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Abstract: The paper presents k-version of the finite element method for boundary value problems
(BVPs) and initial value problems (IVPs) in which global differentiability of approximations is always
the result of the union of local approximations. The higher order global differentiability approxima-
tions (HGDA /DG) are always p-version hierarchical that permit use of any desired p-level without
effecting global differentiability. HGDA /DG are true C i Cii, Ciik, hence the dofs at the nonhierarchical
nodes of the elements are transformable between natural and physical coordinate spaces using calcu-
lus. This is not the case with tensor product higher order continuity elements discussed in this paper,
thus confirming that the tensor product approximations are not true C’, C'/*, ik approximations. It is
shown that isogeometric analysis for a domain with more than one patch can only yield solutions
of class C°. This method has no concept of finite elements and local approximations, just patches. It
is shown that compariso of this method with k-version of the finite element method is meaningless.
Model problem studies in R? establish accuracy and superior convergence characteristics of true C¥/ p-
version hierarchical local approximations presented in this paper over tensor product approximations.
Convergence characteristics of p-convergence, k-convergence and pk-convergence are illustrated for
self adjoint, non-self adjoint and non-linear differential operators in BVPs. It is demonstrated that
h, p and k are three independent parameters in all finite element computations. Tensor product local
approximations and other published works on k-version and their limitations are discussed in the
paper and are compared with present work.

Keywords: k-version; finite element method; higher order spaces; higher order global differentiability;
tensor product; isogeometric; variational consistency; BVPs; IVPs

1. Introduction

In physical sciences, the mathematical descriptions of the deformation of continuous
media (solid or fluent continua) derived using conservation and balance laws of thermody-
namics and associated constitutive theories lead to initial value problems (IVPs) or boundary
values problems (BVPs). Initial value problems describe evolution, hence the dependent
variables in their mathematical description exhibit simultaneous dependence on spatial
coordinates and time. In case of boundary value problems that are stationary states of
evolutions described by IVPs, the dependent variables only exhibit dependence on spatial
coordinates. In the absence of permanent damage to the continuum during deformation, the
solutions for the BVPs and IVPs related to deformation of the continua must be continuous
and must possess continuous derivatives up to certain order which depends upon the
differential operator describing the IVP or the BVP and their theoretical solutions. Physical
processes do not admit being discontinuous unless there is damage to the continuum. In
many cases what is viewed as discontinuous behavior is often an issue of scale. For example,
the shocks in compressible flow, if viewed at a bigger scale, may appear as a discontinuous
phenomenon, but on closer examination at a finer scale these are indeed continuous and
differentiable. This basic assumption that solution of all BVPs and IVPs in physical sciences
are generally analytic is the foundation of the work presented in this paper.
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1.1. Boundary Value Problems (BVPs)
Consider the following BVP
Ap(x) — f(x) =0 VxeQy 1)

in which a A is differentiable operator, the variable ¢ is unknown and depends on f, and x
is an independent variable that could be x or x, y or x, y, z, but for the sake of simplicity
we continue with x only and (), is the domain of definition. Let the differential operator
contain derivatives of ¢ up to orders 2m. A theoretical solution ¢ of (1) must be at least of
class C2(Q)y) if derivatives of ¢ of up to orders 2m are continuous and differentiable. This is
due to the fact that the continuity and differentiability aspects of the physics used to derive
BVP (1) necessitate this feature of the theoretical solution of (1). A theoretical solution ¢ of
(1) can be of class higher than C>"((),), this of course depends upon the non-homogeneous
function f(x). Thus, a solution of (1) must belong to subspace V such that

¢V CH ), k>2m+1 )

V is a subspace of scalar product space H*(Q),). k is the order of the scalar product space.
A scalar product space of order k contains functions that have continuous derivatives up to
orders k — 1 and the derivative of order k can have isolated discontinuities for some x € Q,,
but are square integrable. For the BVP (1), k must at least be 2m + 1 (functions ¢ of class
C?™), but k > 2m + 1 or k — oo (if for example ¢ consists of trigonometric functions) are
admissible as well. When k = 2m + 1, V is called minimally conforming space, i.e., a solution
of (1) cannot be of a class lower than C2" (Q),).

When seeking finite element solutions for (1) we discretize the spatial domain (), into

Of = Q¢ in which ()¢ is a finite element. QF is called discretization of Q, or a finite
e

element mesh. We consider ¢, to be local approximation of ¢ over (), the domain of an
element e and ¢y, to be the approximation of ¢ over QF, global approximation of ¢ for the
discretization QT such that

Pu(x) = Ug(x) Vxe Oy ©)
and ¢ (x) = iNi(x)éf Vxe Q) 4)

i

In (4), Nj(x) are approximation functions and J¢ are nodal dofs. The approximation
functions N;(x) are generally obtained using linear combination of algebraic monomials
(interpolation theory) up to degree p. This is convenient as well as prudent. Thus, ¢} of
class CP(Q)) is always ensured. However, the differentiability ¢, (x) V x € QI (global
differentiability) depends upon (3), i.e., the union of local approximations (¢7’s) controls
the global differentiability of ¢, over the discretization Q. It is obvious that ¢y, over each
Q% is of class CP(Q)%), hence the differentiability of ¢,V x € QI is controlled by the differ-
entiability of ¢y, over the inter-element boundaries of elements ()%. Thus, we could design
local approximations ¢; (in (4)) of some polynomial degree p such that (3) gives us the
desired global differentiability of ¢, at the inter-element boundaries, always less than the
differentiability of order p of ¢, over ), interior of each element. The local approxima-
tion ¢f over Qf of polynomial order p that yield global differentiability of order g at the
inter-element boundaries (7 < p) are called local approximations of class C7(€)¢). Thus,
the global differentiability of ¢y, is of order g due to the local approximation ¢j;, yielding
global differentiability of order g at the inter-element boundaries. Thus, to achieve global
differentiability of ¢y, of certain order we must design local approximations such that (3) in
fact gives us the desired global differentiability of ¢, at the inter-element boundaries.
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1.2. k-Version of Finite Element Method

We note that (Surana et al. [1-3]) order of the space k in H*?(Q),) giving global
differentiability of order k — 1 is an independent parameter in addition to & and p in all finite
element processes, thus all finite element computations are dependent on three independent
parameters ki, p, and k. Just as h and p must be incorporated in local approximations, k
also needs to be considered in designing local approximations ¢j so that (3) would yield
desired global differentiability of ¢, at the inter-element boundaries. /, p refinement cannot
change or alter k as it is independent of & and p. Thus, we have k-version of finite element
method in addition to /- and p-versions. Derivation of higher order global differentiability
local approximations for BVPs, their accuracy, convergence behavior and comparisons
with published works is the thrust of the work presented in this paper.

1.3. Initial Value Problems (IVPs) and k-Version

Consider an initial value problem
Aqb(x, f) —f(x, f) =0 V (x, t) € Oyt = Oy x O (5)

in which A is a space-time differential operator. Let 2m; and 2m; be the highest orders of
derivations of ¢ in space x and time ¢ in the (5), then for a solution of ¢ we have

¢ € v Hbk)(Q,) ©6)

The scalar product space H (k1/k2) (Q),,;) contains functions that are admissible in (5). ky,
ko are orders of the space in space and time and we have

ki >2m+1;, ky>2my+1 (7)

in which ky = 2m; +1 and ko = 2mj + 1 correspond to minimally conforming space in
space and time. If we consider space-time coupled finite element processes for obtain-
ing approximation solutions for (5), then we discretize the space-time domain ()., into
af = LEJQfCt O, is the discretization of the space-time domain (), in which Q¢ is a
space-time element. Let ¢ (x, t) be local approximation of ¢(x, t) over ()¢, and ¢y, (x, t) be
approximation of ¢(x, t) over the discretization QZ, such that

Pn(x,t) = LEJCPZ(XI t) (8)
and ¢ (x,) = Y2 Ni(x, 06 ©)
i=1

N;(x, t) are space-time local approximation functions and 67 are nodal dofs for a space-time
element e with domain ()¢,. For the IVP with highest orders of derivatives of orders 2m;
and 2m; in space and time require ¢y, (x, t) over QL to be at least of class 217 in space and of
class 2m; in time, i.e., ky = 2my + 1 and kp = 2mjy + 1 correspond to minimally conforming
space in space and time. In general we must have k; > 2m; +1and k, > 2m; + 1 and
ki — oo and k; — oo are admissible. In general we can write ¢ (x, t) must be of class
C1(QL), in which g and r are orders of global differentiability of ¢y, (x, t) in space and

time. Hence ¢y, (x, t) over Qf, must be such that ¢, = U¢; yields global differentiability of
e

orders g and r in space and time at the inter-element boundaries. Only then ¢, (x, t) of class
C1(Q,) is possible. Thus, we see that regardless of BVP or IVP, the local approximation
must be designed in such a way that their union yields desired global differentiability at
the inter-element boundaries.

2. Literature Review

The importance of the higher order global differentiability of the finite element solu-
tions for BVPs and IVPs have been recognized for quite some time [4-10]. More recently,
Surana and coworkers [11-16] pointed out applications in BVPs and IVPs in which higher
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order global differentiability approximations were shown to be highly meritorious. First
formal presentation and introduction of k-version of finite element for BVPs in which k is
the order of the approximation space is due to Surana et al., in the three basic papers [1-3]
devoted to self adjoint, non-selfadjoint and nonlinear differential operators. In these
works, variationally consistent (VC) as well as variationally inconsistent (VIC) integral
forms [17,18] were used in the model problem studies. In references [19-21] Surana et al.,
presented 2D HGDA /TP as well as HGDA /DG finite element formulations.

Since the publication of the works by Surana et al., on k-version, there have been many
attempts with different techniques to address the higher order global differentiability issues
primarily in context with the BVPs. In the following we discuss four typical publications
that appeared in 2010-2020 that are typical of higher order global differentiability published
works. We regret to point out that none of these works acknowledge or reference the large
number of published works and two textbooks by Surana et al., that address systematic and
general methodologies for deriving HGDA /DG or HGDA /TP in R? and R? including model
problem studies, applications, error estimation and convergence rates. In reference [22], the
authors claim to extend tensor product concepts of 1D approximation to derive what they
call as C1-Qy family of finite elements. In reference [23] C! basis functions are presented,
that contain same dofs at the corner nodes that arise due to tensor product of 1D C!
functions in natural coordinate space. These cannot be transformed to physical coordinate
space [17,18], authors in the paper do this incorrectly. Reference [24] claims the QHS8-C1 as
new innovation in higher order continuity. No reference is made to any of the published
works, the work has no mathematical foundation. In reference [25], the choices of the dofs
and the geometrical approach used has no mathematical foundation either. There are many
other works of similar type in which some approach (mostly without mathematical basis) is
used to achieve C! continuity. Isogeometric analysis [26,27] also claims the method to be
k-version. In subsequent sections we clearly demonstrate that this is indeed not the case.
Unfortunately we also find the motivation of k-version as presented by Surana et al. [1-3] and
discussed in this paper is misrepresented in many of the published works on isogeometric
analysis as well as other works. We point out this subsequently so that the readers of
this paper have better understanding of the motivation for k-version of FEM initiated by
Surana et al. First, we make some remarks.

Remark 1.

1. Inall publications only C* global differentiability is addressed for a fixed degree of polynomials
of the functions in the local approximation.

2. No published work on C1, CT", C1"s (in R!, R? and R3) with q,r,s > 1 higher order global
differentiability local approximations is available.

3. The published C' works are not higher degree, hierarchical, i.e., degree of local approximations
cannot be increased to any arbitrary value p while maintaining C' nature of approximation,
hence hierarchical nature of approximations is naturally not possible.

4. In summary there is no unified and sound mathematical framework that exists at present for
constructing C1, C1" and C7% ; q,v,s > 1 local approximation with global differentiability in
R!, R? and R3 that allow the use of arbitrarily higher order degree polynomials and in which
the local approximations are hierarchical.

3. Scope and Approach Used in the Present Work

The scope of work published in this paper is summarized in the following.

1.  The paper presents a unified methodology and mathematical infrastructure for de-
riving higher order global differentiability approximations of class C7, C7", C9"%;
p,q,7 > 0 for BVPs and IVPs in R!, R? and R3.

2. Since the global differentiability of approximation ¢, for discretization QF or O

due to local approximation ¢f over Qf or (), i.e.,

T

xt 18
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¢n = 94’2

Thus, the local approximation ¢f over Qf or ()%, must be designed in such a way that
desired globally differentiability of ¢y, (i.e., of orders g or gr or grs) is achievable at the
inter-element boundaries of the discretizations. This approach is essential in all finite
element processes. This is due to the fact the union of element approximation must
always establish the global approximation ¢, over the discretization QI or QF,.

3.  The approximations in R!, R? and R3 of type C9, C7" and C7* must be p-version
hierarchical, i.e., for chosen g, 7, s, we must be able to increase p-levels to whatever
value we desire without affecting order of global differentiability g, r, s. If possible,
lower p-levels must be embedded (complete subset) in the higher p-levels (hierarchical
property or embedding property) so that the computations performed at lower p-
levels can be used when doing computations at higher p-level.

4. The derivation of the local approximations must always be in natural coordinate
space with transparent transformations to physical coordinate space to achieve the
desired global differentiability in the physical coordinate space.

5. Inall derivations of the type C4, C7", C1" in R!, R? and R3 the nodal configuration
for geometry and for the dofs must remain the same regardless of the choices of g, 7, s
and p-levels. This permits use of a single discretization for all studies if h-refinement
is not used.

6.  All derivations must initialize with C?, C% and C% p-version hierarchical local
approximation of arbitrary p-level in the derivations of C7, C7", C7"®* HGDA/DG.
The derivations must retain the hierarchical structure of increasing p-level beyond the
minimum polynomial degree needed for g, gr, grs orders of global differentiability.

4. C1(Q)¢) Local Approximation in R!

Consider a three node 1D element ¢ with domain )% of length h, in the physical
coordinate space x, mapped in the natural coordinate space ¢ in a two unit length (Figure 1).
Let 1, 2, 3 be local node numbers then

N;(&)x; (10)

e

x=x(5) =

1

describes mapping of a point in - and x-spaces. Nj(¢) are standard quadratic Lagrange
functions. Figure 2 shows a typical inter-element boundary between element e — 1 and e.

| 2 |
v ® \ \
1 2 3 1 2 3
0 0 x O o z
X1 X2 X3 c=-1 =1
| e |
(@) O ® non-hierarchical node () (h2
O hierarchical node
Figure 1. A three node p-version 1D element and its map in ¢ space.
dig .
dof: — ; =0,1,...,
© @ N
O O O . O
i Inter—element boundary E ; i=01,..., q

Figure 2. Dofs and nodal variable operators for nonhierarchical nodes: C(Q)%).

For the global approximation ¢, = ¢}, to be of class C1 (QI), the local approximation
e

¢, over Q) must be of class C7(€)}), i.e., the union of local approximations ¢, must yield
global differentiability of order C7 at the inter-element boundaries. This requires that we
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construct local approximation ¢j for an element e such that 4) , ;i=1,2,...,q are the
dofs at the nonhierarchical nodes (boundary nodes) so that at the 1nter—e1ement boundaries
continuity of ¢, % ;i=1,2,...,q will be enforced. We shall see that in the interior (Q)%)
of each element ¢¢, ¢, is always of class higher than C7. We begin with a C? p-version
hierarchical local approximation that is 1D local approximation in natural coordinate space
¢. Using the three node configuration of Figure 1b we can write the following. The p-
version hierarchical local approximation (using ¢ instead of ¢¢) of class C° and of p-level p

is given by
176 1+§ Pz Ci—a dlq')
o () (e L)%, w

a=1wheniiseven; a = ¢ wheniisodd.

Here ¢ and ¢3 are nodal dofs at nonhierarchical nodes 1 and 3. This local approxima-
tion ensures continuity of ¢ (only) at the inter-element boundaries (nodes 1 and 3), hence
¢¢ is class C°(Q)%) and therefore would yield ¢, (over QF) of class CO(Q).

4.1. C1(Q%) Local Approximation

A C1(Q%) local approximation will require ¢ and as dofs at non hierarchical nodes
1 and 3 (Figure 1). Thus, if we begin with (11), then ¢ is already a nodal dof at nodes 1 and
3 and 4’ at nodes 1 and 3 can be established by borrowing two terms from the sum in (11)

and convertmg them to d(ﬁ atnodes 1 and 3. First, we write (11) as (borrowing two terms

form the sum in (11)).
o0 (5o (5o (552 8, (592

oy do 2
+z§< 1! ) TC’ 2
dg — ¢ d¢ — d¢
Using (12) we can obtain expressions for Zz 1 E‘l and 7z 1 T %l (at
2 3
nodes 1 and 3). From these two equations we can solve for % S % ) and then substitute
them back in (12) to obtain
d¢ dfq;
= Nj N +N° + N3 =% + N 13
in which
0m _ (128 (& =0)
Ni(6) = ( 2 1 )
1m (=0 (62—1)
oz — ((1+
M) = (ULEE - 28y i~
1ay _ (€ —0) (Cz - 1)
‘ ((giil)j,%( — )) iis even
3(¢) = ; | =4,5,...
N3(C) (([;u é)_?l ([;:3_(;:)) iis odd (l 15/ /P)

we note that
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dip A
—_— -, = 1,2, oo
dg’ ) dxi’ ! (15)
dx  he .
J= i =7 (for equally spaced nodes in x space)
using (15), d¢’ and , can be replaced by | Z—i . and | Z—f 5 and we have
dep dp| S5 i gm 49
N)(& +Nl‘ + NJ¢ps + N3 =2 | + Y I NL(&) ==& (16)
1(8)¢1 + Nj ax |, 3¢ 3 x|, ;1 5( )dél sor o)

in which N] = JN % andn} = JN é $(&) in (16) is the desired p-version local approximation
of class C1()¢) in which if we choose p; = 3 then there are no dofs at the hierarchical node
2. Each p-level increase beyond p-level of 3 adds one dof at the hierarchical node 2.

4.2. C2(Q%) Local Approximation

dp d*¢
X’/ dx?
compared to C?(Q¢) local approximation of (11), we need additional two dofs at nodes 1
and 3. We borrow four terms from the sum in (11).

In this case we need ¢, 7 as dofs at node 1 and 3 of the element of Figure 1. Thus,

o= (55 (59 (38 (593,
64_ d4 §5_§ d5 p di
+( 4!1)d§f§0 (5!);15(5 Z dg;“

Using (17) we obtain expression for d(;“

_ dgz (at node one) and d@ 1

29 - do| . _

A P (at node 3). Using these four equations we sollve for d;‘i‘ ‘620’ i=2,3,...,5and
substitute these back into (17) and use the relationship % = (])izl—g to obtain [17,18] (and
noting that { = —1 and ¢ = 1 are locations of nodes 1 and 3).

- d d? d <o d?
0o6) = M@0+ Q) 52| + N2 GE| + M+ M) R0 5E
o T
+ ) Ni(
Z 2 dg 2(or¢=0)

This is the desired C?(Q)%) approximation that would yield global approximation Qf
of class C2(QF).

4.3. C1(Q)%) Local Approximation

Following the procedure presented for local approximation of types C!(Q)¢) and
C%(0)*), we can derive the following for C7(Q)¢) type local approximations in one dimension
that ensure continuity of ¢ of order g over the discretization QY of Q). For ¢(¢) of class
C1(Q¢) and C1(Q), we can write

2
00 = M@0+ N© 2| +M@ T e n05h |

1

a¢
d
2
M@+ MO FE| + @O TE N0 TS|

a2 | dxd (19)
pe d](P
+ N4(&) =2
j:;-i-l A7 |20 (or 2)
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The expression for ¢(¢) in (19) allows local approximations that yield global differen-
tiability of order g and will permit increase in p-level up to any arbitrary value pz beyond
the minimum p-level needed for C7(Q)%).

5. qu(ﬂiy) Local Approximation in R?

Regarding HGDA or HGDA /DG in R? there is no single theory, methodology or even
a unique and general mathematical procedure in the published works that can be used to
derive them. The basic point of confusion begins with the very definition of what Cq’(();y)
local approximations are. From C‘V(Qiy), it is clear that we want global differentiability of
orders g and r in x and y, but what is not clear is the fact in context with local approximation
how do we achieve this in a unique and hierarchical manner.

Definition 1. If n and t are normal and tangential directions at an inter-element boundary T
(Figure 3), then global differentiability of orders q and v of ¢ in the n and t directions requires that
Jiti
: ¢ i=0,1,.
on'ot!

g j=0,1,..r i+j<g+r (20)

be unique at every point Q along the boundary I

..

Figure 3. A four element discretization: inter-element boundary I between elements @ and ®).

Figure 3 shows a four element discretization in R2. If ¢ is a dependent variable, then
the C7" (Qiy) local approximation of continuity require continuity of the derivatives of ¢
in normal (1) and tangential (t) directions of orders g and r, respectively, along the inter-
element boundary, i.e., these derivations must be unique on I' regardless of whether we
use element @ or ). For example along the inter-element boundary I" between elements a
and b the following must hold

ai+j¢z ai+j4)2
onioti  oniot

i=01...,9 j=01,...,r i+j<g+r (21)

in which ¢7 and 4)2 are local approximation for elements @ and ® of the four element
discretization. The orthogonal normal and tangential directions 7 and ¢ can be transformed
to x, y orthogonal direction, thus (21) implies that the following must hold along an
inter-element boundary I' between elements a and b.

oiti ¢Z Jiti (PZ
oxioyl  9xiay/

i=01...,9 j=01,...,r i+j<g+r (22)

e

xy’
ement ()% shown in Figure 4 in xy space with its map in natural coordinates space ¢
shown in Figure 5, must have the nodal dofs at the corner nodes for (nonhierarchical nodes)
C7(Q,) and C7(Q) &) differentiability approximations in xy and {7 spaces as shown in

Thus, in a discretization Q,{y = UQL,, using (nine node p-version) elements, an el-
e
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Figures 4 and 5. We note that local approximations of class C‘V(Qiy) require minimum
p-levels of 2 + 1 and 2r + 1. For p-levels pz = 29+ 1 and p; = 2r + 1, the hierarchical
nodes have no dofs. For pz > 29 + 1 and p; > 2r + 1 the dofs at the nonhierarchical corner
nodes remain unaffected but additional dofs appear at the hierarchical nodes. It is more
meaningful to represent dofs in terms of nodal variable operators (obtained by removing
dependent variable). When the nodal variable operators act on a dependent variable they
produce dofs. These are shown in Figures 4 and 5 in xy and ¢# coordinate spaces. Nodal
variable operators for the nonhierarchical nodes of a nine node p-version element in xy
and &7 spaces for C!!, C?2 and C*? classes are listed in Table 1.

Table 1. Nodal variable operators at the nonhierarchical nodes for cll, 22 33 classes in xy and
{1 spaces.

Nodal Variable Operators at Nonhierarchical

Global Differentiability Nodes (Nodes 1,3,5,7)
xy Space ¢n Space
9 2 FE
1 ch 1, 5, En 1, % 3
? 2 2 2 2 »
2 C?2 when (1) holds 327 977 dyox 350 3
33 ® ¢ o ® 2 P 2
3 C> when (1) and (2) hold 337 35 Syad’ T 3T o IR I
7 6 5
o & Dofs (nodes 1,3,5,7)
It i=01,...,9
axiayf 4 ],:,/17"'17
4 1+j<q+r
8 ® 9 & Nodal variable operators
» i=01,...,9
o j=0,1,...,r
axiay/’ 7 ]‘_‘/ AR
1+7<g+r

® Hierarchical nodes
X o Non-hierarchical nodes

Figure 4. Nodal variable operators and dofs for nonhierarchical nodes: C'/ (Qiy).

n
7 6 5
o o) Dofs (nodes 1,3,5,7)
Itip i=01,...,9
aglaﬂj 7 ]':'0,1,..‘,7’
1+7<qg+r
S ® 9 i g Nodal Variablq operators
4 . i=01,...,9
CIALE i =0,1 r
86’8171 7 ]'_'/ AR
1+7<qg+r
O ® O
1 2 3

Figure 5. Nodal variable operators and dofs for nonhierarchical nodes: C'/ (QE,7 ).
Remark 2.

1. We note that dofs for C'1, C? and C listed in Table 1 at the nonhierarchical nodes in
¢n space can be transformed into those listed in xy space. Transformation of the dofs at
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nonhierarchical nodes is always possible in general between C‘V(Qgﬂ) and C‘V(Q’;}y) (see

Section 6).

2. Based on Remark 1, it is convenient to generate C‘V(Q{:n) approximation first (nodal dofs or
nodal variable operators and associated functions) and then transform the nodal dofs or nodal
variable operators at the nonhierarchical nodes into xy space for Q‘jcy. We keep in mind that all
derivations initiate with p-version C* hierarchical local approximation in &1 spaces, as this
approach will allow us to retain the feature of increasing p-levels beyond (2qg 4+ 1) and (2r + 1)
in ¢ and y directions without influencing the dofs at the nonhierarchical nodes responsible
for Cq’((_)‘;y) continuity at the inter-element boundaries and will also retain the hierarchical
nature of C‘V((_)ffy) approximation.

5.1. Transformation of Dofs between C1 ()
Let

&) and C7(Q,,) at the Nonhierarchical Nodes

x(&n) = L Ni(Gm)xi

_ (23)
y(&m) =} Ni(&,m)yi

define a mapping of points between ¢y and xy configurations of a nine node p-version
hierarchical element. For suitably chosen mapping, the lengths between {7 and xy are
defined by

ax o
E AR S P T S B
3 oy

in which
=1 o

Let
Wﬁu:%xr / WW:B??ﬂT 26)
()" = :g?faj;éz;;(gggaﬁr ; {¢}§y=[ﬁ§£%$r (28)

In the following we define the rule of transformation between {(])}?7 and {¢};” ;
i=1,2,...

{0} =g} (29)
Obviously,
_ X Y| _ T
H= ] =) (0)

Using the following notation, we can transform dofs between natural and physical
coordinate spaces [17,20].
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and

3] =

_ox (ax)i_ liE)ix_ o oitix

x@' ag/ xg - ag ’ @ = 4861-/ xézqf - 6618111
_ox ; /oxy\i .78ix
ﬂ—@'%—ﬁﬂfw—w

_y. iy 3y _ oMy

ve=gg %= (ag)7 % =G Yew = oy

dy (N oy
=ty %= ()7 w=a

{013 = 7" [{91s - IAH9}Y]

xé 2xzYe yé ) X2 Yz
] = XeXy  XeYn T XnYe Ynle U2l = |xey vy
Xy 2xyYy Yy X2 Ype

{0} = Ul [{0}5" — U301 — VR e}]

;cg 3x§y(—; . 3x§y§ . ygz
5] = xng 2xyxeye + XzYy  2XgYnYe +YaXy  Yyy

XyXg  2xpxgyy +xp¥e 2xpYnye tYyXe Yoy

xg 3x%y,7 3xy y%] y%

3xgxg2 3xzye + 3Ynxg 3Yeye
XyXg2 + 2x§x¢,7 Xe2ly + 2x§,7yg +xyye + 2x5y¢,7 YnYe2 + Zygygﬂ
XgXy2 + 23{,73%,7 XgYy2 + Zycé,?y,7 + X2Ye + 2x,7y¢,7 YV + 2]/,7y¢,7
3xy X, 3x,21y + 3Y,2 %y 3yyY,2

Xe3 Yes
Xz2 y,-;z
]2 — |7 17
3l Yepr Yo
Y Yp

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(40)

From (29), (35) and (37) it follows that we can write the following general expression.

{03 = U~ ({01 = U YY) — URH@Y Y, = = U Kol

(41)

Let us use the abbreviation HGDA /DG to denote higher order global differentiability
approximation. The symbol C”V(Qiy) denotes a HGDA /DG of class g and r in respective

coordinates x and y on Qiy. To show specific details that are needed in (41), we consider
C(0yg,), C2(0%,), CB(Q,), . .. local approximations.

5.2. 2D CY HGDA/DG Quadrilateral Elements

The dofs at the hierarchical and the nonhierarchical nodes of a 2D C'! HGDA /DG
elements are shown in Figure 6. A C% p-version element will only have ¢ as dof at the
nonhierarchical nodes. The nonhierarchical nodes of 2D C'! HGDA /DG element require
additional eight dofs compared to 2D C% p-version element. These are generated by
borrowing eight dofs from the hierarchical nodes of C% p-version element (two from each



Mathematics 2021, 9, 1333

12 of 43

hierarchical edge or face node), i.e., we borrow ¢z, ¢ and ¢, , ¢,3 from nodes (2,6) and
(4,8) of C% p-version element (see [17-21] for more details).

Ui
" f
o
¢, Px, Py oct
7 7 6 5
) )
8 L ¢ 8 4 ¢ 29 __
oyl ali"’(p oyl ¢
1 1 2 3
¢, 9x, by ¢, 92 Py G
a¢!
i=4,5,...,p¢ j=45...,py
I1=2,3,...,p¢ m=2,3,...,py
(@) dofs at the nonheirarchical nodes (b) dofs at the hierarchical nodes of 2D
of a 2D C1 HGDA /DG element C!' HGDA /DG element

Figure 6. Nodal dofs for a 2D C'! HGDA /DG quadrilateral element.

5.3. C?2 HGDA/DG for 2D Distorted Quadrilateral Elements in xy Space

Figure 7 shows dofs at the nonhierarchical and the hierarchical nodes of this element.
To generate ¢x, Py, P2, Pxy, (Pyz at the nonhierarchical nodes (a total of twenty), we borrow
$z2, $g3, Pas Pgs from nodes 2 and 6 and ¢, ¢,3, P4, P5 from nodes 4 and 8, a total
of sixteen. Additional four dofs are borrowed from node 9 of 2D C% p-version element
(shown in Figure 8). See [17-21] for more details and for the rationale of this choice.

5.4. 2D C3 HGDA/DG Elements

For this element ¢x, ¢y, ¢,2, Pxy, gbyz, .3, quzy, quyz, and gbys are the dofs needed at
the nonheirarchical nodes in addition to ¢. Compared to C? p-version element, we need
nine additional dofs at each of the nonhierarchical nodes (a total of thirty six). We borrow
P2, g3, Peas Pgs, Prs and g7 from each of the four mid side hierarchical nodes (a total
of twenty four). The remaining twelve dofs are borrowed from node nine as shown in
Figure 8. See [17-21] for the rationale of this choice and for more details.

" P9 ¢
2ot o2
1 T al+m¢
¢y ¢ x Py onloem
Pr2s ey, By Pr2s fry Py 1=23...p
m=23,...,py
Il+m>7
¢ —¢
¢, Px, Py O, Px, Py
bz Py 2 o Py 2 i=67...pc =67 py

(@ dofs at the nonhierarchical nodes (b) dofs at the hierarchical nodes of a
of a 2D C?> HGDA /DG element 2D C22 HGDA /DG element

Figure 7. Nodal dofs for a 2D C??> HGDA /DG quadrilateral element.
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Py _, 2 3 4 5 6
p i.g 873@3 i.g‘ i.;’f’ 876.;’6
n 1 oe2’ o oet’ oes ot
82 K /// ////
2 nz 2 C\Z 2 /(D? 2 ,[]/ 4.2 [] 5.2 //6 2
an E€n” ST TEM TEm e
PY 7 . S s
3 n} .9 N Y i ¢
ans //\Jaz 3 /VE..BTﬁ Pl §4n3 ,'—Jasns €6n3
4 . ,’/ // //
4 n*: A {1 {f =
Tt A2 4 304 gdd 504 6.4
an S I W &n £%n
5 // //// ///
A in! .
55 Ve e 4.5 E 6,15
an ATen Ten & &’ &n
6 n°: A a
T 96 S e2.6 4.6
an , é m §3nf, E} n éSnﬁ gﬁnﬁ

O  Additional dofs from the center node of C% p-version element for C?2
HGDA element

[0 Additional dofs from the center node of C® p-version element for C33
HGDA element

Figure 8. Dofs at the center node of a C% p-version hierarchical element.

5.5. 2D Cii HGDA/DG Elements

The dofs {6°} of C% p-version element are partitioned into {6¢,}, {6¢,}, {6¢} and
{6, } in which co, m, c and mc stand for corner nodes, mid side nodes, center nodes and
mid side plus center node and we can write the following:

¢(&n) = [al{0c }r + [DI{0c e + [c]{ 05 }ry + {0}, (42)

in which rq, 7y, r3 imply retained, el implies eliminated and [a], [b], [c], and [d] are row
matrices of approximation functions in &7 space for 2D C% p-version element. As an
example, consider a 2D C!1 HGDA /DG element. In this case, from nodes 2, 4, 6 and 8,
we have:

{ote = 9 s ¢ s] (43)
We note that for 2D C1 HGDA /DG element, we do not need to borrow dofs from
node 9 of 2D C% p-version element. Hence, {65}y = {65 }er-
If {6¢};” are the new dofs at the nonhierarchical nodes of 2D C/ HGDA /DG element,
then for 2D C/ HGDA /DG we have (in the natural coordinate space) the following at
nodes 1,3,5and 7.

2/4753 2,47,72 4,(,17,73 4,4352 6’4)63 6’47?72

e 81 T
{6V = { el ¢yl #cla, @uls, 9cls, dls, delz, yly } (44)

We differentiate (42) with respect to ¢ and # (as needed) and evaluate these at each of
the non hierarchical nodes to obtain the following:

{0151 = [A{88 b, + [BHGhuc et + [CH{& 1y + [DH{E sy (45)
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Solving for the dofs to be eliminated, i.e., {9%,. }; in (45), we obtain
{OhncYer = [B]{6°Y5" — [BI (A%}, — [BI [}, — [BI DN} (46)

Substituting Jacobian of transformation from (41) into the above equation, we can
transform the new derivative dofs from {7 space to xy space. Equation (46) can thus be
written as

{Gcter = [BI {6 " — (BT AN bn — [BI T [CH &5}, — [BI T [DH{&E},  (47)

Now, substituting {45, },; from (47) into (42),

¢(&,n) = [al{d}r, + (D] ([B]_l[fi]{f W — (B [AN S I
(48)

— B CH{&n . — [Bll[D]{55}rs) + ({8 }tr, + [dI{0

Collecting terms in the (48), we obtain the final form of the C/ HGDA /DG local approxi-
mations as follows:

(&) = (la] = [D][BI " [A]) {85 }r, + [][B] ' [ {0

s . (49)
+ ([c] = I[BIHCI) {85}, + ([d) — [b1[B] M [D]) {6}y

Remark 3.

1. The derivation is based on 2D C% p-version hierarchical approximation.

Dofs from the hierarchical nodes of C° element are borrowed to generate desired degrees of
freedom first in &y space which are then transformed to xy space.

3. All matrices [a], [b], [c] and [d] contain C% p-version hierarchical local approximations while
matrices [A), [B], [C] and [D] contain derivatives of 2D C* p-version hierarchical local ap-
proximations.

4. Dofs at the non hierarchical nodes of 2D C'/ HGDA/DG are transformable between &y and

xy spaces transparently (an intrinsic feature of truly C'/ elements).

5.6. HGDA/TP: Higher Order Global Differentiability Elements Using Tensor Product

Consider a 2D distorted nine node p-version hierarchical element in xy space and its
map in ¢# space in a two unit square (Figure 9). We know that tensor product requires
the two orthogonal directions in which the 1D approximations are defined, hence tensor
product cannot be used in xy space for the distorted 2D element. However, in {7 space 2D
functions and the dofs for C7"(Q) é,]) approximated can be derived using tensor product of
1D C7(Q)¢) and C"(Q),;) approximations. For the C7" () &) 2D element in 7 space the nodal
dofs at the nonhierarchical nodes are function ¢ and its derivatives of ¢ with respect to ¢, 7.
A C‘V(chy) element will require transformation of these dofs to the xy space. We consider details
in the following. Consider the 1D C7(Q)¢) and C"(Q);) hierarchical local approximation in
the ¢ and # directions (following (19))

P dI(P
—¢NO ¢ 4 N N/
P(8) = Nig1 +N3gs + Z N 22 d@‘l + Z 526 d§1 1 ;ﬂ 2qei|, 0
dig d <p o dig
= UNO + T]NO + T]N] N ] 1’]N] 51
(P(W) 1¢1 34’3 ]Z 1d17] Z 17 5 §+1 2d77] ( )

using (50) and (51) we can generate 2D approximation functions in the {7 space as well as
nodal dofs (also in ¢# space) by taking tensor product of 1D approximation and the tensor
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product of the nodal variable operators [17,18]. The dofs at the nonhierarchical nodes (1, 3,
5, 7) generated in doing so are given by
aiJrj 4)
ocionl’

i=0,1,...,q; j=0,1,...,r (52)

For C11 (ng) we have the following dofs at nodes 1, 3, 5, 7

9 99 3¢
For sz(ﬂé’ry) we have the following dofs at nodes 1, 3,5, 7
dp o % P9 ¢ P Py I (54)

19C" oy’ ondZ’  9g2 ay’ nag’ anPog” e

Based on Section 6, all dofs in (53) and (54) with respect into ¢ cannot be transformed
to those with respect to xy.

Ui
7 6 5
- o, O
2 8 >
9 1 ¢
- e O
1 2 3
[ 2 |
(a) A quadrilateral element in (b) A nine-node quadrilateral
y Xy-space element map in {y-space

?

3

2

1
O ® o) ¢
1 2 3

(c) 1D three-node elements in ¢ and # spaces

Figure 9. Mapping of nine-node bi-quadratic element in (x, y)-space into (¢, #7)-space.

5.7. Remarks: HGDA or HGDA/DG and HGDA/TP Elements

1. The issue of not being able to transform the derivative dofs (with respect to { and
1) at nonhierarchical nodes needs further investigation. We note that (Section 5) a
C7(Q),) approximation has

aiJrj(P‘
Iy

dofs at the nonhierarchical nodes. These can be transformed from ¢# space to xy
space as shown in Section 5.

i=01...,¢ j=01,....,r; i+j<qg+r (55)
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The dofs at the nonhierarchical nodes in the tensor product element in ¢# space are

ai+]'¢

gy’
for each order of continuity (i.e., C!', C?2, ...), (56) contain additional dofs compared
to (55). We note that for C'!(Q) & ), sum of the orders of derivatives with respect to ¢

=01,...,¢; j=0,1,...,r (56)

and 5 should be one which is true in case of (55), but in (56) aa;—g’é term violates this
condition confirming that HGDA /TP is not a true C11 (Q) 6}7) approximation in § and 7.
The same argument holds true for C?? () & ), as in (54). Thus, the tensor product in ¢y
space does not generate dofs at the nonhierarchical nodes for C” (ng) ;i=1,2,...,q,
j=1,2,...,rlocal approximation that conform to (55), containing only the needed

dofs at the nonhierarchical nodes for C’/ continuity.
If we only consider rectangular elements in xy space with ¢ for each element parallel

to xy and pointing in the same direction, then we can transform a9 and ? in (50)

g
and (51) tod¢andd¢usmg
d¢ @ dp _ 49
=g and 98 =050 -
- dx _dy
]x—dfg and ]y—%
giving
¢(5) = N9 + *N3gs
q i i
i ¢ d'¢ ¢ (58)
+ Y N (J)') == NL(Jo)') =] + N3
L ON{)) Z( 020 . ,§+l el
() = ”N§’4> + ”N34>s
d¢> e idig (59)
+ — + "IN
2 d f 2 Vayl, ]:§+1 2dyl |,

By taking tensor product of expressions (58) and (59), the resulting element will contain

ai+j¢
ocioyl’

=01,...,.q j=01,...,r (60)

as dofs at the nonhierarchical corner nodes (nodes 1, 3, 5 and 7). We refer to this
element as C7(Q)5, ) HGDA/TP element. This element is not a true Cii (Q,) global
differentiability element

HGDA /TP is not very useful in applications as it requires elements to be rectangular
in xy space with ¢ pointing in the same directions as xy. Thus, distorted element
geometries required for an irregular domain cannot be supported by this higher order
global differentiability 2D finite elements based on tensor product.

If we consider a discretization of a domain () xy for which HGDA/TP are valid, then for
this special case we may ask the following question. Are the HGDA /DG formulations
meritorious over HGDA /TP or vice versa? Answering this question requires many
basic and important considerations.

(@) In the case of HGDA /DG elements, the dofs at the nonhierarchical nodes
(corner nodes) in ¢;7 and xy spaces for each order of continuity C;i = 1,2, ...
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constitute derivatives sets in the two spaces that can be transformed from ¢y

to xy and xy to {7 spaces. Thus, these dofs are in conformity with calculus.
(b) HGDA /DG elements contain only those dofs at the nonhierarchical nodes for

the desired orders of continuity that are essential. Thus, a C!! (Qiy) element

will have
99 99
P 3dx By
: . 3 A . 9
as dofs at the nonhierarchical nodes. The set 3, gy can be obtained from 5
o

e in {7 using calculus.

() Inthe case of a C'(Q),) HGDA/TP element we have

I Ip ¢

P ox dy’ dyox

as dofs at the nonhierarchical nodes. The first important point to note is that
2 -

E?y% is not part of the C!! (Q)3,) approximation. This is obvious from the dofs

at the nonhierarchical nodes of HGDA /DG C!! (Q,) element.

(d) Does the extra dof aa;—g; at each of the four nonhierarchical node in case of
a HGDA/TP element help in improving local approximation or just adds
extra dofs without much improvement compared to the dofs in HGDA /DG
CH () element? From the numerical studies presented in a later section we

2
conclusively show that the latter is the case, i.e., aay—g; dofs do not result in an
improved approximation but add additional dofs compared to HGDA /DG
ctt (()iy) approximation, hence they result in poor accuracy for a given dofs
and also result in lower convergence rates. A somewhat less rigorous but

2
persuasive argument may be since aay—g; is only one element of the complete
set needed for CZZ(Qxy), hence cannot be very effective in improving local
approximation. Similar arguments hold for CZZ(Qiy), ... etc. HGDA /DG and

HGDA /TP elements.
(e) Thus, our conclusion is that in the HGDA/TP approach of deriving local approximation:

i true Ci]((_)fcy) ;i=1,2...,q9,j=1,2...,rlocal approximations are not
possible.
ii. HGDA /TP elements are inferior to HGDA /DG elements in all aspects.

6. HGDA/DG: Triangular and Hexadral Elements

Higher order global differentiability local approximations for triangular and hexadron
elements can also be derived [17,18,20,21], but are not presented here for the sake of brevity.

7. Isogeometric Analysis and k-Version

In 2005 [26,27] isogeometric analysis method was presented. According to the authors
Analogues of finite element h- and p-refinement schemes are presented and a new, more efficient,
higher order concept, k-refinement is introduced. Thus, in our view isogeometric analysis claims
tobe an &, p, k method. We first present details of the isogeometric analysis, then compare
it with hpk finite element method, but, more importantly, we compare it with the k-version
of finite element introduced by Surana et al. [1-3,11-14,19-21].

In isogeometric analysis, the complex domain is subdivided into subdomains (not
finite elements). Let us refer to a subdomain as a patch. For a patch, one picks points called
control points that are not necessarily on the boundary of the patch. Using the coordinates
(geometric locations) of these points one constructs a geometric description (say using
NURBS or other methods). This gives a relationship of the type for geometry.
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, {x}
{(x),} = IN@)I4 {yp} (61)
{zp}

Equation (61) gives position coordinates x;, y;, zé, of every point in the patch in terms
of the control points and the functions [N]. A relationship similar to (61) is established
for displacements u, v, w of an arbitrary point in the patch at location x, y, z in terms of
displacements of the control points and the same functions as used in (61)

- {ony} .
w, = {ul} = [NI{ {0} » = [NI{0}) (62)
{wh}

{(5;} are the total dofs for the patch i. If the approximation (62) is of degree p in x, y, z
then it is also of class C?(()},) where (0, is the domain of the ith patch. Thus, within the
patch the order of the approximation space of # is k = p + 1. We remark that so far we
do not have finite elements in the true sense in which (Q’IJ)T = LEJQ‘Z, in which (Q’p)T isa

discretization of Q;. Instead (62) is a statement that one would use in classical methods
of approximation in which Q),, is not a discretized domain (patch). Now, since we have
an approximation of displacements in (62), we can proceed with standard method using a
method of approximation to obtain algebraic equation for the patch Q; If we choose linear
elasticity as an example, then the balance of linear momenta gives

Au—f=0 (63)

We construct an integral form of (63) over the domain () consisting of N patches,
- N _.
ie, Q)= Q;. Then
i=1

N .
{un} = Ufuy}

where {uy} is approximation of u, v, w over () and {u;,} is approximation of {u} over Q;
(ith patch). Based on the fundamental lemma [17,18] we can write the following using (63)

(A-uy —f,0)q =0 (64)

in which Q) = UQ;, If we consider Galerkin method with weak form, then v = duy;, (64)

1
can be written as (over the patches).

z

(AN} = {f} oDy, =05 v = ou (65)

Il
—_

Consider ([A] {u’p} —{fh{ U})O; for ith patch using integration by parts (IBP) (since
in linear elasticity adjoint of A, i.e., A* = A), we obtain

([ANup} = {f}. {o}) gy, = B (1,0) = 1P(v) (66)

Substituting (62) in (66) and noting that 5u§, = [N]T we obtain

1

p

([ANup} = {f} Ao))gy, = [/ [B]"[D] [B]dﬂl {6, —{F} = IKH{5,} —{F} (67
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Secondary variables due to IBP are included in {P;,} and strain {e} = [B]{é}, stress

{c} = [D]{e}. In addition, [K;] is the stiffness matrix for the ith patch. Using (67) in (65),
we have

in which

[K]{o} = {F} (68)
N .
K=Y [Kp]; assembly of patch stiffness matrices
i=1
N _ N _.
{0} = U{é,}; Totaldofs for ) = J Q3
i=1 i=1

Remark 4.

In this process described above used in isogeometric analysis there is no concept of finite
element anywhere.

A patch appears like a C° p-version finite element in which p-level can be as high as desired.
Naturally, if O° is the domain of C* p-version finite element with degree of local approximation
p for a field variable ¢ then ¢, (local approximation of ¢ over Q0°) is naturally of class CP (€)F)
and holds over the element domain Q. This is not a discovery. This has been known since the
advent of the finite element method. The isogeometric analysis with patches is exactly like C°
p-version finite element mesh in which each finite element is a patch. Within each C° element
(i.e., a CO patch) the solution is of class CP but at the inter-element boundaries (same as inter
patch boundaries) the solutions remains of class C°. Thus, all isogeometric solutions with
more than one patch are globally of class C°.

Since only displacements are dofs on the boundaries of the patches, {un} = iﬁl{u;} remains
of class CO at the interpatch boundaries. Thus, in all isogeometric analyses containing more
than one patch, the global solutions are not of class p (order of the space k = (p+1)/2), but are
undoubtedly of class C° due to their C* nature at the interpatch boundaries. Thus, presenting
isogeometric analysis as k-version is misleading and misrepresentating.

Computation of the patch stiffness matrix requires integrals (2D or 3D) over an irreqular
domain Q’p (in (67)). This can be done in several different maps. For example, (—);, is subdivided
and each subdivision is mapped into two unit square or two unit cube to integrate using Gauss
quadrature while still maintaining (61) and (62) for each subdivision. The subdivisions are
not finite elements but this is necessary to do to perform integration over Q’p The subdivision
are not finite elements as subdivisions have no concept of local approximation.

The works published by Surana et al., [1-3,12,19-21] are based on true finite element method-
ology in which global differentiability of order k — 1 is always ensured. There is no comparison
of these works with isogeometric analysis as at present it cannot do what k-version [1-3,19-21]
can, i.e., to ensure global differentiability of any desired order. Isogeometric at present always
has global differentiability of class C°, hence no different than traditional C° finite element
method analysis.

On another small note, in some published works on isogeometric analysis and in other works
we find that some authors beleive that work as referenced in [1-3,19-21] is motivated due
to least squares method. This is wrong. Perhaps a consequence of not reading our published
works carefully enough. We always point out that minimally conforming space is dictated by
the differential operator and not the integral form as the integral form may be a weak form.
We also wish to point out that in all of the published works on isogeometric analysis, the in-
fluence of higher order differentiability of geometry on the accuracy of the computations has
never been shown. Is it that the benefits advocated are only because of higher order global
differentiability of the displacement approximation over the interior of the patches ( Q;) and
that the geometry has nothing to do with this? In our own works on true k-version finite
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elements with h and p, this is true. As a matter of scientific curiosity, this should have been
addressed at the onset of the method, but continues to be ignored.

8. A Priori Error Estimation and Convergence Rates: h, p, k-Versions

Surana et al. [28] have shown that variational consistency [17,18] of the integral forms
in BVP and IVP is essential in the derivation of a priori error estimates that establish
the dependence of various error norms on #, p, k. This was a fundamental and essential
discovery that enabled derivation of a priori error estimates for self-adjoint, non-self
adjoint, and nonlinear differential operators. Current published works on a priori error
estimates rely on the best approximation property in the B(-, -) norm that only exists for
self-adjoint operators. Thus, in the currently published works a priori error estimates are
rarely considered and found for non-self-adjoint and non-linear operators. In this paper
we only present final results that are useful in model problem studies. Derivation can be
found in the references [17,18,28]. Surana et al., showed that for BVPs the following hold
when the integral forms used in finite element processes are variationally consistent.

When the differential operator is self-adjoint, GM/WF and LSP yields a VC integral
form. For non self-adjoint and non-linear differential operators only LSP based on residual
functional yields a VC integral form. Following references [17,28] we have the following a
priori error estimates when the integral form is VC regardless of the method used.

Let Ap — f = 0in Q) be the BVP and let ¢y, be the finite element solutionof Ap — f =0
over QO = YOS, discretization of Q) thus we have

e

lellz, = ¢ — nlle, < el |plpia (69)
¢ — Pnlpe < Czhp+1_‘7|4>|p+1; seminorm of order g (70)
lellz = ll9 — pllza < esh?” =11 (71)

and if
E = A¢, — f; residual function (72)
I=(E E)q,; residual functional (73)

then

IEll 2 = VI = cah? 72" (74)

Here ¢ is true error, c1, ¢y, c3 and cy4 are variables that only depend on the order k of
the approximation and 2m is the highest order of the derivatives in A¢p — f = 0.

Convergence Rate
Consider |e||gs in (71). Taking logarithm of both sides

log [le|| s < log(ca|@lp+1) + (p+1—q)logh (75)

or y<c+mx (76)
with v = log||e|| g (77)
¢ = log(csl|¢lp+1) (78)
m=p+1—qg (79)

x =logh (80)

When we use the equality in (76), this is an equation of a straight line in xy space in
which m is the slope and ¢ is the intercept., i.e., if we plot log i versus log ||e|| g+ on an xy
plot, then we obtain a straight line whose slope is (p + 1 — q) and intercept is log(c3|¢|,+1)-
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Slope (p + 1 — g) is called the rate of convergence of | e|| 5. Higher values of (p +1 — g)
imply faster convergence of ¢, to ¢ measured in ||e|| gs. Equation (77) can also be expressed
in terms of total dofs for the discretization. If & = max(h,), h. being characteristic length
for an element e, then

1 1
h aof h_o<dof> (81)
: 1
using h = Jof (82)
log [le]| < log(cs|¢lp+1) — (p+1—q)log(dof) (83)

Remark 5.

1. We keep in mind that the a priori error estimate (75) only holds for a uniform mesh refinement
or at the most for a quasi-uniform mesh refinement.

2. The quantity ||e||gq requires knowledge of the theoretical solution ¢ which is generally not
possible for a practical application.

3. When the approximation spaces are minimally conforming, i.e., when k = 2m + 1, 2m is the
order of the highest derivation in the BVP A¢ — f = 0, then the integrals over discretization
QI are Riemann and the ||E|| ;2 can be computed for QL as it does not require knowledge of
theoretical solution and we have

log || E|| ;2 < log(ca|§lpt1) — (p +1 — 2m) log(dof) (84)

If the solution ¢ is sufficiently smooth, we can also use k = 2m. In this case the integrals are
Lebesgue over discretization QL.

4. In the case of 1D problems (82) holds precisely. However in case of BVP in R? and R this
is generally not true precisely. For example, for exactly same discretization (h fixed) for
HGDA/DG and HGDA/TP elements, the HGDA/TP elements have an additional dof at
the nonhierarchical nodes, thus the total dof for HGDA/DG and HGDA/TP are going to be
different even though h is same. Thus, even though a priori error estimates are derived using
h, but it is perhaps more illustrative to exhibit the real convergence rates if we use dof instead
of h. Thus, in all model problem studies we present graphs of error norms versus dof.

9. Model Problems: Numerical Studies (BVPs)

In this section we present numerical studies using higher order continuity 1D p-
version hierarchical formulations for: (1) axial deformation of a rod (self adjoint differential
operators), (2) 1D convection diffusion equation (non-self adjoint differential operator),
(3) and 1D Burgers equation (non-linear differential operator). We also present numerical
studies using HGDA /DG and HGDA /TP higher order continuity 2D element formulations
for: (1) Poisson’s equation (self-adjoint operator) and (2) 2D convection equation (non-
self-adjoint operator) and (3) 2D Burgers Equation (non-linear operator). Various aspects
of k-version are illustrated in terms of correct description of physics in the computations,
improved accuracy and convergence rates.

9.1. 1D Axial Deformation

The dimensionless form of the 1D deformation of an axial rod is described by (Au —
f =0) (also see [1])

—%(b(x)%):f(x) 0<x<L o
u(0) =0 <du) =0; onboundaryT
x=L
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For this BVP A*, the adjoint of the differential operator is the sameas A = — d% ( b(x) %) .
A is naturally linear and the concomitant < Au,v >r is zero as the BCs in (85) are ho-
mogeneous, hence A is self-adjoint. We consider finite element formulations based on
Galerkin method with weak form (GM/WF) as well as based on residual functional, least
squares finite element formulation. Details are straight forward and can be found in [17].
The approximation uy, of u over discretization QO = (JQ¢ must be such that
e

u, e Ve HNQD);, k>3 (86)
in which k = 3 is minimally conforming space (in which case uy, %f and d;;é’f are con-

tinuous and u;, and % are differentiable for V x € QI). This requires that the local
approximation uf over Q) must also belong to the same space as u,. Figure 10 shows a
schematic of the problem.

a=l
FiF ¥ == B 10°
— e T — — — —— ——

10 P|

(a) Schematic: Axial deformation of a rod

?I I?-h—-k—-l-c—*—-—*——-—nl
004 008 0.16 0.3425 0.3425

00035 3 0.02
0.0

(b) Non-dimensional lengths for the eight element graded finite element

discretization

Figure 10. Axial deformation of a rod: schematic and discretization.

9.1.1. Analytical Solution

We choose dimensionless L to be one and b(x) to be constant and the following for
the body force f(x)

f(x) = a|(x+0)" = (1+0))] (87)

where ¢ is a positive constant 0 < ¢ < oo and 6 is another constant —co < 6 < co. Then
(85) can be written as

d2u

g = B[+ ) —(1+0)?] wherep =7 (88)

b

The analytical solution of (88) can be obtained by integrating it twice and using the
boundary conditions. We obtain

7 1 (x+0.)2+9 (1 —|—(7)1+9
o) = |70+ - iyt | - [0 o - S

(89)
" [ngw]}
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du 9 (x+0)1+9 9 (1+0’)1+9
= 1 - | -1 - 90
dx ﬁ{["( T Tave | M T Tave 0

Remark 6.

1.  For0 <o < oo, f(x) is analytic and square integrable.

2. Wheno =0, d—z has square root singularity at x = 0, hence this case is ruled out.

3. For0<o<1,6=-15 f(x) € C®[0,1]. Hence, u(x) € C*[0,1].

4. Weusea = 0.001,0 = —1.5and o = 0.0005. As o decreases, magnitude of% ;i=1,2,...

i .
4 pecomes localized near x = 0.

increase. Largest value is at x = O i.e., o

9.1.2. Numerical Results

Since the operator A is self-adjoint, the quadratic functional 7 is given by

T = %B(uh,uh) - l(uh) = Z(;Be(uilui) - le(“i)) (91)

e

and the error or the residual functional is given by

I=(EE)qr =) (EE)q 92)
e

in which E¢ = Auf, — f V x € Q. For k > 3 both 77 and I can be computed for GM/WF
and LSP. Using theoretical value of 7t we can calculate percentage error in 71, &7 and ‘7t
for GM/WF and for LSP. We consider L = 10 in., area of section @ = 1 in.2, and Young's
modulus E = 30 x 10° psi. The rod is fixed at the left end (¥ = 0), and free at the right
end (¥ = f) (see Figure 10). If we choose L = Ly = 10 and Ey = E = 30 x 10 = oy then
Fy = EgL3 =30 x 108 1b,and 2 = % = 0.01.

0
We consider a fixed eight element graded mesh as shown in Figure 10b. Solutions are
calculated using GM/WF as well as LSM. For each order of space, p-level is increased up
to 19.
Plots of 8¢t and ‘7t versus dofs for GM/WF and LSM are shown in Figure 11a,b. Plots
of residual functional I versus dof for GM/WF and LSM are shown in Figure 11c,d.

9.1.3. Discussion of Results

Since discretization is fixed, characteristic length & of the mesh is constant. Thus,
from Figure 11a—d, we can observe p-convergence, k-convergence and pk-convergence of
the solutions and the functionals.

p-convergence: For a fixed k, the sequence of computed solutions for progressively in-
creasing p-level represent p-convergence of the solution and the functionals in Figure 11a—d.
For each value of k in Figure 11a—d, we observe progressively increasing slope of the func-
tionals versus dof graphs for progressively increasing p-level, indicating progressively
increasing convergence rate (as derived in the a priori error estimation).

k-convergence: We note from the graphs of functionals versus dof, for increasing
p-level, that with progressively increasing k the graphs for all k-values remain almost
parallel to each other, but progressively shift downwards with progressively increasing
value of k. Indicating that, increasing k does not result in higher convergence rate but
results in better accuracy (lower value of the functionals) for a given degrees of freedom.
Thus, k affects accuracy but not the convergence rate. Along the lines of constant p, hence
constant /1, p and only k varies, thus we have k-convergence. We note that increase in k
results in increasing functional values indicating increasing error. This is due to the fact that
for fixed p, increasing k results in reduced dofs (obvious from the graphs). We observe from
the graphs that for a fixed dofs, increase in k unconditionally results in lower functional
values, hence better accuracy of the solution.
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pk-convergence: We can view pk-convergence at least in the following two ways: (1)
for a fixed k we can choose p based on p = 2k — 1, minimum p-level for k. If we connect
these points on graphs in Figure 11a—d, we obtain much higher convergence rate than p-
convergence for any value of k. (2) The most obvious dramatic and the highest convergence
rates are achieved for combination of p and k for which dofs are almost constant indicated
by almost vertical lines on the graphs in Figure 11a—d. The numerical studies presented
here for this model problem confirm &, p, k as three independent parameters in the finite
element computational processes for self-adjoint operators.

el i

p-Convergence
== k=] -+ k=1

== k=3 = k=4

#e, ( quadratic Functional )

o= k=] =+ k=6
k=7 k=8
- k=9

---- k-Convergence
==== k- Processes
] tp-?m:csscs

" Degrees of Freedom -
(a) Error in quadratic functional 7 using the
Galerkin method

nn

]

p-Convergence

e, ( quadratic Functional )

o= k=] =e=k=d
= ka4 = k=5
4 k=f = k=7

k=l = k=9

=== k-Convergence

| =em= L Pmcesses
waf = kp-Processes
el L
L Degrees of Freedom -

(b) Error in quadratic functional 7r using the
least-squares method
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» S A
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g . 5 k=4 o k=5
o el a & k=6 & k=7
e k=d - I# = k=f e k=9
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(c) Error functional I using the Galerkin
method

(d) Error functional I using the least-
squares method

Figure 11. Graphs of 7t and I versus dof for axial deformation.

9.2. 1D Convection Diffusion Equation
Consider the following BVP [2]:

2
i 149 _ 4 yrea,=(01) 93)

¢(0)=1.0 ¢(1)=0 (94)

dx Pedx?



Mathematics 2021, 9, 1333

25 0f 43

The differential operator A = (%) — (35)( %) in (93) is non-self-adjoint, hence
GM/WEF will yield a VIC integral form but the integral form based on LSP is VC. Here, we
only consider LSP (see [17] for numerical studies using GM/WF). We consider k > 2 and

p-levels up to 19. A theoretical solution of (93) and (94) is given by

(exPe _ ePe)
P) = g omy (95)

Obviously, ¢ is of class C*. We consider the following meshes for Pe = 100 and 10°.
For Pe = 100: Element Lengths (5 element mesh)

0.826545, 1.535x 10!, 1.535x 102, 1.535 x 1072, 1.535 x 102
For Pe = 10°%: Element Lengths (10 element mesh)
0.722215, 25x 1071, 25x 1072, 25x 1072, 2.5 x 107#, 2.5 x 10, four of length 2.5 x 10~°

We consider k > 2 with p-levels up to 19 in LSFEP. For each k, p-levels are increased
up to 19 uniformly for each element of the discretization.

Discussion of Results

As in previous model problem, here also characteristic discretization length # is
constant as the discretization is fixed, hence we can study p-convergence, k-convergence
and pk-convergence of the solution and functionals. Figure 12a,b present residual functional
I versus dof graphs for various values of k for both Pe.

p-convergence: For a fixed k, the sequence of solutions for progressively increasing
p-level represent p-convergence of the solution and the residual functional I in Figure 12a,b.
For each value of k in Figure 12a,b we observe progressively increasing slope of residual
functional I versus dof graphs for progressively increasing p-levels, indicating progressively
increasing convergence rate (as shown in a priori error estimation section).

k-convergence: From the graphs of residual functional I versus dof for increasing
p-level but for a fixed value of k, we note that with progressively increasing k the I verus
dofs graphs for all k values remain almost parallel to each other but shift downwards with
increasing k. This confirms that increase in k does not result in higher convergence rate
but results in better accuracy (due to lower values of functional I) for a given degrees of
freedom. Thus, k affects accuracy but not the convergence rate. In Figure 12a,b, from the
curves of constant p, hence constant # and p , thus only k is varying along these curves
(k-convergence). We note that increase in k results in increase in the value of residual
functional I, indicating increasing error. This is due to the fact that for fixed p, increasing k
results in reduced dofs (obvious from the graphs). We observe from the graphs that for a
fixed dofs, increase in k unconditionally results in lower values of I, hence better accuracy.

pk-convergence: As in case of previous model problem, here also we can view pk-
convergence in at least the following two ways: (1) for a fixed k, we can choose p = 2k — 1,
minimum p-level of this choice of k. If we construct these parts on the graph in Figure 12a,b,
we observe much higher convergence rate than p-convergence for any value of k. (2) The
most dramatic and the highest convergence rates are achieved for combinations of p and
k for which dofs are almost constant indicated by nearly vertical lines in the graphs in
Figure 12a,b.

The numerical studies presented here for the model problem in which differential
operator is non-self adjoint also confirm that 4, p and k are three independent parameters
in finite element computations and the observed convergence behavior is in accordance
with a priori estimates.
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Figure 12. Graphs of I versus dof for convection diffusion equation.
9.3. 1D Burgers Equation
Steady state Burgers equation (A¢ — f = 0) is given by (also see [3]):
dp 1 d*¢
————==0 VxeQ,=(0,1 96
¢ dx  Redx? «=(01) (%)

$(0) =10 ¢(1)=0 97)
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A theoretical solution of (96) and (97) is given by [2,17,18].

= ¢ PRe (98)

_ 176¢Re(x—1) N _— . fg13—1
p=9 11 ePRe(x—1) where ¢ is the solution o G

¢ € C*°(Q), i.e., ¢(x) has continuous derivatives of all orders. The differential operator

A= (p% — é % is nonlinear, therefore only LSP yields VC integral form [17,18]. LSFEP
is used to present numerical studies using the following discretizations for k > 2 with

p-levels up to 17.
For Re = 100: Element lengths (5 element mesh)

0.779, 0.17, 0.017, 0.017, 0.017
For Re = 10°: Element lengths (10 Element mesh)

0.4944443 , 0.4944443 , 1.0x 1072, 1.0x 1073, 5.0x 107>, 5.0 x 10~°
50x107°, 5.0x107% 1.0x107% 1.0x1077, 1.0x 1077, 1.0x10~7, 1.0 x 10~

Discussion of Results

In the numerical studies, the characteristic discretization length # is fixed (due to fixed
mesh), hence we can study p-convergence, k-convergence and pk-convergence. Figure 13a,b
show plots of residual functional I versus dof for Re = 100 and 10° for different values of k
for progressively increasing p-level up to 17.

p-convergence: For a fixed value of k, the sequence of computed finite element so-
lutions for progressively increasing p-level represent p-convergence of the solution and
the residual functional I in Figure 13a,b. For each value of k in Figure 13a,b we observe
progressively increasing slope of I versus dof graphs for progressively increasing p-level,
indicating progressively increasing convergence rate (shown in a priori error estimation).

k-convergence: From the I versus dof graphs for increasing p-level but for a fixed
value of k, we note that with progressively increasing k, the I versus dof graphs for all
values of k remain almost parallel to each other but shift downward with increasing k.
This confirms that increase in k does not result in higher convergence rate but results in
better accuracy (lower values of I) for a given degrees of freedom. Thus, k affects accuracy
but not the convergence rate. From the curves of constant p, hence constant # and p in
Figure 13a,b, thus only k varying along these curves (k-convergence), we note that increase
in k results in increase of the value of functional I, indicating increasing error. This is due
to the fact for fixed p, increasing k results in reduced degrees of freedom (obvious from the
graphs). We note from the graphs that for a fixed dof, increase in k unconditionally results
in lower values of residual functional I, hence improved accuracy.

pk-convergence: We can observe pk-convergence in at least two ways: (1) for a fixed k
we can choose p = 2k — 1, minimum p-level for this choice of k. If we connect these points
in the graphs in Figure 13a,b, we observe much higher convergence rate than p-convergence
for any value of k. (2) The most dramatic and the highest convergence rates are achieved
for combination of p and k for which the dofs are almost constant indicated by nearly
vertical lines in the graphs in Figure 13a,b. The numerical studies for the BVP in which the
differential operator is nonlinear also confirm that &, p, k are three independent parameters
in the finite element computations and the convergence behavior is in accordance with a
priori estimates.
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Figure 13. Graphs of I versus dof for Burgers equation.

9.4. Poisson’s Equation (BVP)

Consider the two-dimensional steady state Poisson’s equation (see [19-21] also):

02 02
a—;—i—#:—f(x,y) Vx,y€ Q= (—aa)x(—b,b) (99)
u(x,—b) =u(x,b) =u(—a,y) =u(a,y) =0 (100)

f(x,y) is chosen that the theoretical solution of (99) and (100) is given by
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u(x,y) = (@ = x")(@" —y") (101)

u(x,y) in (101) satisfies boundary conditions (100). We choose a = b =1, m = n =
8. The differential operator in (99) is self-adjoint, hence GM/WF and LSP both yield

e

variationally consistent integral forms. If 1}, is an approximation of u over sz = Uﬂxy,
e

discretization of Q)...,, then

xy’
¢ CV CHY(Qy,); k=3 (102)

in which k = 3 is minimally conforming space of approximation ¢ and hence ¢; for which

integrals are Riemann over (sz) . We consider two types of discretization.

Mesh A

The domain Qxy is divided into 2 x 2, 4 x 4, ... uniform discretizations in which
elements are square and ¢# axes for each element parallel to xy and pointing in the same
directions as the xy axes. (Figure 14). For these discretizations we can use both HGDA /DG
and HGDA /TP element formulations.

he=1 he=1/2
(2 x 2) mesh (4 x 4) mesh

Figure 14. Mesh A: Discretizations with square elements (undistorted).

Mesh B

Initial mesh for distorted elements is shown in Figure 15. Each element of this mesh is
uniformly divided into 2 x 2,4 x 4, ... to generate progressively refined meshes.

N
RN
[ /]
[ /]

(a) Initial mesh of 4 elements (b) Quasi-uniform mesh of
16 elements

Figure 15. Mesh B: Discretizations with distorted elements (quasi-uniform).

Computations are performed for progressively refined Mesh A and Mesh B using
HGDA /DG of class C!!, C?? and C*3 as well as using HGDA /TP elements of class C!, C?2,
C33 for p-levels of 3, 5, 7 and 9, keeping in mind that for HGDA /TP elements only Mesh A
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can be used whereas for HGDA /DG both Mesh A and Mesh B can be used. The p-levels
are increased starting with 3 in § and # directions. Figures 1621 show graphs of residual
functional I versus dof for solutions for classes C11, C?2 and C33 for Mesh A and Mesh B
using HGDA /DG and HGDA /TP formulations. We discuss details in what follows.

6
Model Problem 4‘: Mesh A
p=3
HGDA —&—
4 HGDA/TP - & -
p=3
HGDA
HGDA/TP
2t p=7 1
G - HGDA —eo—
HGDA/TP - -& -
p=9
. 0r HGDA —+— 1
HGDA/TP - -¢ -
; GDA/T!
6 ~
S 2 |
—
4 + R
-6 I E
8 F R
!
0 1 2 3 4 5

LOG(dof)

Figure 16. Residual function I versus dof, C!! solutions: Model Problem 4 (Poisson’s Equation; Mesh
A; HGDA/DG and HGDA/TP).

T
Model Problem 4: Mesh A

p=5
0 RN HGDA 1
HGDA/TP
s p=7
SN HGDA —e—
N HGDA/TP - -0 -
2 RN p=9 1
N HGDA —+—
HGDA/TP - -o- -
o
=z  4r R
N’
0]
o
J
6+ 1
8t 1
-10 ! ! ! !
0 1 2 3 4 5

LOG(dof)

Figure 17. Residual function I versus dof, C?2 solutions: Model Problem 4 (Poisson’s Equation; Mesh
A; HGDA /DG and HGDA/TP).
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Model Problem 4‘: Mesh A
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Figure 18. Residual function I versus dof, C3 solutions: Model Problem 4 (Poisson’s Equation; Mesh
A; HGDA/DG and HGDA/TP).
Model P‘roblem 4: Mesh A an‘d Mesh B
=3
4 + P HGDA —s— |
HGDA/TP - & -
p=5
HGDA
2 | HGDA/TP |
p=7
HGDA —eo—
HGDA/TP - - -
p=9
~ 0F HGDA —+— |
% HGDA/TP - - -
Q
)
= 2} i
4| i
6| i
| | | |
0 1 2 3 4 5

LOG(dof)

Figure 19. Residual function I versus dof, C!! solutions: Model Problem 4 (Poisson’s Equation; Mesh
B, HGDA/DG; Mesh A, HGDA/TP).
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Figure 20. Residual function I versus dof, C?? solutions: Model Problem 4 (Poisson’s Equation; Mesh
B, HGDA/DG; Mesh A, HGDA/TP).
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Figure 21. Residual function I versus dof, C3 solutions: Model Problem 4 (Poisson’s Equation; Mesh
B, HGDA/DG; Mesh A, HGDA /TP).

Discussion of Results

1. InFigures 16-18, residual functional I versus dof are presented for solutions for classes
CH, C?2 and C2 for p-levels of 3, 5, 7 and 9 for both HGDA /DG and HGDA /TP
formulations using Mesh A. Slopes of I versus dof graphs for HGDA /DG, C!!, C?2,
C33 solutions for all p-levels are higher compared to the corresponding graphs for
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HGDA /TP solutions showing higher convergence rates of HGDA /DG elements
compared to HGDA/TP.

2. HGDA/DG solutions yield lower values of I for given dofs. This holds true for all
three classes of solutions and for each p-level considered.

3.  Itis significant to note that even though HGDA /TP formulations are perfectly valid
for Mesh A and are believed to have optimal convergence rates, even then HGDA /DG
solutions yield higher convergence rates and yield better accuracy. This needs further
investigation and discussion (given later).

4. Figures 19-21 show plots of I versus dof for solutions for class C!!, C?2 and C*? at
p-levels of 3, 5, 7 and 9 using HGDA /DG formulation with Mesh B and HGDA /TP
formulation with Mesh A. We remark that HGDA /TP element formulation is believed
to be meritorious formulation for Mesh A. Obviously HGDA /TP formulation cannot
be used for Mesh B as the elements of the discretizations are distorted.

5. HGDA/DG formulation always has higher convergence rate and lower values of I
for a given dof for solutions for classes C'!, C?? and C3? for each p-level considered.

6.  Thus, regardless of whether the discretization contains square (or rectangular) ele-
ments or distorted elements in xy space, HGDA /DG formulation has higher conver-
gence rate and better accuracy (lower values of I) compared to HGDA /TP elements
for Mesh A.

9.5. 2D Convection Diffusion Equation (BVP)

We consider 2D steady state convection diffusion equation

ou  du 1 (azu %u

a—i_@_ﬁe ax2+ay2)20 Vx,]/EQxy:(o,l)X(O,l) (103)

with boundary conditions

1 — e(x—1)Pe 1 — ely=1)Pe
and u(x,1)=u(l,y)=0 (105)

where Pe is the Peclet number. A theoretical solution is given by

(1 _ e(x—l)Pe) (1 _ e(y_npe)

H(Y) = S (106)

From the theoretical solution, we observe that u(x,y) is analytic for all value of Pe
and is of class C//, where j — o is admissible.

We consider the same discretizations that are described for Mesh A and Mesh B for
the Poisson’s equation and the same p-levels for solutions for classes cll, C22, and C3.
Figures 22-27 show graphs of residual functional I versus dof obtained using Mesh A and
Mesh B for solutions for class C11, C22, C33; p-levels of 3, 5, 7, and 9 for HGDA /DG and
HGDA /TP formulations. We discuss results in the following.

1. InFigures 22-24, I versus dof graphs are presented for solutions for classes C!!, C?2,
C33 at p-levels of 3, 5, 7 and 9 for both HGDA /DG and HGDA /TP using Mesh A.
We observe higher slopes of I versus dof graphs in case of HGDA /DG for solutions
for classes C11, C?? and C® for each p-level compared to the solutions obtained from
HGDA/TP.

2. We note from Figures 22-24 that HGDA /DG solutions yield lower values of I for a
given dofs compared to HGDA /TP. This holds for solutions for classes C 122 ¢33
for each p-level considered.

3.  Figures 25-27 show graphs of I versus dof for solutions for class C'!, C??, C® at
p-levels of 3,5, 7 and 9 using HGDA /DG with Mesh B and HGDA /TP with Mesh A.
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Obviously HGDA /TP elements cannot be used for Model B. Here also we observe a
higher convergence rate of I versus dof as well as lower values of I (for given dofs)
in case of HGDA /DG, hence better accuracy for given dofs. This holds for all three
classes of solutions and for all p-levels considered.
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Figure 22. Residual function I versus dof, C1 solutions: Model Problem 5 (Convection Diffusion

Equation; Mesh A; HGDA /DG and HGDA /TP).
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Figure 23. Residual function I versus dof, C?2 solutions:
Equation; Mesh A; HGDA /DG and HGDA /TP).
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Figure 24. Residual function I versus dof, C33 solutions: Model Problem 5 (Convection Diffusion
Equation; Mesh A; HGDA /DG and HGDA /TP).
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Figure 25. Residual function I versus dof, C11 solutions: Model Problem 5 (Convection Diffusion
Equation; Mesh B, HGDA /DG; Mesh A, HGDA /TP).
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Figure 26. Residual function I versus dof, C?2 solutions: Model Problem 5 (Convection Diffusion
Equation; Mesh B, HGDA /DG; Mesh A, HGDA /TP).
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Figure 27. Residual function I versus dof, C3? solutions: Model Problem 5 (Convection Diffusion
Equation; Mesh B, HGDA /DG; Mesh A, HGDA /TP).
9.6. 2D Burgers Equation (BVP)
Consider the 2D steady state scalar Burgers equation (see [19-21] also):
ou ou 1 <82u o%u

U +u@ “ el T 8_1/2> =fxy) V(xy) € Oy = (—a,a) x(=b,b) (107)
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with the BCs
u(—a,y) = u(a,y) = u(x,—b) = u(x,b) =0 (108)

We consider Re = 10 and choose f(x, y) such that the theoretical solution of (107) and
(108) is given by

u(x,y) = (a" —x")(b" —y") (109)
In the numerical studies we consider 4= b2: 1 and m = n = 8. In this case the
differential operator A = u% + u% — % (aa? — aa?) is nonlinear, hence the GM/WF will

yield a VIC integral form. Modified LSP [24] yields VC integral form, hence we consider
finite element formulation based on this integral form in the numerical studies. We consider
the same discretizations that are described for Mesh A and Mesh B for Poisson’s equation
and we consider the same p-levels for solutions of classes Cl1 C22 (33 and the formu-
lations based on HGDA /DG and HGDA /TP. Since, in this case the differential operator
is nonlinear, the system of algebraic equations resulting from LSP are nonlinear. Their
solution is obtained using Newton’s linear method with line search [17,18]. A tolerance of
107° or lower is used for assuming computed quantities to be zero. We discuss results in
what follows.

1.  Figures 28-30 show plots of residual functional I versus dof for solutions for class
Cll (c22 (33 at p-levels of 3,5,7 and 9 obtained using HGDA /DG and HGDA /TP for
Mesh A. We observe higher slopes of I versus dof graph for HGDA /DG compared to
HGDA /TP almost in all cases.

2. We also note from Figures 28-30 that HGDA /DG solutions yield lower values of I
compared to HGDA /TP solutions.

3. Figures 31-33 show plots of I versus dof for solutions for class C!!, C?2 and C* at
p-levels of 3,5,7 and 9 using HGDA /DG for Mesh B and HGDA /TP for Mesh A.
Obviously, HGDA /TP formulation cannot be used for mesh B. Here also we observe
higher convergence rate of I versus dof as well as lower values of I (for a given dof).
This holds true for all three classes of solutions and for all three p-levels.
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Figure 28. Residual function I versus dof, C!! solutions: Model Problem 6 (Burgers Equation; Mesh
A; HGDA /DG and HGDA /TP).



Mathematics 2021, 9, 1333 38 of 43

T
Model Problem 6: Mesh A

L p=5
0 e HGDA
AN HGDA/TP
N p=7
o S HGDA —e—
2L TATN HGDA/TP - -0 - |
B ANRION p=9
AN HGDA —+—
o HGDA/TP - ~o- -

o 4 :
Z
Q
Q
- 6 | i
8l i
-10 | 1
0 1 2 3 4 5
LOG(dof)
Figure 29. Residual function I versus dof, C?? solutions: Model Problem 6 (Burgers Equation; Mesh
A; HGDA/DG and HGDA /TP).
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Figure 30. Residual function I versus dof, C33 solutions: Model Problem 6 (Burgers Equation; Mesh
A; HGDA /DG and HGDA /TP).
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Figure 31. Residual function I versus dof, C!! solutions: Model Problem 6 (Burgers Equation; Mesh
B, HGDA/DG; Mesh A, HGDA/TP).
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Figure 32. Residual function I versus dof, C? solutions: Model Problem 6 (Burgers Equation; Mesh
B, HGDA/DG; Mesh A, HGDA/TP).
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Figure 33. Residual function I versus dof, C3* solutions: Model Problem 6 (Burgers Equation; Mesh
B, HGDA/DG; Mesh A, HGDA/TP).

10. Model Problem: IVPs

In the case of IVPs, space-time coupled finite element processes with a space-time vari-
ationally consistent integral form with local approximation in H®)(Q,,) = Hkk2)(Q), )
scalar product spaces containing space-time functions of global differentiability k; — 1 in
space and k, — 1 in time are most meritorious over all others [18]. Since the space-time dif-
ferential operators are either non-self adjoint or non-linear, only space-time finite element
processes based on space-time residual functional (space-time least squares processes) are
STVC [18]. In case of initial value problems, rather than discretizing the entire space-time
domain, we could consider an increment of time and discretize the space-time strip or
slab for the increment of time, with only one element in time, but adequate discretization
in space. Need for more elements in time can be addressed by reducing the size of the
time increment. We compute converged solution (residual functional I — 0) for the first
increment of time. The solution for the second increment of time is calculated using second
space-time strip for which initial conditions are determined using the converged solution
from the first increment of time, i.e., first space-time strip.

On obtaining converged solution for second space-time strip we move on to third
space-time strip and so on until entire evolution is calculated. This process is referred to
as space-time strip or slab with time marching. This is the most efficient and meritori-
ous approach of computing evolution described by the IVP. We make some remarks in
the following.

Remark 7.

1. If 2my and 2my are the highest orders of the derivatives of the dependent variables in space
and time in the initial value problem, then k1 = 2my 4+ 1 and ky = 2my 4 1 correspond to the
minimally conforming scalar product space H*¥1K2) () containing functions of space and time
for which all space-time integrals will remain Riemann type over the space-time discretization.

2. In the space-time strip with time marching method, we must ensure that the computed solution
for the first space-time strip is converged before we move on to the second space-time strip as the
ICs for the second space-time strip are obtained using the solution for the first space-time strip.
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3. Based on Remark 2, the convergence studies in IV Ps can be done only for the first space-time
strip. In reference [18], it has been shown using many model problems that the convergence
characteristics and various aspects of space-time HGDA/DG and HGDA/TP element formula-
tions as well as their performance in terms of accuracy remain the same as shown for 2D BV Ps
discussed in this paper. For this reason and also for the sake of brevity, numerical studies are
not presented for [VPs.

4. We emphasize that the space-time finite elements of classes C1", C1°. have precisely same
formulations as the C1", C1"® formulations for BV Ps. Just like BVPs, here also HGDA/DG
elements only have the required dof at the nonhierarchical nodes for desired orders of continuity
and the HGDA/TP space-time elements are inferior to HGDA/DG in all aspects for the same
reasons that have been discussed earlier in the context with BVPs.

11. Summary and Conclusions

In the k-version of the finite element method initiated by Surana et al. [1-3], the authors
showed that k, the order of the approximation space defining global differentiability of
approximation over a discretization is an independent parameter in all finite element
processes in addition to & and p, hence the terminology k-version of the finite element
method in addition to /- and p-versions is quite natural. In this paper, we considered the
works of Surana et al. [1-3,11-21] on k-version finite element method and have presented a
unified computational methodology incorporating the k-version that addresses all higher
order global differentiability issues in BVPs and IVPs. The k-version of the finite element
method presented in this paper is compared with other published works on higher order
global differentiability approaches including isogeometric analysis. We present a short
summary and draw some conclusions.

1. The global differentiability of an approximation is due to union of local approxima-
tions, i.e., in the k-version presented in this paper, the element local approximation
over finite elements are designed such that their union automatically gives the desired
globally differentiability everywhere in the discretized domain. This must be intrinsic
and fundamental aspect of all finite element processes considering k-version.

2. The HGDA/DG are p-version and are hierarchical, i.e., in C7, C7" and C7"® approxima-
tions, p-levels can be increased beyond those needed for g, gr, qrs orders of continuity.
This increase in p-level does not increase dofs at the nonhierarchical nodes that are
responsible for the desired degree of global smoothness.

3. Itis shown and established that HGDA /DG are truly higher order global differen-
tiability local approximations. HGDA /TP elements contain additional dofs at the
nonhierarchical nodes compared to HGDA /DG elements. The consequence of this is:
(a) the HGDA /TP elements have dofs at the hierarchical nodes that cannot be trans-
formed between {7 and xy ({7 and xyz) spaces (b) poor convergence rate compared
to HGDA /DG (c) poor accuracy compared to HGDA /DG (d) HGDA /TP elements
do not have true C7, C7", C7"*® global differentiability.

4. HGDA/DG elements work perfectly well in discretizations containing distorted
element geometries while HGDA /TP elements are restricted to rectangular shapes
with additional restrictions on {7 for the elements to be parallel to xy and pointing in
the same directions.

5. Graphs of residual functional and the error in quadratic functional are reported in
the paper with respect to dof instead of using characteristic discretization length
h. Since HGDA/TP elements have additional dofs at the nonhierarchical nodes
compared to HGDA /DG elements, use of dof is a true measure of their performance
in terms of convergence rate and the accuracy as / is not effected by additional dof in
HGDA /TP elements.

6.  We find some published works on k-version that has been cited in the literature review
section of this paper. Unfortunately, the approaches used in those publications are
specific to some order of differentiability and are not p-version hierarchical and cannot
be extended to orders higher than those presented in the paper. The work presented
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here allows any desired order of global differentiability local approximations in R!,
R? and R3 with p-version hierarchical structure. To the best of our knowledge, there
is no other published work on the k-version that has these features.

7. We have considered and presented considerable details of isogeometric analysis. (1)
We have clearly shown that isogeometric analysis is nothing more than C° finite
element discretization with higher p-level, each element being a patch in isogeometric
analysis. We have clearly demonstrated that in the isogeometric approach, the global
solution for the entire domain is always of class C’ when the domain contains more
than one patch regardless of the solution class within the patch. This is due to
the fact that in isogeometric analysis, inter-patch continuity is C°. (2) Isogeometric
analysis is not a finite element method. A patch is like a complex domain, for which
displacement approximation is constructed (no finite elements yet). The patch is
subdivided into smaller patches that are mapped in two unit squares or cubes for the
sake of integration over the patch. Smaller patches or subdomains of the patch have no
local approximation. Each smaller patch or subdomain has to inherit the displacement
approximation constructed for the whole patch (no finite element yet either).

8.  Inisogeometric analysis, benefits of higher order smoothness of geometry have never
been shown. Our work on the k-version shows that the benefit of accuracy and con-
vergence rates are due to local approximation and not due to higher order geometry.

9. A comparison of isogeometric method with k-version [1-3,19-21] is meaningless for
two reasons (i) isogeometric analysis is not a finite element method (ii) the global
approximation in isogeometric is only C%, so where is the k-version?

In conclusion this paper presents a true k-version finite element method (HGDA /DG)
in which local approximation can be of class C7, C7", C7" p-version hierarchical that always
yield global differentiability of orders g, gr and grs in R!, R, R®. There is no other published
works on the k-version of finite element method or higher order global differentiability
approximation that has these features.
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Abbreviations

The following abbreviations are used in this manuscript:

BVPs Boundary Value Problems

dof or dofs degrees of freedom

GM/WF Galerkin Method with Weak Form

HGDA or HGDA /DG H.igher Order Global Differentiability Approximation Elements with
Distorted Geometry

HGDA /TP Higher Order Global Differentiability Approximation Based on Tensor
Product

IBP Integration by Parts

IVPs Initial Value Problems

LSM Least Squares Method

LSpP Least Squares Process

vC Variationally Consistent
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VIC Variationally Inconsistent

LSFE Least Squares Finite Element

LSFEM Least Squares Finite Element Method

LSFEP Least Squares Finite Element Process

LSM Least Squares Method

QT or (_)xy Discretization of (finite element mesh) of Q) or (_)xy
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