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Nektar++: input

• problem

∇2u− λu = −f

1
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const LibUtilities::PointsKey key(Q, type)

Array<OneD, NekDouble> quadZeros(size);
quadZeros = (LibUtilities::PointsManager()[key])->GetZ();

f = (λ + 2π2) cos(πx) cos(πy) (1)

λ = 1 (2)

(3)

g(x, y) = cos(πx) cos(πy) on Γ (4)
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Nektar++: Helmholtz solver
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objecs of these classes contain:

SegExp QuadExp

TriExp

HexExp

PrismExp

PyrExp

TetExp

ExpList3D

ExpList

ExpList1D

this library contains:

• linear algebra routines
• block-matrix routines
• data managers and memory pools
• polynomial manipulation routines

several utilities supporting the other libraries
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the geometry of an element
• data: ◦ a standard expansion (a parametrix mapping from a standard

objects of these classes contain:

Geometry

HexGeom

TetGeom
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• data: ◦ a list of local elemental expansions
• da for the classes ContExpList iD, ContField iD, DisContField iD:

• data: ◦ the global coefficients ûg

• data: ◦ a mapping array from the local to the global degrees of freedom

objects of these classes contain:

• da for the classes ContField iD, DisContField iD:
• data: ◦ information about the boundary conditions

• data: ◦ the basis φp(ξi)

expansion on local element u(xi) =
∑

p φp(xi)ûp

• data: ◦ the coefficients ûp

• data: ◦ the geometry of the element

• data: ◦ the basis φp(xi)

• data: ◦ the physical values u(xi)

expansion on a global region u(xi) =
∑

e

∑
p φe

p(xi)ûe
p

• data: ◦ to the local element, which entirely describes the geometry)
• data: ◦ the geometric factors of the transformation (Jacobian, ...)

objects of these

• data: ◦ the physical values u(ξi)
• data: ◦ the coefficients ûp

classes contain:
expansion on standard element u(ξi) =

∑
p φp(ξi)ûp
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DisContField2D DisContField3DDisContField1D

ContField1D ContField2D ContField3D

ContExpList3DContExpList2DContExpList1D

ExpList2D

StdExpansion3D

StdHexExp

StdPyrExp

StdQuadExp

EdgeComp

SegGeom QuadGeom

TriGeom

PrismGeom

PyrGeom

VertexComp

TriFaceComp

Geometry3DGeometry2DGeometry1D

StdExpansion

StdPrismExp

StdTetExp

QuadFaceComp

StdExpansion2DStdExpansion1D
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Nektar++: output

• Gmsh
• Tecplot
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Assignment

Tutorial 3

1 A two-dimensional Helmholtz problem

Assignment (a): Solve the Helmholtz equation with forcing function
f(x1, x2) = −(λ + 2π2) cos(πx1) cos(πx2) on the mesh defined in the input file QuadMesh.xml
using Nektar++ .
Information about the mesh and the boundary conditions are contained in the input file QuadMesh.xml.
(Make sure to copy this file to the directory where your executable is located.) The following
configuration of the problem is stored in this file:

- Domain of the problem: the bi-unit square x1 = [0, 1], x2 = [0, 1]

- The mesh: 4 identical quadrilateral (square) elements

- The expansion: 4th order C0 continuous modified spectral/hp expansion

- Forcing function: f(x1, x2) = −(λ + 2π2) cos(πx1) cos(πx2)

- Boundary Conditions: Dirichlet boundary conditions g(x1, x2) = cos(πx1) cos(πx2) on the
entire domain boundary

- Exact solution: u(x1, x2) = cos(πx1) cos(πx2)

This exercise contains of two parts:

1. Complete the Helmholtz solver.
Solve the exercise using the proper Nektar++ classes and functions. The major part
is already implemented. However, some essential Nektar++ calls have been left out.
The task is to, using the doxygen documentation of the Nektar++ code, find out how
the code should be properly completed. The doxygen documentation can be found on:
http://www.nektar.info. Once this is finished, the solution should have been written to
the file Helmholtz2DSolution.pos. Open this file using the program Gmsh to see a plot of
the solution.

2. Convergence study.
Now you have a working Helmholtz solver, run it for the following configurations:

1 element , P = 2 (NUMMODES= P + 1 = 3)

h−refinement P−refinement
4 elements, P = 2 1 element , P = 4
9 elements, P = 2 1 element , P = 6
16 elements, P = 2 1 element , P = 8

To do so, you will have to modify (or create a new) input file for every case. Plot the
approximation error (calculated in the L2 norm) for every case in function of the number
of degrees of freedom in a semi-log plot. This can be done in the figure on the next page.
If your implementation is correct, you should observe two different convergence rates,
depending on the strategy (i.e. h−refinement versus P−refinement)

6
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Nektar++

• class
• expanded concept of a data structure
• data
• functions

ξ1 (1)

ξ (2)

ξ2 (3)

x1 (4)

x2 (5)

η1 (6)

η2 (7)

uδ(x1, x2) =
P1
∑

p=0

P2
∑

q=0

ûpqφpq(x1, x2) (8)

uδ(x1, x2) =
Nel
∑

e=1

(

P1
∑

p=0

P2
∑

q=0

ûe
pqφ

e
pq(x1, x2)

)

(9)

u(ξ) uδ(ξ) =
P

∑

p=0

ûpφp(ξ) (10)

∇2u − λu = f on Ω (11)

(∇v,∇u)Ω − λ(v, u)Ω = 〈v,∇u · n〉 − (v, f)Ω ∀v (12)

(•, •) =

∫

Ω

• · •dΩ (13)

M ij =

∫

Ω

φiφjdΩ (14)

(L + λM ) û = f (15)

〈•, •〉 =

∫

∂Ω

• · •d∂Ω (16)

u(x) =
P

∑

p=0

ûpφp(x) (17)

v(x) =
P

∑

p=0

v̂pφp(x) (18)

uδ(ξ1, ξ2) =
N−1
∑

n=0

ûnφn(ξ1, ξ2) (19)

uδ(ξ1, ξ2) =
P1
∑

p=0

P2
∑

q=0

ûpqψ
a
p(ξ1)ψ

a
q (ξ2) (20)

uδ(η1, η2) =
P1
∑

p=0

P2
∑

q=0

ûpqψ
a
p(η1)ψ

b
pq(η2) (21)

∫

Ω

u(x1, x2)dx1dx2 =
Nel
∑

e=1

∫

Ωe

u(x1, x2)dx1dx2 (22)

uδ(ξ1i
, ξ2i

) =
N−1
∑

n=0

ûnφn(ξ1i
, ξ2i

) (23)

(24)

1

Class: StdQuadExp
• data members

•       
• 
• 
•  
•  ...

• member functions
•  
•  ...

test

int foo;
int foo = 2;

double foo;
double foo = 2.1;

NekDouble foo;
NekDouble foo = 2.1;

\\ This is a comments inside the code

int i;

for(i = min; i < max; i++)
{

\\ your implementation
}

i=i+1;

pow(x,7)
sin(x)
cos(x)

Array<OneD, NekDouble>

Array<OneD, NekDouble> foo(size);
Array<OneD, NekDouble> foo(size,value);

for(i = 0; i < size; i++)
{

foo[i] = ...
}

m_ncoeffs
m_coeffs
m_base
m_phys

int Q = 4;
LibUtilities::PointsType type = LibUtilities::eGaussLobattoLegendre;
const LibUtilities::PointsKey key(Q, type)

Array<OneD, NekDouble> quadZeros(size);
quadZeros = (LibUtilities::PointsManager()[key])->GetZ();

1

test

int foo;
int foo = 2;

double foo;
double foo = 2.1;

NekDouble foo;
NekDouble foo = 2.1;

\\ This is a comments inside the code

int i;

for(i = min; i < max; i++)
{

\\ your implementation
}

i=i+1;

pow(x,7)
sin(x)
cos(x)

Array<OneD, NekDouble>

Array<OneD, NekDouble> foo(size);
Array<OneD, NekDouble> foo(size,value);

for(i = 0; i < size; i++)
{

foo[i] = ...
}

m_ncoeffs
m_coeffs
m_base
m_phys

BwdTrans()

int Q = 4;
LibUtilities::PointsType type = LibUtilities::eGaussLobattoLegendre;
const LibUtilities::PointsKey key(Q, type)

1
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Nektar++

• inheritance

Class: StdQuadExp
• data members

•       
• 
• 
•  
•  ...

• member functions
•  
•  ...

test

int foo;
int foo = 2;

double foo;
double foo = 2.1;

NekDouble foo;
NekDouble foo = 2.1;

\\ This is a comments inside the code

int i;

for(i = min; i < max; i++)
{

\\ your implementation
}

i=i+1;

pow(x,7)
sin(x)
cos(x)

Array<OneD, NekDouble>

Array<OneD, NekDouble> foo(size);
Array<OneD, NekDouble> foo(size,value);

for(i = 0; i < size; i++)
{

foo[i] = ...
}

m_ncoeffs
m_coeffs
m_base
m_phys

int Q = 4;
LibUtilities::PointsType type = LibUtilities::eGaussLobattoLegendre;
const LibUtilities::PointsKey key(Q, type)

Array<OneD, NekDouble> quadZeros(size);
quadZeros = (LibUtilities::PointsManager()[key])->GetZ();

1

test

int foo;
int foo = 2;

double foo;
double foo = 2.1;

NekDouble foo;
NekDouble foo = 2.1;

\\ This is a comments inside the code

int i;

for(i = min; i < max; i++)
{

\\ your implementation
}

i=i+1;

pow(x,7)
sin(x)
cos(x)

Array<OneD, NekDouble>

Array<OneD, NekDouble> foo(size);
Array<OneD, NekDouble> foo(size,value);

for(i = 0; i < size; i++)
{

foo[i] = ...
}

m_ncoeffs
m_coeffs
m_base
m_phys

BwdTrans()

int Q = 4;
LibUtilities::PointsType type = LibUtilities::eGaussLobattoLegendre;
const LibUtilities::PointsKey key(Q, type)

1

Class: StdTriExp
• data members

•       
• 
• 
•  
•  ...

• member functions
•  
•  ...

test

int foo;
int foo = 2;

double foo;
double foo = 2.1;

NekDouble foo;
NekDouble foo = 2.1;

\\ This is a comments inside the code

int i;

for(i = min; i < max; i++)
{

\\ your implementation
}

i=i+1;

pow(x,7)
sin(x)
cos(x)

Array<OneD, NekDouble>

Array<OneD, NekDouble> foo(size);
Array<OneD, NekDouble> foo(size,value);

for(i = 0; i < size; i++)
{

foo[i] = ...
}

m_ncoeffs
m_coeffs
m_base
m_phys

int Q = 4;
LibUtilities::PointsType type = LibUtilities::eGaussLobattoLegendre;
const LibUtilities::PointsKey key(Q, type)

Array<OneD, NekDouble> quadZeros(size);
quadZeros = (LibUtilities::PointsManager()[key])->GetZ();

1

test

int foo;
int foo = 2;

double foo;
double foo = 2.1;

NekDouble foo;
NekDouble foo = 2.1;

\\ This is a comments inside the code

int i;

for(i = min; i < max; i++)
{

\\ your implementation
}

i=i+1;

pow(x,7)
sin(x)
cos(x)

Array<OneD, NekDouble>

Array<OneD, NekDouble> foo(size);
Array<OneD, NekDouble> foo(size,value);

for(i = 0; i < size; i++)
{

foo[i] = ...
}

m_ncoeffs
m_coeffs
m_base
m_phys

BwdTrans()

int Q = 4;
LibUtilities::PointsType type = LibUtilities::eGaussLobattoLegendre;
const LibUtilities::PointsKey key(Q, type)

1
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Nektar++

• inheritance

Class: StdQuadExp
• data members

• ...

• member functions
•  
•  ...

test

int foo;
int foo = 2;

double foo;
double foo = 2.1;

NekDouble foo;
NekDouble foo = 2.1;

\\ This is a comments inside the code

int i;

for(i = min; i < max; i++)
{

\\ your implementation
}

i=i+1;

pow(x,7)
sin(x)
cos(x)

Array<OneD, NekDouble>

Array<OneD, NekDouble> foo(size);
Array<OneD, NekDouble> foo(size,value);

for(i = 0; i < size; i++)
{

foo[i] = ...
}

m_ncoeffs
m_coeffs
m_base
m_phys

BwdTrans()

int Q = 4;
LibUtilities::PointsType type = LibUtilities::eGaussLobattoLegendre;
const LibUtilities::PointsKey key(Q, type)

1

Class: StdTriExp
• data members

• ...

• member functions
•  
•  ...

test

int foo;
int foo = 2;

double foo;
double foo = 2.1;

NekDouble foo;
NekDouble foo = 2.1;

\\ This is a comments inside the code

int i;

for(i = min; i < max; i++)
{

\\ your implementation
}

i=i+1;

pow(x,7)
sin(x)
cos(x)

Array<OneD, NekDouble>

Array<OneD, NekDouble> foo(size);
Array<OneD, NekDouble> foo(size,value);

for(i = 0; i < size; i++)
{

foo[i] = ...
}

m_ncoeffs
m_coeffs
m_base
m_phys

BwdTrans()

int Q = 4;
LibUtilities::PointsType type = LibUtilities::eGaussLobattoLegendre;
const LibUtilities::PointsKey key(Q, type)

1

Class: StdExpansion2D
• data members

•       
• 
• 
•  
•  ...

• member functions
•  ...

test

int foo;
int foo = 2;

double foo;
double foo = 2.1;

NekDouble foo;
NekDouble foo = 2.1;

\\ This is a comments inside the code

int i;

for(i = min; i < max; i++)
{

\\ your implementation
}

i=i+1;

pow(x,7)
sin(x)
cos(x)

Array<OneD, NekDouble>

Array<OneD, NekDouble> foo(size);
Array<OneD, NekDouble> foo(size,value);

for(i = 0; i < size; i++)
{

foo[i] = ...
}

m_ncoeffs
m_coeffs
m_base
m_phys

int Q = 4;
LibUtilities::PointsType type = LibUtilities::eGaussLobattoLegendre;
const LibUtilities::PointsKey key(Q, type)

Array<OneD, NekDouble> quadZeros(size);
quadZeros = (LibUtilities::PointsManager()[key])->GetZ();

1
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Nektar++: classes
StdSegExp

StdTriExp

S
td

R
e
g
io

n
s

li
b
ra

ry
L
o
c
a
lR

e
g
io

n
s

li
b
ra

ry

objecs of these classes contain:

SegExp QuadExp

TriExp

HexExp

PrismExp

PyrExp

TetExp

ExpList3D

ExpList

ExpList1D

this library contains:

• linear algebra routines
• block-matrix routines
• data managers and memory pools
• polynomial manipulation routines

several utilities supporting the other libraries

S
p
a
ti

a
lD

o
m

a
in

s
li
b
ra

ry

the geometry of an element
• data: ◦ a standard expansion (a parametrix mapping from a standard

objects of these classes contain:

Geometry

HexGeom

TetGeom

M
u
lt

iR
e
g
io

n
s

li
b
ra

ry

• data: ◦ a list of local elemental expansions
• da for the classes ContExpList iD, ContField iD, DisContField iD:

• data: ◦ the global coefficients ûg

• data: ◦ a mapping array from the local to the global degrees of freedom

objects of these classes contain:

• da for the classes ContField iD, DisContField iD:
• data: ◦ information about the boundary conditions

• data: ◦ the basis φp(ξi)

expansion on local element u(xi) =
∑

p φp(xi)ûp

• data: ◦ the coefficients ûp

• data: ◦ the geometry of the element

• data: ◦ the basis φp(xi)

• data: ◦ the physical values u(xi)

expansion on a global region u(xi) =
∑

e

∑
p φe

p(xi)ûe
p

• data: ◦ to the local element, which entirely describes the geometry)
• data: ◦ the geometric factors of the transformation (Jacobian, ...)

objects of these

• data: ◦ the physical values u(ξi)
• data: ◦ the coefficients ûp

classes contain:
expansion on standard element u(ξi) =

∑
p φp(ξi)ûp

L
ib

U
ti

li
ti

e
s

li
b
ra

ry

DisContField2D DisContField3DDisContField1D

ContField1D ContField2D ContField3D

ContExpList3DContExpList2DContExpList1D

ExpList2D

StdExpansion3D

StdHexExp

StdPyrExp

StdQuadExp

EdgeComp

SegGeom QuadGeom

TriGeom

PrismGeom

PyrGeom

VertexComp

TriFaceComp

Geometry3DGeometry2DGeometry1D

StdExpansion

StdPrismExp

StdTetExp

QuadFaceComp

StdExpansion2DStdExpansion1D


