fr, 1); Apre < trc(Ap, 1); > truncation
9 rp_1 < (TIL‘_])T?”C ; > restriction
10 Ap_p < (?IL‘_I)TZWC)T\%_l; > Galerkin projection
11 cr_1 < 0; > initialize coarse level correction
12 fori=1,...,y do

13 t cp—1 <—cp_1+ MGAp_1,rp—1. L —1,v1,v, T%:%, ¥); > coarse level cycle

o~ ~L .

14 cp, < T7_q1c1—1; > prolongation
15 Cire < tre(cy, A7), > truncation
16 X1 < X[ + Cuc; > update iterate
17 X, < X+ Projected GS(Ay, by, RT, X1.lb,ub,vy); > V) post-smoothing steps

defined on these FE spaces are given as ¢, = ¢7, for all p € .4;. These nodal basis functions are modified or
rotated after the orthogonal transformation, which can be written as

tleiq) =Y Q,lep) VgeN.
PEN,

The transfer operators are computed using the nodal basis functions that span the FE space on a coarse level and a
fine level. With the modified nodal basis functions on the finest level, it becomes essential to compute the transfer
operator associated with the finest level such that the vector and the matrix quantities are projected on a FE space
spanned by the modified basis system. Thus, the prolongation matrix T£—1 is also modified in two stages. The
first stage is necessary because of the local basis transformation, which is carried out locally to modify the basis
system by means of the Householder rotation matrix O such that contact conditions are only applicable in the
normal direction. The second transformation is carried out using the orthogonal transformation matrix @, which is
computed to decouple the linear contact constraints. The updated transfer operator is defined as

L TFL To7TLl
I, ,,=Q7T, ,=Q0T,
Now, the nodal basis function associated with the FE space X;_; are given as

i)=Y @ pgtlep)= > (Q'TE )pgtleip). Vg e M.

PENL PENL
This modification of the transfer operator is only required on the finest level, while all other transfer operators on

The modified PGS method is employed as a smoother in the generalized multigrid method only on the finest
level. It minimizes the energy functional in each local iteration in each smoothing step. At the end of the smoothing
iterations, we obtain an active set where the constraints are binding. The most crucial feature of this multigrid
method is that the coarse level corrections do not violate the fine level constraints. As a consequence, we solve the
constrained optimization problem only on the finest level, while on the coarse levels, we solve the unconstrained
linear problem. This is also very convenient, as in this algorithm the representation of the contact constraints is
only required on the finest level.

15
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To ensure that the coarse level corrections do not violate the constraint on the finest level, we modify the
restriction of the residual and the stiffness matrix, and the prolongation of the coarse level correction. Following
the discussion in Section 3.1, the nodal basis functions associated with the coarse level FE space are computed as
a linear combination of the nodal basis function defined on the FE space on the finest level. If the value of a nodal
basis function on the finest level is set to zero, the basis function constructed on the coarse levels is represented by
truncated basis functions. For all DoFs that are in the active set, we set the corresponding entries of the residual or
the prolongated correction to zero. While for the stiffness matrix, we set the rows and columns associated with the
active set to be zero. This is equivalent to removing the nodal basis function associated with all DoFs in the active
set.

As we are employing transfer operators constructed by the pseudo-L2-projection, this multigrid method including
the truncation process can be carried out algebraically. In comparison with the standard multigrid method used
for solving linear systems, this algorithm is computationally more expensive. This can be attributed to the cost of
computing the orthogonal transformation of the matrix B and then projecting the problem onto a new basis system.
Even though the generalized multigrid method is computationally more expensive, it has optimal convergence
properties. Additionally, it is significantly cheaper in comparison with the other iterative methods, e.g., interior-point
method or semi-smooth Newton method. If we are solving an optimization problem with inequality constraints, the
active set changes in a few initial multigrid iterations. However, once the active set of the solution is identified, the
algorithm converges linearly.

In Algorithm 3, we can see the detailed generalized multigrid algorithm with the modified PGS method as a
smoother. On the coarse levels, we employ the standard MG methods as described in Algorithm 1, with any regular
smoothers. Here, we note that Algorithm 3 is given in an abstract setting for inequality constraints with upper
bounds and lower bounds, assuming that the active set may change in each multigrid iteration.

4. Numerical results

In this section, we evaluate the performance of the discretization method and the generalized multigrid method for
solving Signorini’s problem and the two-body contact problem. We utilize Givens rotation to perform the orthogonal
transformation of the matrix B', as this method produces a sparser matrix @ than the other orthogonalization
methods. As an exact solution of the considered problem is not available, we choose correction in the energy norm
as a termination criterion, given by

x®+FD — x® ), < 10710, (26)

This termination criterion can be interpreted as a preconditioned residual norm and it provides a good estimation for
the algebraic error. Such termination criteria have been used as posterior error estimates for the cascadic multigrid
methods and the adaptive multigrid methods [60,61]. Also, we define the convergence rate of an iterative solution
scheme as

k4l ||x(k+l) _x(k)”A

T lx® — x =Dy,

We denote the asymptotic convergence rate as p*, where the iterate x**! satisfies the termination criterion (26).
The initial guess x@ for all solution schemes is chosen as a zero vector.

The implementation and analysis of the discretization schemes and the solution methods are performed using
MATLAB R2020a. The experiments have been carried out on a system with an Intel Xeon E5-2650 v3 processor
and 32 GB memory.

4.1. Benchmark problems

4.1.1. Signorini’s problem

In this section, we describe the problem setup for Signorini’s problem for two different types of rigid obstacles.
All experiments in this section are carried out on a structured background mesh with the quadrilateral elements.
On the coarsest level, the mesh 7, is given on a rectangular domain 2 = (—1.09, 1.09) x (0, 1.09), with 100
elements in x-direction and 50 in y-direction, which we denoted as mesh on level LO. By uniformly refining
the mesh 7y, we obtain a hierarchy of meshes {7;},—; . s associated with levels L1, L2, ..., L5. The Dirichlet

.....
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(a) Setup of Signorini’s problem for Example 1-SC. (b) Setup of Signorini’s problem for Example 2-SC.

Fig. 4. Setup of for experiments: the objects in the gray scale are rigid obstacles. We can see active meshes and the resulting displacement
field for Signorini’s problem.

boundary condition is defined as u = (0,0) on x € [—1.09, 1.09] and y = 0. The body force for this example is
considered to be zero, i.e., f = (0, 0). In these experiments, the material parameters are chosen as Young’s modulus
E = 10MPa and Poisson’s ratio v = 0.3. We can compute Lamé parameters A and p using the following relation:

_ _E
A and u = L

_ Ev

 (14v)(1-2v)
Example 1-SC. We consider a rigid foundation, defined by a line y = 0.12. The body {2 is defined in such a way
that it violates the non-penetration contact condition in a stress-free configuration. In this experiment, we consider a
semicircular domain, where the contact boundary of the domain is defined by the zero-isoline of a level set function
A (X) = rszl —|1X —c; ||% with radius r,, = 0.9, and ¢; = (0, 1) denotes the center of the circle. The domain 2 is
defined by the region where the value of the level set is positive, A, > 0. The setup of this example is depicted in

Fig. 4(a), where we see the resulting magnitude of the displacement field due to the contact with a rigid foundation.

Example 2-SC. This example considers a non-symmetric obstacle and possible multiple contact regions. The body
{2 is considered as a semicircular domain with wavy boundaries, given as A, (X) = r2—0.5(¥*+ ﬁz)(S +0.3 sin(§—6+
21 arctan(j%))) where, X = X, — ¢, and y = X, — c,. Here, the radius is defined as » = 1.31111 and the center is
given as ¢ = (107%, 14107°). The center c is shifted in the x-direction by 10~ in order to avoid the intersection of
the zero-isoline of a level set function Ay, with the nodes of background meshes. The domain {2 is defined as the
region where the level set function Ay, has positive values. The rigid foundation is defined as a line which passes
through the points (—1, 0.7) and (0.2, 0). In Fig. 4(b), we can observe the setup and magnitude of the displacement
field due to contact with the rigid foundation.

4.1.2. Two-body contact problem

is given in square domain 0 =20= (0, 1)2. On the coarsest level, i.e., L0, we start with 50 elements in each
direction, this mesh is denoted by ’76. We create a hierarchy of meshes by uniformly refining this mesh until we
have 1600 elements in each direction, this mesh is defined as 7Ts. The Dirichlet boundary condition is defined as
u = (0,0) on x € [0, 1] and y = 0, while the Neumann boundary condition is defined as on = (0, 5) on x € [0, 1]
and y = 1. The body force for this example is considered to be zero.

Example 1-TC. For this example, we consider a circular contact interface denoted as .. The circular interface is
defined as the zero-isoline of a level set function A.(X) = rtz1 —1X—¢ ||§, with rtz1 =3—-2.21/2 and ¢, is the center
of the circle, chosen as (0.5, 0.5). The circular interface decomposes the domain 2 into 2!, where A.(X) > 0 and
2?2 where A.(X) < 0. For this example, we consider two different sets of material parameters. We choose Young’s
modulus as E; = 10 MPa and E, € {10 MPa, 50 MPa} and the Poisson’s ratio is chosen as v; = v, = 0.3.

Example 2-TC. This example considers an elliptical contact interface denoted as I',. The interface is defined as the
zero-isoline of level set function

2 ‘Xy—cy‘2
b

X, —cy
AX) =12 — |

a
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Fig. 5. Resulting displacement field and stress field of Example 1-SC.

Here, r;, denotes the radius of the ellipse, chosen as rtz2 = 2(3—2-2!/?). The symbols a and b denote the major and
minor axis of the ellipse, chosen as a = 1, b = 0.8. Here the center of the circle is chosen as (0.5, 0.5). The elliptical
interface decomposes the domain {2 into 2!, where A.(X) > 0 and 2%, where A.(X) < 0. For this example, we
consider the same set of material parameters, as used in the previous example. Thus, Young’s modulus is chosen
as £y = 10MPa, E, € {10 MPa, 50 MPa} and the Poisson’s ratio v; = v, = 0.3.

4.2. Convergence and stability of discretization method

In this section, we evaluate the performance of the unfitted discretization method introduced in Section 2 against
all proposed benchmark contact problems. We use the same mesh hierarchy defined on levels LO, L1, ..., LS. The
solution computed on the mesh on the finest level L5 is taken as the reference solution and it is compared against
the solutions on different discretization levels from LO, L1, ..., L4. Also, we are employing the ghost penalty
stabilization term in the bilinear form with the parameter €; = 1072, The resulting components of the displacement
field, Cauchy stresses, and von Mises stress for Example 1-SC are shown in Fig. 5. In Fig. 6, we can observe the
resulting displacement field and the stress fields for the two-body problem with circular interface Example 1-TC
with £y = E, = 10MPa. Similarly, the result of the two-body contact problem with an elliptic interface Example
2-TC with E; = 10MPa and E, = 50MPa can be seen in Fig. 7. We can observe that the circle and the ellipse
are in contact with the surrounding block on the top and bottom. In Fig. 8, we can observe the resulting normal
stresses computed on the whole domain for all examples. From Fig. 8, it is clear that the resultant normal stresses
on the embedded interfaces are continuous and they are negative where the two bodies are in contact with each
other.

4.2.1. Analysis of discretization error
The discretization error of the displacement field is computed in two different norms, given as the energy norm
Il - | (2 defined as

1
> _/ 0 (trer — 1¢) * &(Ures — 1) dQ)2
K

le(uo)ll g2y = ltrwet — ucllg2) = (
KeTy

and the H;-norm given as
1

2
» / (Urer — Ue)* + (Vitger — Vtg)* dﬂ) :
K

le@all gia) = lurer — tell g1y = (
KeTy
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Fig. 6. Resulting displacement field and stress field, as a solution of the two-body contact problem, Example 1-TC, with Young’s modulus
E\ = E» = 10MPa, where the domain 22 is a circle.
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Fig. 7. Resulting displacement field and stress field, as a solution of the two-body contact problem, Example 2-TC, with Young’s modulus
E, = 10MPa and E, = 50 MPa, where the domain 22 is an ellipse.

Additionally, the discretization error in the normal stresses on the contact boundary is given in a mesh dependent
norm on the interface as

=

||€((0n)e)||H_l = [[(onret — (Tn)el _l(f'c),h = < Z /];K hK((O'n)ref - (O'n)l)2 dF)

2(Ie).h H 2 KeT
(8
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(a) Example 1-TC, (b) Example 1-TC, (c) Example 2-TC, (d) Example 2-TC,
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Fig. 8. Resulting nodal normal stresses (o,,) for two-body contact problems in reference configuration.

Table 1
Discretization error in the displacement field at different levels in H'-norm, energy norm and the normal stresses in
mesh dependent norm on contact interface.

he le@oll 16 EOC, lleo)lle2) EOC, ||e((5n)l)||H,l o EOC,
2.18-1072 1.28662 - 1073 - 6.38102 - 1073 - 3.38268 - 1073 -
1.09 - 1072 6.51964 - 10~* 0.981 3.24611- 1073 0.975 1.20316 - 1073 1.491
5.45.1073 3.29916 - 10~* 0.983 1.64475 - 1073 0.981 4.98003 - 10~* 1.273
2.72-1073 1.64492 - 10~ 1.004 8.20526 - 10~* 1.003 2.06753 - 10~* 1.268
1.36-1073 7.37150 - 1075 1.158 3.68012 - 10~* 1.157 7.20550 - 1073 1.521
(a) Example 1-SC.
he lle@oll 1) EOC, lle(uo)ll ecs2) EOC, lle(@)oll _1 EOC,
H 2(Ic)h
2.18-1072 7.94344 . 1073 - 4.11494 - 1072 - 3.85899 - 1072 -
1.09-1072 4.12698 - 1073 0.945 2.14838 - 1072 0.938 1.34525 - 1072 1.520
5.45.1073 2.08019 - 1073 0.988 1.09024 - 1072 0.979 434291 - 1073 1.631
2.72-1073 1.02215 - 1073 1.025 5.36743 - 1073 1.022 1.46408 - 1073 1.569
1.36-1073 4.57430 - 10~ 1.160 2.40582 - 1073 1.158 3.86884 - 1074 1.920
(b) Example 2-SC.
he lleoll g1 EOC, lle(uo)llec2) EOC, ||€((0n)e)||H_% o EOC,
2.18-1072 7.72191 - 1073 - 3.83188 - 1072 - 5.28718 - 103 -
1.09-1072 3.38210- 1073 1.191 1.74086 - 102 1.138 1.89146 - 1073 1.483
5.45.1073 1.50492 - 103 1.168 7.68281 - 1073 1.180 7.30774 - 10~4 1.372
2.72-1073 7.37569 - 10~* 1.029 3.72548 - 1073 1.044 2.69526 - 10~* 1.439
(c) Example 1-TC, E; = E; = 10MPa.
he lle@oll g(o EOC, lle(ue)ll e EOC, lle(@m)oll, 1 ok EOC,
2.18-1072 1.01254 - 103 - 5.28718 - 1073 - 5.58060 - 102 -
1.09-1072 4.65540- 1074 1.121 2.49406 - 1073 1.084 2.24610 - 1072 1313
5.45.1073 2.29725- 1074 1.019 1.23670 - 103 1.012 8.09678 - 103 1.472
2721073 1.15982 - 10~* 0.986 6.27417 - 10~* 0.979 3.43033 - 1073 1.239

(d) Example 2-TC, E| = 10MPa, E; = 50MPa.

Signorini’s problem. In Tables la and 1b, we show the discretization error for Example 1-SC and Example
2-SC in the three different norms and also compute the experimental order of convergence (EOC), EOC, =
log(%) / log(hf’—zl). From Table 1, we can see that the EOC in the energy-norm and the H'-norm have
optimal rates, as the error reduces by order O(h). While for the normal stresses on the contact interfaces, we
expect the convergence rate in the discretization error to be of order (’)(h%). We can see from Table 1, Example
1-SC demonstrates the optimal EOC for the normal stresses. For Example 2-SC we can see a better convergence
rate than the optimal, this behavior can be attributed to the complex geometry, as the geometry is captured more

accurately as the mesh is refined and due to this reason the rate of convergence of the normal stresses accelerates.
20
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Fig. 9. The induced normal contact stress on the contact boundary.

In Fig. 9, we can see the resultant induced normal stresses on the contact boundary for Example 1-SC and
Example 2-SC. The resultant contact stresses also agree with the Hertzian contact theory. As for Example 1-SC,
the contact stress exists only in the contact boundary and it is zero everywhere else, and the contact stress also has
a parabolic shape. For Example 2-SC, we can also observe three distinct zones where the contact stresses can be
seen. Additionally, as the rigid foundation is non-symmetric, the resultant normal stresses are also non-symmetric.

Two body contact problem. The discretization error for Example 1-TC with Young’s modulus E; = 10MPa
E, = 10MPa and Example 2-TC with Young’s modulus E; = 10MPa and E, = 50 MPa are shown in Tables lc
and 1d. We can observe from Table 1 that the error in H'-norm and energy-norm reduces with the optimal rates,
as the EOC for both norms is close to order O(h). As mentioned earlier, the discretization error of normal contact
stresses on the interface should reduce with order O(h%). Here, we can observe that for the normal stresses on the
contact the EOC remains close to the optimal rates.

4.2.2. Analysis of inf-sup condition

In this section, we verify if the inf—sup condition (11) is satisfied for our discretization method. We utilize the
numerical inf-sup test proposed in [62]. The inf-sup condition (11) in an equivalent algebraic form can be given
as

. :05 >
inf sup P e TN B> 0. @7
peRm  ena hit' Mpv' Av
The mesh dependent interface norm | ;> O is represented by iu' M u, where matrix M denotes the mass

H 2(I)
matrix on the multiplier space M. The matrix A corresponds to the stiffness matrix which also consists the ghost

penalty stabilization and v Av is equivalent to the energy-norm |||vh|||§.

The inf-sup test is motivated from the algebraic inf-sup condition (27). By reformulating the algebraic inf-
sup condition, we can write two variants of generalized eigenvalue problems. We utilize following variant of the
generalized eigenvalue problem

1 T 4-1
S(BTA™' By =1Mp.

The first non-zero eigenvalue of the generalized eigenvalue problem corresponds to the constant in the inf-sup
condition, 8 = \/Amin.

Fig. 10 shows the numerically computed value of the inf-sup constant for reducing mesh size and for different
values of the ghost penalty parameter.

The first set of numerical tests are carried out to evaluate the dependence of the ghost penalty term on the
constant 8. To this end, we consider Example 1-SC and solve the generalized eigenvalue problem with decreasing
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Fig. 10. Value of inf-—sup constant computed using the generalized eigenvalue problem. Here, the symbol A denotes the Young’s modulus
Ey = E; = 10MPa and the symbol B denotes E; = 10 MPa, E; = 50 MPa.

mesh size. As we can see in Fig. 10(a), the value of the parameter € in the ghost penalty term does not affect
the inf-sup constant significantly. We can see that for ¢ = 0, i.e., without ghost penalty stabilization, the value
of B varies the least with the mesh size and this value is the smallest compared to all other considered values of
€G- As the value of €5 is changed, we observe that the value of B increases for fixed mesh size. But the effect
of the ghost penalty parameter on the value of § is minimal with respect to decreasing mesh size. For the second
set of experiments, we consider the proposed contact problems for a fixed value of the ghost penalty parameter
€c = 1072 and decreasing mesh size for all benchmark problems. In Fig. 10(b), we can observe that the value of
B varies mildly with decreasing mesh size, but we do not observe any drastic changes in the value of the constant.
Hence, we can claim that the discretization scheme is stable, as the value of constant 8 does not degenerate with
decreasing mesh size.

4.3. Effect of the ghost penalty term

In Section 2.3.1, we discussed the ghost penalty term which is used to overcome the issue of ill-conditioning. In
this section, we evaluate the robustness of this term by comparing the effect of different values of the ghost penalty
parameter (). Additionally, we also evaluate the performance of the proposed multigrid method with respect to
various values of the parameter €.

In this experiment, we consider Example 1-SC on the predefined domain with the discussed boundary conditions.
While the domain is kept fixed, we move the background mesh 7, in the x-direction. We generate a set of
background meshes {7;!‘} k=o0.....10- Here, we consider the pr(ﬂ)lem defined on level L2, with 400 and 200 elements in
x-direction and y-directNion, respectively.NWe regall that the 7}, is defined on a rectangle of dimension [—1.09, 1.09] x
[0, 1.09]. The meshes 7;" are given as 7;" = T + 8¢ (hy/2,0), where 8 = 0.1k and h, = 5.45 - 1073. A sketch of
translated mesh configuration can be seen in Fig. 11. For this experiment, the multigrid method utilizes V (5, 5)-cycle
with the modified PGS method as a smoother on the finest level, while the symmetric Gauss—Seidel method is used
as a smoother on coarser levels. On the coarsest level, we use a direct solver. The multigrid hierarchy is equipped
with 3 levels, where LO denotes the coarsest level and L2 denotes the finest level.

First, we compare the condition number of the stiffness matrix x(A) with respect to the different values of the
ghost penalty parameter. We can see in Fig. 12 that the condition number of the system matrix is highly unstable if
the ghost penalty term is not employed i.e., ¢z = 0. In the unfitted FE framework, the elements of the background
mesh intersect the interface arbitrarily and on the elements with the small cuts, the gradients of the function are
not bounded. If we employ the stabilization term, the condition number of the system matrix becomes stable, and
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Fig. 11. Moving the background mesh, while keeping the domain 2 fixed. The solid mesh is background mesh configuration for Example
1-SC, while the mesh denoted with dashed line is the mesh moved in x-direction with 8;(hy/2) distance.
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Fig. 12. Comparing the condition number of the system matrix, number of total MG iterations and the asymptotic convergence rate of the
MG method for different values of ghost penalty parameter, for Example 1-SC.

also it does not vary with respect to various cut configurations while translating the mesh. We can observe that
if smaller values of € is chosen, e.g., € € {107, 1073, 1072, 10!}, the condition number of the system matrix
becomes stable. In the next part, we compare the number of iterations of the MG method to reach the predefined
tolerance criterion and compare also the asymptotic convergence rate. We can see that, for € € {0, 107}, the
number iteration is not stable and varies with respect to different values of ;. But still, the number of iterations
for g = 10™* is smaller than the case without the ghost penalty term. Similar behavior can also be witnessed in
terms of the asymptotic convergence rate, as the asymptotic convergence rate p* is smaller for ¢ = 10~ than for
€c = 0. For € = 1073, the number of iterations is quite stable but the asymptotic convergence rate still oscillates
with respect to moving mesh. Interestingly, the number of iterations and the asymptotic convergence rate (p*) is
stable for € = 1, but these values are still considerably higher than those for the smaller values of the ghost penalty
parameter. The number of iterations and the asymptotic convergence rate are most stable for e € {1072, 107}
But with close observation, we can claim that for ¢ = 1072, the condition number of the system matrix is the
smallest and this also reflects in the performance of the multigrid method. Due to this reason, the default value of
the ghost penalty parameter in the previous and the next experiments is chosen as € = 1072,

4.4. Performance of the multigrid method

In this section, the performance of the multigrid method is evaluated for increasing problem size and increasing
the number of levels in the multigrid hierarchy. Here, all the experiments are carried out on successively finer
refinement levels L1, L2, ..., L5. We employ V (5, 5)-cycle and W(5, 5)-cycle in the multigrid method, with the
modified PGS method on the finest level and symmetric Gauss—Seidel method on the coarser levels as smoothers.
We increase the number of levels in the multigrid hierarchy with the refinement levels, i.e., MG employs 2 levels
for discretization level L1 while 6 levels are employed for discretization level LS.
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Table 2
The number of iterations of the generalized multigrid method to reach a predefined tolerance for solving
Signorini’s problem.

# levels Example 1-SC Example 2-SC
Vs, 5) W, 5) V(5,5) WG, 5)
# iter (p*) # iter (™) # iter (p*) # iter (™)
L1 2 10 (0.072) 10 (0.072) 11 (0.092) 11 (0.092)
L2 3 11 (0.061) 10 (0.049) 12 (0.083) 11 (0.062)
L3 4 11 (0.069) 10 (0.054) 14 (0.138) 12 (0.097)
L4 5 12 (0.086) 11 (0.046) 15 (0.132) 13 (0.086)
LS5 6 15 (0.136) 13 (0.095) 17 (0.182) 13 (0.094)
ler —xr—1]la dimension of active set (|<7|) Convergence rate (p)
700
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Fig. 13. The history of the correction in the energy norm, dimension of the active set, the convergence rate (p) at each iteration of the MG
method with W(5, 5)-cycle for solving Example 2-SC.

Signorini’s problem. Table 2 illustrates the number of iterations of the generalized multigrid method to reach the
termination criterion (26) and the asymptotic convergence rate for Signorini’s problem. It is evident from Table 2,
that the number of iterations does not vary significantly with the increasing problem size and an increasing number
of levels in the hierarchy. As expected, the MG method with the W-cycle outperforms the V-cycle. While using
the V-cycle the asymptotic convergence rate increases slightly with increasing problem size, but if we employ the
W-cycle the asymptotic convergence rate becomes stable (p* < 0.1). In Fig. 13, we compare the convergence
history of the correction, the size of the active set, and the convergence rate at each iteration for L1, L3, L5, while
using the MG method with W-cycle. From Fig. 13, we can see that a few initial iterations are spent for identifying
the active set. Due to this reason, we can see the convergence rate is quite high and correction in the energy norm is
also reducing slowly for a few initial iterations. But once the active set is identified, the norm of correction reduces
at the same rate and the convergence rate also becomes stable. As we increase the problem size, the size of the
active set also increases, and a few more iterations are required to identify the exact active set. Due to this reason,
we observe a small increase in the number of iterations with increasing problem size.

Two-body contact problem. We employ the multigrid method with W (5, 5)-cycle with the modified PGS method
on the finest level and symmetric Gauss—Seidel method on coarse levels as smoothers. Table 3 shows the number
of iterations of the generalized multigrid method to reach the termination criterion (26). We can conclude from
the table, that the number of iterations does not change significantly with an increasing number of levels in the
multigrid hierarchy. Also, in Table 2, we can observe the asymptotic convergence rate of the multigrid method.
We can see the difference in the asymptotic convergence rates, despite the number of iterations required to reach
the termination criterion is almost the same. For the case with a homogeneous value of Young’s modulus, the
asymptotic convergence rate is quite low (p* < 0.1). While, for the case with different values of Young’s modulus,
the asymptotic convergence rate is much larger (p* < 0.55) for the circular interface, whereas this value, is much
smaller for the elliptical interface (p* < 0.15). Even though the asymptotic convergence rate is higher for the
circular interface with different Young’s modulus, the number of iterations and the asymptotic convergence rate do
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Table 3

The number of iterations of the generalized multigrid method (W (5, 5)-cycle) to reach a predefined tolerance for
solving two-body contact problems.

# levels Example 1-TC Example 2-TC
Ey=10,E, =10 E, =10,E, =50 Ey =10,E, =10 Ey, =10,E, =50
#iter  (p*) #iter  (p*) #iter  (p*) #iter  (p*)
L1 2 11 (0.060) 16 (0.526) 10 (0.078) 13 (0.142)
L2 3 11 (0.055) 19 (0.488) 11 (0.075) 14 (0.134)
L3 4 12 (0.064) 13 (0.165) 11 (0.065) 14 (0.120)
L4 5 13 (0.057) 18 (0.533) 13 (0.059) 13 (0.087)
L5 6 14 (0.073) 16 (0.533) 13 (0.109) 13 (0.088)
Table 4

The number of iterations of the generalized multigrid (GMG) method, semi-smooth Newton (SSN) method and
interior-point (IP) method to reach predefined tolerance.

Example 1-SC Example 2-SC Example 1-TC Example 2-TC

E=10 E=10 E| =10, E, =50 E| =10, E, =50

GMG SSN [IP GMG SSN TP GMG SSN [IP GMG SSN [IP
L1 10 9 17 11 8 17 16 8 11 13 8 11
L2 10 9 17 11 9 18 19 8 11 14 7 12
L3 10 11 18 12 11 18 13 11 11 14 9 11
L4 11 13 18 13 16 19 18 11 11 13 10 11
L5 13 14 18 13 15 19 16 12 10 13 12 11

not increase with increasing problem size. Thus, we can conclude that the proposed generalized multigrid method
is robust with respect to the number of levels, the material parameters, the type of obstacle, or the shape of the
interface.

4.5. Comparison with other solution methods

In this section, we compare the performance of the generalized MG method with the other solution strategies such
as the semi-smooth Newton (SSN) method [63] and interior-point (IP) method [64]. For this comparison, we use
the MG method with W(5, 5)-cycle and increasing number of levels in the multigrid hierarchy as discussed earlier.
For the IP method and the SSN method, we employ a direct solver on each iteration. We use a predictor—corrector
variant of the IP method [65], for each iteration the system matrix is factorized only once in the predictor step and
the same factorization is reused for the corrector step. The IP method is used in its reduced form, hence at each
iteration, a linear system with nd unknowns has to be solved. The SSN method cannot be formulated in a reduced
form for the linear inequality constraints. Hence, we have to solve an enhanced KKT-system in each SSN iteration,
where the linear system is formed with a non-symmetric matrix with nd + m unknowns.

From Table 4, we can see that the multigrid method requires between 10 and 20 iterations to reach the termination
criterion. For the SSN method, the number of iterations required to reach the termination criterion is smaller than
for the IP method. It is not trivial to make a direct comparison between the IP method and the SSN method, as
arising linear system of equations has a different structure. But we can safely claim that the multigrid method is
computationally cheaper than the IP method and the SSN method. This is due to the reason that, the IP method and
the SSN method require a solution of a linear system at each iteration, whereas the multigrid method needs only a
few smoothing steps and a factorization of a linear system on the coarsest level. The computational complexity for
Cholesky factorization of the symmetric positive definite FE matrices in 2D have been claim to be O(n2) and the
number of non-zeros in the factorization is O(n logn)) [66], while the computational complexity of the multigrid
method is O(n). Thus, the computational cost per iteration for the multigrid method compared to the other methods
is significantly low.

In order to do a quantitative study of these three methods, we compare the execution time and the memory
requirements of the solution process for all methods for Example 1-SC. In Fig. 14, we can observe the execution
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Fig. 14. Comparing the execution time and memory for difference solution schemes.

time for each of these methods in seconds and the memory required during the solution process in MB in the left
column. In the right column of Fig. 14, we can observe the execution time and the memory usage per DoFs. It
is clear from Fig. 14 that, the execution time and the memory requirements for all methods are comparable for
smaller problem sizes. But as the problem size increases, the execution time and the memory requirements for the
SSN method and the IP methods grow at a significantly higher rate than for the multigrid method. For the problem
on the finest level L5, the memory requirement for the SSN method, the IP method, and the multigrid method is
around 23.8 GB, 24.5 GB and 3.7 GB, respectively, and the execution time is around 108 min, 130 min, and 8.5 min.
We can observe from Fig. 14, the time complexity of the IP method and the SSN method is lower than O(n%) but
higher than O(n logn). In contrast, the computational complexity of the multigrid method appears to be lower than
theoretical complexity O(n). This can be attributed to the many implementation-related optimizations in MATLAB.

Thus, we can claim that the multigrid method is computationally cheaper in comparison with the SSN method
and the IP method.

5. Conclusion

In this paper, we introduced an unfitted FE discretization for Signorini’s and two-body contact problem. We
utilized the vital vertex algorithm to create a stable Lagrange multiplier space which we used for discretizing
the non-penetration condition. In the numerical section, we evaluated the convergence of discretization error on
two different examples of Signorini’s problem, which demonstrated optimal convergence properties of the unfitted
FE discretization method. Later, we introduced a generalized multigrid method as an extension of the monotone
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multigrid method, which can handle linear inequality constraints. We demonstrated the robustness and the efficiency
of the multigrid method for solving Signorini’s problem and two-body contact problems.

The generalized multigrid method introduced in this work can be used to solve quadratic constraint minimization
problems where the number of constraints is significantly smaller than the number of unknowns. We aim to extend
this multigrid method to solve the contact problem with higher-order discretization schemes in fitted and/or unfitted
FE frameworks. Additionally, the extension of this method for the hyperelastic material models would also be a
quite interesting pursuit.
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