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Abstract

In this thesis we are interested in so called lattice group models (LGpMs). This is a
class of deterministic schemes which seem to be somehow linked to discrete velocity
models (DVMs). Unfortunately there exists no convergence proof for the discretiza-
tion of the collision operator through the LGpM. Additionally it is not clear if the
convergence proofs for discrete velocity models (DVMs) apply to LGpMs, because
there exists no exact classification of the LGpMs within the DVM framework. This
work addresses these issues and gives a scheme for constructing discretizations that
reach arbitrary high convergence orders (asymptotically) as well as a classification of
the LGpMs within the DVM framework. The logically following step is a look at a
practical implementation and numerical test of the resulting discretizations in order to
numerically verify the theoretic convergence results as well as a closer look at the com-
putational complexity. Finally we investigate the parallelization of a general LGpM
solver. Here we pay special attention to the question whether it is possible to obtain
a significantly better price to performance ratio when using graphics processing units

(GPUs).
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1 Introduction

The Boltzmann equation is a basic integro-differential equation in the kinetic gas
theory. It mainly describes the statistic distribution of particles in a medium. This
equation is primarily used if the mean free path of the particles becomes large compared
to the characteristic length of the system under consideration. Or in other words when
we look at the dynamic of rarefied gases. One typically uses the simpler equations
of continuum mechanics if this condition is not met, for example the Navier-Stokes
equations. On the other hand there needs to be a sufficient amount of particles in
a given volume in order to do the statistics which give the Boltzmann equation its
validity. If this condition is not met one comes into the field of molecular dynamics
where one begins to describe every single particle and their interactions. Due to
the position of the Boltzmann equation in between the macroscopic (Navier Stokes)
and the microscopic (molecular dynamics) regime this equation is called a mesoscopic
equation. In the case of a mono atomic gas this partial integro-differential equation is
given by

(B +0-V)f(x, 0, 1) = a/n /5 [ (0) £ (') — £(0)f ()] & (0, 10, 7) dndro, n = 2,3.

The right hand side is generally called Boltzmann collision operator, collision integral,
collision operator or simply integral operator and we are mainly interested in the ap-
proximation of this operator.

The two main categories for numerical approaches aiming at solving the Boltzmann
equation are probabilistic and deterministic schemes. The most successful approach
(measured by the number of scientists and engineers using it) seems to be based on
probabilistic Monte Carlo techniques for the approximation of the integral operator
leading to direct simulation Monte Carlo methods (DSMC). We on the other hand
are only interested in deterministic schemes. On the deterministic side of things are
at least three approaches that can be considered as deterministic approximations of
the Boltzmann equation. The first one is based on special collision models such as
Bhatnagar-Gross-Krook (BGK) together with the discretization of the velocity space,
which lead to lattice Boltzmann methods (LBM). These ones can hardly be consid-
ered as competitors to the other methods, because here it is typically assumed that
the liquid is sufficiently dense and in equilibrium so that these discretizations aim
at an approximation of the Navier-Stokes equations putting them more in the region
of continuum mechanics. Due to the low computational costs and the wide field of
applications these approaches have proven their potential in computational physics,
for example see [SBH91,[PDCD93,TR04,[Raa04]. The second one relies on a Fourier
transform (also called spectral methods) of the collision integral (or parts of it) in order
to approximate the collision operator in a deterministic way with high accuracy and
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speed, see [BRI7,/BRO0/TRO2,FRO3,FMPOG]. The third one seems to be the most pop-
ular deterministic scheme and is called discrete velocity scheme (DVM). Schemes that
are classified as DVMs do not have a common approach to the discretization problem,
but they have the property that the discretization result can be represented as a stan-
dard DVM as given in a corresponding survey article [PI8§]. And due to a substantial
theory developed around DVMs one has a number of tools to verify if a discretization
in DVM form possesses specific properties. A non exhaustive list of publications in this
field (often coupled with specific discretization approaches and convergence proofs) is
[CGL03,BGO3L[PSBI7[FKWO06, BV12,[RS94, Wag95|, Bue9d6, PS8, [PHII, MS00]. There
also exist hybrid schemes between the probabilistic and the deterministic schemes

where the randomness can be freely chosen [[W93] which also led to developments in
stochastic particle schemes [RW98,[RSW98,[RW07].

The main advantage of probabilistic schemes is the low computational complexity
(probably the reason for its domination in the field of rarefied gases), the main disad-
vantage are solution fluctuations and accurate error estimations which originate in the
use of random sequences. The deterministic schemes on the other hand have typically
a high computational complexity and mixed results concerning the convergence order
of specific discretizations. Until now there seem to be proofs for convergence orders
between ; in [BPS95] (proofs in [PSBI7]) and 3 in [EMP0G] for approximations of
the collision integral. To the best of our knowledge no one tried to construct a class
of discretizations of the collision integral that can theoretically reach arbitrary high
convergence orders. This is possibly linked to a number of additional properties a
discretization must possess in order to reflect the basic properties of the continuous
collision integral. The main drawback of the spectral methods are typically problems
related to the non conservation of quantities which should be conserved according to
the continuous problem. Even the newest publications in this field [FMP06] state that
a trade-off between computational complexity and exactness in the conservation laws
seems to be non-avoidable, at least when looking at very fast spectral algorithms for the
calculation of the collision integral. When looking at spectral algorithms with a mod-
erate computational complexity Bobylev and Rjasanov were able to construct a cor-
rection in order to achieve the correct conservation of macroscopic quantities [BRO0).

In this work we are interested in so called lattice group models (LGpM) which were
introduced by Babovsky in [Bab08[Bab09]. This is a class of deterministic schemes
which seem to be somehow linked to DVMs. Further development of these LGpMs
was done by Babovsky in [BabllalBabl1bl[Babl2l[Babl4]. Unfortunately there exists
no convergence proof for the discretization of the collision operator through the LGpM
(via kinetic models on integer lattices derived from the automorphism group of the lat-
tice). Additionally it is not clear if the convergence proofs for discrete velocity models
(DVMs) apply to LGpMs, because there exists no exact classification of the LGpMs
within the DVM framework. This work addresses these issues and gives a scheme for
constructing discretizations that reach arbitrary high convergence orders (asymptoti-



cally). In chapter 2 we aim at giving a short introduction or repetition of the basics
around DVMs and LGpMs as well as a classification of the LGpMs within the DVM
framework. In chapter 3 we begin with the construction of basic discretizations in two
and three dimensions together with convergence proofs and their representation in the
DVM and the LGpM framework. The last part of chapter 3 is devoted to a gener-
alization of this discretization approach in order to reach arbitrary high convergence
orders (at least asymptotically). The following chapter 4 aims at a practical imple-
mentation and numerical test of the resulting discretizations in order to numerically
verify the theoretic convergence results. Here we apply and justify some final tweaks of
the discretization in order to simplify the implementation and increase the numerical
stability of the discretizations. Moreover we take a closer look at the computational
complexity and the minimal size of the velocity space in order to be able to apply
our discretization schemes. Finally we devote chapter 5 to our approach of a paral-
lelization of a general LGpM solver, general in the sense that simple modifications
lead to a solver that can apply any discretization fitting into the scheme of DVMs, as
LGpMs generally do - see chapter 2.2l Here we pay special attention to the question
whether it is possible to obtain a significantly better price to performance ratio when
using graphics processing units (GPUs) that justifies the additional time expenditure
needed for a GPU implementation.
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2 The Lattice Group Model

The first part of this chapter is focused on giving a short repetition of the basic concepts
around the Boltzmann equation, DVMs and LGpMs. The second part aims at creating
a bridge between the LGpM developed by Babovsky, first published in [Bab08/[Bab09],
and the general DVM in which the models and discretizations of most scientists in
the field of deterministic discretizations fit (for example [PI88,[RS94Bued6l BPS95,
PS98,[PH99,IMS00]). At this point we strongly point at the necessity to suppress the
majority of the dependencies in the formulas for the sake of readability. So at every
point (especially in section B]) the reader is encouraged to take a break and think about
the dependencies or to create a record about the dependency structure.

2.1 Basics

This section restates some well known facts about the Boltzmann equation, DVMs
and LGpMs with corresponding references. Whenever the dimension n of the spaces
and objects occurs it can be treated as 2 or 3, if not specified otherwise.

2.1.1 The Boltzmann equation

The definitions and results given here are well known and can be found in [CIP94]
chapter 2,3]. The Boltzmann equation reads as:

(O +0-V)f(r,0,t) =I[f](r,0,t), (r,0,t) €D CR xRy xRy, (2.1.1)

where f = f(g,v,t) is the distribution function of a gas and depends on the velocity v,
space ¢ and time ¢ variables. I[f] is the collision operator and in the case of a rarefied
mono-atomic gas it can be written as

11f)(x, 0, 1) ’:O‘/n/sn_l (50 ) £ (60", 2) — £ (5,0,2) £ (1 10,2)] b (0, 10, 7) dlyp o

Here v, 1o denote the pre-collision, v’, v’ the post-collision velocities. The conservation
of momentum (v’ + v’ = v + tv) and energy (v'? + w2 = v? + v?) in an elastic two
particle collision give the following formulas for v’, w’:

v/(b,10,7) = b + (0w, )y, w'(b,10,7) = to — (BT, ) .

Definition 2.1.1.1 (Collision invariant)
We call a local integrable function ® : R} — R collision invariant of the operator I iff

Vi e LR — R)A® - fis integrable : / P(v)I[f](v)do=0.
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Lemma 2.1.1.2 (Collision invariant)
An integrable function ® € Li, is a collision invariant, iff

Vo, € Ry AVp € S ¢ ®(b) + (o) = O(v') + P (') .

Remark 2.1.1.3 (Conserved quantities)
If we multiply the Boltzmann equation with a collision invariant and integrate over
the velocity space we get

8t/ ®(0)f(r,0,t) dn+V;/ o®(v)f(x,0,t)do =0

n

Looking at a solution of the Boltzmann equation that does not depend on the space
variable, we get a time independent operator

g: LRy = R) x RY x RfU{0} = R, (®,x,t) — [ ®(b)f(x,0,t) do = const .
Rn

This operator maps every collision invariant to a corresponding conserved physical
quantity.

Theorem 2.1.1.4 (Collision invariant)
A function ® € C°(R! — R) is a collision invariant iff it can be written as

d(v) =a+ (b,0) +c[v)|>, aceRbeR"

Remark 2.1.1.5 (Space of collision invariants)
It follows from the last theorem that the functions

1
(I)O:U)—)l,q)iiﬁ)—)vi,q)n_ﬂIU|—>§||UH2, UGRZ,iG{l,...,TL},

are the base vectors of the space of all collision invariants. They correspond to the
conserved quantities mass, momentum components and kinetic energy.

Now we take a brief look at the equilibrium solutions of the Boltzmann equation and
their connection to collision invariants.

Definition 2.1.1.6 (Equilibrium solution, H-operator)
(i) Let f be a function with

fec:={f|f € LY(R - R)NC° R} - R)}.
Such a function is an equilibrium solution iff

f>0and I[f]=0.
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(ii) The H-functional is defined as

H:C—R, frs [ In(f(v))f(v)do.

R

Theorem 2.1.1.7 (Equilibrium solution)
R — RTU{0} is an equilibrium solution iff there exist a,c € R, b € R™ with

Vo eR!: f(b) =exp(a+ (b,0) + c|[v]?) .

Remark 2.1.1.8

(i) Looking at ZI.T.4] we see, that every equilibrium solution can be written as
f(v) = exp(®(v)) with the corresponding collision invariant ®.

(ii) The above theorem implies that every equilibrium solution can be written as

ﬂ@zﬂﬂmﬁﬂw):(%gﬁem<m;f)).

These functions are called Mazwell functions and the values p, v, T can be cal-
culated through

p= | Mip,v,T|(v)d"o

Rn

p-o= / v- M[p,0,T](v)d"v
Rn

1 — - n
p-T== [ o5l Mlp5 T)w)d",

Here p can be understood as the (mass) density, v as the flow velocity, and T
as the temperature of the maxwell distribution. The following theorem shows
that solutions of the Boltzmann equation can’t increase their distance to the
equilibrium (Maxwell) solution.

Theorem 2.1.1.9 (H - theorem)
Looking at the space homogeneous case and assuming that the collision kernel satisfies
k > 0 almost everywhere we get

oS, O]

g ot = (0 <= [ is a Maxwell function .

The last thing we want to state is the calculation of the macroscopic values through
the use of the density function f.
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Definition 2.1.1.10 (Macroscopic Values)
Let f € LY(R? — R") be a nonnegative function. We can calculate the following
macroscopic values:

e the mass p, the momentum m = (m;);_,, the kinetic energy E
1
p ;:/ fo)do,  m; ::/ wf(o)do, = 5/ lol2£(0) do |

e the stress tensor S = (Sij)?,jzl

e the hydrostatic pressure p

e and the temperature T

The first three macroscopic values correspond to the basic conserved quantities /
collision invariants, compare Z.T.1.3, 2.T.T.5] .

2.1.2 Discrete Velocity Models

Discrete velocity models typically aim at a classical deterministic discretization of the
collision operator through the discretization of the velocity space by using transforma-
tions and Newton-Cotes formulas or similar integral approximations. So in any case a
discretization of the velocity space is needed, in the following thesis we will only look
at a uniform discretization of the form

T:={veRl|v, € Av-Z,j=1,...,n,}, AveR"'.

To avoid the problems that are associated with an infinite velocity space (and not
topic of this work), we will restrict ourselves to the finite subset

U:=VNB(0), rcRt.

We also need the corresponding index set My to address single velocities. Now almost
all discrete velocity discretizations of the Boltzmann equation 2.1.T] can be rewritten
in the form of general DVMs (cp. [PISS]).
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(O +0:- Vo file.t) = > AY(fule, ) file, 1) = fie, 1) f(x, 1)) (2.1.2)

Gk l€My
= Jilf](x,t),  ie{l,....|T[}.

The standard way in referring to a specific class of DVMs is to give the dimensionality
n and the number of velocities m in the form nDm. To name the minimal requirements
a DVM should fulfill we need some more definitions, in fact the discrete versions of

RITTR2TT6 2TTI 2TII0

Definition 2.1.2.1 (Collision invariant, equilibrium, macroscopic values)

(i) We call a function ® : ¥ — R a collision invariant iff > ®(v)J[f](v) = 0. We
veY
denote the space of collision invariants with I.

(ii) An equilibrium solution can be characterized through J[f] = =0

(iii) The macroscopic values can be obtained through

— mass p, momentum m = (mi)?zl, kinetic energy E

p= 30, me= ), B3 [olEf)

veY veY veY

— stress tensor S = (s;;)7 ;_,, with

= E UZ’U] mimj,

vey

hydrostatic pressure

2
;01:1 tr(S % > s

i=1

temperature

Definition 2.1.2.2 (H - operator)
The discrete H - functional is defined as

H:{f: V> R} =R [ f(o)In(f(v)).

veY
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Remark 2.1.2.3 (H - theorem)
Let f:0 — R/, then the discrete H - theorem is

{0}
oHlf _
o~
and oH
87£f] = (0 <= [ is an equilibrium solution.

Remark 2.1.2.4 (Minimal requirements for DVMs)
It is well known that DVMs should obey some minimal requirements before they can
be considered for serious applications. The most common requirements are :

(i) Properties of the Operator A :
a) All allowed particle interactions obey the momentum and energy conserva-
tion: v; +; # vy + b V 0?2 + b2 #£ 02 + v} = A = 0. And A} > 0.

b) Af]l = Aélf = Affé, from these symmetries follows the alternative character-
ization of collisional invariants:

® is collisional invariant

==V(i 5, k1) AV # 0= () + B(v;) = (o) + B(vy).

From this follows that the space of collisional invariants I contains at least
the discrete versions of @y, ..., ®,,1 from ZITTH and finally we obtain the
alternative characterization of the equilibrium solutions:

¢ is equilibrium solution

==V(i, 4, k1) T AT #£ 0= 0(b;)p(0;) = 0(0r)p(v)
<30 cl: P =1In(yp),

as well as the discrete H - theorem.

(ii) Po,..., Py (as in2ZITH) should be a basis of the space of collisional invariants,
leading to equilibrium solutions of Maxwell type.

Proof of i) b):

In the literature one can often find the additional symmetries Afjl = Ale = Aif
These are not necessary to obtain the result i) b), we recall the corresponding proofs
to reassure the reader of this fact. We start with the alternative characterization of

collisional invariants:

Z ®(v;)Ji[f] = Z ®(v;) - < Z Aij(fkfl - fifj))

i€My i€My Jk €My
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—abk
= Y S)AT(ffi— fif) = Y ®(0) AT (fife — fif:)
1,5,k 1€ My Jyi,l,ke My
=A%) =Ap
= A~
= Y )AL (fifi = fof) = > Ro) AL (fifi — fifi)
k,l,i,j€My l,k,j,i€ My

Summation over the last 4 equivalent sums gives

43" 0o dilf) = Y AN(®(0) + ®(v)) — B(og) — B(0)) (fif — fifi) -
i€ My 4.k, 1€ My
(2.1.3)
Now we assume that ® is a collisional invariant and

3(i,j, k, 1) € {(i,j, k1) AR 0} B(v;) + B(v;) # D(vy) + (o)) .

Let (4,7, k,1) be the multi index with ®(v;) + ®(v;) # ®(vy) + (v;) and r € R. Then

by using
£ l,ifn=iVn=y
"7 le € RT, otherwise
we obtain
>, AN )+ ®(05) — ®(0c) — P(va)) (fefa — fafb)
a,b,c,de My

=2(2(v;) + (v;) — ©(vx) — D(v)) (—fif;)
+2(®(0)) + D(0)) — D(0;) — D(0,)) (fif;) +2- 7
= 4(®(vs) + D(v)) — (v;) — (b)) +- 7

# 0, if e sufficiently small,

which is a contradiction to the assumption that & is a collisional invariant. The
minimal set of collisional invariants the DVM possesses can now be calculated by:

D115

q)o(Ui) + (I)()(Uj) = 1+1= (I)O(Uk) + (I)O(Ul)

Po(v;) + Dy(vy) alha Do+ 00 = b+ 00 = Bo(04) + Du(0)), a=1,...,n
2.L15 o1

(i)a) 1 1
Dp1(05) + Py (v;) Slloal* + —IIUjIIQ = glloull* + okl

= DOpyi(0) + Prya(vy) .
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We need some preliminary considerations to prove the alternative characterization of
the equilibrium solutions and the correspondence of collisional invariants:

S (F)I0710) P L ST AL () +nhy) — In(fe) — ()] (e~ £if)

vey 1,5,k 1€ My
(2.1.4)
In(A)(1-A)
1 kol <fifj) < fifj)
= - A In 1— , and we know
4 Mk’lzeMm " Jefi Jefi Jif
(2.1.5)
VAERT\ {1} :In(M)(1 =X <0 A In(A)(1=X)=0<=A=1. (2.1.6)

At this point we need to explain why A > 0. This comes from the positivity of f. The
positivity can be obtained by looking at the space homogeneous initial value problem

A fi(t) = Jilf1(t), fi(0) = fo(v:i) >0, (2.1.7)
and the helper function ¢; : t — fi(t)e?, p:==c > f;:
j kI My
09:(t) = Oufie + fipe = > AT(ffi— fif)e” +cfi D fie”
jJk,l€ My jJk,l€ My
= e ( S oAl Y (e-AY) f@-fj) -
jik,l€ My jk,l€ My

By knowing (i)a) Af]l > 0, f(0) > 0 and by choosing c¢ sufficiently large (¢ >
MAaX; j ki€ My Af]l) we obtain the positivity of the derivative of g. This leads to the
positivity of f. Now we can go back to topic: the equilibrium solutions. Using their
definition we get:

Jf]=0=W()J[f] =0 = > In(f;)Ji[f] =0
i€ My
= (V3.0 0) : A £0= fify = fif) , by @1 - @10)
= (V(i.3.k, ) s A # 0= In(fi) +In(f;) = In(f) + In(f)) -

If we follow the argumentation in the opposite direction we obtain In(f)J[f] = 0 <

> ieny (fi) Ji[f] = 0 by 214) - (21.6) and the positivity of f, A. Assuming f # 1
we also get J[f] = 0 <= In(f)J[f] = 0, where the case f = 1 is already covered by

the knowledge that J;[f] = > Af]l(l — 1) = 0. The last thing remaining is the
j,kJEMy
proof of the H-theorem:
: 1 .
OH(f] =D _ f(o)In(f (o)) + (o) 75/ (o)

vey
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=3 fo)(m(fo) + 1) =23 (s (v)) + 1)

veY ey
= > JI1(0)(n(f(0)) + Lo(0)) = > J[f f(v))
vy vey
=S w() S AEGh - ff) = S AW (h - 1))
i€ My 4.k, 1€ My 4,3,k 1€ My
. "sz:M ln(fz)Akl(fkfl fif;) ) .
= — 2,0,K,0EMy _ = 1 iin' 1S
2 _+j7i7l%Mmln(fj)A?j(fsz — [ifi) 22‘4,1%6:1\4% n(fif5) Ay (fefi = fif5)
1 [ ) E ln<fifJ)Akl<fkfl fzf])
—— 1,7,k 1€ My
- 2 In(fo /i) A (frfi = fif))
L k,l,i,j€My
- i Z (In(fif;) = (S f)) AL (fufi — fif;) < 0, because
i4,kle My

Vz,y € RT : (In(z) — In(y))(y —x) <0
A (In(z) — In(y))(y — )—O<:>:U—y/\Akl >0.

The second part of the H-theorem can be obtained by

O.H[f] = D In(f(0)J[f](v), ( see above)
LY )+ ) ~ In() ~ WAL i - £ =0

<= In(fi) +In(f;) = n(fi) —In(f)) =
In(f) is collisional invariant
i)b
f is equilibrium solution. O

Remark 2.1.2.5

Many authors also consider the additional symmetries Akl Akl Al % These sym-
metries seem to be a consequence of the interpretation of the A' *as tran51t10n proba-
bilities from pre- to post collisional velocity pairs. But it seems that these symmetries
have no impact on any discretization property considered throughout this work. So we
neglect these symmetries when it comes to the derivation of different discretizations
and their transformation into DVMs, but we give remarks whether these symmetries
exist or can be artificially created.
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Lemma 2.1.2.6 (Collision spheres)
The Operator A of a DVM satisfying the minimal requirements possesses the properties

— v; + 0, v, — 0,
Af?]l#o {UﬂUj)UkaUl}eSg::{Uem' v — 12 1 = 22 : }7
k,l k.l k(i k oy

Proof: By using 2.1.2.4] a commonly known proof is

APl #0 =10, +b; = b + 0, A0} + 07 = 0] + b}
— (0;+9;)° = (v, +1;)° A0 + 07 = 0} + 0]
= (v;,0;) = (v, 0;)
= (b; — 0;)® = (b — 1y)?
= [[v; — v;[| = [Jo, — vi]] .

This together with MTU’ = "’“T’L“l gives the result. The second claim follows directly

from v; +v; = v; + v;. ]
The next theorem restates the common ways of checking ZT2ZA[(ii)].

Theorem 2.1.2.7 (Calculating artificial collision invariants)
Let U be a uniform (equidistant) velocity space and M be the set of all collision pairs
used by the DVM. For classical DVMs this means

M = {(i,j,k,l) e M

Aﬁj;«éo}.

Assuming that the DVM satisfies the minimal requirements 2ZT.24[(i)| the space of
collisional invariants I is a equal to

(ekl +ey — e — €4, )T
ker : = ker (D,'V,J[]D,)

. _e. T
(ek\kﬂ + Clia — i BJ\M\)

where  (is, Jo, ke, le) € M, D, := diag(¢(v1),...,(v)y)) and ¢ represents an arbi-
trary equilibrium solution.

Proof:
We divide the proof into two sections, that correspond to the two kernels.

(i) Due to the compliance with the minimal requirements ZT.24J(1)] we obtain the
alternative characterization of the collision invariants

P el<=V(i,j k1) € M:P(v;)+ P(v;) = D(vy) + D(v;) .
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From this follows (by using the shortcut ®; := ®(v;)) that the space of collision
invariants is equal to the solution space of the system of equations

(I)k1+(I)l1 _(I)h _(I)jl :0
g, + Py, — Py _(I)]é =0
0,

(I)k\M\ + (I)l\M\ - s

Ynm T FaM) T

which can be rewritten by using the corresponding matrix

A\

(ekl +ey — e — €4 )T (I)l 0

T
(ek‘\M\ + €l — Cijar) T ej\M\> (I)\M| 0

The solution of this is (by definition) the kernel of the matrix. Due to this we

~

get I = ker(M).

(ii) Starting at
Ry
J[@]Z( > Aﬁf(s@m—%%)) :
J,k, €My .

we can simply derive

r bij Ryl

VoJp| = 9 ( Z Ai’;(wk@l - %%’))

Opm
| J.k,l€Msg i=1] m=1

Ry
T
= Z Afjl (prer + pier + pie; + pje;) )

Now we choose an arbitrary f € ker(V,J[p]). This f can always be represented

as [ = (¢, f), by using the element-wise multiplication (e, ). Now we get

Ry
Vollplf = ( Z A%(@kfz+901fk+%fj+90jfi)T>

.k 1€ Mg i1

RY
i ; 3 : N\T
= < Z Afjl (eefipr + Qufver + ifie; + @i fiei) )

J.k,l€Msyg i=1
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Ry
. .
= <<Pi Z Ai;wj(fl+fk+fj‘|‘fi) ) , by using ZT.2A(1)]

jkJ€ My 1
= 0= V(i,j,k,0) € M : AT £0= fi+ f; = fu+ fi = f €T

)

We get the last conclusion by the fact that the above calculation holds true for
linear independent ¢. At this point we have proved

ker (V,J[p]) = span((¢p, f),..., (0, f0)),

where f, are the basis vectors of I. Due to

sz][‘P]f = Vso‘][éo](% f) = V%?J[‘P]DMF
it becomes clear that

I = ker(V,J[¢]D,) = ker(D,'V,J[]D,,) . O

Due to the fact that the number of collision pairs | M| typically grows at least quadrat-
ically (in two and three dimensions) with the number of velocities |0 it is desirable
to get less (computational) complex tools to rule artificial collision invariants out.

Corollary 2.1.2.8 (Ruling artificial collision invariants out)

Let U be a uniform (equidistant) velocity space and M be the set of all collision pairs
used by the DVM. Let the set M C M contain exactly all collision pairs represent-
ing squares with a diagonal of 2Av or v2Av and let the DVM satisfy the minimal
requirements ZT.2.4J(1)]

(i) The space of collisional invariants I is a linear subspace of

(ekl + € — € — €5 )T
ker : — ker (D;'V,Jl¢ID, ) |
T
(e’ﬂm T €y = Gy %m)

where  (ia, jo, ko, le) € M, D, := diag(p(v1),...,¢(bjw))) , ¢ represents an
arbitrary equilibrium solution and

~ Ry
- o (i I,
Tl ;:< 3 Afj{(“”f*ol pip) it (g k1) € })
A “ 10 , else
]Ji‘,leMQ] i1

is the collision operator induced by M. If the dimension of these kernels is equal
to n + 2 the model possesses no artificial collision invariants.
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(i)

Let U contain at least the origin and all neighboring points (9 in 2D and 27 in
3D). Assuming A C AvZ",a € AvZ"™ and using the definitions

Np(A) :={ac AvZ" [ag ANTbE A:|la—b| € AvB},
NZ‘J‘(A, Cl) =AN N{l,\/ﬁ}({a}) N {b S A’UZn|b =a+ )\162‘ + )\er; )\1, )\2 S A’UZ} s

36 € Nio(A,a) : [Nia(A ) 0 Ny ({6))] =2 v
N(A) = ac AvZ™| Jb e N173<A, Cl) . |N173<A, Cl) N N{1}<{b})| =2 V ,
Elb € N273<A, Cl) . |N273<A, Cl) N N{1}<{b})| =2

0:=(0,...,0)7,
the following algorithm can be used to falsify the existence of artificial collision
invariants:
S1 U := {v € AvZ'|o € Ny sy(0) Uo}
S2 A:=N(D)NY
S3 e if A=
= if Y=

output: no artificial collision invariants [END]

= else
output: artificial collision invariants possible [END]

® clse

B =V U A, goto S2

This algorithm holds true in two and three dimensions, but in two dimensions
we can simply disregard NV; 3, No 3.

Proof:

(1)

(i)

The proof of the first part is equal to the proof of the last theorem adding that
the introduction of additional collision pairs can only shrink the space of collision
invariants and that T must contain at least the linear independent ®g,..., P,

as described in ZT.24[())bl

We start with the finite velocity space 9 that contains only zero and the neigh-
boring points (in total 9 points in two dimensions and 27 in three dimensions)
and we assume that the set of collision pairs M contains all squares (in the ve-
locity space) with diameter v/2Av and 2Awv. This leads to 5 resp. 45 collision
pairs resulting in Mapg € {0,1, =119 Myp,r € {0,1, —1}45%27. Here M is the
representing matrix of the collision pair equations (fy+ f; = fi+ f;). Calculating
the rank of these matrices gives rank(Mapg) = 5, rank(Mspyr) = 22 resulting
in a kernel dimension of 4 resp. 5. Due to the size of these matrices an Oc-
tave (MATLAB) function to calculate these matrices and the dimension of the
kernels can be found in appendix [A.T.1l This can be seen as the begin of our
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mathematical induction. Now we conduct the inductive step by introducing a
new point b to the velocity space set 9 that has the property of possessing three
direct neighbors in 9 that are neighbors to each other and are lying in the same
axis parallel plane:

A

o € Nio(T,6) : [Ny o(D, 0) N Ny ({r})] = 2
o € N13(,0) : [N13(0,0) N Ny ({w})] = 2
Jo € NQ;),(%, 6) . |N273(‘B, 6) N N{l}({m})| =2

V
V

Due to the position in axis parallel planes we can reduce our consideration to
the two dimensional case and because of the symmetries we have only too look
at exactly two different cases.

N\
/
V] AS

AN

7 o N to
V2 N
¢ o o *o-o
N e [ [
AS
N / | I
N I I
@ ®---0
(a) Case i) (b) Case ii)
Figure 2.1: Possible cases of grid expansion

i) Figure[ZTalillustrates the first case where all 3 neighbors of v that lie within
2 are on a straight line. Every of these three points must have another
three neighbors that are neighbors to each other, because this holds true
for the begin of the induction and for every point that was introduced since
then. From this comes the fact that either the red or the green dots are
the neighbors of tv in DY resulting in the existence of the dashed collision
pair ruling out the introduction of a new collision invariant (because ®(v)
is determined by the three points in Dy belonging to the collision pair).

ii) Figure [2.1Dl illustrates the second case where v is “surrounded” by three
points from U in such a way that we can directly see the existence of a
collision pair ruling out the introduction of a new collision invariant. O

Definition 2.1.2.9 (Normal grid)
Let U be a uniform (equidistant) velocity space and M the set of all collision pairs

representing squares with a diagonal of 2Av or v/2Av. We call such a grid in n

dimensions normal iff

(ek‘l +eny — e — €j1>T

ker : =n-+2, (e, Jo, keyls) € M .

T
(ek\M\ + €l — Cijar) T ej\M\)
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Remark 2.1.2.10 (Computational complexity and conclusions)

(i) It is interesting to notice that leads to the calculation of the kernel
of a matrix that can not grow larger than {—1,0, 1}¥¥I*I¥| where only 4 ele-
ments per row are non zero. Using Givens rotations to determine the kernel the
computational complexity becomes O(|J]).

(ii) An interesting implication from algorithm is that every velocity grid
U that fulfills the requirements of 2.1.2.8 and has the property that every point
of the grid can be reached from the origin through a “three point wide way” is
normal. (vg,...,0,,) is such a way iff

|N12(,0,11) N Ny ({0:})] = 2
Vie{0,...,m—1}: ‘N1,3(m7 Dip1) N N{1}<{Uz‘})‘ =2
|N23(20,0511) N Ny ({0:})] = 2

(iii) From the above follows that every velocity grid that is used throughout this work
(only uniform, equidistant discretizations of origin centered balls and cubes) are
normal resp. artificial collision invariant free as long as our numerical schemes
include all collision pairs representing squares with a diameter of 2Av or v/2Aw.

2.1.3 Lattice Group Models

The LGpM framework was established by Babovsky in [Bab09]. Throughout this work
we will restrict this (very general) approach to binary collisions and the definitions that
we give in this section.

Definition 2.1.3.1 (Orthonormal group, relation)

The orthonormal group G (a finite subset of the orthogonal group O(n)) of U is the
group which is generated by all reflections and rotations around zero that map the grid
U onto itself. The automorphism groups of the most common integer lattices may be
found in [CSB87]. In this work we denote the automorphism group of the lattice
under consideration by simply saying “automorphism group”. In two dimensions and
for Cartesian grids this group contains the identity, negative identity, 90° rotation
as well as the reflection around the x-axis and around the identity. A corresponding
relation is given by

b~y <= JpeG:0—a=p(v—a).
And let H be the subgroup of G that contains only id, —id.

Remark 2.1.3.2 (Right coset class)
Using the relation
pp €G, gy =Tl el
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the group G decomposes in the right coset classes G,/ ~p and the order of this is

Gl _ 16l

Definition 2.1.3.3 (Some necessary mappings)
These definitions were originally introduced in [Bab09, section 2.1, 3.2].
(i) Let &: G/ ~yg xXG,/ ~g— RT be some coefficients satisfying
a) group invariance: There is a mapping & : G/ ~y— RT such that
Al ) = Qpgr—1]
b) micro-reversibility: For all p € G
Qg = Q1] -

(ii) Let c € €,0 € Y C €, 4, : G — VU be the mapping that is defined by ¢ —
¢ + ¢(v — ¢). This mapping can be used to determine the points that are used
to approximate the spherical integral in J[f](v) above a sphere with the center
in ¢. The inverse of this mapping gives all operators that map from a point v on
a sphere with center in ¢ to another given point on the sphere, ¥ 1(tw) = {p €
Glro=c+p(b—c)}.

(iii) Let @ : U x U — RT be a mapping defined by

Z Z ) ]

%Ew '(v) '€= ()
(iv) Let v: 90 x Rt — R} be some nonnegative coefficients and let

¢ . —
Ay = ’)/(C, |U - C|) * Qetp(b—c),0
be an abbreviation to handle these constants in a more convenient way.

Definition 2.1.3.4 (Lattice group model, LGpM)
By introducing a set of potential center points €, we get a LGpM above €, as

Z Z aly Hf(chgo’(n—c))—Hf(c+g0"(n—c))

€l [pleG/~y ¢’ €[] e'eH

In the following work we will call this LGpM the “original” LGpM.



2.1 Basics 21

Remark 2.1.3.5

The above definitions summarize the result and the ingredients of the LGpM, due to
the aim to develop some theory on top of this we simply use it as a definition of the
model - concealing the basics of this concept. These basics can be found in [Bab09],
and the above definition can be obtained by using [Bab09, section 3.2, formula 3.20]
and recursively replacing the objects in this formula with the precedent definitions.
A simple question that instantly arises is: “are the points ¢ + ¢(v — ¢) points of the
used grid ¥ 7”7 To answer this question we have to specify 2U,€ and we need to take
a closer look at the associated discrete spheres.

Lemma 2.1.3.6 (Sphere decomposition)
Let v,10 € 0,V =V + %1, 1:=(1,..., D)7 a:= 20 and r = H%H and let us
call a point b

e “on the grid” iff b € Y
o ‘“partially off grid” iff 3b; € AvZ"™ A Jb; ¢ AvZ", i,5 € {1,...,n} and
e “completely off grid” iff #b; € AvZ".

With these ingredients we get

(i) a sphere with the endpoints of a diagonal on the grid (v, t, € ) and the center
a on the grid or completely off grid (a ceTUY decomposes in equivalence

ST= U -

[0]€ST(a)/~a

classes over U:

(ii) a sphere with a diagonal on the grid (v, € ) and a center partially off the
grid (a € 30\ (T UY)) generally does not decompose in equivalence classes

above .

Proof:

At first we simplify the problem by transforming the prerequisites into a simpler set-
ting. Without loss of generality we look at the integer lattice 2Z" and the finer grid
7" instead of ¥ and %Q]. We assume v, 1o € 27Z".

(i) We split this part of the proof in two additional parts. In the first one the center
of the circle is on the grid and in the second one the center is completely off grid.

a) The operators in GG are isometric mappings, and they map the grid onto
itself. So it is clear, that

Vb € 27" : [b] C SﬁbZHn (0) , this together with a,a — v € 2Z"
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gives the desired result:

Va,0 € 2Z" :a+[a—v] C SP, (a) .

lla—v]l

Now it is clear that the discrete spheres S¥(a) can be decomposed in (dis-
joint) sets corresponding to equivalence classes of the above relation.

b) Now we consider completely off lattice center points (a € 2Z" + 1). From
this follows, that a—v € 2Z™+1. All operators ¢ € GG can be interpreted as
permutations with sign changes. This implies Vo € G : p(a —b) € 22" + 1.
These considerations give the result

Va € 27" + 1Yo € 2Z"Vp € G : a+ p(a — v) € 22" + 2 = 27"
— Va € 2Z" 4+ 1Yo € 2Z" - a+ [a — v] C S?Z°, (a)

[la—v]|

(ii) We only look at the three dimensional case, because it includes the two dimen-
sional one. The center of the considered sphere a lies on Z? \ 27Z% U 2Z? + 1 and
the ends of the diagonal (v, 1) lie on 2Z°*. We know from [(i)| that the correspond-
ing sphere on Z* decomposes into disjoint equivalence classes. Now we prove a
little bit more than the necessary counter example. We do this to understand
the underlying problem better. We prove, that in all except one case off grid
equivalence classes possess at least one representative on the grid:

[b] € (S?(a)/ Na) Jce[b]:c e S (a).

From this fact follows instantly

Let b be an arbitrary representative of [b] that lies on Z3 \ 2Z3, so at least one
component of b must be odd. In this proof we denote odd scalars with a ~ and
even without a ~ above.

a) ¢ = b — a contains exactly one odd element
Wlog we assume ¢ = (cq, Co, c3)7.
i. a contains exactly one odd element
Wlog a = (a1, as,a3)?, because we can generate every permutation of

the elements in ¢ through operators in G, it is obvious that : Jp € G :
o(c) = (dy,dy, d3)T and therefore a + p(c) € 2Z3 A a+ ¢(c) € [b]

ii. a contains exactly two odd elements
Wilog we assume a = (ay, @, a3)’, ¢ = (c1, ¢, c3)T. There exists no such

sphere on 2Z3 in other words: )szg(a) = (), because the equation

€27 ¢27.
7\ o\
l ) L
€27+1 €27+1 €27, €27+1

~ \2 ~ \2 2 2 ~2 2
(x—a1)"+ (y—ao)” + (z —az)’=c; + & + ¢35

contains no solution (z,y, 2)7 € 2Z2.
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b) ¢ = b — a contains exactly two odd elements

i. a contains exactly one odd element
analogical to [(ii)(a)ii| - there exists no such sphere on 27Z3.
ii. a contains exactly two odd elements

analogical to [(ii)(a)i| - permutations.

c) ¢ = b — a contains exactly three odd elements

i. a contains exactly one odd element
Such spheres exist and they possess completely off lattice equivalence
classes.

ii. a contains exactly two odd elements
analogical to [(ii)(a)iil - there exists no such sphere on 2Z3.

O

Remark 2.1.3.7
In two dimensions spheres with partially off grid centers decompose into equivalence
classes giving the sphere on the finer grid:

Y@= J .

[0]€5T(a),/~a

S

~

The proof can be taken from the last proof But that does not hold true in

three dimensions (due to the existence of completely off lattice equivalence classes, see

(i) (c)i).

2.2 Classification

In this section we try to give an idea about the relations between DVMs and LGpMs.
The aim is to classify the LGpM in the context of the well established DVM framework.
As far as the author knows this is the first attempt to create a rigorous bridge between
these approaches.
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Theorem 2.2.1 (LGpM as a DVM)

The standard LGpM [2.1.3.4] can be directly transformed into a DVM. With the defi-

nitions from 2.1.3.3 and the additional definitions

(0i,0;, 05, 0;) € T

Uj:C—<UZ'—C),
b, + 0, b, + 0,
Mi = (lajakal) Uk:C+Q0<Ui—C>, 705?7]‘ :’Y( _'2_ ]7 i i !
v, =c¢— @(b; — ),
celpeC
1
AIM%—)R, Aij:§1M<Z]7kl) 6,7
we get
=Y > ot | I] fle+¢oi—e)— J] £e+¢"(o
€€ [pleG/~u @'€le] ¢'eH
D AT (F(o) f (o) = f(0:)f(0))) -
§,k,l€ My
Proof:

T =) > af, (H flet@'(oi—c) = J] flc+¢"(0i—0))

el [p]eG/~p (] w'eH

c€C [pleG/~n
V= V=

A\ A\

* Qyyogs

—9))

|

_ f( (0; —¢)) f (e —p(v; —¢)) — 2131
=2 2 wz[ﬂz 0 f e () } Y o1

=3 > ar, (et oo — ) f (e — p(o; — ©)) — f(0:)f(2c —0)))

ccC [p]eG/~p

ccC [p]eG/~p

DIPVRIC

€l [p]€eG/~y

= > AN(f (o) f(01) = f(0:) f(v;))

(27J7k7l)€M'L

= > AF(f(or)f(0r) — f(0:) f(v)))

]7k7l€M‘U

=3 ST (e o o) Terptoem (F(00) f(00) — f(05) f(0;)) by EI33

‘ ) s (F(00)f(01) — F(02)f(0;))
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Theorem 2.2.2 (DVM as a LGpM)
The standard DVM with the minimal requirements 2.T.2.4][(1)] and

v; + 0,
2
can be transformed into the LGpM framework. With the definitions

El
¢ VUV, — AJ; =0, (2.2.1)

CZZ“UU“U%, EU% = {a

b+ to
EIU,mE‘ﬁ:HU_m)H:\/ﬁAv/\a: +2 },

] 2Ak
:G ~H, .0 = = ’ th
/e O, (P ellito—o=ctd—o

k=k<=3ke My:vo,=c+po—c),

j=j<=3j € My:v;=2c—v, T =82 ~,

and the knowledge that the existence of k,j is guaranteed by (ZZI) and Z1.3.6, we
get

Jfe) = Y AL (fufi = fify)

j,k,l€ Moy
=> > > am| I fe+do—0) =[] fle+ &0 =0))
€€ [v]eST, [pleC ¥’ €ly] w'eH
Proof:
Using the abbreviation ¢;; := n“;'j and the identities
k . Ak
Ai,j - Agi - Asf cij—(bi— c,J) : Ai,cij
S}]] = S:’lz,l’j = S:f,cij*(w*cij) = Si%j’ Szlc] = S}c]/ ~c

we can calculate:

= > AYRSi—Ff) =D > ALffi— £if)

J,k,le My JEMy k€ My

=S S AM(fi— fif;) by ZIZH

JEMy vy, nles‘n

=D > Al 0+, — o) — f(0,)f(v;)) by ZLZE
Ujémgkes‘n

= 0> AN (Flor) Fleig — (ox = e57)) — F(03) f (e — (05 — c37)))
Ujémgkesg

=3 3 AR (Flon) f (e~ (or — ) — f(0)) f(c — (0, —))) by @ZT)

el UkES?i
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- Flog) (e — (o — )~
: cc® \[o]eST ~e n;[n] Aﬁc { f(0) f(c—(v; —¢)) ] by
= L on | fletpo—0))f(e—p(o—c))-

= Z 9 b |: f(c_'_(UZ_c))f(c_(Ui—c)) :| bym

Corollary 2.2.3 (Relation between DVMs and LGpMs)
(i) From the above theorems comes the fact, that the LGpMs are a subclass of the
DVMs (LGpMC DVM).

(ii)) The LGpMs transformed into a DVM satisfy the minimal requirements

ZI24[0)]

(iii) For LGpMs the common ways of checking property 2.1.2.41[(ii)] (artificial collision
invariants) can be used. That means that 2.1.2.7 and 2ZT.2.8 also hold true for
LGpMs, where the set of collision pairs is equal to

M=) M.

1€EMy

Proof: The first claim follows directly from the two preceding theorems. For the
second claim we have to check the three statements from 2T 2ZA[(D)]
a) We want to show v; +v; # v, + 0, V 07 + 03 # 07 + v} = A = 0. To do this we
prove V(i, j, k,1) : 0; 4+ 0; = v + 0, A0 + 07 = 07 + 0] <= (i,4,k,1) € M;. This is
1

. kil C k
sufficient, because A;; = 51, (4, j, k, g ;.

b; = ¢+ (v; —¢)

b =c—(v; —¢)

b, = ¢+ @(v; — )

v, =c¢—@(b; —¢)

=0, +0;,=c+ (0, —¢)+c— (v, —¢c) =2
=c+p(o; —c) +c—p(o; —c) =0, + 1,

— 0] + 05 = (c+ (0; — ¢))* + (¢ — (0; — ¢))* = 2¢° + 2(v; — ¢)?

@ is an isometry

(1,7,k,1) € M; <= Jc € €p € G :

2¢% 4+ 2¢%(0; — ¢) = (c + @(b; — ¢))* + (¢ — p(v; — ¢))°
=0} + 0}
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b) Prerequisite:
- V) + 050 Vik) — Vi
(*) ¥ 1<Ui(k)) = {go € G |op = % + ¢ (%)}
Vik) + Y50 V) — Vi
(e oy = Mg p (Mgt )

Ul_'_nlk V) — Vik because
== {SO € G Uj(l) - % + 90 (%)} :salineaf map

I) We want to prove Af]l = Ale Due to Af]l = 1, (4, J, k, 1)oyj; we have to prove
the corresponding symmetry for M; as well as a.

vi=c+ (0, —¢)=c— (b, —¢)
bj=c— (0, —¢c)=c+ (v; —¢)
v = ¢+ ¢(v; — c) ¢+ o(c—vj)
o = ¢ — (v =€) = ¢ — ol — v;)
v, =c+ (v, —¢)
v;=c¢— (v, —¢)
v =c+ ¢ (v —
vy =c—¢' (v, — )

(i,j,k,]) e M <= Jec e CTp e G:

because ¢
) is a lll’leal‘ map

eI =—ped:

= (4,4,k,1) € M,

v, +b; |0; — v,
k ? J ? J
fy(

Oy = 5 9 Qoo
v, +v;, |, —b,; .
= ( I . Yo D) W

weP~L(v;) e (vg)

N~ N
DO —

o v;+0; |b; — b
_7< 2 7| 2

IT) We want to prove Afjl = Ai? As above we have to prove the corresponding
symmetry for M; as well as a.

b; = ¢+ (v; — )
b, =c¢—(v; —¢)
b = ¢+ p(v; — )
v, =c—@(b; —¢)

(1,7,k,1) e M <= Jc e € Jp e G :
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b; =c+ (v; — )
v; =c— (v, —¢)
v, =c+ ¢ (v; —¢)
b =c¢—¢'(0; —¢)

—dee€dp =—ped:

— (1,7, k) € M;

);zz

peP~L(v;) e (o)

>, > by (+)
¢) Now we prove Af]l = Azjl Same procedure as above.

N | —

peP~1(v;) p'ePp=1(vy)

¥
v, = — UZ_ = — _1U _
<i7j7k7l)€Mi<:>E|C€Q:E|g0€G: J ¢ ( C) ¢ —:_10 (k C)

= FeecCI =plted:

— (k,1,i,j) € My

. 1 )
) 5 2 > W
1
) 2 Yo Y i bvm
1
) 2 Z Z & 10) by Z133(1)]

P (vx) €Y1 (v;)

The last claim follows from the fact, that LGpMs transformed into DVMs satisfy the
minimal requirements ZT2A[(1)] O]
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Remark 2.2.4 (Difference to the original LGpM)

(i)

The additional requirement for the DVM comes from the way in which discrete
spheres decompose into equivalence classes . This requirement is equiva-
lent to the assumption, that the DVM discretizes the velocity space with U, but
uses only spheres with centers in U UU 1. This can be interpreted as a standard
DVM where the approximation of the spherical integral (compare ([Z1.1])) gets
improved without improving the approximation of the outer integral.

There are two differences in the original LGpM and the one obtained from a
DVM transformation:

() .
L ()

> > e | I ferdo—o)= I flere'oi—ap | .

€€ [v]eST. [Pl€G/ ~n o€l eI

the sum (%) is non-existent in the original LGpM ZT.3.4] (compare [Bab09, chap-
ter 2,3], [Babllal introduction]). The LGpM was not designed by Babovsky to be
consistent with the Boltzmann equation, but to give an easy to calculate model
that possesses and reflects the main properties of the Boltzmann equation. This
“missing” sum (*) is necessary to realize the convergence of the spherical integral
in the Boltzmann equation, because without it every sphere is approximated by
a maximum of eight points (at least in two dimensions). The second difference
(%x) can be found in o, which now depends on the equivalence classes [v] in
which the discrete spheres decompose. For every fixed [b] the coefficient ofy,
should possess the same general properties as the original ag,,. Due to the mod-
ifications (with partially unknown consequences) of the original LGpM we call
this modified version eLGpM (extended lattice group model). We will investi-
gate the theoretic implications of this modified LGpM in another work, because
in this thesis we aim at consistency and convergence results.
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2 The Lattice Group Model
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3 Consistency

In this section we aim at large models for rarefied gases, where the convergence of
the discretization becomes important. To that aim we give a specific discretization
of the collision operator through Farey angles and transform the resulting scheme
into a DVM and an eLLGpM. This allows us to use the simple representation as a
DVM for calculations as well as the eLGpM representation of this discretization to
obtain theoretical results about this discretization through the LGpM approach in the
future. The underlying approach is not new, but we refine the approaches of other
authors, like [RS94,[PH99,MS00] and use an interpretation through automorphism
groups to reach the point at which we can generalize our discretization to obtain
arbitrary convergence orders without the loss of the correct collisional invariants, exact
conservation of the associated quantities, the correct equilibrium solutions and the H-
Theorem. Throughout this section we restrict ourselves to look on “inner” points of
the velocity space. This typically means that the point v has at least a distance of
L € R* to the next boundary point.

3.1 Preliminaries

Because we want to use Farey angles for a discretization of the Boltzmann equation
we shortly state the idea and some facts around this approach. The first application
of this approach in the case of the Boltzmann equation was introduced by Rogier and
Schneider in [RS94]. We will use a similar approach, but with other transformations
of the Boltzmann equation. Basics about the Farey sequence can be found in [HWG6(),
chapter 3].

Definition 3.1.1 (Farey sequences)
Let the Farey sequence §,, of order n be a vector of ascending elements

A N Di

Sn = (Fl,,FN)TE([O,l]mQ) y E: _7pl7QZENO7
with
(F Fy) = pi| €L, ... .N} pi G5, Dir G € Nos 0 < p; <G <
1., N 0 /\”—Z%/\gcd(pi,qi)zl/\?—j<%>j>1 )

_pz

The elements of the Farey sequence F; are maximal reduced fractions and can be

seen as equivalence classes for the non reduced fractions qZ' In the following work we
will put letters in the second lower right index of numbers in the context of Farey se-
quences to specify the sequence to which these numbers belong. For example F} ,,, F} ,,
is the first element of the Farey sequence Sn resp. %m We suppress this index if there
is no risk of confusion.
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Remark 3.1.2 (Geometric interpretation of Farey sequences)

This sequence is of special interest, because the elements of the Farey sequences cor-
respond to all possible growth rates of lines that fit onto a uniform discretization of
the velocity space and go through zero, at least to the lower half of the first quadrant,
see figure Bl The first Farey sequences are given by

~ ~ 11123
= {0,1 — 10,5, 2,220 1
3/1 { ) }a 3/4 { a4a3727374a }a
~ ~ 111213234
- 07 71 ; = Oa_a_a_a_a_a_a_a_a_al ;

32{2} &”{543525345}

~ 112 ~ 11112132345

= 07_7_7_a]- ) = Oa_a_a_a_a_a_a_a_a_a_a_al

33{323} 36{65435253456}

: : : - F7 4 :

: : Fyyo -7 :
........... L T T Y TR
........... ..,////j.}://.fu

- //F3,3§ b

: : ol T =TT - Py

: Fyq: R 2-=" Fy3: -7 '
.......... ./‘//://”’””’.f/————*.]_‘)l
1 ,//;’;;/?,—f’:::::::' ”””” |
.......... R D S S P A

0: 1 F1,1' : F1,3§ :

Figure 3.1: Correspondence between the first four Farey sequences and lines on the grid
This correspondence can be used to approximate integrals over spheres.

Definition 3.1.3 (Farey angles)
We get the ascending sequence of Farey angles by

§n 1= arctan <§n> — (arctan(F), ..., arctan(Fy))" = (61,...,0n8)7 .

And the last ingredient are the circle arcs corresponding to the so called Farey arcs:

@ = g1 — i, p1 = arctan(0), pny1 = arctan(1), u; ;= arctan (p_@ D 1) )
Qi + qi—1
The fractions pqiif; ?:i are so called mediants, as we can see in the next proof they have

the property
i— i + Di— i i+1 1 Di
p1<p p1<1i<p+1 pi
¢%-1 ¢+ qG-1 @G  Giy1 TG
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The p; are simply the associated angles and we use the «a; as the step sizes for the
approximation of the integral in spherical coordinates. We use this detour to calculate
the step sizes, because there is a result for the o of the next lemma) that is
necessary to get a convergence result for the following approximation.

Lemma 3.1.4 (Basic properties of Farey arcs)
A similar version of this lemma can be found in [RS94, section 1.2].

(1) 0< s <0 <pigr <73
(i) af > (6 — p)* Aaf > (pip1 — 0,)°

cee 2
(i) 0 <oy < oo

N
(iv) > in =14
i=1

Proof:

(i) Due to the monotonicity of arctan it is sufficient to take a look at the fractions
associated to p, 6:

Pi-1 _ Pi
< — < Di—194; < Pigi—1 — qiPi + qiPi—1 < Di4i +ple 1

q4 1 ql
<

— qi\Ppi + Pi—1) <pilqi +Gi—1) —
( ) ( ) G+ qG-1  Q

= u; < 0;

and analogical

Pi+1 N bi
qi+1 qi
= qi(pi + piv1) > i@ + qip1) =

< Pit14i > PiGit1 <~ iPi + @iPiv1 > Piqi + DiGiv1

Pi + Pit1 - Di
4G+ G+ G
= fip1 > 0;.

(ii) From (i) follows:

= (g1 — 11)* > (s — 6;)%,
(pig1 — i) > (0; — i)?,

= fhiv1 — fi > piv1 — 0 = q;

2
i
. 9_ 2
QG = b1 — [y > ,Ul:>a@

(i) [HWG60, Chapter 3, Theorem 35]
N

(iv) > ;= ftig1 — pi = pin41 — p = arctan(l) — arctan(0) = 7§
i=1

i=1
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0

The following proposition as well as the main steps of the proof can be extracted
from [RS94, Theorem 3|. This proposition corresponds to a part of this theorem, is
adapted to fit into this work and we give a more detailed proof.

Proposition 3.1.5 (Farey approximation)
Let H € C*(R — R). Using the Farey angles §,, the approximation

N ™
> i H(b:) ~ / H(0)dd
i=1 0

has the following order of convergence:

An upper bound of the error is

€= /0er H(6)do — iilamH(Qi) < 6:[132] |H'(0)] % .
Proof:
= /0 ' H(0)do — i i H(0:)
_ /0 * H(6)d0 - iwm — ) H(6) by B3
_ i / ’” H(0) — H(6,)d0 by B[
— i ; H () — H(6;)df — :H H(6;) — H(6)do
= i 9 H'(£(60))(6 — 6;)dd — ;M H'(£(0)(8; — 6)d8 by MVT

Mit1

IN

/ HI(€(0))(6 ende' ¥

i=1
N
i=1

H(E0)0 - )08

0;
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0;
sup |H'( )|/ (0 —0,)do| +

<Z

Hit1
sup  |H'($) / (6 6,)d0
0;

1 | €l bi] PE[0i it 1]
N
92 2 62
< sup [H'(Q Y |5 = EF = 02 4 i) + |2 — L — Gupig +
<0,5] i=1

alg | 1
= 511107r |H' (¢ |Z ) (6; — p)? 2(/~Lz+1 —6,)°
pe[0,%] i=1

N
< sup |H'(¢ |Za by BI4](i1)]
1=1

wef0.5]
N 2
< sup |H'(¢ |Z< ) by BL4](iii)]
vel0.5] iz N
2 1\ 2 I 1
= sup |H'(p) §Z< ) < sw [0 5 D03
wel0.3] ¢ wel0.5] o=t p=1 1
z 41 4
— s |H(p Z < sup |H' (o) TR 0
wel0.5] vel0.5] w
Remark 3.1.6

(i) The above discretization can be interpreted as

St | o o=

1
SL
8

with H(#) = H(w(#)) and S} being £ of the unit sphere in two dimensions. We
8
use the representation in the above proposition, because in the next subsection

we first simplify the transformation of the collision operator before we use the
Farey approximation.

(ii) At a first glance this discretization looks uninteresting. The nice thing about
this discretization is that it only uses angles that have the important property to
correspond to the gradient of lines that fit onto our uniform grid. This makes this
discretization especially suited for integration in polar or spherical coordinates.

3.2 Two dimensions

Now we start to derive a specific discretization of the collision operator by using
the Farey approximation. For this we need to transform the collision operator in a
convenient way for the following discretization.
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Lemma 3.2.1 (Transformation of the collision operator)
Let us assume that the density f has the property supp(f) C B L (0),L € RT and let

b€ Be(o), w(0) := (Z?S((g))) , wh(0) :=w(8 + Z), then the following holds true:

101 = [ [ 1700 £00) = £(0) )]k o.10.2)
- /02” /0%/0 [f (05) f (w5) = f (0) £ (w2))] Lk (0, 05,0 (6)) dldAdG

with
b} = v + (010, ), o} = 1o — (o1, 1)1 ,
vl =0+ Hw(d + N\),w(d))w(d), ol =0 + L{w(0 + ), wh(0))w(0)
oy =0+ lw(@+ N) .
Proof:
(i) start

B({1} x [0,27]) = S', @ (é) — () =1 (Z?r?((g) (=), det(D®) =1

—s I[f)(0) = /0 1) £ () — £ (0) f ()] k (0, 10,0(6)) d6 dro
Yw

), ' =10 — (15, w(0))w(®) = v+ o1 — (o1, w(8))w(6)

(iii) transformation 2 (compare figure [3.2D):

(R,

< [0.27)) =R%, @ (i) = lw(f + \)(=01), det(D®) =1

:>1[f]<u):/0”/w (7 (o) f (') — £(0) f (0 + 0W)] th (0, 10,0(0)) dro d6

o=

:/O%/O%/OL[f(u')f(m’) — F(0) (5 o0+ N) |1k (0,105, (0)) dl AN a6,
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(a) Transformation 1 (b) Transformation 2

Figure 3.2: Visualization of the transformations

because supp(f) C B%(o) and with

o' =0+ (lw@+ \),w(d))w(d) =: v
' =0+ 01 — (01, w(0))w(B) = b + lw(f + ) — (lw(B + \), w(6))w(8)

“y 4 [ cos(A)w(0) + Isin(\)w (9 - g)

— l(cos(A)(w(G ,w(B)) + sin(A)\<w (9 + g) ,w(@)»w(@)

=1 v

=0

=0+ Isin(Aw (0 z) :v+lcos<)\—g)w<0+z)

+2 2
—v+1( (A—§+0>,w(0) w<0+g>

— .
:n+l<w()\+0),w(0+§ >w(0+§>
=0+ (lw(@+ N),w(0))w(0) =: b, here we used

() a4 ) = (cosga—i—b)s <cgs(a)ccos(b) — sin(a) s%n(b))

sin(a + b) (8) + cos{a) sin?)
= cos(b)w(a) + sin(b)w (a + g)

(iv) simplification: There are 4 symmetries that can be used to reduce the domain
of the second integral to a quarter of the original one. We do not use these
symmetries at this point, but we want to point out, that this fact causes no
harm. We simply get the integrals multiplied by a factor of 4. We justify this
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with the following calculation:

Assuming that
3 s
9—571':91—7'(:92—5293

and knowing that

0 == (G =0 m = (1 5)
we get
w02\, 0) = ([A 5}+el):mg([HwHeg):mQQH?’;]+03>,
w5(X, 0) = v+ H{w(A +0), w (0))w(9)
—oti{e(rrg) o) (91+2>> ot (4 3)
ot i{e (3] o) wen)e e
= o (A ? ")

=0+ Hw ([N 7] +6),w (B2 + 7m))wb (0 + )
=0+ Hw (A + 7]+ 6s) ,w" (62))w™ (62)
= thH(\ + 7, 605)

:n+z<w<:A+3§: +93) <93+32”)> <93+32”)
:n+l<w<:)\+7: +93>,w(03+7r)>w(03+7r)
(

:n+l<w A= +03),w(03)>w(03)

= v} <A+

3
05(\,0) = wh (A+ 7,01 ) = vy (A 7,6) = (A+—” 93) .

;,03) , and analog;:

O

Remark 3.2.2

The condition supp(f) C B L (0), L € RT is obviously not met, because f is typically a
distorted normal distribution. Nevertheless the exponential decline of f(v) for growing
||o]| justifies this assumption, especially because nearly every numerical scheme using
a finite grid is forced to this truncation. Due to the exponential decline it is possible
to hold the corresponding error into check by calculating a compact region where a
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specific (large) percentage of the integral is situated and set f to zero outside of this
domain. This approach seems to be the standard in this field of research and the
corresponding assumption on f or the asymptotic exponential decline and truncation
is generally used in convergence proofs, for example in [RS94,[PSB97]. From now on
we will always assume

supp(f) C B%(o), LeRt.

The following theorem can be seen as an extension of the discretization obtained by
Rogier and Schneider in [RS94]. In contrast to them we use another transformation
of the collision integral (they only transform the inner integral into polar coordinates
and thus have only one angle) and we look at general Newton-Cotes formula for the
approximation of the innermost integral.

Theorem 3.2.3 (Farey discretization of the collision operator)
Defining

h(l, X, 0) = [f(v5) f(wh) = f(v) f(r02)] Ik (v, 105, 0(6))
and assuming f € C"(R? — R), k € C"(R* x R? x S' — R), the transformed collision

operator
TR ok
I[f](b):/ / / h(l, A\, 0) dl dX dé
o Jo Jo

can be approximated by

_ N M LL/AUZ]J
[[f] (U) = Z O‘i,n Z Oéj,mAUij Z g(k)h(lk, )\j, (9@) s
i=1 j=1 k=0

where g represents the weight function corresponding to the Newton-Cotes formula
used to approximate the innermost integral and

Avy; = Av\/p?,n + q,?n\/p?,m + @Gy =k Avy.
This approach yields an upper error bound of

In(n) +1

11)(0) = T1/1(0)| < 4K~ — + i m) + 1

s 13- 2" e LK (Av) 'n"'m"
m

where K, K, Ky are some constants depending only on f, k and r, ¢ correspond to the
used Newton-Cotes formula, r being the error order and ¢ corresponding to some error
constants. A simplification in the calculation of

h(lka )‘jv 02) = [f(UIQ(Zaja k))f(mé(laja k)) - f(U)f(mg(l,], k))] lk’(U, mQ('ijv k)vw(el))

is given through:

q:49; — PiPj
o (lk, Aj, 0;) = 0+ Lw(0; + A, =0+ kA J J),
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05 (L, Ay, 63) = 0+ L(w(ls + \;), w(6,))w(6:) — v+ kAug; @) |
10 (L, Ajy 0:) = 0 + L (w(0: + \p), wh(6:))w™(6;) = b + kAvp; <—qu> .
Proof:

In the above theorem and throughout this proof we use the Farey sequences §,,Em
with the corresponding sequence lengths N, M. To prove the error bound we define

L %
Hi(\,0) ;:/ KN 0)dl,  Hy(6) ::/ Hi(\, 0)dX
0 0

and with this we will take a closer look at the three occurring approximation errors:

us N
€3 1= / Hy(0)do — Zai,nH2<‘9i) ;
0 i=1

M N
€2<i> = HQ(GZ) — Z&J',mHl()\j? 91), €y = Z()éi,nez(’i) s
7=1 i=1

we want to use a closed Newton-Cotes formula for the innermost integration, so we
bloat the innermost integral by adding a zero:

L/ Avi;
ex(i, j) = Hi(X;,0:) — fL/AviﬂAUz‘jL > Jg(k)h(lm)\jaei)
L k:EL/AUz’jJ
:/ h(I, A, 0)dl — [L/Avi|Avi; > g(k)h(lk, A, 0)
° "
— [L/ vy Avi[g([ L/ Avig Iz avg1: Ags ) — 9(0)R(0, X, 6;)

= / h(l, )\, Q)dl — I_L/AUZ‘J‘-IA’UZ']‘ E g(k)h(lk, )‘ja 02),
0

k=0
N M
€1 = E Q;n E Oéj,m€1<i,j> .
i=1 j=1

Here g(k) is the weight function corresponding to the used Newton-Cotes formula.
To understand the step size of the Newton-Cotes formula we calculate the grid point
corresponding to w(f; + A;) by using the underlying Farey sequences:

pi 4 Pj
tan(d;) + tan(\;) (‘Ii * qj) Piqj + P
tan(f; + \;) = = Pp;

1 —tan(f;) tan(\;) 1 — == 4iq; — PiDj

qi4j
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— (Qin _pipj) = ’(Qi% —pip])’ ~w(0; + Aj)

Piqj + D DPiq; + Pjq;

= \/<Qiqj —pipj)? + (Pig; + pjqi)? - w(b; + X))

=0} + )02+ @) - B+ ).

For the next step we need the abbreviations

P - (g) 1P Jw(6), rio= Bl = /@ +17,

)

4iqj — PiPj
Pyi= (BP0 Pt ), = 1Pl = R D0 ).

Diq; + P;qi
Using this we can take a closer look at 1, v}, t5,. These velocities are given by
oy (=0 + lkw(el + )\J) ,
v} =0 + (Lw(0; + X)), w(8:))w(6;), ) =0 + (Lw(f; + A;), w(0;))w™(6;)

and now we want to calculate the occurring scalar products as well as . At first we
want that these velocities lie on our grid. So a first guess for [ is (according to 1)

AUUZZ
—
lp =k-Av-ri; =k-Av;.
Now let us see if this results in v}, 1 lying on the grid:

<rijw(0i —+ >‘j)7 rlw(ﬁl))

TijT5

(WO +Nj),wl)) =20 <=z =

(Piyy P _ @9 — apip; +Pig; + pigip; _ 47t

T =
Tz’jri Tz’jri Tz’jri
q;ri
Tz’j

q;ri

Tz’j

=05 = 0 + kAv;;——w(b;) = v + kAvg;rw(6;) = v + kAvg; P, € U

and

= (w0 + \;),w(6;)) = <w(0i +Aj)w (@ * g>>

- <w(9¢ ), (0 —1) W(9i>> _ <Pij’ ((1) _01) Pi>

1 0

2
_ PiTi Pyl
Tij'ri Tz’j
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1), = o+ kAg, 2T (0 _1) w(6) = v + kAvp, (O _1> P ew.

As we see the resulting v}, 1w}, lie on the grid, so ws is given by
oy =0 + kAvijw(Gl- -+ )\J) =0+ /{?AUPij .

Figure illustrates the preceding argumentation. Here we can see that the Farey
wl(()i) "‘
[ ]

[ ]

e (; = arctan (ﬁ)
q n

[ )

A\; = arctan <p]—m>
q

j,m

A’U”;JA - Av\/pan + q;zn \/p§,7r1, + qim,

Figure 3.3: Scheme for determining to,v’, 1’ and line of integration, in this example
we have chosen p; = 1,¢; =5,p; = 1,¢q; =1

approximation can be interpreted as a rotation of the coordinate system around zero
by the Farey angle #;. Then we conduct the integration on a line that is determined
by an additional rotation around zero by the Farey angle A;. This results in the
aforementioned step size of

Avyy = Av \/ Pin+ Gin \/ Pim+ Gom

for the innermost integration. Now we use a composite Newton-Cotes formula with
an error order of r to approximate the innermost integral resulting in

O h(l, \;, 0;)

le1 (i, 7)| < [L/Av; | AvijeAv]. max

“iefo,L) olr
3 o h(l, A, 0:)
—L A r VY DI
Rl N

O"h(l, X}, 6;)
ol

N3

sup
1€[0,L]

3 § .
= SLA(BV) (Bin® + i®) By + i)

N M
= |e] < Zzai,naj,mel<i7j)

i=1 j=1
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N M 3
= Z Z Ozi7nOéj7mC§L(AU)r(pin + qz n)§ (p] m + qj m)§ Sup
~ = 1€[0,1]
=K
3 h(l, A\, 0)
< —cL(Av)" su
o2 (80) ze[o,% ’ olr

i=1 j=1

—cL Av) KZZZ

P+ @) (D + o)
o 1n%n7n%

<Sera 3 (2" (205)
2 TS Gin Gm

1=

6eL(A )
%Kl2 ;q Zq]m

Cor+1 r Q
< 3 2*;;6@“ Klzzqr_1zzg_1

q=1 p=1 Q=1 P=1
3-27TLeL(AY) = e o,
= (£) K E q E Q
nm
q=1 Q=1

32" eL(Av)"
<

Kn™tm™ = 3. 2" e LK (Av) n"m” .
nm

For the second error we get

, OH1(M\,0;)| 4In(m) + 4
eafi) < sup_ || AinCr)
xel0,2] m
N
OH{(\,0;)| 41n(m) + 4
= |es| < ZO‘Z?” sup 18()\ ) (mQ)
j=0  e[og]
:ZK)\
8H1 ()\, 092) N 41n(m) —+ 4
< sup |/ — Qi
9)\6[ E] 8)\ ; m2
g Ain(m) 4

4 m2

O h(l, \;,6;)

ol

Z Qi n Qi m pz n + q; n)% (pim + Qj,m)%

by BL4](ii1)]

by B

by BLA(iv)|
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And analogously the last error results in

=:Ky
3L5 Hy(0)] 41 4 41 4
e ’ sup 0H5(0)| 4In(n) + _ K, n(n) + .
«96[0 z] 00 n? n?
g

The sum of these three errors gives the claim of this theorem. The last thing we have
to look at is the differentiability of h:

B( 2, 0) = [£(04) £ (1)) — £(0) f(1s)] Ik (0,105, w(6)) .

we know that products and sums of total differentiable functions (f, k by assumption)
are total differentiable. We also know that the composition of total differentiable
functions is total differentiable. Knowing that

05(1, N, 0) := 0+ (lw(@ + N),w(0))w(d), w51\ 0) =10+ (lw@+N),w=(0))w(8),
y(l, A, 0) =0+ 1wl + N),

are elements of C*([0, 00) x [0,27]* — R?) and using the assumptions on f we arrive
at

[£(05) f(r03) — f(b) f(ts)] € C((0,00) x (0,27)* - R) .

We also know that the first r total derivatives of k exist. Plugging in the r times total
differentiable function

v ¢ ¢
O, N 0) = |1y | (ILA0)= | wo(l,N0)] = |0+ Iw@+ N
w w(h) w(0)

€ C" ((0,00) x (0,27)" — R® x R x S?)

results into k(®(L, X, 0)) = k(v,10,,w(h)) € C ((0,00) x (0, om)’ — R). This leads to
the conclusion that the product h(1, A, 6) also lies in C" ((0, c0) x (0, om)’ — R). The
last thing we want to remark is that k£ normally only depends on |p — to| and 6, so it
only depends on two scalars. In the above argumentation we treat k£ as a black box
and do not use this structure. Nevertheless the results hold true for k£ being r times
differentiable in these two scalar variables. O

Now we do a detailed derivation of the associated convergence order in terms of Av
for the above discretization. Similar considerations were done in [MS00,[PH99]. Our
result gives a convergence order up to one, which is in agreement with [MS00,[PH99].
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Theorem 3.2.4 (Convergence order in terms of Av)
Assuming that Av € R*,r € N are given constants satisfying

L
2A0n(Av, r)m(Av,r)

>,
with

1
W (~e2r 1 9 (a0ys- 2 ter (3)F) ) 77

n(Av,r) =

)

13

—(2r +2)(Av)r3-27-1cL (%)

m(Av,r) = \/gn(Av, r),

and choosing n, m according to n = [n(Av,r)], m = [m(Awv,r)], the convergence
order of the Farey discretization [3.2.3] is

V8 > 0: |I[f](0) — I[f](0)] < e(Av) €O ((Av)#ré) .

Here W (e) is the minus first branch W_; or W, of the Lambert W function, see
[OLBCI0L 4.13]. We have to remark that W (x) for z — —0 asymptotically grows like
the logarithm, implying that

Ve>0:n,meO ((Av)fﬁ“) :

So the main conclusion is that if n, m grow sufficiently slow with ﬁ and in comparison
to ﬁ than the whole approximation converges with the order given above. The first
requirement ensures that at least r points lie on every line that is used for the innermost
integration, a condition that is necessary for the application of a Newton-Cotes formula
of order r. The minimal number of points 7 on any given line associated with the
approximation of the innermost integral grows asymptotically as is given by

Ve > 0: F(Av) € O ((Av)ﬂ%”&) .

Proof:
Let K > max{K;, K\, K¢} ,n > 2and ¢; := 3-2""!cL, ¢y := 7, ¢y := 4. Then the error
formula

11f](0) - I[f)(v)| < mlnﬁ# + mm“j;# 3. 9L (Ao

holds true even when K, K, Ky get substituted by K. This leads to the ansatz

In(n) +1
)

In(m) +1

Kecy = Kec) 7 = Ka(Av)'n"m" (3.2.1)
m
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this ansatz forces the three integrations to deliver approximately the same error, only
disturbed by the differences between K, Ky, K;. The most simple ansatz would be to
do the following upward estimation

ln(n);— 1 _ 1 A ln(m)2+ 1 _ 1
— | 1110) - 7141(0)| < Ko+ Ker + Ke(doyarm’,

1 1 r
Key— = Key— = K (Av)'n™m" = n = const - m,n € O((Av) 2+1)
n m

),

which essentially leads to a convergence order around % But we want to do it in a more
precise way where the correct handling of the logarithm results into some complicated
expressions involving the Lambert W function. So let us start, at first we derive m in
terms of n.

S

— | 11/1(0) = T111(0)| € O((A0)7T) ~ O((Av)

1 1 | 1 1 1
y n(n)2—|- e n(m)2+ In(m) o n(n)2—|— 21
n m ey n
1 1 1 2c9 In(n)+1 0
< In(m?) = C—Gin(n) + m? —1 = m? = eCAe w2
2 cy  n?
2
m
<:>]' = 2¢cg In(n)+1 2_9 — (*)
eex oz

At this point we want to use the Lambert W function, for this we introduce the
abbreviation @ := 220FL 414 the substitution i = m? leading to

cy n?
(¥) <= 1 =1m-e "2 = me? . 7™
— —qe 2 = —ae ?mele ¥ = —ame V"
Wi(—ae-2
= W(—ae?) = —am = m = _Wizae) .
a

From (B.2.1)) follows that m has to grow proportionally to n. This together with the
demand that m should be real and the fact that ¥Yn € N : ae 2 € (0, %) leads to the
conclusion that we have to choose the branch W_; of the Lambert W function. We
will plainly call it W, because we do not need other branches. Now we search for an

upper bound and approximation of m(n). For this we investigate the monotonicity
W(-a(n)e"?)

20 (In(n)+1)

and limit of —

(i) Monotonicity: The derivative is given by

—a(n)e™2 — —
- e e - (—d/ (n)e ) (In(n) + 1) + st W(—a(n)e™?)
(In(n) +1)2
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W) W(-alme?) W (aln)e?)
_ o) a0 + 1)+ TG

(In(n) 4 1)?

We know

e ¢y >0, c\>0, 22—i<e,

e a:N— (0,2%) pnps 2ol
. Y %en ) cx n2 )

o Vbe (—1,0): W(b) < -1, Jim W (b) = —o0,

and W is strict monotonically decreasing in (—é, O). This can be used to get

o —a(n)e?e ( cngg,o) (=1,0) = W(—a(n)e?) < -1,

e a(n) >0, 2 _ _9g2El

on cans

This implies the positivity of the derivative:

<0

A

<0 >0 <0

A

/( )' W(— ( ) 72) ~
a(n) T+ Wi—a(mye—s) 2+ 1)+
(In(n) +1)?

(ii) Limit: The limit can be calculated by using L’Hopital:

fb(ji):z
_w (_20_9 1n(n)2+ 1 6_2>
. Cy Cx n
lim —~
n—00 2¢p In(n) + 1
—W(=b(n)) 1 (_20_9672 (_21n(n)+1>>
— | 2y 1+W(=b(n)) —b(n) cx n3
n—o00 2Cg 1

n2

W (—b(n)) e? (2 In(n) + 1)

C onooo 1+ W(=b(n)) 2 CG In(n +1€— n?

W(— (n)) e—2 (2n1 (n)—i—l)

— tm W(=b(n)) ncy <2ln(n) - 1)
n—oo 1 + W (=b(n)) 2cy(In(n) + 1) n?

Lo, WEN) e Weae?) e W)
cg n=oo L +W(=b(n)) coynooel+W(—a(n)e=2) cyz=—01+W(z)

Cg'
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The upper bound (as well as an approximation) of m(n) is now given by

a(n) 206 1n n)+1 @(ln(n) +1)

CX

<\ |2 2n, with Ve > 03ng € NVn > ng : \ [Pn—e< m(n) (3.2.2)
Co Co

and we can use it to derive n(Awv). By using m(n) in (321]) we get

1 1 "
09% = ¢(Av)'n"m" < ¢ (Av)"n" < C—An> )

n Cy

and now we can calculate a n(Av) that condemns the above inequality to be true:

1 C] C) r/2
1 2r+4-2 Av)" 2r+2 [ ZA -1
2r +2 " (n ) 09< v) Co
d(n,Av):=
%‘
—In (n”*?) = (2r + 2) L(Av) 2 (C—’\) —2r —2
Co Co
s n2r+2 —e d(n,Av)—2r—2 s n2r+267d(n,Av)+2r+2 -1

r

3 2
- (27, + 2) (AU)T 2r+2 (C_)\) e—d(n,Av) — _6—27"—2(27, + 2)(Av)rﬂ (C_)\)
Co Co Co \ Co

r

= —d(n, Av)e A = =729 4 2)(AU)T2—; (Z—Z)

r

=W <—e—2r—2<2r +2)(Au) S (9) ) — —d(n, Av)

Co \ Co

242 _ v (_ ey “ €62>2)
—(2r +2) % (Av) ( )E
W( 2r2(2r 4 2)(Av)r e (;)) e
(2 +2)% Ay () |

=N

<—n(Av) =
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Now that we know sufficient criteria for m(n) and n(Av) we start to derive the error
in terms of Av. For that we have to get upper and lower boundaries of n(Awv) in terms
of Av. To get a lower bound let’s start again at (3.2.1)):

1 1 ’ :
09% = ¢ (Av)"n"m" < ¢(Av)'n" ( C—)‘n) = ¢(Av)"n* (C—/\)
n Co Co
<:>C—02 < a(Av)n* <C—A> = ¥ 2 (@) (Av)~"
n Co Cr \ Cx
Co [ Co 2 T:LQ r r
=n > <c_z (a) ) (Av) 72 = neq ((Av) 2r+2>
1 _2r
:E c® ((AU) 27‘+2) . (3.2.3)

For the upper bound we use [B:2.1]), (8:2.2]) and we choose an arbitrary ¢ € RT with
€ < /2. This leads to

1 1 "
dng € NVn > ng : 09% > ¢ (Av)'n" ( C—)‘n — 5)

= ¢(Av)"n* ( 9 E) > ci(Av)"'n* ( 9 5)
n

Co
2r+2

n Co Ca - _
3 NV < — |4/ — Av)~"
<= dny € NVn > ng n(n) 11 < ” ( ” 5) (Av)

= V6 > 03ng € NV > ng - n> 4276 < £ (, /Z—A - 5) (Av)™"
6

Cl
PR ~34e=s .
<= V0 >0dng € NVn > ng:n < (Z—e) ( Z—’\ — 5) (Av)~ 2525
l 0
—necO ((Av)—r’é-a) —  In(n) € O (In(Av)) (3.2.4)

Now we come to the convergence order. By choosing n, m according to

~(2r + 22 (a0 (2) ’ mI{ —ﬂ (3.2.5)

Co
Co

I3

we can “simplify” the error bound:

1Tf](0) — I[f](0)] < K (Ce ln(r;); L In(m) 1

+ cl(Av)rnrmr)

m2
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The usage of (3.2.3)) and (B.2.4)) implies:

oon) +1)- +CAIHU ZQRDHHZ(AU)WTG\/Z”D;

2
N——— n c
com(an) 7, (vael) - ~
EO((AU)W> e 2 . €0 <(AU)T(AU)2r?:—2—6>
€0 (ln(Av)(Av) 2r+2 )

where the last term can be simplified

2r2 27‘2+27‘76r727‘2 2r—46r

(A’U)T(A'U)72r+2—6 = (Av)72ri‘%2—5+r — (AU)W — (AU) 3r12-35

2r

= (Av)7E T e 0 ((Aw)7E7T) 0 ((Av) )

and reveals a final result:
[11](0) = T1f](0)] < e(Av) € O ((Av) 7577 .

The last question that remains is: how many points are at least on any line for the
innermost integration, because this determines what the largest r (order of the Newton-
Cotes formula) can be. We know that the number of points corresponds to

Vi, j L A
0,7 : = .
B Aoy [+ @) ) 2R

We also know that the number of points necessary to achieve an convergence order of
r in the Newton-Cotes formulas is given by 7 < r (2 points for the trapezoid method,
3 points for the Simpson’s rule etc.). So

L
2Avnm

>r>7

has to be true for the chosen Av,r. To verify this we can put n(Awv,r) and m(Awv,r)
from (B.2.5) into this inequality. Unfortunately the equations become so complex
that we surrender the task to calculate this to numerical algorithms on computers.
Nevertheless we can derive the asymptotic behavior of the minimal number of points
on any given line associated with the innermost integral by taking a closer look at

L
2Avnm

F=
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We know that W (z) grows as the logarithm for x — —0:

x)’ using L’Hopital gives

z——0 ]n(x)
z z . w
— i V@, W)
z——0 S z—-01 + W(:p)

resulting into
Ve>0:neO ((Av)*ﬁ“) , meo ((Av)*riﬁf) .

Using this knowledge for the calculation of the asymptotic behavior of the minimal
number of points on lines results into

L
2Avnm

Ve>0:7=

e <(A )‘QSrffT“E) —0 <(Av) H 26) . 0

Corollary 3.2.5 (Completion of the approximation)
Using the same assumptions as in [3.2.3] the full Boltzmann collision operator

/ / / (I,\,0)dldX\de

can be approximated by the discretization

L/ Av;j;]
ZamZa]mAvU Z Z h(lg, B £ X, £0;))
k=0 «o,pcA

with A := {0, 5 s 37”} This approximation yields an upper error bound of

In(n )+1 .~ In(m) + 1

<|>7TK>\

’I[f](b) - f[f](b)’ < 64 (4K9 + 2r+23cLlA(l(Av)rnrmr) ,

where K, K, Kj are some constants depending only on f. By choosing n, m according
to theorem [3.2.4] we get the same convergence order for the above Discretization:

¥ > 0 |I[f](v) — I[f](0)] < e(Av) € O ((Av)#ré) .

Proof:

At first we have to take a look at an approximation of a spherical integral using the
Farey approximation, that needs to take more than (O, %) into consideration. One
could think that the following approach does the trick:

/Og H(0)d0 = /07‘I H(0)d0 + /_ H(0)d) = /0Z H(0)d0 + /0Z H (9 + %) a9
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%iai,nH(ei)+§:ai,nH( ) Za“‘< +H(0i+£>) ’

But this approach has the nasty feature of increasing the necessary number of points
in the velocity space (in one direction) by a factor up to 2. Or in other words: this
approach creates step sizes for the innermost integration that are twice as long as

necessary.
To give an example: the approximation using a Farey sequence of order 3 results in
Fy3 = ’q’—;‘ = % being the largest gradient of a line of integration for the innermost

integration, hitting the first grid point in (3,2)7. The given approach results in the
usage of the Farey angle arctan( ) + 7. Now we can simply calculate the gradient
of the corresponding line of 1ntegrat10n by tan (arctan (%) + %) = 5 and we realize
that we have to have at least 5 points in the direction of the ordinate to get one point
for the innermost integration. This would lead to an unnecessary degradation of the
efficiency and error rate. A more sophisticated approach is to transform the second

integral in such a way that we can use the “inverse” Farey sequence

1 1
{FN,n = tan (g - arctan(FNm)) e E = tan (g — arctan(FN71)> } :

for the approximation. This can be achieved by backward integration:

/H’M_/}{dM/PH<Mi/H M+/W
:A meﬂ—éz%y@+—-dm:/ mee+AZH(g—®de
;xé;amju@y+é;%mH(— 0) = E:am< D+ (5-6)) .

The successive application of this approach to all four quadrants for the outer and
middle integral results in the approximation of 64 integrals and gives the approximation
formula

H@+gyw

L/ Awv;j;]
Z%”Z%mAU” Z Z (h(lg, B £ Aj,a £ 6,))
k=0 a,B€A

with A := {O, 5 T 3n } Due to the fact that this corresponds to 64 Farey approxima-
tions we get a 64 tlmes larger bound for the error:
7 > ln(”)_'_l hl( )+1 r+2 > ror_r
‘I[f](n)—[[f](n)‘ <64 | 4Kp——F— + 7rK,\7+2 3cLK (Av)"n"m" | |
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with
Kl = sup w) _[A(A = sup w)
lelo, L] ol ’ 0,1€[0,27] oA ’
0, € [0, 2n]
- 0H,(0) ’
Ky := su .
’ GE[O,IQ)N] o0

The approximation of every single integral has an order of convergence corresponding
to B.2.4 and consequently the sum of these 64 approximations has the same order of
convergence. ]
It would be more precise to define
m 3T
A= {Oz:SL’I—>CL+I a € {O,g,ﬁ,?}}u{a:xHa—x
Z i Z% By ) ) gl BY), al6h).

k=0 «,pEA

Remark 3.2.6
s 3
€<0,= —
ve{o3n T )
and to use this to write

L/ Avij]

but in the following proofs and argumentations we will use different descriptions of
these operators as functions (like above), as angles and as elements of the automor-
phism group (next corollary) interchangeably. So we give the hint to remember the
more precise definition above if some argumentation results into confusion.

Corollary 3.2.7 (Completion of the approximation using the automorphism group)
Due to the grid symmetries being represented through the operators in the automor-
phism group G the above approximation can be rewritten using this group:

L/ Avy; ]
ZamZ%mAvU Z Z h(lg, BN, £6;))
k=0 «o,pcA
L/ Avij]
— Zaznza] mAUZ] Z Z ( lka)\'79ia¢a7¢6))> :
k=0  ¢a,pp€G

Here we use a reinterpretation of h through rotations:

(l A 0,00, 0p) = [f(t’g)f(mg) - f(U)f(m?,)} IE (0, 103, 0qw(0)) ,
w3(l, A, 0, 0, 05) =0+ lp, RopsRyr,
5(1, A, 0, ©a, 05) == 0+ 1 (@aRgps RAY, paw(0)) @aw(6)
w5(1, N, 0, a, 08) = 0+ [{pa Rogps Rat, Rz 0ow(0)) Rz 0aw(6)

ro= (il i) 2= (o)



54 3 Consistency

Proof:
We start with the reinterpretation of the_w)elocities o, v, o’ through rotations. For this

%
we only look at the gctors U_t>'o, ov’ and vw’. As explained in B2.1] B.2.3 and figure B.2]
we can understand E;, as a rotation of the x-axis r = (1,0)7 by an angle of . Now the
operators p, map vv’ into one of the 8 quadrant halves. Then an additional rotation

by A results into o1 which gets also mapped into one of the 8 quadrant halves (of the
system rotated by #) by ¢g. This leads to the diagram

R Pa 07 PaRoRA(paRe)™"  waRows(paRe)™
0, X 3
L 151 Lo = @aw(e) = = L3 Ly
o]
— 14 = CaRos(ale) 0aRoRA(aRs) " 0alRor

btos

= cpaRgg%R)\; pp— it
[[orog|

— —
Now v’ is simply given by a 90° rotation of vv’.
Using this knowledge and the resulting reinterpretation through the usage of a rotation
matrix R as well as the geometric interpretation of the automorphism group the proof
of the above remark becomes easy, so let us take a look at the main idea. The
automorphism group for a two dimensional uniform grid consists of 8 elements

(10 (1 0 (0 -1 (0 1
(101 T O 1 9 @2 T 0 _1 ) @3 T 1 0 ) @4 T 1 0
(-1 0 (-1 0 (0 1 (0 -1
(105 T O _1 ) @6 T O 1 ) 80'7 T _1 O ) @8 T _1 0 .

Let A := (0,2, 7 %) = (a1,...,04), @ € A, ¢ := (1,0)7, then the following holds

wlag +0;) = Row(t;) = RaRox = poar—1- Ry, (3.2.6)
Ry, w(—0;) = Ro,R_pr = @o - Ryx.

Now we can write the sum ) _, h(e, o, a3 0;) out and begin to identify the angles in
A with the corresponding rotation or reflection in G through the reinterpretation of h:

h(l, X, w(8)) == [f(85) f(105) — f (0) f (103)] Ik (0, 103,0(6)) = h(l, A, 6) ,
23(1, N, w(0)) == b + [Ryw(0),
05(1, A, w(0)) =0 + 1 (Raw(0), Ror) w(6),
w5(1, A, w(0)) =0 + 1 (Ryxw(0), Rzw(f)) Rzw(h),
)

Z (o,o,ajzﬁ :Z o 0 watb)) :Zho,o,Raw(iG))

acA €A acA
1= p2(w(8))= p3(w(0))= pa(w(0))=
A~ e N —N— e
=N RO w(@)) h(Row(—0)) + h(Rzw(0)) + h(Rzw(—0))
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+ h(Rpw(6)) + h(Rrw(=0)) + h(Razw(0)) + h(Rszw(—0))

=es((®) =6(()) =7 (w(9)) =5 (w(0))
= Z h(e, e, 0,0, identity) .
@QGG

Analog considerations for A give the final result. In the end we see that the automor-
phism group can be used to map a point in the first half of the first quadrant into
every half of every quadrant in such a way that it seems natural to use this group for
the completion of the Farey approximation. O

Lemma 3.2.8 (Simplification)
The last corollary can be used to obtain a simplification of the discretization:

m3<lk7 )\ju eia Pas @5) =0+ kAv (gOa [P“ PZJ_]) @6PJ ,
Ug(llﬁ )\]7 eiv Pas Spﬁ) =0+ kAU(QOBP])lwaPZ ,
mé(lka )\jveia (PonSOﬁ) =0+ 103 — Ug,

P = (%) ’ Pii — (ﬂ%) .
Di q;
Proof:

We know from [3.2.7] and [3.2.3] that

m3<lk7 )\ju 9i7 Pa, 905) =0+ lk‘PaReiSOﬁRAjF )
Uéalm )\ju 9i7 Pa, 905) =0+ lk <()0CVR9¢(10[3R)\]'¥7 @QW(92)> (paw(el) )
méalm )\ju 9i7 Pa, 905) =0+ lk <()0CVR9¢(10[3R)\]'¥7 R%@QW(92)> R% @aw<92> )

P,, P+ as above and P,; := (quj_pipj),ri =B, rij = | Bl
: ji= (B0 BP) = P = IR

and with the knowledge Ry, = [w(6;),w!(6;)] we obtain

W3 =0 + Lo Re, 0B, F = 0 + kAvrirjoa [w(6;), w(6;)sw(A,))
=0+ kAv (pa [P, B]) 0P,

vy = 0 + U, (paRe, 3R, T, Paw(6:)) paw(6;)
= v+ kAvr; {(pa [w(0;),w(6:)]) s P;, paw(8;)) paw(6;)

J/

=b+ kAv (psPi) Pab
s =0 + g — by . O
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Lemma 3.2.9 (Discretization as a DVM and its properties)
Assuming that

k(05 2, 0(0)) = k(||v; — |, Z(w(8), Raxw(6))) = k(1. A),

possesses the same symmetries as the grid (which means k(I, A) = k(I, 3 £ X)) and by
using or B.2.7 for the calculation of the Operator Ay we obtain

L,/ Avgj ]
[DVM ZOzanOéjm zj Z Z lk,ﬁ:l:)\J,Oé:lIG)
k=0 «,pcA
L/ Avg ]
_Zaxnza]m xj Z Z lk,)\‘,emﬂ%#%)
= Papp€C
=" AP(f(o) f(01) — f(0:) f(v)))
7.kl
with
( labcaa nSabc ~F
’ . da,be N,ce€ Ny, o, € A:
Akt | comLag(c) st (05,05, 0, 07) = (0, Wy, b5, 15)(a, b, ¢, a, )
1, ']{Z(G,b,C) 1y Y] ) 1) ) M2 PV ) Yy Ty )

L0, else

(
lachéa nSabe -~
’ Ja,b € N,c € Ny, 0o, 03 € G :
'ab,mLabg(C) ) it b7 SOﬁ

= 0;,0;,0,,0;) = (b, 10 70/7m/ a,b,c, a )
'k/'((l, b,C) ( J k l) ( 3, V3 3)( ® QOﬁ)

L0, else
N:={1,...,N} x{1,..., M}, Ng :=A0,...,|L/Avy ]},
Sabe 1= [{(cv, B) |(0i, 05,04, 0;) = (05, 102,05, 105)(a, b, ¢, o, B) }]
10y = wy(le, B+ Ny, £ 0,), 05 = 05(1e, B £ Ny, a £ 6,), w5 =105(le, B £ Ny, £6,),
103 = 3 (e, Ao, Oa, Pas P5), Ué = Ug(lm Ao, Oy Pas 8), mg = mgac’ by Oas Pas 8) 5
to3, 03, 105 as inB2Z8 oy, 05, W), as in B2 assuming v = v;,
Avgy, g(c), Loy as inB23] e = cAvg k(a,b,c) = k(v;,105,w(0,)) .

This DVM fulfills the minimal requirements 2.1.2.4] and possesses no artificial collision
invariants on normal grids.

Proof:
We prove the transformation by using the explicit form of Af]l and the knowledge,
that the sum ) ik 8O€S through all possible point combinations v;, vy, v;. This can
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be used for the following calculation:

> AL (f(0:) f(0) = for) f(01))

j7k7l

= Z Z labcaa,nab,mLabg<c)k<a7 b’ C) (f(né)f<mé> - f(nl)f(m3))

(a,b,c)EN X Ny, Parpp€EG

= Z Z aa,nab,mLabg(C)iL(labca )\ba eaa Pay Soﬁ) .

(a,b,c)EN X Ny, Parpp€EG

The transformation using the angles « instead of the operators ¢ is analog to the

above. Now we show that Af]l possesses the symmetry properties

kil pbg _ plk

A=A = A5

and that there exists a one to one correspondence between the nonzero elements Afjl

and the points used by the discretization, except for some special points for which s;;x

takes care of (later we will take a closer look at s;;x;). This finally justifies the above
calculation. Now we need some additional assumptions about the structure of k:

k(05,109,0(8a)) = k([[0; — 12, £(0; = 103,0(6a))) = k(lase, M)

and we assume that k possesses at least the grid symmetries - making it independent
of S+ or ¢g. Due to the definition of Af]l and the additional knowledge about the
structure of k we see, that A only depends on a,b,c. So we can restate the task of
proving the above symmetry by proving that a, b, ¢ is independent of the ordering of
D;, 0, 0, 0 TESP. 0;, 1093, 0’2/3, m’2/3. This is the case iff order changes in these four
velocities only lead to changes of ¢,,¢s and not in a,b,c. So let us prove this by
calculating through the necessary permutations. We start with some results given
by the reinterpretation in B.2.7] and B.2.8 Here the main one is given by the fact
that a reflection of b1 on w(0) gives W , see figure 3.2l This reflection is given by

Pallo0y(Paly) ™! with ¢, 1= (é _01) and results into:

7 — 7

505 (Pa, 98) = O5(Pa, ©y08) = kAV(@a[P;, P ey 0aP; = 0505(0a, ©205) |
= = = =

Um3(§0m Qpﬁ) = _Um?»(_%oow 906) = _Um3(§0m _Qpﬁ) = Um?’(_%pm _305) s

00D (Par 05) = k(95 P;)100Ps = —00)(~par 95) = ~90) (o —25)

— 00} (g, ) = 00 (0, 9 5)

= 1w}ty = wio], = W — b + o], = 200], — brw]
Now we prove that the different orderings of v;,v;,0;,0; can be realized by using
different elements of the automorphism group ¢,, ¢ resulting into the same coefficients
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Af]l for the permutations of these velocities (because A does not depend on ¢,, ¢3).
So let us calculate through the necessary permutations:

v;
|}
Oy

v;
b + oI}
0; + vo)
Uz‘"—m—tﬁh
U3
Uk—t’?gﬂLm—tﬁh
o) — vl

nk—073+bm3

v
0 — 200 (0, 95) + 0
by — 003(%a, 95
01 — 200} (P 95) + 0104 (P, 95) + 00 (90, 05)
g2
o — @(%,wﬁ)
v — 005(Pa, P5)
by — 505(0a, ©5) + 093(Pas 95)
Oy
0y, -+ 0103(— @, 0 05)
bk + 005(—Pa, P15)
), + 103 (—Pa, 9498) — 005(—Pa, 01905)

3|

~— W

(90047 906)

s

Now we have to think about the one to one correspondence between the nonzero
elements of Af]l and the points used by the discretization. For this we take a look at

m2,U,2 :

o =0+ 1w, +N), 05=0+1 (w0, +N\),w(0,))w(b,),
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here we see that (by construction - B.2.3) we have the property
W(a,b,¢) # (@,,8) : (102,05)(a, b, ¢) # (10,05)(@ b, ¢) .

So we see that we have at most one (a,b,c) corresponding to a (1, j, k,1) (mapping
from (a,b,c) to (i,7,k,1) is injective). We can use a similar argumentation for the
reflections and rotations a+, f+:

wy =0+ lwlatl,+8+N), vo=v+l {w(atb,+LEN),wl@xb,))wlatb,),

here one can realize that a+, 5+ correspond to 90° rotations and reflections around
symmetry axes of the grid which have the property of being mappings between the 8

regions
R COS(a) + Z_ﬂ- M ;=
SZ'_{T(sin(a))'TERO’aE[4’ 4 1= 00T

These mappings correspond to the 8 elements of the automorphism group ¢ € G (see
B.2.7). Using the alternative representation g, v%, 1o it becomes easy to see that for
every ¢ (or at ) v — v = v, — v gets mapped into another S; whereas S+ only
changes the length of v — v and that for every S+, ws — v moves into another S;.
The last thing that can happen in this context is the case where 6 € {O, %} VA=7]
(the case A = 0 is irrelevant because then v = W' v/ =t — j = ki = | =
fefi — fif; = 0). In such a case we have for example w(f) = w(0) = (x,0)” and a
reflection on the x-axis would result into the same point w(0) = w(—0). In such a case
we need the additional argument that our automorphism group gets partitioned into
4 equivalence classes each having 2 elements. In the given example 8 = 0 these would
correspond to the sets 0+ := {04,0—}, 2+, 7+, 2*+ in the other possible situation
¢ = 7 it would be {0+, %—} ; {g—i-,ﬁ—} {7T+ } ,{32”4—,0 } So we realize that
the case 0 € {0, %} , A # 7 results into a two to one correspondence (two multi indexes
(a,b,c,ar, B) for one (i,7,k,1)) and that the case 6§ € {O,%} ,A = 7 results into a
four to one correspondence. Fortunately these two resp. four indexes only differ in
a, B. So the same coefficient lopetan - omLapg(c) - k(a,b, ¢) corresponds to the multi
indexes and we can simply merge the multiple occurrences of this coefficient into Af]l

by multiplying Afjl with
Sijkl = |{(a7 b7 ¢ Q, /8) |(Ui7 Uj) Oy, Ul) - (Uia oy, U,27 m,2)(a'7 ba ¢ Q, B) }| )

giving the final form of AU as in the lemma. Due to the fact that the mapping from
(a,b,c) to (3,7, k,1) is 1n3ect1ve (when taking a#, 5+ into account) we can write

Sijkl = Sabc ‘= H(aaﬁ) |(Uivnjankabl) (Uzam27n2a )(a' b C, aaB)H

This eliminates the necessity of looking at the symmetries of s;j5;, because these sym-
metries are created by the a, 5. One of the last things to look at is the non negativity
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4
4
AU{ ,/’ 62163"1
/, 9:068’1
[ >
H,—/ U U,

Av

Figure 3.4: Visualization of the fact that using n > 1,m > 1 results into having all
squares with a diameter of 2Av, v/2Av

of Af]l This is given by the fact that all factors Af]l consists of are non negative.
Claiming that a Farey discretization with n > 1, m > 1 results into a set of collision
pairs M that contains all squares in the velocity space with a diagonal of 2Av, v2Av
together with remark implies that a uniform discretization of a origin cen-
tered sphere or a cube with at least 9 points possesses no artificial collision invariants.
So the last thing to do is to justify this claim. For this we take a look at figure [3.4]
and savor the self explaining picture. O

Remark 3.2.10

(i) The above DVM may not possess the symmetries Af]l = Ale = Ai? as can be
seen in the corresponding proof. Nonetheless these symmetries can be created

by setting
k,l k,l Lk
gkt A A A
2V 3 )
and using Af; instead of Ai’j, Afll , Aﬁf Taking a look at the actual calculation

of this discretization one realizes that this adaptation does not change the dis-
cretization (the result remains exactly the same), except that it creates these
symmetries.

(ii) Unfortunately it is not possible to transform this DVM into an eLGpM, because
in general it does not possess the necessary property (Z2.1]) that is needed for
theorem . This condition is violated as soon as the order of the Farey
sequences n, m gets larger than one. Due to this we need an according adjustment
of the discretization to make it compatible with the eLGpMs.
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Lemma 3.2.11 (Farey approximation as an eLGpM)
An eLGpM based on the Farey approximation (using §,,$s) can be written as

heplfl(0) =3 > > el | [T fler o =)= T flet+/(0:=0)
€€ [0]eST, [pleC ©'€lyl] p'eH
with

C:=PUD1, vp(c,0,0) :=c+ (0 —¢), v(c, i) :==2c— vy,

S — g% /., G‘ZG/NH Py — QIk,j
: ij o Lo |{§0/€G|C‘|“S0(U_C)ZC+90/(U_C)}|’
_ - 1 i ue 0;0
Ak’l = Ak’l . A'Ui', AU@" = ’ 2¢ < € ) c=maxqcE€ N J
*J b ! ! 2, else

where Af]l comes from 3.2.9 The convergence order is the same as in corollary B.2.5]
the error boundary is increased by a factor of 2" and this LGpM has no artificial
collision invariants.

Proof:
It is not possible to transform the DVM B.2.91directly into an eLGpM. So we introduce
a little adaption of the Farey approximation that results into a DVM that can be trans-

formed into an eLGpM (see theorem 2.2.2]). Beginning at the Farey approximation
3.2.3

N L/ Av;j;]
ZO‘Z’ Zaijvw Z g(k)h(lk, A}, 0;)
= - k=0

h(l, A, 0) [f(u)( 5) = [ (0) f(w2)] Ik (v, 105,w(8)) ,

we want to realize that we only use such tv, which have the property that “J’Tm e YUY 1.
This can be achieved by an adaption of the innermost integral approximation. By
doubling the step size of the innermost integration for “problematic” integration lines
we force the corresponding centers to lie on Q] The only problem that remains is to
identify these “problematic” lines. We know ®== corresponds to the first point that is
used by the innermost integration (¢ Corresponds to the step number) in the direction
oro. Let us call a direction problematic iff the first step in this direction (of length
Av;;) leads to a corresponding center that is not in €

1Um
2 ¢
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Now we have to adjust the integration step size to avoid centers that are not in €
leading to a an adaption of the step size by

. 1, ifl¥cg
Avij = ’ ' 2c .
2, else

Knowing this little tweak to tune the Farey approximation for use in the LGpM context
we can simply use the DVM derived in with Av;; (also resulting in L;;, ;) and
transform it via into an eLGpM. The doubled step size directly translates into a
2" increase for the error in the innermost integral (see proof of B.22.3)) . But this is not
as bad as it looks, because this directly results into a relaxation of the necessary order
of the Farey sequences, as can be seen in equation (321 in the proof of theorem B.2.4]
(¢; becomes 22" 72cL). Due to the fact that the error only changes by a constant the
convergence order remains. The lack of artificial collision invariants comes from the
intermediate step of transforming the Farey approximation in a DVM and 3.2.9. [

3.3 Three dimensions

At this point we repeat the procedure of the last subsection in three dimensions.
To avoid the danger of being repetitive we reduce all necessary proofs to the point
where they are understandable and mainly new ideas remain. For parts of the proof
being analog to the 2 dimensional case we point to the corresponding region in the
last subsection. In [MS00] the authors generalized the Farey sequence approach by
[RS94] to three dimensions and obtained a convergence order of g. The approach
in [MS00] is more sophisticated, more complex, involves more number theory and
probably yields a superior convergence when compared against first order quadratures
within our scheme. But it becomes significantly harder to apply any kind of regular
quadrature and to partition the domain of integration into separate regions which
eases the inspection and handling of grid and operator symmetries. Beside this we
learned about the existence of this publication after we developed our own approach.
The reason for this seems to be that [MS00] was published in French. We use another
approach for three dimensions in order to obtain higher convergence orders by the
application of quadrature formulas on specific symmetry regions.

Remark 3.3.1

In the last subsection we have seen that the velocity space gets divided into smallest
“symmetry regions” S;,¢ = 1,...,8 which can be mapped onto each other by the
operators in the automorphism group. In 2 dimensions such a smallest region is given
by one half of one of the quadrants, see figure In 3 dimensions the space is divided
into 48 of these regions, figure shows all 6 of these regions lying in the positive
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Figure 3.5: Symmetry regions created by the automorphism group in two and three
dimensions

quadrant. In spherical coordinates these regions can be represented by

cos () cos(ip) .
Sy =< r|sin(@)cos(p) | |reRS,0 € [O, Z] , o € [0,arctan(sin(0))] » ,
sin(yp)
cos(f) cos(p) -
S1USg=<r sin(&i) E:o§(go) reRS,0¢€ [O, Z] , € [0, arctan(cos(f))]
sin(¢p

The image of one such region \5; under the automorphism group results into a set of
regions (the sets of inner points S; of these regions are pairwise disjunct) equaling the
complete space:

Vie{l,...,48) : (Va%ﬁéG:a(S})ﬂﬁ(S‘i):@) A ( U az(Si):]R”>.

aceG
Now one of the main messages of the last subsection is that it is sufficient to discretize
one of these smallest symmetry regions, because we can then apply the automorphism
group (or simply the corresponding rotations and reflections) to obtain a discretization
of the whole space. We use this insight to create a Farey-based discretization in 3
dimensions of one such symmetry region and then prove that this discretization can
be extended to the whole space by applying the necessary coordinate transformations
and taking a closer look at the occurring functional determinants. The desired side
effect of this approach is that the resulting discretization possesses all grid related
symmetries by design, because these symmetries are reflected by the automorphism
group. This together with a goal oriented transformation of the collision integral finally
leads to the situation that the minimal requirements 2.1.2.4] of a DVM are fulfilled,
giving all the properties we want.
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So let us start with the discretization of one symmetry region (51):

Proposition 3.3.2 (Farey approximation in spherical coordinates)

Let H € C! ([O, ﬂz — R). Using the Farey sequence §,, the approximation

arctan(sin(0))
o

yields an upper error bound of

arctan(sin(@))

dgpd@ Z Qn Z Q; j 27 SOZJ

In(n) +1
n

1
< 8K9#, -— 4+ 4Ky -
n

where Ky, Ky are some constants depending only on H and its derivative. The
approximation uses the definitions

pz’JSQz’,jaPENO,tE{L...,L%J}7q:t.qi:

Sim = <Pm ¢, ) 0<p<t-pi A ged(pij,qi;) =1A
’ i.j (pljt>:(£7t>/\Vj>1 e <
qi,j q j—1 qi,j

A when multiple ¢ s are possible choose the smallest one

= <<]£, tz‘,l) e (pi’Ni,ti,Ni)) =((Fi1,tia), .. (Fin,ting)), Ni= |§zn| ,
qi1 q;,N;

_ Pig+1 — Pij-1 — arct F 4 ._ o
Q= — (5 , Pi; = arctan i\j y Pi0 = Pily PiN;+1 = Qi N; -

2 NG+

At this point the reader should not try to understand the meaning of @Zn Geometri-
cally this set corresponds to the angles ¢; ; (which can be used for the approximation
in the 3rd dimension) over the lines corresponding to the angles 6; (which are respon-
sible for the approximation in the x-y plane). The construction and explanation of
this set can be found in the following proof.

Proof:
Our aim is to discretize an integral with the structure

T parctan(sin(9))
/ / H (6, ¢)dpdd
0 0

over the symmetry region S;. We start with a look at the approximation for the
outermost integral over # using the Farey approximation in two dimensions, assuming
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that € corresponds to the Cartesian coordinates in the x-y plane. For this we need to
find out how we can extract the correct angles in spherical coordinates from a given
point in R3. To avoid index confusion we define (only for this proof) that all objects
containing only the index ¢ correspond to Fn. To get the angles we use the following
parametrization of a sphere

cos(p) cos(0)
w(f, ) := | cos(p)sin(f)
sing)

Now we calculate the Cartesian coordinates corresponding to the elements in the Farey
sequence for the approximation of the integral over . That means the coordinates of
the first point in which a line from the origin in the x-y plane with the gradient %

would cross a point on the uniform grid Z3. As described in B.I1.2] we can use % to
Qin

obtain the point in the z — y plane by a := | p;, |. Transforming this into spherical
0

coordinates yields

rij =A@ +pj, 0;=arctan (%) . i =arcsin (0) .

Now we can define (assuming that the domain of integration for ¢ depends on 0)

arctan(sin(6))
H(0) :/ H(p,0)dg,
0

and by B.I.5] we instantly get

iaiH(Hi) - / : H(0)do

Now we need to take a closer look at the expansion into 3 dimensions. For this we
take a look at figure (left), the solid lines correspond to the discretization in the
x-y plane and the dashed lines to the usable gradients that correspond to a specific
F;. Here we see that we have the same situation (number of points and position) as in
the x-y plane. Unfortunately this case is the best case scenario. In the worst case we
can only use the points directly above the point (¢;, p;, 0)7, because there are no other
grid points above the line associated with F;, an example for this is given in figure
(right). With this knowledge we can collect all usable gradients corresponding
to a specific F;. At this point we have to consider the requirement that we want to
discretize the region S; (see figure B.5l), resulting in the (possibly) arbitrarily looking
borders and corresponding inequalities.

In(n) + 1 .

<4 sup |H'(0)]——
n

0€f0,%]

€1 =
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Figure 3.6: Visualization of the Farey sequence in the x-y plane and a best / worst
case expansion into 3 dimensions above Fy, F_1, compare figure [31]

Looking at one line in the x-y plane (corresponding to F; = Z—Z) we can generally use
all points above the last point on this line for our discretization (see B.6], right). So let
us assume that one such point is (g;, p;, pi,j)T. Now p; ; equals the z-component of our
discretization point. But we are generally interested in the angle ¢ corresponding to
this point. To systematically obtain these angles we need to calculate the gradient of
the line through

a;

Di

Di,j

in the z-direction. This gradient is given by —22

. And all gradients above (g;, p;, 0)

in S; are given by

Zi,l = {g'pGNO,OSPS 1-ps, q=1~\/Q?+p?} -
p

Before we can proceed we need to take a closer look at the obtained gradients o
The fact that ¢ ¢ N will become a constant pain due to fraction reductions necessary
to obtain the final gradient set. Without proper fraction reductions the following
argumentation would become way more complex. So we introduce a little trick to
obtain more suitable fractions characterizing our gradients:

p p qi

VETE GVRtE

qi
2 2
@ %

From now on we interpret as a constant relating to our new gradient set

Ay 3:{§‘p€N070§p§1'pi7 q=1-q@}-
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The next step results from the case that there lie more than one point of the uniform
grid on our discretization line through (g;, p;, 0)7 (see 3.8}, left), which is the case when

{qﬂJ > 1. In such a case we want to use the additional points above t- (¢;, p;, 0)T. This

‘. (qz)
Di )

Di.j

results into the discretization points

with the corresponding gradient being % and the relating constant \/ﬁ. All gra-

dients above t - (g;, p;, 0)T are now given by

Az‘,t :z{(g,tﬂpeNo,OSpSt-pi, qzt-qz} .
q

So in the end all usable gradients corresponding to one F; = % are given by

/L’ = U Ai,t .
1 2]

By neglecting multiples of maximal reduced fractions and using only the points with
the smallest distances from zero for the gradients (minimization of ¢; ;) we obtain the
set &n that corresponds to all gradients that can be used to calculate all ¢; ; (angle
in z - (i, pi, 0)7 plane) corresponding to one 6; (angle in x-y plane):

pij < @ijiti; € No Aged(piy, ¢ij) = 1
3 Di,j A. - (Pid ¢, ) — ; . Pig—1 Di,j
Si,n = <q4].’ti’j) Na € A;: (qz',;’tw) aAVj>1: qi,jfl < Qi,;
27-]

/\tiJ’ = min {t € N‘Ela € AZ (Zz—j,t) :CL}

- ((pi71 ) ti,l) gty <plvN1 ) tz,Nl)) - ((E,lu ti,l) PRI (E,Np tl,]\h)) )
di1 qi,N;

N; = @m < N, (< N by construction) .

Here we used the fraction reduction ged(p; ;, ¢; ;) = 1 only to neglect multiple appear-
ances of gradients. But by doing so we introduced a new problem where fractions Z@

~ z’j
get reduced (by ¢ € N) in the set §;, to the point where

qi

Pij
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does not lie on our grid. So we need to to compensate the reduction. Such a fraction
reduction fulfills the equation ¢; ; - ¢ = ¢; - t;; (because ¢; ; - ¢ is a ¢ from Ai,ti’j). This
equation directly leads to the conclusion that we have to use the discretization points

i (%
) )

ti jq:
CPi,j 1,7

qi,j

For the following convergence prove we need some preliminary considerations. At first
we recall how we can extract the angles in spherical coordinates from a given point
(z,9,2)T € R3. In this work we use the following parametrization of a sphere

cos(p) cos(0)
w(f,p) := | cos(p)sin(d)
sing)

and the associated spherical coordinates (so we do not use the “standard” spherical
coordinates). Transforming (x,y, z)” into our spherical coordinates yields

r=+x?+y?+ 22, 0 =arctan (Q) , = arcsin (f) . (3.3.1)
T r

Thinking about the fact that r, \/2? + 2, z form a right triangle with r being the
hypotenuse we get

2 z
—arcsin [ — ) = arctan | ——| . 3.3.2
7 ) (m) (332)

More considerations:
(a) Let A C B C Ry, |A| < |B| < oo, where A = (ay,...,q4) and B = (by,...,bp)

are increasing sequences with a; = by, aj4 = bjp|. In this case we instantly get

(aip1 —a;) = Z (bj41 — bj) A

j:bje[ai,ai+1)

|Al-1 [Al-1 |B|-1
D (i —a) =) D (ba—b) | =D (b =)
i=1 i=1  \j:bj€la;,ait1) Jj=1

We use this to prove an inequality of the form

|A[-1 |B|—1

1
Z (@41 — ai71)2 > 1 Z (biy1 — bifl)z

i=2 j=2
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Qit1 — Gj—1 = Qi1 — QG+ Q; — Q1 = Z (bjr1 — by) + Z (bjr1 —b;)

bjE[ai,aHl) bje[ai,l,ai)
. >0 = b)+ > (b1 —by)
_ 1| biclaiait) bj€lai—1,a:)
2+ > (bi—=b—)+ > (bj—0bj1)
bi€(as,aiy1] bj€(ai—1,a;)
1
>3 S bpa—b)+ D (b —bi)
bje(ai,l,aHl) bje(ai—lyaz?rl)

1
=3 > (b1 —bi)

bje(ai—1,a;+1)

2
|A[-1 |Al-1

1
= Z (i1 — ai—1)? > Z B Z (bjt1 —bj-1)
1=2 1=2 bj€(ai—1,ai+1)
1 1
> Z > (b= b)) > 2 > (b —bia)?
=2 bj€(ai-1,0i+1) bj€(a1,a )
B |B|1(b b
- 4 +1 — z—l)
7j=2

Here we have used some very rough estimates to simplify the above and the follow-
ing argumentation. A more precise evaluation would only change the constant i to
% in exchange for a more complicated formula and higher order error terms in the
following argumentation due to the necessary special treatment of the sequence

start and ending.

(b) Let a < b; a,b € R. We know that - arctan(z) = ﬁ < 1, from this follows

arctan(b) — arctan(a) < b —a. (3.3.3)

Now we need the point on the grid corresponding to F}, F; ;. It is clear that (g;, p;,0)"
corresponds to F;. And we have seen that the additional points that are associated

with F’i,j are given by

tijqi
0 P
Here t; ; corresponds to the case where multiple grid points lie on the line corresponding
to F; and % € N corresponds to the possible reduction of the fractions that can occur
)

in the set @m So if there was a fraction reduction by ¢ € N then ¢; ;¢; = cg; ; . From
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this and [B.3.1), (3.:3.2) follows

2
Dij Di Dij q;
rij = tijA/ @+ p? + <—ql) ,0; = arctan (—) , ij = arctan —F | -
’ j\/ i 4 ’ Gij\ @+ p?

The set of usable angles for our approximation is now given by

Sin = | arctan Fi1gs arctan b = (¢ ©i.N;)
in = ] — =(Pi1s-- -5 Pi,N;) 5
V@ + 07 V&G + i

which corresponds to the following circle arcs that can be used for the approximation:

i1 T Pig—1

Qg5 = 5 y  Pi0 = 0, Wi, N;+1 = $i,N; -

Here we know that
pin =0, ©iN, = arctan(sin(6;)) .

The last one ¢; y, needs some clarification. Assuming that we look at the line in the
x — y plane that is given through %, the largest ¢ is given by p;; = ps, ¢;j = ¢;. This

results into P ; = (q;,pi, pi;)" = (¢, pi, pi)" and gives (by (B:3.2)))

Di

1
Pmax = arctan <ﬁ> = arctan —
VPi +4; VE+1

= arctan (cos <arctan <&) ))
Di
m 2
= arctan (cos <arctan <tan (5 — arctan (—)))))
qi

= arctan(sin(;)) .

At this point we use a little trick to get to the point where we can prove convergence.

We look at the set fli F J given by
o~ { e e i {2
d; ’

i
AT\ lw e el

and we know from the definition of @Zn that fli V J C @Zn (ignoring possible fraction

2R3

4
reductions). This leads to the conclusion that the increasing sequence

0 i P {%J i
Ai PJ = | arctan 2q = | ;- arctan ! 2q -
Lo LIQJ ¢ V4 D LqﬂJ g V4 t Db
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=: (@i,la M) (ﬁi,piMJH) ’

(*)

A

is a subsequence of §;, With ©;1 = @i1 A Qmax = QiN, = (ﬁiP'PJH'
W q’L

arguments we can use consideration (b)) to obtain an upper bound for the differences
of successive @;:

vg'e{l,...,tiJ};
q;
1

With the above

T o Jj+ G J e 1 i (3.3.4)

1,3+1 7 ¥i,g - = 0.

1 ~ (%) . 1 qi

A | C Si,n — \V/j c {]., RN Nz} TP — Py < . (335)
] 2] g Vi +r

This together with the following equivalent of the first part of lemma B.1.4 can be used
to calculate the error.

Lemma 3.3.3

(1) 0 < gy = PP < o5 < gy gy < arctan(sin ;)

(i) ai; > (wij — pig) ANai; > (pije — @ig)?
1

(i) 0 < iy = pigjor = pig < Ty s

N;
(iv) > a;; = arctan(sin(6;)) <
i=1

s
4

Proof: The first one is obvious, because ¢; ; is an increasing sequence in j and due to
the definition of p; ;. The second one is a consequence of the first one as can be seen
in the proof of B.1.4l The third follows from

C_ Pigrr —Pig1 _ Pigr — Piy + Piy — Pi-t
&27.] - 2 - 2

together with result (B8.3.5]) and the last one follows from

N ©iN+1+QinN, i1+ pio 2-arctan(sin(6;)) —2-0
2 2 2 2
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We apply this to reuse the main part of the proof of proposition [3.1.5I
a(0) = pmax(0) = arctan(sin(d))

a(0;)

€24 =
0

N;
H(6;, 0)de = > ai jH (0, 05)
j=1

see proof of 3. 1.7

c:=
N;
S a2, =
nJ 4
j=1

A

D

Ni

(%,jﬂ - 901',]'71)2
j=1

< sup
‘pe[ova(ei)]

<c (@i 41 — Bij—1)”

Jj+1 qi j—1 Qi

=1 =\ g ¢ +} {qﬂJ gV q +p?

2

We have to take another sum over this error to get the final result:

N N
ey 1= E g < g ;2 sup
i=1 i=1

@E[Ova(ei)}

OH (0;, ) ' Di

9 m (a7 +p7)
OH (0;, ¢) ’ Pi

o BJ (a2 +pR)

N
2
QSup’

<
= NGi pel0.a(0)

by BL4iii)
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1
= 8c—.
n

Finally we get the approximation and the upper bound for the total error through

N N; oy a(9)
> oY e o)~ [ [ HE. 0000,
i=1 j=1 0 J0

Kgﬁ:: «
)
ez e <8- sup M'-—Jﬂl- sup |H’(0)|'Ln)2+ : O
v € [0,a(0)] 8@ n 96[0 1] n
o€ o,z 4

Lemma 3.3.4 (Completion of the approximation)

Let H € C! ([O, 27] x [—5, 5} — ]R) and G be the automorphism group corresponding

to the uniform grid. G consists of 48 elements in 3 dimensions. Now let ®; be the

transformation from the spherical coordinates we used in the last proposition into

the spherical coordinates that are given by the following discretization of the sphere:
cos(6) cos(@)

Pk sin(é) cos() | ser € G with pairwise distinct ¢g. Using the Farey sequence @n,

sin(p)
the approximation

/ /E ) cos(p)depdl ~ Z Qi p Z Q Z H(®4(0;, 0i5)) cos(ij) ,

j=1 k=1,...,48

yields an upper error bound of

) cos(ip)dpdd — Zamzam > H(®x(0;, ¢15)) cos(iz)

_r
2 7j=1 k=1,...,48

1 | 1
<192'<2K9,¢'E+KG'M),

n2

where Ky ,, Ky are some constants depending only on H and its derivative.

Proof:

The idea of this proof is that we divide the domain of integration into 48 regions and
then use coordinate transformations to reduce these 48 integrals to the point where we
can use to approximate them. Then we realize that the 48 necessary coordinate
transformations correspond to the 48 elements of the automorphism group and that
the functional determinants of these transformations in combination with cos(@zj)
essentially vanish. So let us begin with the splitting of the domain, let a; := ° 417T
a(x) := arctan(sin(x)), b(z) := arctan(cos(x)), then

/ / ) cos(p) dedf =
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4 a(0—ag;— b(0—a2i—1)
Z / / 0, @) cos(p) dpdb + / / H(9, ) cos(p) depdb
i=1 7 a2i— 0 agi_ (60—azi—1)
azi+1  fa(azi+1—0) azi+1 (azi+1—0)
+ / 0, ) cos(p) dpdb + / / H(0, ) cos(p) dpdb
0 (a2i+1—0)
3 a2i41 z
+/ , ) cos(p) dpdf + / H(6, ) cos(p) dedd
agi—1 J b(0—az;i— b(agi+1—0)
0 —a(f0—azi—1)
+/ 8, ) cos(y) dedb + / / H(0, ) cos(p) dpdd
a2i—1 J —a(0—ag;i— agi— b(0—a2;—1)
azi+1 azit+1  p—alaziy1—0)
+/ / 0, @) cos(p )dgpd9+/ H(8, ) cos(y) dedb
(a2i+1—0) —b(a2i+1—0)

b(0—agi— agi+1 b(azi+1—0)
/ / , ) cos(p) dpdd + / / 6, ) cos(p) dedf .

s
2

Here we see the 48 integrals corresponding to the 48 symmetry regions. To get a
better grip of the problem we take a look at the 6 integrals corresponding to the
positive quadrant (see figure 3.5, angle # lying in the = — y plane)

S}\N SGN
a() h
Q1 ._/ / H(9, ) cos(y) depdb +/ / H(0, ) cos(p) depdb
o)
Sar~ Sy~
a(ffG b(lfe
/ / ) cos(¢ d<pd9—i— / / ©) cos(p) dpdd
(5-0)
S5~ S~

Y

/ H ) cos(p dcpd0+/ / ©) cos(p) dedd .
b(0)

Now we exemplarily prove that we can transform the integrals corresponding to Sg, S5
into S, where the only difference occurs to be the transformation of the variables in
H (no change in cos). The transformation of all other (46) integrals is then analog
to this one. Starting with Sg we see that Sg is essentially the same as S; the only
difference being a change of coordinates from z,y to z,z. So we want to apply the
Farey approach in the x — z plane and the extension of the approximation in the y

direction. This corresponds to using another set of spherical coordinates based on
another parametrization of the sphere:

cos(f) cos(p) x cos(0) cos(@)
old : [ sin(fd)cos(p) | =y | = sln(gé)  new. (3.3.6)
sin(yp) 2 sin () cos(¢p)
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The transformation from Cartesian (x, v, 2)T to the new spherical coordinates is given

~ z
T =+/x?2+y?>+ 2%, 0= arctan (—) , ¢ = arctan <L) .

X ‘/IL'2<|>Z2

The self inverse coordinate transformation ®¢ between the new and the old spherical
coordinates is given by

f.
arctan ( anE )

COos

arctan (%)
tan?(p)+cos2(6)
| det(D®)| = cos(9) .
\/1 — c0s2() + cos?() cos?(h)

The transformation of the domain of integration becomes a bit problematic, because
the new coordinates depend on both ¢, 0. Fortunately it is geometrically clear (see
figure B.5]) that the domain remains the same. So we get

T b(0)
Sov [ HO0) con(e) s
0 a()

z ra(d) . cos <arctan (%)) . .
- [1 [ H@e) ggww#w dgdé
0 0
\/1 cos2(@)4cos2 () cos2 ()

/ /a(9 H(®a(6.8)) cos() \/1 - COSQ(gb) + cos?(¢) cos?(h) dgdd
\/1 — cos2(p) + cos?(p) cos?(h)

T pa) ) )
- / / H(®4(0, 3)) cos(p) dgdd ~ S, (Dg) .
0 0

r
0 :(I)6
2

S > D

And this last integral can be approximated in the same way we used for Sp, see
3.3.21 We can see that this transformation corresponds to a simple permutation of
the Cartesian coordinates, see (B.3.6]), and we see that the functional determinant of
the transformation “magically” vanishes when we multiply it with the cosine of the
transformed .

Remark:

This is obvious because this transformation can be interpreted as a two step transfor-
mation, from spherical coordinates back to Cartesian coordinates and then into the
new spherical coordinates. Another interpretation is given by applying different spher-
ical transformations to the Cartesian integrals and seeing afterwards that the proper
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choice of transformations leads to integrals with the same domain of integration, dis-
tinguishable only by the permutation of the Cartesian coordinates.

This (the vanishing of the functional determinant) happens every time we use a per-
mutation of the Cartesian coordinates to obtain another set of spherical coordinates.
Now it is easy to see that we can transform all 6 integrals in (); by using all 6 possible
permutations of the Cartesian coordinates in the way described above. This finally

leads to
/ / H(®;(0,p)) cos(p) dedd .

Interestingly these transformatlons correspond to the following operators of the auto-
morphism group which happen to be permutation matrices

100 010 00 1

S~ |0 1 0| =M, ®~|100]|=M, &~[100]|=>M,
00 1 00 1 010
00 1 010 100

Sy~ 0 1 0 =My, &s~[0 0 1| =M, &~ (00 1]|= M.
100 100 010

Now it is easy to see that all possible sign changes inside of these matrices give in total
8 operators per transformation ®q,...,®g. These 48 operators correspond to the 48
coordinate transformations, and all these operators together form the automorphism
group. The successive application of these 48 coordinate transformations lead to

[ roaes d“‘)de‘z/ [ @00 o) ago

Now we can apply 3.3.2] on these 48 integrals giving

/ /W ) cos(p)depdl ~ Z Qi p Z QG j Z H(®(0:, i5)) cos(ij) ,

with an upper error bound of

) cos(p)dipdf) — Zaznza” Y H(®(0,015)) cos(iy)

% k=1,...,48
1 In 1
<48 <8K9,¢-—+4K9~#) ,
n n
OH (0 0 %5 H(e,9) cos(p)dp
with Ky, == sup (6, ) cos(p) ' , Ky := sup 2 .0
ve[-%.3] O 0€[0,2] o0

6 € [0, 27]
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Remark 3.3.5
Comparable to [B.1.6 we have to remark that

(i) the above discretization corresponds to

S X Hw@p))oston) = [ Ay

=1 k=1,..48 52

with H(6, p) = H(w(f,¢)). We use the representation in the above proposition,
because simplifications of the transformed collision operator are possible. And
they should be done before the application of the Farey approximation.

(ii) The main properties of this discretization are that the used angles correspond to
the gradient of lines that fit onto our uniform grid and that we have the freedom
to handle the different symmetry regions independently. The last one finally
leads to the point where we can choose which grid symmetries get preserved
during the discretization.

Definition 3.3.6 (Rotations)
Let r = (1,0,0)T,p = (0,1,0)T,3 = (0,0,1)7 and Ry(a) be the rotation around a
vector tv with an angle of a. We call a rotation

(i) Ryw(c) extrinsic if it is a rotation around one of the “global” axis, w € {r, 1,3},

(ii) Ry(c) intrinsic if it is a rotation around one of the axis after an arbitrary rotation
R that rotated the coordinate system and anything inside it, w € { Ry, Ry, R3}.

Lemma 3.3.7 (Simplification of intrinsic rotations)
An intrinsic rotation can be expressed by an extrinsic rotation :

R, (@)Rb = RR, ()b,  a€{r,n,3},b€ R €0,27).

Proof:
Looking at the diagram
R . RRa(q)R7'
b b b,
and knowing that a rotation Rj,(«) corresponds to a rotation within another basis
given by the basis transformation RR,(a)R~" we get

Rp,(a)Rb = b = RRy(a)R'6 = RRo(a)R'Rb = RR4(a)b. 0

Remark 3.3.8

The last definition and lemma [B.3.63.3.7 can be used to understand and substantially
simplify the following rotation sequences, because these rotations can be expressed by
a product of two dimensional rotations in three dimensions. Two dimensional in the
sense that R, R,, R; rotate only within the corresponding planes and correspond to
the simplest 3D rotations.
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Lemma 3.3.9 (Transformation of the collision operator)
Let us assume that the density f has the property supp(f) C B L (0),L € RT and let

S Bé(o)v then the following holds true:

= [ [ set) = 1o wo)l(o = .o ~

/ / /% g/OL[f(n’g)f(m’z)—f(n)f(mQ)]k(mQ,w) {"’u drdydAdede

with
U/l =bp 4+ <U—rU>, 77>'f], 0/2 =0+ T‘((UQ(H, ¥, )‘7 w)v w(€7 Q0)>(,U(€, QO) )
m/l =1 — <U?D, 77>7], ml2 =1too — T<w2(07 2 >‘7 'QZ)), w(07 @))w(07 90) )
cos(p) cos(6)
1= v+ rwn(l A 0),  w(0,) = [ cos(p)sin(d) | =,
sin()
1 0 0
L= 0 , pi= 1 y 3= 0 )
0 0 1

p = R/(0)n, &= Ry(—@)Ry(0)r, 3 = Ry(=¢)s, " = Ry(My',
wa (0,0, A, 9) := Ruyr(o,0.0) (=0) By 0,0) (M) diag(re (0, ), 7y (0, 0), 750, 0))x' (0, )
1 cos(8) cos(p) cos(A) cos(¢p) — ry sin(A) cos(v) sin(f) — r; sin(g) sin(v
= [ rysin(@) cos(p) cos(A) cos() + 1y sin(A) cos(v)) cos(0) — 7, sin(yp) sin(y
7 sin(¢p) cos(A) cos(1)) + 1; cos(yp) sin(1))
D(r,0,p,1) := r°r (0, p)ry (0, 0)r, (0, ) cos(p) cos(1) .

Proof:

Our aim is to apply the same approach as in the 2 dimensional case, so we want to
identify the inner integration with a rotation of the coordinate system. We then use this
analogy to conduct the outer integration within these new coordinates. This directly
corresponds to the integral transformation in 2 dimensions using w(6+ \). This ansatz
is essential to obtain the interchangeability of the pre- and post collisional velocities.
To obtain a deeper understanding of this approach we look at the transformation into
spherical coordinates using rotations. Defining

1 0 0
r=10}), v=|(1], 3:=10
0 0 1

and using the knowledge

Ry(a)b = a{a, b) + cos(a)(a x b) x a+ sin(a)(a x b),
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we get spherical coordinates by

cos () cos(ip)
n = R,(0)y, w(B,p) = | sin(d)cos(p) | = Ry(—¢)R,(0)r.
sin(ep)
So we can understand the spherical coordinates w(f, ¢) as two successive rotations.

The first one around 3 and the second around the rotated y-axis R;(6)y. Now we use
the resulting rotated coordinate system

Y =w(l,¢), 3=Ry(—¢)s v =Ry

to transform the outer integral into ellipsoidal coordinates within this rotated coordi-
nate system:

wa (A, 1) = Ryr(o,0.0) (=) Ry (0, (M) diag(re (6, ©), my (0, ), 75(0, 0))¥'(

1, cos() cos(p) cos(A )Cos( ) — rysin(A) cos(v) sin(f) — r; sin(y) sin(v)) cos(f)

= | rsin(f) cos(p) cos(A) cos() + ry sin(A) cos(v)) cos(0) — r; sin(¢) sin(z)) sin(f)
re sin(¢p) cos(A) cos(1)) + 15 cos(y) sin(1))

0, )
)

= W2(07 12 >‘a ’QZ)) .

Here 7,(6, ), 1y(0, ¢), (0, ¢) are piecewise constant functions. An extensive explana-
tion of this coordinate rescaling can be found in the next theorem. The short version
is: these scalar functions correspond to the new length of the unit vectors t’, v, 3* which
are necessary to guarantee that the unit vectors end on a grid point. This results into
the second transformation corresponding to spherical coordinates on a sub-grid of 0.
This is similar to the 2D case, see figure 3.5l

a) Now we start at

1616 = [ [ @) = (o) 0))(o = o,

/

v =0+ <U_m>,n)77, w =1t — (U_>m,77>n,

b) and the first Transformation remains simple:

1
@ ({1} x [0,27] [—gg]) =52 @|0|=wy)
¥
cos(p) cos(0)
=1 | cos(p)sin(d) | (=n), det(D®) = cos(p),
sin(cp)
— v =0+ (o, w(@, P)w(l0), W =1 — (o, w(b, ¢))w(d, )

(o) = /]R 3 / / — F(0) f(r0)] cos(e2)k(b — 1o, w(8, ) )dydddro.

wl:\
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c) Whereas the second transformation becomes a bit painful due to the necessary
extra rotations depending on 6, :

.
@(Rjo} [0, 27] x [—f 5]) —R% DA = rwa(8, 0, \ ) = o1,

272 "
det(D®) = r¥r¢(0, 0)ry(0, ©)r5(0, @) cos(v)),
D(r, 0, ¢,%) = r*r:(0,0)ry(0, 0)15(0, ©) cos(¢)) cos() ,

A
0g:= byi=
7\ 7\

— =0+ w0, 0, A1), 0 =0+ (w0, 0, N ), w8, 0)w(8, o)

-
Wy :=
A

N m/ _ ;U2 — r{wa(B, 0, A, ), w(f, 9))w(B, )
1/)(v

Remark 3.3.10

The applied transformations and the usage of the rotation matrices may look artificially
complicated. In the following lemmas and theorems we can see that the rotation matrix
representation can be used to apply a simplification similar to Euler, Tait-Bryan angles
respectively extrinsic and intrinsic two dimensional rotations. This simplification pans
out to be very helpful to apply an elegant automorphism group based completion of
the following discretization. The last transformation within the rotated coordinate
system seems to be essential to obtain the minimal symmetry properties of the DVM
operator Ag¢ in the end of this section. Moreover this Ansatz can be seen as a direct
generalization of the two dimensional case.

VI

/ / [ w0 = o) e, ) D) drdardgs

_T
2

O

Theorem 3.3.11 (Farey discretization of the collision operator)
Let f € C*(R® — R),k € C*(R® x S? — R) and G be the automorphism group
corresponding to the uniform grid. The transformed collision operator

/ /2/ /2/0L h(8, o, \, ¥, 7)D(r,0, p, ) drdpdfdyd

h(0, @, A, ) = [f(05) f(105) — f(0)f(r02)]k(rws, w)
D(r,0,0,v) = 1?10, 0)ry(0, ©)r;(0, @) cos() cos(1)) ,

can be approximated by

with

z,%],)\kﬂ/}klﬂ”qa 76)

LL/A/UZ]]CZJ
|: Tqa za@z;awkl)

=2 D agubuu ) )

(i,k)eB (4,1)€C; ¢=0  «,B€G
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with
m2<i7j7 k7 lu q, &, B) =0+ QAU(OZ[F/a 0173I])/8Pk,l )
U/Q(iaja k:a la q, o, /8) =0+ qu(/BPk,l)la-Pi,j )
Wy(2, 4, by 1, g, @, ) == 0 + g — 0,
Ga
Pa,b = ta,b DPa = Ta,bw(eaa Spa,b)a Tab = ||Pa,b||a for ta,b see [3.3.2],
Pa,b
da,b a
2 Di,j
i “hg
V=P, v =t;| « | §=t —p@-q@-’;j ,
0 ¢ +p;
re= 0 my= Il =1

B := N x M, C@',k = Nz X Mk, Akl = QGO0 O
Avijr = Ao||[K), 9,3 Peall, rq := q - Avgy = qAvorygy.
This approximation yields an error bound of
e < 2133 Le(Av) n*m° K,
In(m) +1 1
2
+ 5767T <K9’¢’AT + 2K@7¢7A,¢E)

1 1 1
+192 (KG% + QKG#,—) ,
n n

where Ky, Koo, Koo 5, Kg.p24, K are some constants depending only on f and its
derivatives and s, ¢ correspond to the used Newton-Cotes formula, s being the error
order and c¢ corresponding to some error constants.

Proof:
Analog to the proof of theorem [3.2.3] we define the occurring integrals

L
Hi(0, 0, \,0) ::/ h(@,(p,)\,w,r)'r’er
0

D(0,p1):=
2m % la - N
HQ(ev ()0) = / / Hl (07 QO, )‘7 ¢)T?(97 ()0)7‘0(0, 80)7“5 (67 SO) COS(¢)dwdA )
0 _

™

2

and throughout this proof we define that objects possessing one index e; correspond to
the Farey sequence §,, objects possessing two subscripts e;; correspond to the Farey
sequence @m (see B3.2)). Now we take a closer look at the associated approximation
errors:

n N N; 48

2 5
/ Hy(6, ) cos(p)dfdp — Y > > o jHa (o (05, 015)) cos(i)|
0 —

s
2

€3 ‘=

i=1 j=1 z=1
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82
D jry = D(L,0;, 015, 14)
M M; 48
ea(i, J,x) = |Ha(6:,005) = > D > ot Hi(®2(0;, 015), @y (e ¥r)) Dija|
k=1 =1 y=1

Z

ey 1= Z D Z @ jes(i, j, )
| L/Avis ] <h< ®,.(0;, i) , >g(q)r§) ,

i=1 j=1 z=1
iajaka (I)$<927§02 ')7
= |H J — A i

“ < ) ' (cI)y(Ak?wk,l) Vigh q:Zl q)y<)\k7’l/}k,l)7,rq

48

Using B34 for es, es(3, j, x) we get
1 In 1
€5 <192 <2K9¥, + Kei) :
n?
o 1 In +1
(Z ],l‘) <192 (2K97%>\7¢ + K9¢A ( ) ) -

ZZZaa”eg i,7,7)

N N;

- 1 In +1
ZZ Ozzj48 192<2K9¢)\w_+K9¢)\ (,rn) )
=1 j=1

IN

1 In 1
ERTITY (2K9¢w— + KQWL)
m
In(m) + 1)

)

1
= 57672 (QKW b
0 [ 2 Hy(0, )dg

+ Koo

with Ky := su ,

’ GG[OEW] o0

H.
Ky, := su 78 2809’ ?) ,
ve[-3, 3] ¥
6 € (0,27
0 f?g Hl(ev 2 )‘7 ?/)) COS(QP)D(va )‘7 w)dw
Ko,y = sup B3
_z z}
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OH1(0, 0, X\, 1) cos(p)D(p, A,
K974,07>\,1/1 = ) Sl[lp | 1( % w)@q/} (@) (SO w) .
evel-3.3
: ;2]

And to get a grip on the remaining error we need to take a closer look at the step
size for the innermost integration. For this we need some identities following from the
proof of B.3.2] and the transformation B.3.9:

0y =0+ 1WA, Yra), 05 =0+ 1w, 0ij, A, Vi), w(Oi, @i j))w(bs, 05 j)
m/g =10, — Tq<w2<9i7 i jir Ak, wk,l)ava(‘gia %’,j)>w(9z‘7 %’,j) )

4
Poi= | \o) | = 1IPglw(@i0ia). i i= 1Pl = ti,j\/qz 0l
4,590 0, i
qi,; I ’
li g
Cij = 14 eN.
i

As we can see P ; is the grid point corresponding to w(6;,¢;;). It is a bit more
complicated to obtain the gridpoint corresponding to ws. To simplify this we look at
wy as spherical coordinates within the rotated and rescaled coordinate system with the
axis

/

v =10, 045)w(0s, 0i5) =tij | P |, 10015 =¥,

0 =1y (0:, 05) Ry(0:)9 =tij | @ |, 7m0 0i5) =[0Il

!/

3 =13(0i,0i5) Ry (—9i;)3 =tij —Pz’%‘q;; (0 0i) =181

where 1 := (1,0,0)", 9 := (0,1,0)7,3 := (0,0, 1)”, for comparison see 3.3.9].

These axis-vectors have the important feature that they end on grid points. The
explicit representation of these vectors (explicit in the sense that we get a direct
representation without angles 6, ) can be obtained by a direct calculation of the
rotations (using B.3.7) and subsequent trigonometric transformations. Now we can
“simply” write

w2(9i7 Spi,ju )\ku wk,l> = [xla U/7 3/] W()\k, wk,l)

= Py = 1mew2(0i, 005y Moy Vg) = [0, 5] riaw (Mg, i) = [29',5] Pry
(3.3.7)
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Di ]pk l

qrkq; — PiPk —
= t; itk | WPi + Pr —

pz]

qqz

q 74k,1

i + o lqk(ql + p?)

qk,1

. %Jq?qur S’pfq;%+2 ’;’p?qfq% ’”QEQ?Jquan
= Tijkl = Uil
P + lp%fp?qzqui + @2q? + v} p”p’”qf‘qi

= (w(b;, i), Pijri) = <W<9i7 ©ii)s teaart’) = teaqrl|Y'l] = teaqeri
(3.3.8)

because ¢’ Ly’ L3’ A/ | w(0:, @i,j) .

Additionally we want that the velocities tog, v}, 0}, lie on our grid, so our first guess
for r, is:

Tq :=4q- Av - Tkl = qA’UkJ.

So let us take a look if this results into s, v}, 1o} lying on the grid:

0y = 0+ 1w (6;, Vi, A, Vi) = 0 + qAUTg w2(0;, 0i gy Ay Vi t) (3.3.9)
=0+ qAvD ., €0, by 337), (3.3.10)
= 0y = 0 + qAury{w (9,~, ©i i), w2(0iy i gy Mgy Vi) )w(6s, i) (3.3.11)
= v+ qAvty g, P ; € 0 by (B33) (3.3.12)

= 1w, = b+ rwa(b;, 90@',]', )\k, Vr1) — ro{wa(bs, i, Ay Vi), w(0s, @i ))w(0i; i 5)
(3.3.13)
=0+ qAvP,; j 5 — qAvty P €0 (3.3.14)

To obtain the step size for the Newton-Cotes formula we have to remember that the
step size corresponds to

Avijpg = || — 0| = Av|| P jrall = Avrijrg -

Now we define

I"(‘. (Z j, ]{Z, l) — max 8sh( iy Pi g )‘ka ?/)k LT )T' TXT\)Tﬁ COS(SOZ j) COS(wk l) :
[z —v]|€[0,Z] J||roy — vl|*

and here we can see that the actual calculation of this derivative becomes very com-
plicated, because the step length r; ; ; = w0 — v is only implicitly given due to |ws| # 1
in most cases. Nonetheless this problem can be easily tackled by calculating Mg, ¥
according to P, ; ;, 3.3.1), (3:3.2) and replacing ws(6;, vi i, Ak, Vi) by w(Ni ki Vi)
as well as replacing the last transformation in with a transformation into spheri-
cal coordinates. This would result in an explicit representation of the step size within
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109, 05, 10}, allowing the calculation of the above derivative. We suppress this calcu-
lation and alternative representations, because this approach results into even more
trigonometric calculations without further insight and we do not need this representa-
tion nor do we “really” calculate this derivative in the following work. An interested
reader can do this by using a CAS. Using a composite, closed Newton-Cotes formula
with an error order of s leads (analog to [B.2.3)) to

el(iaja k) l) = I_L/Avijkl-l AvijleA'Ufjler(iaja ka l)

3
< §LC<AU)ST;]J€7ZKT

(V1)

P2'22 Piz42 Piz222
2,3 s 5
2 1, T 2 Pid 2q2 Piq; q
%,j k,l k,l

3 P} PRaPE; ;
= G Le(Do) Bt | il + apl + oy T g act | K

2 2
Di Pkl q4q2
2 2 )
9, i Qe " k

@i + pip;

5 o 15 1 1 | €O+ ala; + 2ai i+ _
< S Le(Avy bJ L]—J Ga+ GE + GE + G+ | K,
LR i+ da + 4l
3 In s m s s .
= S Le(Av) {—J L—J (5¢7qi + 6¢/q;)® K.,
qi qk
3 nl|®|ml?® 2~
== ), oo Le(A) {_J {_J (54747 + 64/q;)* K,
Ei’i?eg q; gk
J,1) € Cig

ETA) . 1 s
S e RVE) a1 ) ()
9 . - 4.2 T

(i.k) € B ng; Lﬂ N EN @] Lk 64; qi.

(4,1) € Cig

s s 2.2\ 2 _
) reaor | 2] | 2] (i) &
(i,k) € B nq? {%J L%J mqi q; 3 q; gy,

(4,1) € Cix,

5 6 2 % s—1 s—1 R
= > g Ot 56)2 Le(Av)® (q;H FJ ) <q2_1 FJ )Kr
ng;mgg q; qk

(i,k) € B
(4, 1) € Cig

IN
o

54+ 6g2)32 -
Z 67< + qZ)QLc(Av)SnS_QmS_QKT

<
(i k) € B qidk
(4,1) € Cix
Kr:=
54+ 6g2)2 - S ~
< Z 6MLC(AU)SnS’1mS’1 max (K.(i,7,k,1))

; (i,k) € B
(i,k)eB @i i) € Ci
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éqg)gzl

N 5+ M
= 6Lc(Av)*n*'m* K, Z
i=1 di k=1

= 6Lc(Av)*n*'m* K, z": zq: M zm: Z %

q=1 p=1 q

= 62¢ > <Z) (?)sF <636 \/2°¢% < 65¢ 22"
q=1

= 6§+12§LC(AU)Sn28msKT = 28+13§+1LC(AU)8n28m5Kr

Adding the three errors together we arrive at

e=e; +ey+es =213 Le(Av)* n®m* K,

In(m) + 1 1
+ 5767 (Kg,% A 2Ky, A,%)

1 1 1
+192 (KQ% + QKW—) .
n n

The last thing we want to achieve is to get rid of the coordinate transformations ®,
in favor of the corresponding matrices M, € G, see proof of 3.3.4l So we take a closer
look at h(6, v, A\, 1, r) and use its structure together with alternative representations
of vy, 10y, m,2

Looking at w,ws from using [3.3.6] [3.3.7 we can see that

R;(0) B R;(0)Ry(—¢)R;(0) 71 ,
w(b, ) = RRa(g)U(—go)Ra(H); corresponds to I ¥ =w(d,p)
= w(, p) = B;(0)Ry(—¢)r .

As we have seen in the proof of [3.3.4] the transformations ®, correspond to permuta-
tions M, of the coordinates after the rotation, so we obtain

w(P.(0,0)) = Myw(0, ) = My Ry, 9),(—¢)R;(0)r corresponds to

By(6) | Ry(O)Ry (RO M,
r 3 Y =w(d, ) Mw (0, ¢)

— Myw (0, ) = Mo Ry(0) Ry(—)r =: w(f, 0, M) .

These representations via intrinsic and extrinsic rotations seem to be obvious but this
becomes more complicated when we look at ws. At this point we begin with the
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diagram obtained through 3.3.9 and [3.3.4t

D := diag(ry, 19, 73) ,

R;(9) Ry(0:) Ry (=i, ) R;(0:)™1 Ry (0:) Ry (—pi5) D(R;(0:) Ry (—¢pi 5)) ™
L L2 I3 Pm
B:=

M, -~ BR;(A\r)B™!

P Tu= M, Ry(0;) Ry (— i) Dra Is
BRy(A\r) Ry (=) (BR;(A\k)) ™" BMyB~*
Is Ls r7 = wa (P, (6;, @i,j), (I)y()\lm wk,l))
= 1, = BM,B '

= BMyB’lBRé()\k)RU(
= BM, B 'BR,(\) Ry(
= BMyR;( M) Ry(—¢n1)11
= M, R;(0;) Ry(—pi,;) DM, Ry (\r) Ry (—0r1)11
= W2(9a 2 )‘7 % an My) = WQ((I)x(eia (pi,j)a (I)y()‘ka ¢k,l)) :

k) [BR;(Ak)] s
BR

-1
— 1) [BRy(Ax)] ' BRy(Ax) B~ Bry

Now we have to argue why 7y ws, 7% (w, we)w should lie on the grid. We know that
the transformations to F;; correspond to a transformation from the original grid to
the sub grid given by the axis ¢/, v/, 3, where the distances between neighboring grid
points on these axis are given by 7,7y, ;. The transformation P;; — r4 is a simple
permutation of the coordinates (with possible sign change). The transformations from
rys — 17 correspond to the same transformations used in ry — 14 considering that we
use the base transformation B to do this within the established sub grid. Multiplying
the result with ry,; gives a point on the sub grid established by t’, v, 3’. The last thing
we need to clarify is the implication of these transformations M, M, for the scalar
product (B:3.8), (w, g we). We know that M, corresponds to a permutation of the old
coordinate axis (with possible sign changes) and that M, corresponds to a permutation
of the new coordinate axis (with possible sign changes). This can be used to obtain
an alternative representation of ws:

wZ(eia i g )\ka ,lvz)k,l) Mwa My) - (MJJ [;/7 0/7 3,])Myw(>‘k7 ?/)k,l)
:>(w(9i, Pi g Mz>7 Tk,lw2(‘9i7 iy My Uity My, My)>

- <Mzw(el7 Qoi,j)7 (MJB [x/u U/u 3I]) Myrk,lw()\]ﬁ wk,l)>

= <me(9u80i,j), MxI,(MyPk,l)1>
= [It'[| - (MyPra)r = 7i(My Py )1 -

This gives a representation for ts, v}, 1}, incorporating the coordinate transformations
O, D,

m2<i7j7 k7 lu q,7, y) =0+ qAUTk,lw2(9i7 goi,ju )\/m wk,lu M:Ba My)
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= v+ qAv(M,[Y', v, 5')) My Py €T
= m2<q):v< z;‘pz,j)aq)y<)\k7wkl) )
92‘,%‘,]‘,
05 (1,7, k, 1, q, 2, y) = 0+ gAvrg, <w(9,~, ©ijs My),wa | Ak, Vs >w(0i, i g, M)
M,, M,

=b+ QA’U<MyPk,l)1MxPZ'7j ey
= 05(D, (6, ©i ), Py( e, Vi), 7g)
mé(l’]’ k:,l,q,x,y) =041y — U/2 = m/Q((baﬁ(ezaQOLj)a éy(Akv¢k,l)7T¢1) .

The application of 3.3.4 together with the above results gives the final result regarding
the form of the discretization. So last but not least we can rewrite h:

h((bar(eza Qpi,j)a (I)y(Aka ,lvz)k,l)) Tq) = h(eza Pi g )\ka 1/)19,1, an My) . ]

Theorem 3.3.12 (Convergence order in terms of Av)
Assuming that Av € RT, s € N are given constants satisfying

L >
s
1 1 -
s+1 2 4,3532\ 3541 1 L8N 3541
o () e ()
and choosing n, m according to
1 32m525+s | BT L
= [n(Av)] = Yy ( o (Av)7 341 | | m= [37‘(‘2”(A'U)—‘ ,
™

the convergence order of the discretization B.3.11] is

/1) = [f](0)] < e(Av) € O ((Av)77) .

As in the two dimensional case B.2.4] the main conclusion is that if n, m grow suffi-
ciently slow with and in comparison to ﬁ than the whole approximation converges
with the order given above. The first requirement ensures that at least s points lie on
every line that is used for the innermost integration. A lower bound for the minimal
number of points 5 on any given line is

5> — —— € O((Av) ).

Proof:
To reduce the anxiety of another proof similar painful as[B.2.4t this one is way more
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understandable, because we loose nothing in using the estimate lnn(g ) < % Starting
with a simplification of the error e:

s 1 1 1
e = 2132 Le(Av)*n*m* K, + 5767 <K97¢7,\% + 2K97%07)\7¢E)

2

In(n) + 1 1

+192 [ Kyl m 4 25~
n n

) 1
< 232 Le(Av)® - n®m? - K, + 5767 (Kgp) + 2Ko p5.)
m

1
+192( Ky + 2K9#,)ﬁ
Cc3:= C2:= cli=
— —~—=1 =1
<K {25+135+1L0(Av)5 “n*m + 17287 — + 576 — | |
m n

with K = max{Ky, Ko, Kx, Ky, K;}. Here we use the same ansatz as in 8241 De-
spite the fact that we ignore the better convergence of one of the integrals in spherical
coordinates, we force the three integrations (two over a sphere and one along a line)
to deliver approximately the same error, only disturbed by the differences between the

K,:
1 1
c1— = co— = c3(Av)*n*m?.
n m
Now everything becomes very simple:
1 1 c
1= = cy— <= m(n) = =n,
n m 1

1 ; >
—o— = c3(Av)*n*m® = Cs(AU)S”%%”S = C3C_§(Av)sn38

3 1 Ci‘i’l C'iJrl 3s+1 s
=Pt = 1 (Av) P = n= (Av) 341

3¢5 3¢5

1 CS+1 3s+1
= = ( ! 8) (Av)3s+ ce® ((Av)3s+1>

n c3c

1
s+1\ 3s+1 . 2s+1\ 3s+1 .
:}m(Av) — % (Cl ) (A'U) 3s+1 — <C2 3 ) (A'U) 3s+1
C1 \ C3Cy c3cy’®

1 028+1 3sl+1
== () TauE eo(u)

m c3cy

st T . 2s 25+ 3T ) s

—c3(Av)*n**m® = c3(Av)* ( ! s) (Av)~5+1 < 2 28) (Av) 351

= const - (AU)S(AU)*%QSLE(Av)*#i1 = const - (Av)sgsssjll)f%ff%
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= const - (Av)Ti1 cO ((Av)m)
1 1 8,28, 8 —
—K|(ci—+c—+ Cg(AU) n-m c ((Av)33+l)
n m
—ec O ((Av)ﬁ) .
The last thing we have to look at is how many points are at least on any line for the

innermost integration. This determines what the largest s (order of the Newton-Cotes
formula) can be. We know that the minimal number of points § corresponds to

i ikl L L
1 : =
R AT Piji 29 Phi 4.2 Phi 2 9 9
IV ELE) 2, s 5
Qi Qe + DG T 22D Gt
‘112,] Q.1 Q.1 y
Py 2 4 PyPij, 2.2 2

Avtz;jtk,l qu%‘ + qu? ﬂifﬁ + PP lqlszz' q; G+
2’ 2 2,2 P?,ﬂ’i,z 4.2 o
\ [ 9k +Pivk + G 4
L

Aw n?m? + n*m? 4 2n2m? + n*m? + n®m?*+
n2m?2 + n*m? + n2m? + n2m? + n*m?
B L N L
C AuVTR2m? +4ntm? T Av(VTnm + 2n2m)
L
i i
\/?(AU)SS;TI (Cci+_11> 35+1 n Q(AU)TIH ( 3c§_1) 3s+1

C3Co

s+1

1
2 4 32 vy 11 8 el
73 (=33327F 3! a1 218373 73 | 35!
ﬁ(AU) 351 7 ( oo ) + Q(Av) 3541 PP s

€ O((Av)~m).

For the application of a Newton-Cotes formula of order s we need at most s points
on every line. So a requirement for the application is given by the following condition
that must be fulfilled by Av and s
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Lemma 3.3.13 (Discretization as a DVM and its properties)
Assuming that

k(y — 0;,w) = k(||toz — 5], £ (102 — 05, w)) = E(rgllwsl, £(ws, w))

possesses the same symmetries as the grid (which means independence of a, f € G in
the second argument of k), the discretization B.3.11] can be transformed into a DVM:

[L/Avg, k1] Ou s Nes Ve, Ty, )
J:7 x5y Ny Wk, Tgy O
S DD IETITD DR Wi (e |
(@k)EB (j,1)ECs e Tqaearaspaﬂjad)kl)
= ZA” (or) f(01) — f(Uz‘)f(Uj)) ;
7.kl
with
Ja,b,c,d € N,e € Nypeq, o, B € G -
A ’b7 7d’ ) 'f 7b7 7d7
Af}l = (a ¢ 6) : (Uianjankanl) = (Ui,mg,bé,mé) (a ¢ ) )
’ 67 a?/B
0, else
aabchvabcdg<e>D(Tea eaa Pa,bs wc d)sabcde' :|
Ala,b,c,d,e) = ’ ’
(a ¢ 6) |: k(TEWQ(eaa Pa,bs )‘ca wc,d)a w(@a, (pa,b))
~ alaed{l,..., N} be{l,...,N,},
N'—{(“’b’c’d)eN ce{l,.. My.de{l,. . M}
abcd {O LL/Avabch}
Sabede +— ’{ ’ E G2 (Uivnj7nkanl) = (Ui7m27n/27m/2)(a7 b7 C, d7 670476)}} .

This DVM fulfills the minimal properties 2.1.2.4] and possesses no artificial collision
invariants on normal grids.

Proof:

Similar to the two dimensional case we begin this proof with a closer look at
the existence of a one to one correspondence between (i, j, k,1) and (a,b,c,d, e, a, 5).
In the end we can see that such a correspondence is non-existent, but we realize that
different (a, b, ¢, d, e, a, B) corresponding to the same (i, j, k, 1) only differ in «, 5. Due
to this we get the situation that the coefficients A(a, b, ¢, d, e, a, B) corresponding to
the index (i, j, k,[) are equal and can be merged into Af]l We begin with a naive

. k.l
definition of A” as

Ja,b,c,d € N,c € Nupea, 3,7 € G -

- fl(abcdeaﬁ) if a,b,c,d
k|l
Azj :: ) M M ) M ) M (UZ’ UJ’Uk’Ul> — (UZ’ m2’n[2’m[2> ) M b ) ,
’ 67 (){7/8

0, else
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it L aabchvabcdg(e)D(Tea eaa (pa,ba wc,d)'
A(a7 b’ “ d7 e’a’5> o k<rew2<9a790a,bu)\CuwC,d7a76)7w<9a7¢a,baa)> 7

by simply collecting all coefficients corresponding to an multi index (a, b, ¢, d, e, a, 5).
This approach would be sufficient iff there exists a one to one correspondence between
the multi indexes and the (4,7, k,1). Now we can use the same argumentation as in
the second part of the proof of We realize that by construction

V(a,b,c,d,e) # (@b, d, ) : (rg,05)(a,b, ¢, d,e) # (rg,05)(a, b, ¢ d, é),

and so we see that changes in (a,b,c, d, e) lead to different collision pairs v;, v, by, v
and to different coefficients flf]l So for every (i, j, k, ) we have at most one (a, b, ¢, d, e).
Considering the reflections and rotations in the automorphism group we get the insight
that we have at least a two to one correspondence in the general case, given by

\V/Ozl,ﬁl e G g 1= —1 -Ozl,ﬁg = —161

= Wa(an, B1) = 12z, B2), v5(a1, B1) = v5(az, B2), W5(au, B1) = wh(ag, Ba) .
And the same argumentation as in [3.2.9] for three dimensions gives the result that we
also get four to one, 8 to 1, 12 to 1 and 16 to 1 correspondences for special values of
0,0, \,1%. Asin the two dimensional case these multiple correspondences differ only in

a, B so all coefficients relating to the same (i, j, k,[) are equal iff we assume that the
structure of k gives

k(g — 05, w) = k([[roy — 0], Z(1wa — 0;,w)) = k(re|lwsl, £(wz,w)),

and that k possesses at least the grid symmetries - making it (in the second argument,
the first one is clear) independent of «, 5 € G. From this arises the necessity to count
the number of occurrences

Sijki = }{index }index € N X Npea X G2, (0;,0;, 05, 0;) = (0, 109, bh, 105) (index) H ,

and to multiply it with A:
kil . Fkil
Ai,j = Ai,j * Sijkl -
The same argumentation as in the two dimensional case gives

Sijkl = Sabede = |{(Oé,6) |(Ui7 U]‘, U, Ul) = (Ui7m27 UlQam,Q)(aa b7 ¢, da eaavﬁ)H )

eliminating the need to look at the symmetries of s as soon as we have proved that
the necessary symmetries depend only on «, 8. This is our next step. We prove these
symmetries with calculations similar to the two dimensional case. For this we need
some preliminary considerations and results from the proof of B.3.11k

m(a, 6) - eAUTc,du&(eaa Qoa,ba )‘cv wc,da «, 6) = €AU(04[ZCI, U/7 3/]>ﬁpc,d
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U—U’;(a,ﬁ) = m(aaﬁ)

= 6AUT0,d<W(0aa Pa,bs a)a w2(0aa Pa,bs )‘ca ¢c,da «, B))w(eaa Pa,bs a)

= qAv(BP.a)1aFPyy
505 (a, B) = eAvre qwa(ba, Papy Aey Yed, a, v0) = eAv(alr', ', 3)v8Pea  (3.3.15)
—
— 010, — BT, + 00, = 200!, — o10),
1 0 0
withy:= |0 -1 0 | € G. (3.3.16)
0O 0 -1

The insight (B.3.15) follows from geometrical considerations. Knowing that ws cor-
responds to spherical coordinates (in A,%) on a sub grid it becomes clear, that the
reflection of wy on the axis t' (= w(b,, pap) results into m’zn;. The following dia-
gram and considerations analog to the derivation of the representation of wy through
extrinsic rotations within the proof of B.3.11] give:

D := diag(ry, my, 73)

R;(0) R;(0a)Ry(—0ap)Rs(0a)™"  Rs(0a)Ry(—pa,b) D[R;(0a) Ry (—pa,p)] !
x ) I3 Py
B:=
~ BRy(\e)B~1

Py ™t = aR(0)By(—p0) Dt
BR;(Ac)Ry(—vc,a)[BR;(Ae)] ™! BBB~L  ByB~!
Is Ls Ir 23
— s = aR(0a) Ry (—0ap) DYBR;(Ac) Ry (—tea)ia
= wa(0, 0, AV, a7 B).
And the form of v in (8:3:10)) is given by the demand that this operator reflects a point

on the x - axis (¢’ as can be seen in the diagram). From the above representations we
get the following identities

— — 7 —

Um2<&7 B) = ml202(a7 76) = Um2(a7 726) )

oto3(cr, ) = —dr3(—a, ) = —dw3(, ) = bR (—a, ),

t@<&7ﬁ) = —t@<—0é,ﬁ) = _072<a7 _B> = 72(_057 _B> = @(aafyB) :
This and ([B.3.15) can be used to prove the symmetries Af]l = Azjl = Agf by proving
that the corresponding velocities differ only in the operators «, 3, which do not change
the corresponding coefficients A(a,b,c,d, e, a, 5):

v, ;
v v; + 010y
o | v, + 072

—
v ni+nm2—t@
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U3
Oy
0 o — vl + oW} — ool
! 2 il 2
v; vy — DY,
; —
v; o), — n_b; + oo,

B nk—Q@ aﬁngn 5(
b — b0y (e, B)
Uk—QU?Q( +U_m2)( B +U o
O
Uk—@(a,ﬁ
v — vvs(a, )
Uk—@(aaﬁ)ﬂ”’?z

Uk+0m2( 776)
o + 00 (0., 7)
vy + U—t’O;(_OZ, 76) - 072(_&7 ’76)

The non negativity of Afjl is given by the fact that the factors A consists of are non
negative. The lack of artificial collision invariants can be obtained by using Z.T.2.10I
and realizing that n > 1,m > 1 leads to the inclusion of all squares (in planes parallel
to the x-y, x-z, y-z plane in the velocity space) with a diameter of 2Av, v/2Av as in
the two dimensional case O

Remark 3.3.14

As in the 2D case it is not possible to transform this DVM into an eLGpM, because in
general it does not possess the necessary property (2.2.1)) that is needed for theorem
2.2.2]. This condition is violated as soon as the order of the Farey sequences n, m gets
larger than one. Due to this we need an according adjustment of the discretization to
make it compatible with the eLGpMs.
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Lemma 3.3.15 (Farey approximation as an eLGpM)
An eLGpM based on the Farey approximation (using §,,$s) can be written as

Trapm(f] Z Z Z ol H fle+¢'(o—c)) — H fle+¢'(0;—0))

€€ [0]eST, [¢ @' €lyl] p'eHd
with
C:=BUY1, vi(c,0,0) :=c+p(0—c), v(c,i) :=2c—0

k
S = Sg ~e, é = G/ ~H, O[;PLU e / 2AZ,] , ’
T He €G|c+g0(n—c):c+<p(n_c)}|

0,0,
1, if3iec 0,0, 0. ‘U}
2, else ¢

FL gkl A A B i
Ai,j = AZ,] . A’Uij, AUU = { s C = max {C e N

where Afjl comes from B.3.T3. The convergence order is the same as in 3.3.12] the
error boundary is increased by a factor of 2° and this LGpM has no artificial collision
invariants.

Proof:
Analog to the 2D case B.2.111 O

3.4 High order schemes

At this point let us take a look at the approach so far. We use the ansatz proposed
by Rogier and Schneider apply another transformation of the collision operator, use
a Newton-Cotes formula for the approximation of the innermost integral and Farey
sequences for the approximation of the angular integrals. This approximation uses
the Farey angles as grid points and the Farey arcs as the corresponding step sizes.
This approach results into a discretization with a convergence order of up to 1 (in
2D) and we can transform this into a DVM that possesses the minimal requirements
guaranteeing the correct collisional invariants (no artificial ones), equilibrium solutions
and the H - theorem. Panferov and Heintz as well as Michel and Schneider [MS00,
PH99] constructed similar discretizations that possess the same properties (order 1
and DVM with minimal requirements). In the last subsection we showed that this
can be generalized into three dimensions satisfying the same minimal requirements
and giving the same properties except the convergence order which only goes up to a
maximum of % Other discretization approaches for the extension of Farey sequences
into three dimensions like [MS00,[PH99] reach an order of 1. It remains to be seen
if these approaches are generally better, because in this subsection we look at the
question “Can we chose the integration weights a, corresponding to the Farey angles
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in such a way that we obtain a higher convergence order of the discretization ?”. The
answer is yes. To give an idea about the reachable convergence we use the simplest
idea and apply standard quadrature formulas on the grid points given by the Farey
angles. Fortunately the symmetries necessary to obtain the minimal requirements are
independent of the a, due to the used transformation of the collision operator, our
choice to discretize the minimal symmetry region S; and the successive application of
the automorphism group. To minimize the overhead that is involved in the necessary
modification of B.2.3] 3.2.4] 3.3.11] B.3.12] we only redo the necessary parts and refer
to these proofs for anything else. At this points we use the developed framework (a
framework that works parallel and is comparable to the ones used by [MS00,[PH99]) to
construct “high” order (order > 1) discretizations of the collision operator retaining the
exact conservation of the moments by taking advantage of the explicit representation
of the grid symmetries through the symmetry regions or the automorphism group. As
far as the author knows the detailed inspection of this idea and its implementation
seems to be new.

Corollary 3.4.1 (High order quadrature in 2D)
If we use quadrature formulas over Farey angles for the angular integrals in 3.2.3] we
obtain the same discretization, where the only difference is the definition of o 5, @

( s

o OON-stk 39 ifi>N — s
04(2) = €L§J5+1 kl;[() 0i—ON—s+k ’ -
v k#i+s—N ,
\O’ else
al:&§1)+az(2)7 N:N—l,
0 §-|s+1 é_l . Z
fes [4]-1)s L[,—l mod(s)]78<9)d 0, if [i — 1 mod(s)] # 0V {_" _
%
f %—‘s-kl
(2] )

0, else

where «; ,,, can be defined analog to o, by substituting ¢ with j and N with M. Here
t corresponds to the number of used points for the interpolation (polynomial degree s
plus one). The discretization B.23] with these integration weights possesses an upper
error bound of

()R () 6
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3 2
+ %CL(AU)TKZZTnTmT :

where Ky, K, K; are some constants depending on f, k and r, ¢ as in [3.2.3]
Assuming that Av € R*,r € N, ¢ € Ny, are given constants satisfying

L
2Avn(Av, r)m(Av, r)

>r, Nt < N, M,

with
=1 eem —r ) =1
C s+2r _r C s(s+2r C s
n(Av,r,s) = <—3) (Av)star (—1) . m(Av,r,s) = (—1) n
C1 Co
(constants can be found in the proof) and choosing n, m according to

n = [n(Av,r,s)], m=[m(Av,r,s)],

the convergence order of this discretization is
O ((Av)#is) .

The minimal number of points 7 on any given line associated with the approximation
of the innermost integral grows asymptotically as is given by

F(Av) € O ((Av)ﬁs) .

Proof:

For this proof we use the same conventions and abbreviations as in the original proof
823 The only difference that occurs is the calculation of the three errors. Now
we approximate the angular integrals by integration over interpolation polynomials of
order t. For this we need the definition of the Lagrange polynomials and an estimate
for successive Farey angles:

. 0 — Og(i—1)+1+%

L{(6) := |
| k=0,k#j Osi—1) 4145 = Os(i-1) 4144

1S n i—1)s n ([m) 1S n i—1)s n
Dis+1, ) _ arctan (P( 1)s+1, ) 2 Dist1n  Pi—1)s+1,
Gis+1,n q(i—1)s+1,n Qis+1,n q(i—1)s+1,n

is is
1

_ Pj+1, pj, S
= ) oS ) =

jm(i—yst1 LHtn Din TN

9is+1 — 9(2‘_1)54_1 = arctan (

Now we calculate the error of a quadrature formula using a polynomial of order s =
t; — 1 with discretization points 6; and N = N + 1 points. Unfortunately we have to
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assume = ¢ N, which complicates the normally simple calculations. We begin with
the error of the outermost integral'

S

1s5+1
ey = / H,(0 de—z / > " Ho(0-1ysi145) LS2(0)A 0

O(i-1)s+1 j=0
O ° 0 — On_s
/ > Hy(On—atj) H ; N9+k 46
L% s+13 —0 k=0 k] N—s+j = UN—s+k
R ‘ |
[ 0 = 3 ) L0
i=1 Y 0i—1)s+1 §=0
o Ho (0 : : 0 — HN—s-i—k
+ 2(0) — Hy(On—s+5) H 0 - do
9L§JS+1 =0 k=0,k#j N—s+j N—s+k
H sup Hz(tl)(@’
R [P eefo,z] >
< Z/ i H (9 — 9(i—1)s+1+k) do
i=1 (z 1)s+1 k=0
o opox 10)
N oefo, = °
+ [T 60— 0n—sir)db
9. - t!
]
sup |HE™(0)] |5
0€(0,% is+l
< [ 4] £ Z/ zs—i—l 0(2 1)s+1) tdo
1 1)s+1
sup | H{™(6)|
On 0f0,2] .
+ (O — On_s)*d 0O
0. - t!
LN s+1
oup, [170) (m
velo,3 t1+1 g\ tit+l
< +(3)
n
i=1
[ N t1+1
- Q [ 1) G
S
N

I S
€3 —/ H2 d9 Z/ 8(2_1)+1+j)L§~2<9)d9

s(z 1)+1 ji= 0
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S

o : 0 — eN—s-‘,-k
- /9 S Hy0n o) ] af

) On_sri —On_
|5 o1 =0 k=0,kipj VTSHI T UN—stk

S

B

N
= | Hy(0)d0 — ) a;Hy(6;), with

0 i=1
0 = 00
GN H GeNi—st 9, if 4 Z N —s
N i~ UN—-s+k
06(2) I L?JS+1 k=0
i E#i+s—N
0, else

and

0, else

This complicated looking definition of agl) is generally very simple. The first case
corresponds to the inner points used for the quadratures, the second case to the points
where different polynomials begin and end (we use a composite rule) and the next two
cases to the begin and the end of the regular quadrature. Then a® corresponds to
the case where we have some points left which must be specially treated . Fortunately
we can reuse this for the error of the next integral:

M
ea(i) = Hy(0;) = > _ i (N, 0:) |
j=1

where «;,, is defined analog to a;,n (above).

"2 Hi(\,0:)
Sup |/t

—> (i) < . t! QS_]\?J " 1) (%)M |

N
ey 1= Z a;es(1)
i=1




100 3 Consistency

Oist1 ON
=q 2/9 1c10+/9~ 1d6

=1 s(i—1)+1 L%Js+1
T

= G,(QN — 01) = Za

And the same procedure can be used in the calculation of the last error (for e(7, j)

see B3.2.3)) :

N M
ler] < ZZaa]elzj

=1 j=1

M
. O h(l,\;, 6;
> a;cg LAU ) (D2 + €70) 2 (D5 + @) ? SUD I X, 6)

Mz

=1 _]:1 le[O L} alr
::Kl
_3 TR, N 0)] & . .
< eL(Av)" sup ‘% DD (0], + ) 0+ Cn)?
le[0,L] s -

0.Ae[0.7] s
3
—cL(AU ) K 2" m" ZZ& a; = —cL(Av) K2"'n"m".

i=1 j=1

Adding these three errors together and defining

9" H, (), 0)
N

Ky := sup 25“)(9)) :

0. 7e[0,7]

’, Ky := sup
0ef0,%]
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we obtain

s
TRy (M ()" (3.4.1)
4t2' S92 m
3

Now we need to get an estimation for N to determine what convergence order could
be obtained through this approach. We know that N = |§,| and it is well known that

Bl = 14 ) o(m)
m=1

where ¢(m) corresponds to Euler’s totient function. This function counts the positive
integers less than or equal to m that are relatively prime to m. This directly gives
p(m) < m leading to

2
n Jrn§1+nz.

m=1

Using this in the corresponding error estimations we get

Ky (| n? s\tit+l 1K, [|m? 59\ f2+1
e Ko (1) 2y TR () (22
t! s n 4 15! 52 m

3 2
+ 3—7;CL(AU)TK12TnTmT

c1:= coi= c3i=

st . 2m sttt tap1 3T
<K |2—n™" ——=—m " —cL2"(Av)'n"m" | ,
N RN gy b (Bv)

n 52
because {—J +1 < 2n°.

Now we use the same ansatz as in the last 2 convergence order proofs B.2.4 3.3.12 and
we assume t; = to for the sake of simplicity:

- - Cl —t+1
cin” = com T = c3(Av)'n"'m" = m = (—) n
C2

1 r
_ cyp\ it cy\ —tHH
— cn +1 _ Cg(A’U)TnT <<_) n — C3<Av>rnr e n’
Co Co
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gt C—3(Av)” (2) =TT

C1 Co
1 T
Is 1—t—27r r Is (—t+1)(1—t—2r) ”
—n= (—3) (AU) T—t—2r (—1) eO <(A’U) 14—2*)
(&1 (&)
1 T 1
1 —t+1+(—t+1)(1—t—2r) c3 1—t—2r r ”
—m=( = - (AU) it—2zr ¢ () ((Av) 17t72r)
(&) &1

r —t+1 t—i
— Cl')’l,*tJrl = const - ((A'U) 1—t—2r> — const - (A'U) 2+¥

—t+1 t—1
—> CQTn*tJrl = const - ((A'U) 1—t—2r> — const - (A'U) 2+¢

= ¢3(Av)"n"m"” = const - (Av)" ((Av)lfti%)r : ((Av)ﬁ)r

= const - (Av) 7
t—1
i—

= e < cn T+ eom™ T 4 e3(Av)'n"'m” = O <(Av)2+ TI) .

The number of minimal points on any given line can be taken from an analog adaption
of the proof of 3.2.4l 0

Remark 3.4.2

The completion of this approximation can be taken from B.2.5] because it can be done
in the exact same way. The change of the integration weights «;, a; does not change
the fact, that the corresponding DVM possesses the minimal properties 2.1.2.4] giving
the result that the DVM has no artificial collision invariants, the correct equilibrium
solutions and the H - theorem. According to our ansatz these minimal properties
are only influenced by the transformation of the collision integral, the successive ap-
proximation above minimal symmetry regions S, and the following application of the
automorphism group. The original Farey discretization according to theorem [3.2.4]
corresponds to choosing s = 2. Another interesting point is that choosing a fixed s
we obtain TIL%(AU)#L = (Av)2 and choosing a fixed r we get SIL%(AU)#L = (Av)".
So we are free to construct high order deterministic approximations of the collision
operator satisfying the demand to have the correct collisional invariants, equilibrium
solutions and the H - theorem.

The same can be done in the three dimensional case.



3.4 High order schemes 103

Corollary 3.4.3 (High order quadrature in 3D)

If we use quadrature formulas over Farey angles for the angular integrals in B.3.11l we
obtain the same discretization, where the only difference is the definition of o, c j,
here «; is defined as in the last corollary and o ; is given as

t

i, N, P—Pi, N, —t+k e
fSOZ’N'L H Zi’bﬁd S07 lf,] Z NZ _ t
PN Pi,j —Pi,N; —t+k -
i, {—1J1+1 k=0

a® .

EY k#itt— N )

0, else

(v 11 et j
e L[[l o (9)d 0, if [j — 1 mod(t)] # 0V M _1

- £|-Le 2] . [l =1 mod(t)] =0
LU (90)+L(U (p)dep, if {i 1] ¢ {1’ {NJ +1}
)

m._) .

T4 1114 —lmod(t]:O
Qg = i[$]e+ L[ﬂ L d ¢ W ~ Z ’
Jes [4]-)= e i = [NT +1
e[l pli]d [j — 1 mod(£)] = 0
S lEle Loy (p)d o, if {
“ul[1])n Afi] =
\07 else
t
li - © = Qit(—1)+1+k
LY () = (1-1)+1+

km0ktj PitU=D+1+j = Pitl=1)+1+k

Here t :=t — 1 and t corresponds to the number of used points for the interpolation
polynomial used in the approximation of the angular integrals. The discretization
3311 with these integration weights possesses an upper error bound of

t—1 t+1 T t—1 t+1
%nlt + 288 - 7T2 . (K@AO’)\ + —K97¢7A,¢)leit

7r
e <96 (Kp+ ZK9,¢> A £
Le322° K (Av)*n®m?

27t
_'_

where Ky, Koo, Koo 5, Ko,4.24, I, are some constants depending only on f, k and its
derivatives and s, ¢ correspond to the used Newton-Cotes formula, s being the error
order and ¢ corresponding to some error constants. The order of the interpolation
polynomials used for the quadrature of the angular integrals is given by ¢. Assuming
that Av € R*, s € Ny are given constants satisfying

L
1 1
\/?(AU)SSsTl (cgi—tll) 3s+1 +2(AU)T{H (;%) 3s+1

S
1 3C2
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with

s = (2) 7 @ () sy = (2)

C1 Co
(constants can be found in the proof) and choosing n, m according to
n = [n(Av,s,t)], m = [m(Av,s,t)],

the convergence order of this discretization is
st
O ((Av)m) .

The minimal number of points 7 on any given line associated with the approximation
of the innermost integral grows asymptotically as is given by

7(Av) € O ((Av)ﬁz) .

Proof:

For this proof we use the definitions from the proof of B.3.11] and the findings
within the proof of the last corollary. We use the same procedure as above, this
means we use standard quadrature formulas based on polynomial interpolation for the
approximation of the angular integrals and Newton-Cotes formulas for the innermost
integral, prove the resulting error boundary and use this to obtain a convergence
order depending on the order of the Newton-Cotes formula and the degree used in the
polynomial interpolations. To do this we need an estimate for successive angles that
occur in the expansion of Farey sequences into the third dimension:

Pijt = Pi(j—1)t+1 = arctan Pige 4 ) _ arctan PiG-nt+1 %
J J( Gijt \/ G + p? &G,j—1)t+1 \/ @2 + p?
< Di,jt 4 _ PiG-1t+1 qi (pi,jt _ pz‘,(j—l)t+1) qi

qi,jt \/qi2 —i—p? qi,(j—1)t+1 \/q? —i—p? - \/ in —i—p?

< < .
g +p
Now we apply the same quadrature formulas as in the last proof and create an al-
ternative to B.3.21 As before anything within this proposition holds true except the

definition of the as and the error boundary. Using the definitions from [3.3.2] and the
same quadrature as in the last proof we instantly get:

N N; T parctan(sin(9))
e = ZO@ZOZ@jH(Gi,@Z’J) - /(; /(; H<97 go)dgod@
=1 j=1

qi jt qi,(j—1)t+1
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1/|N-1 t—1\""
< sup |HY(p —<{7J+1> <—)
S YOG (7 n
O'H®B.9)|1 (| Ni—1 ) (i H
Dt t! t—1 n ’

with the same «; as in the last proof, NZ .= N; — 1,t := t — 1 and the integration
weights

+ s
— sup
4 0 € [0, 27]

T T

pe[-5.3

t

Pi,N; P—Pi,N;, —t+k P o
2 ._ f¢- {&Jt 1};[ %’j_%’Ni—degO’ 1fj = NZ E
oyl o= bl t+1 : 0 ,
bJ k#it+t—N;
0, else
Q= ozz(,lj) + ag? ,
(il t+1 [ﬂ’l i '
Jorlt | E a9, if [j — 1 mod()] #0v | {] =1

A
o = e [, g [V Tmedi=0
P[] ’ NI = [NT +1
e[l pli]d [j — 1 mod(£)] =0

J," Her  pit (o), 1f{
Pie([4]-1)+ 7 At =
\07 else
t
li - © = Qit(i—1)+1+k
LY () = (I=1)+1+

km0ktj PitU=D+1+j = Pit=1)+1+k

Calculations analog to the proof of the last corollary give:

T rarctan(sin(9)) N Ni
'] H(0, ) cos(i)dedd — 3" a3 o Hbh 1) coslor,)
0 J0 i=1 j=1

g ([3] ) () a5 ) ()

With the same Ky, Ky, as in[3.3.4l So we can directly engage a generalized quadrature
alternative to B.3.11l For this we use the definitions given in the proof of B.3.11] and
take a look at the occurring errors (the rest of the proof remains the same) :

es() < KQ% Q%J + 1) (%)m + %Ke,% QN?J + 1) (%)Hl ,
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. 1 M t\'" o« 1 M, £\t
e2(1, 5,2, y) < Koy Q?J +1> (E) + 7 Koorvy Q?J +1> (m)
N NGE i
) @) e,

N N N i
ea(z,y) = Z o jes(i, j,x,y) < Zaiarctan( (0:))éa(z,y)
i=1 j=1 i=1
2
< 711-_662(x’ y) )
3 n * m s~
e1(x,y) = Z i jog o = Le(Av)® {_J L_J (5¢2¢; + 6¢°¢2)* K,
Goeco 2 4 4k
J,1) € Cig

3 s
Qi ja a5 Le(Av) (5 + 6q;)2n*m° K,

(]

(i,k) € C
(4, 1) € Cig

3 S S
< Z O‘iOéi,jO‘kakJéLc<Av)s6§<1+Qz)§ m° K,

3 S S
Q0 Ol g éLc(Av)sfﬁ (2¢}):n*m*K,

(]

IN

3 s ~
aiai,jakak,léLc(Av)siﬁ 2n*m*K,
(i, k) € C
(4,1 € Cix
3t s
< 2—7;LC(AU)53523n23m3KT.

Analog to the end of the last proof we obtain

T t— 1)t 7T
ez < 96 - (Kg + ZKG’SD) %nl_t = C (Ke + ZKQ#,) nl_t
7T t— 1)t T
ey < 28877 - (Ke,w + ZK&%M&) %ml_t = C (Ke,w + ZKev%A,w) m',
274 s
e < T Le332°K A(Av)*n*m K, (Av)*n*m

and take a look at

e+ ey tes < K(en' ™ 4 eom' ™ 4 ey (Av)s 25m)

= cin' ! = eym! ! = c3(Av)*n*m
1

C1 -t
= m=|— n
(&)
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1 s
1—t—3s s (1—t)(1—t—3s) s
N = (@) (A’U) 1—t—3s (2) 6 O ((AU) 1*15*35)
C1 C2

s(t—1)

N
— ¢yn'~! = const - <(Av) 1—t—35> = const - (Av)3s+i-1

—> c3(Av)*n*m® = const - (Av)* ((Av)1t338>28 ((Av)ﬁ)s

(t=1)
= const - (Av) Befe1

= €1 +ey+e3 € O ((AU)C*S(thl)l) .

The number of minimal points on any given line can be taken from an analog adaption
of the proof of [3.3.12 O

Remark 3.4.4 (Interpolation region)

(i) At this point we can construct discretization schemes with “arbitrary” high con-

vergence orders. This sounds good, but we have to take two things into consid-
eration. The first problem we need to be aware of is that high order Lagrange
interpolations can lead to negative integration weights resulting into an unsta-
ble scheme. This can possibly be avoided by applying other (more complex)
interpolation approaches. The second problem arises from the question: “What
is the minimal size of the velocity space to achieve a specific convergence order
?”. The answer to this question is unsatisfactory, because at this point one can
calculate (not a trivial calculation) that 22801 points in the 2D velocity space
are necessary to reach a convergence order of 2. The following corollaries aim at
a reduction of the necessary points by extending the interpolation (quadratures)
onto regions of maximal size retaining the minimal properties of a DVM, but
sacrificing some symmetries of the discretization.

The vigilant reader may has realized that the last corollary suffers from a fun-
damental flaw. It is obvious (see figure 3.5)) that there exist 6; (for example 6
in S;) for which |§;,,| = 1. This generally forbids to use quadrature formulas in
Ve OT 1. Fortunately this little bug is easily curable by putting some symmetry
regions together to form larger symmetry regions. We avoid a full discussion of
this at this point, because we solve this problem in the corollaries below.

Corollary 3.4.5 (Extension of the interpolation region in 2D)

A di

with

scretization of the form
R L/ Avgj] B
[[f = Zazza]Avm Z Z g(k> (h (llm)\juezﬁgoau(pﬁ))) )
i=1 k=0 PYa € { id, Zd}
eg € {id, %9“/}
the angles

n :ZSnUG—Sn)u(g+§n)u(w—sn), . =N=an—3, (342
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~

St 800 (5 82) 0 (3 +50) U 80

@m‘:M:zLM—?),

and the weights as given in[B.4.] (exchanging N, M with N, M ) can be transformed into
a DVM and an eLGpM, possesses the minimal requirements and one can use nearly 4
times more points for the quadrature formulas than the aforementioned discretizations,
significantly decreasing the number of necessary points in the velocity space. The used
discretization points corresponding to @n, @m can be calculated by

05(lk, Ajs 0, Qar 08) = 0 + EAU(©3020) Py (i) 190 a) Pyt »
mg(lka)‘jaelawaagpﬁ) =0+ o3 — Ug’,a -PZ = (Zq;) ) PiL = (_qu) )
(1, if0<i<N

2, fN<i<2N -1

3, if2N—-1<i<3N-2'

(4, if3N—-2<i<4N -3

(4, if i <N

2N — i, if N<i<2N—1
i—2N+2, if2N—-1<i<3N-2’
(AN —2—4, if3N—-2<¢1<4N -3

according to [B.2.8. The corresponding functions for j are given by exchanging ¢ and j
as well as N and M in z,y.

Proof:

At first we have to identify which symmetry regions need to be separated in order to
retain the minimal properties of a DVM. So we take a second look at the proof of
In this proof it can be seen that we only need the symmetry regions created by the
operator —identity for ¢ and ¢, for A, because the symmetries corresponding to these
operators are needed to obtain the necessary symmetries of the Operator AJ3. This
means that we can reduce the 8 different Symmetry regions to two symmetry regions
with the property that ¢, and —identity completely map one of these regions onto the
other. From this argumentation follows that the largest symmetry regions are given
by

Sl 251U52U53US4 and S2:S5USGUS7U58,

compare figure [3.7] and B.5l This corresponds to the two operator sets

10 01 0 —1 ~1 0
Gire=qer={y ()2 =1y o) =(1 o )2 ={¢ 1)

G2 = —id'Gl,
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Figure 3.7: Largest symmetry regions giving minimal requirements

dividing G into the two equivalence classes [id], [—id]. The usable angles for 6, \ are
now given by

A~

§ui= U (5 —8) U (5 +8) U =5, [Sn
&,:&ﬂ(g—&gu(g+&0um—gw,B4=4M—3.

= 4N -3,

These symmetry regions are given for the approximation above )\, because these are
the only ones with the property that ¢, (reflection on x-axis) maps these regions onto
each other. We could choose other regions for the approximation in 6, because here we
only need the symmetry corresponding to —id. So we could use any symmetry axis of
the given grid to divide the grid into two symmetry regions. In order to simplify things
we choose the same symmetry regions for both approximations. These considerations
become more complex and meaningful in the next corollary doing the same in three
dimensions. The usage of these regions result into a discretization of the form

N M L/ Avgj | R
1w =Y Y aae; Y WMWMMWWW)
i=1 j=1 k=0 Yo € {—id,id}
vp € {id, L/”Y}

Here we can use the simplifications given in to calculate the used discretization
points. This discretization retains only the symmetries (—1I, ¢,) necessary to obtain a
DVM with the minimal requirements (see3.2.9) and gives almost 4 times more angular
points for the interpolation in the quadrature formulas. All other results can be taken
from the proof of B.4.1] with minimal modifications. O
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Corollary 3.4.6 (Extension of the interpolation region in 3D)
A discretization of the form

[L/Av; ;5] PICNINCY: (1 1)
1,1 z‘ 80, ) 7wklarq7a76>
DD DG ITED S Dl K ol
(i,k)€B (j,)EC; K a,feAs R
[L/Av; JJ5ks 1) i (1 (2)
1,2 ( )h<9 ©; 7)\14; ) kl7T(I7a /B)
> D agulie Z > D 9]( U
(Z,]{;)EB (jvl)eéi,k - OZEAE,,['}EAQ - R ZJ ’ kJ -
L/ Av; k1) [ (2 1) (1) T
2,1 ( )h(9 Pi 7)‘19 ) kl?rqvavﬁ)
+ > D ogulie Z > D 9]<2> o2 )
(iR)EB (.)ECy =0 oacdifeds L DTk -
LL/AUZ ok, lJ B (2 ( )
2,2 ( )h(@ Pi 7>‘k ) kl? T 76)
+ Z Z O‘z‘jleivj,kvl Z Z -D(T 9](2) ¢(2) (2)) ’
(i,k)€B (5,1)€C; i a€A;,BEAs L EREER .

Al = {’ld, —Zd}, A2 = {Zd, "}/}, Ag = Al U AQ,
using the angles corresponding to the regions given in figure
A ™ A Sz n U _gi,na if ¢ S N
58U (5-8a) Sl=q0 MR
2 Son—1—in U —Ton—1-in, 1Hi1>N

SneinU—8nN—in, 1N
%i,n U _Si,na ifi >N ’
5| = 2N — 1, §in] = 2N, — 1,

1%2 = Sn U (_Sn) 5 @in = {

and standard quadrature formulas based on Lagrangian polynomials, can be trans-
formed into a DVM and an eLGpM, possesses the minimal requirements and one can
use nearly 2 times more points for the quadrature formulas than the aforementioned
discretizations, significantly decreasing the number of necessary points in the velocity
space. Here we used a slightly changed definition of §;,, (see proof) guaranteeing that
there exist enough points for quadrature formulas.

Proof:

As already mentioned in B.4.4] we can not use quadrature formulas over S; (as given
in figure B.3]), due to the lack of discretization points in ¢ for some specific values of 6,
for example § = 0. This results into new (larger) smallest symmetry regions that are
usable for quadrature formulas. These are obviously S7 U Sg, So U S5, S, U S5, because
by applying a discretization using the Farey angles §, these symmetry regions give N
points for the quadrature in 6 and at least n points for the quadrature in . Now we
are searching for the largest symmetry regions which result into a DVM possessing the
minimal requirements. As can be seen in[3.3.13] these symmetry regions must possess
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the property that the operators —id and v (point reflection on zero and reflection on
the x-axis) map every symmetry region completely onto another one. The optimal
decomposition of the velocity space into symmetry regions would be one dividing the
space into two regions alongside a symmetry plane in such a way that the symmetries
corresponding to —id and ~ survive and that we can use quadrature formulas above
these regions. Unfortunately this is not possible within our framework, because a single
quadrature in ¢ above S1USgUSs5 is not possible due to the fact that Vo € §1: p < .
Or in other words: there exist 6 for which no new ¢ appear when using S5 in addition
to Sg, S1. Dividing the velocity space into symmetry regions S consisting of multiple
smallest symmetry regions S, in such a way that the new regions consist of the same
number of angles in ¢ and ¢ and with respect to the symmetries that need to be
retained (—id,y) we obtain the three regions Sy, Sy, S5 which are given in figure

Figure 3.8: Largest symmetry regions giving the minimal requirements and usable
angles for quadrature formulas

Here every symmetry region S, consists of 8 smallest regions S, and possesses 2N — 1
angles in 6 and at least 2n—1 angles in . As one can see we break with the tradition to
use quadrature regions which can be mapped onto each other by using elements of the
automorphism group. So at this point we loose a rather large amount of symmetries
within our discretization, but at the same time we specifically retain —id,~y. The
usable angles for the three regions are given by

e i<y
2 ’ Son—1-in U =Fon—1-in, ifi>N
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23 23 SneinU—8N—ipn, i< N
= On U (= n/o in T oo .
§n =80 (=50) 5 {&n U —Fin, ifi >N

The discretization points for the second angle are given by

pz’,jﬁ%,j,pENo,tE{1,...,{%J}7q:t.qi;
3o (pm N ) 0<p<t-q A ged(pij,q;)=1A
) (Pi,j t. ) — (§7t> A Vj >1: Pij—1 < Pij

qi,j 0 Y Qi j—1 Gi,j
A when multiple ¢ s are possible choose the smallest one

= ((@, tz‘,l) e (pi Al tzN)) =((Fi1,tia), . (Finsting)), Ni= |§zn|
qi,1 q;,N;

qi .
@; ;= arctan | F} j———— Sin i ={vijli=1,...,N;},
J ( J\/m) J

(compare 3.3.2)) and can now be used to apply quadrature formulas. The integral cor-
responding to S, can be transformed to have the domain of integration S resulting
into the usability of the same angles. The integral corresponding to S; can be trans-
formed in such a Way that the domain of integration rotates 90° around the y-axis

Z7j

where the angles S ., can be used. This results into a discretization of the form
[L/Avi 5k, ) (1) (1)
1,1 3 7907,, 7)\ 7 klarqaaﬁ)
> Y apuLijk Z > [ (r 5(1 o0 )
(i,k)EB (j.1)EC a,B€A3 R
LL/Av; k1] I (1 (2)
1,2 ( )h(e P; 7)‘].;; ) kl)rqa 76)
+ Z Z aijleiJ,k‘J Z Z ~D(r 9]( ) <P( ) (2))
(i,k)€B (,)€C; i a€A3,BEAy L ERRC ARV
LL/Avi 5,1 r (2 7
2,1 ( )h(e z 9 ¢kl>rq7 76)
+ > > Gubiw Z > Dir 5( ) (p< ) D)
(i,k)€B (.DEC; & acA;,Beds L R .
LL/ Avi k1) i (2 (2)
2,2 ( )h<9 Pi 7)‘19 ) kl?rqva ﬁ)
+ Z Z aijleiJ,k‘J Z Z D( 9](2) @) (2)) ’
= Tg: Vi 5 @i J 0Tk |

(i.k)EB (G.EC; =0 o€ fedy |
A1 = {’Ld, —Zd}, A2 = {Zd, ’)/}, Ag = Al U A2 .

This complicated looking discretization comes from the situation that we have to inte-
grate over the symmetry regions for two spherical integrals (one in 0, p and one in A ),

so we have the combinations (S;USy, S1USs), (S1USs, S3), (Ss, 51US5), (Ss, S3) for the
domains of mtegratlon resultmg into these four sums. Here we have
9(1 € S ) e 311%790” %@nu ,(fl € %k mo 1‘2 S %ivAIEQ) S %§n7()0§,2j) € S?,nvwl(jl) =
3 bm and the as correspond to the coefficients of the quadrature formulas applied and
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can be calculated analog to [B.4.3l This discretization possesses the necessary sym-
metries to result into a DVM possessing the minimal requirements and we can use

2-2-2-2 =16 times more points for the quadrature formulas (two for every scalar
angular integral involved). O
Remark 3.4.7

(1)

(i)

(iii)

The discretization points as well as the interpolation weights a, can be easily
calculated by an adaption of B.3.1T3.4.3] analog to the two dimensional case
3.4.5

Now we have nearly reached the “final” version of our discretization scheme
alongside the corresponding DVM and eL.GpM, ready to be tested within the
next chapter. We want to point out, that the integration weights a, can be
precomputed for every used Farey sequence with arbitrary precision. So the
calculation of these weights does not slows down the resulting algorithm for the
approximation of the collision operator.

We also want to point out that the symmetry regions can be further extended,
especially over the symmetry axis necessary to obtain the minimal requirements if
we choose the quadrature rule in such a way that the weights retain the necessary
symmetry. For example we could use

§aU (7 +50)
in the two dimensional discretization as long as the corresponding weights

(01, .. 05, Qo )

are symmetric with respect to arg.
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4 Numerical analysis

In this chapter we want to investigate some properties of the developed discretizations.
So we take a look at the convergence orders for some given velocity lattices and we ver-
ify the exact conservation of the moments by numerically solving stationary problems
and calculating the reached convergence orders and moment changes.

4.1 Minimal velocity space sizes

We begin with a theoretical review of the question: “What is the minimal size of the
velocity space to obtain a specific convergence order ?”. The answer of this question
will give us the last necessary tool to construct discretizations with given convergence
orders.

Corollary 4.1.1 (Minimal size to reach specific convergence in 2D)
Using the discretization [3.4.5] to reach a convergence order of

TS
0= ,
2r + s

by applying a Newton-Cotes formula of order r (using 7 points for the interpolation
polynomials in the quadrature) and quadrature formulas with polynomials of order s
(thus using ¢ = s + 1 points for them) the minimal size of the velocity space is given
by

V| = (1+2-(F—1)-2n%)>,
1
10(¢ — 1)\ =52 —r
nzﬂl&x{(u) (Av)52 min {nEN

3mwet!2r

t§4igp(l€)—3}} :
. (4.1.1)

Here ¢ corresponds to the error constant of the used Newton-Cotes formula and we
assume that we approximate both angular integrals using a Farey sequence of order n
(implying m = n). Moreover ¢(n),n € N is Euler’s totient function.

Proof:
Using the discretization 4.5 and redoing the proof of B4 with N = 4N — 3, M =
AM — 3 points for the interpolation results into the error estimation

<o (e

3 2
+ %CL(AU)TKZQTHTTRT :
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compare (B.4.1]). Here ¢ corresponds to the number of points used for the interpolation,
so t > 2 and s to the order of the polynomial s =t — 1. For the following estimations
we use

e s TR0
lelo, L] olr
0, € [0,2n]
. Oh(l, A, 0) ot [T h(l, X, 0)dl
LKy:=L sup |———2%|> sup n = Ky,
g leo,L] Ot 0,7€[0,27] O A
0, € [0,2n]
. O'h(l, A 9)‘ O [ [F (i, A, 0)dldA
LKy := Lt sup |———b~>" sup bl = Ky,
’ 1e0,1] 00" 9e[0,27] 06t ’
0, € [0, 2]

N=4F| -3<44+2n*>+2n -3, M =4|F.| -3 <4+2m*>+2n -3,

giving
2n? 4 2n 1
6<L7TK9 i (L . J+1)nt+1
2 2 1
+L7rKA Q m + mJ +1) t
! S mttl
372
+ TCL(A'U) 12'n"'m”
c1:i= Ccoi= c3i=
LSttt N | 37
< Lm K€5TE —+ K)\E)T% -+ KlTCQT(AU)rnTmT s
because

S

2n? +2 5>1
QMJH) 2 (4n?+1) <50,

Now we do the rest analog to the proof of B.4.1] giving the same result:
Assuming that Av € RT,r € N;t € N, are given constants satisfying
L

>7r, At<N,M
2Avn(Av, rym(Av, r) " -

with
-1
~ C3 s+or _—r_ ~
n(Av,r) = (—) (Av)st2r, m(Av,r)=n (4.1.2)
C1
and choosing n, m according to

n = [n(Av,r)], m = [m(Av,r)],
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the convergence order of this discretization is
O ((Av)#is) .

The minimal number of points 7 on any given line associated with the approximation
of the innermost integral grows asymptotically as is given by

F(Av) € O ((Av)ﬁs) .

Our aim is to calculate the minimum size of the velocity space to reach a specific
convergence order. So let es assume that we use a Newton-Cotes formula of order r
(resulting into the usage of at least 7 points on every line) and quadrature formulas
with polynomials of order s (resulting into the usage of at least ¢ = s+ 1 angles), so
that we potentially reach a convergence order of 5==. Now our used Farey sequences
have to possess the property

Moreover we need at least ¢ angles per angular integral and 7 points on every resulting
line. This gives the additional restriction

k=1

anin{neN

t§4|%n\—3:4N—3:4Z<p(k)—3}, m>n.

At this points we determined the necessary orders of the Farey sequences to use. From
this we can deduce the necessary size of the velocity space. The approximation of the
outermost integral (over 6) restricts the rest of the approximation to live on the sub

lattice ~
() =2 |() =amrome, (5) ez}
Y Y Y

Now the application of another Farey sequence of order m results into using the points

4iq5 — PiPj
P.=qP + ‘Pil:( j J)’
I Pidj + 4,

for the approximation. So we need at least 7 - (n? + m?) points in every coordinate
(including zero) resulting in a minimal grid size of

(142-(F—1)-(n*+m?))?.



118

4 Numerical analysis

Remark 4.1.2 (Interpretation of minimal velocity space size)

(i) To understand the implications of the last corollary we calculate the convergence

N\ 2 3 4 5 6 7

orders as well as the corresponding minimal velocity space sizes. For this we
assume that L = 15 (the only free parameter). The results can be found in table
41l Some specific sweet spots, characterized by a maximal convergence order

o [[W|o [[Wl]o [[B[o [[W[o [ B[]0 [ [¥

21040 251066 | 25086 |289|1.00|289 |1.11| 289 |1.20| 289

411044 811080 | 81109 | 81 |1.33| 81| 1541|1089 | 1.71 | 1089

6 0.46 | 289 | 0.86 | 289 | 1.20 | 289 | 1.50 | 289 | 1.76 | 4225 | 2.00 | 4225

Table 4.1: convergence order o and minimal size of velocity space |U| above order
of Newton Cotes formula r and points used for angular quadratures t

for a given velocity space size are:
V| =25 =r=2At=5=0=1,
|‘B|:81:>r:4/\t:5:>0:1+%,
|Q]\:289:>7’:2/\t:9:>0:1+%; r=6At=5=0=15,
V| =108 = r=4At=9=0=2.

Here it remains to be seen if the corresponding high order polynomials suffer
from oscillations or lead to negative integration weights.

The minimal size of the velocity space greatly depends on the necessary order of
the used Farey sequences. This order is determined by the maximum of the two
variables

<8(t _ e

3mwet!2r

o L
) (Av)s¥2r | minq<n €N

t§4icp(k)—3} .

k=1

The second one corresponds to the necessity of having at least enough angles for
the angular quadrature formulas and the first one comes from the approach that
we determine the convergence order by assuming that the errors of the three
integral approximations are approximately the same. So as long as the error of
the Newton-Cotes formula (integration along a line) remains large enough only
the second variable determines the order of the Farey sequence and by this the
size of the necessary velocity space.
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Remark 4.1.3 (Minimal velocity space size in 3D)

(i) Analog considerations to the two dimensional case give:
Using the discretization [3.4.0] to reach a convergence order of

st
0= ——
3s+1t’

by applying a Newton-Cotes formula of order s (using § points for the interpola-
tion polynomials in the quadrature) and quadrature formulas with polynomials
of order ¢ (thus using ¢t =t + 1 points for them) the minimal size of the velocity
space is given by

U] = (14+2-(5—1)-(n*+2n%)3,

8(t— 1)\ Fm .
n=max{ ( —s—— (Av)&3s min{n e N[t <2n+1} 5 .
3m3zct!2s

Here ¢ corresponds to the error constant of the used Newton-Cotes formula and
we assume that we approximate both angular integrals using a Farey sequence
of order n (implying m = n).
(ii) Asin the two dimensional case we calculate the convergence orders as well as the
corresponding minimal velocity space sizes. The results can be found in table
We can see that we need a huge amount of points in the velocity space to even

s\t 2 3 4 5t
o | ¥llo [ [¥lo [ [¥lo [ [9
21 0.29 343 | 0.50 343 | 0.66 | 68921 | 0.80 | 68921
41031 2197 [ 0.57 | 2197 0.80 | > 10° | 1.00 | > 10°
6 || 0.32 | 15625 | 0.60 | 15625 | 0.86 | > 10° | 1.09 | > 10°

Table 4.2: convergence order o and minimal size of velocity space |U| above order
of Newton Cotes formula r and points used for angular quadratures t

reach a convergence order of 1. This result can be substantially improved if we
extend the quadrature regions by applying quadrature rules with the necessary

symmetries, see remark [3.4.7(iii),
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4.2 Implementation and test of the discretization

4.2.1 Adjustments of the discretization

In this section we take a look at the approximation of the collision operator for a test
problem. For all following calculations we choose the mass distribution

1 ok 1 o+ B||2
f(v) ::—~€7”2” —0—2—'67%, E = (g) )

And we restrict the region (integration region) to

A= [=7575 x[-7575, L:=+v2-15.

The distribution function is given in figure .1l Our convergence results are generally

Figure 4.1: Distribution function used for numerical calculations

asymptotic results, so it is foreseeable that we need a huge amount of discretization
points to obtain the proven convergence rates. Due to this we restrict our approxima-
tion of the collision integral to the point by = (0,0)7, because otherwise the calculation
time would exceed the amount of time we are willing to spend for a numerical verifi-
cation. This implies that we are looking at an approximation of (compare 3.2.7])

e = [ [ [ s - s0) )] taraas,
with

ol == 0+ Uw (8 + N),w(6))w(0), ) =0 + L{w (8 + N),w () (0)
oy =0+ lw(@+ N) .
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We calculate a reference solution for the following error calculation. Before we start
this calculation we have to take into account that our numerical algorithm ignores
possible cut off errors, so our reference solution should do the same. To do this we
restrict f onto the region A by setting it to zero outside of this region:

f(0) :=1a(v) - f(v).
An adaptive Clenshaw—Curtis quadrature yields
I[f](v0) = —0.537037185 =: I, .

Here we applied the standard algorithm in Octave using a relative error of 10~% and
an adaptive Gaussian quadrature to verify the result. The main difference between
such rules and our approach is that Clenshaw-Curtis needs a function (integrand) for
which it can calculate arbitrary discretization points whereas our approach works on a
uniform discretization of the velocity space. Before we proceed we recollect the former
results by giving a rough step by step guide for the creation of a discretization in the
form of an algorithm.

Algorithm 4.2.1.1
(i) Start: input values

a) Lpum: desired number of discretization points in one dimension (we use a
quadratic grid)

b) r: order of the Newton-Cotes formula
c¢) s: order of the polynomial used for angular quadrature

d) L: length of one edge of the quadratic integration domain (the discretization

. . . L
parameter is now given by Av = Tmfl)

(ii) Calculation of the necessary order of the Farey sequence n (see (.1.1])) to obtain
the proved convergence behavior and possible correction of L, in order to have
enough angles. We also calculate the velocity grid U as well as a predefined mass
distribution on this grid f : 0 — R*.

(iii) Calculation of all usable angles based on the Farey angles, of all used discretiza-
tion points (and corresponding collision pairs v, 1o, v’ t0’), of the discretization
weights a,, determination of the “smallest” grid point ||v|| — min on every line
given through the farey angles in order to determine the step size of the Newton
Cotes formula and finally the calculation of the integration weights correspond-
ing to the Newton Cotes formula. We calculate all according to and only
in the point o.

(iv) Now we condense the collision pairs by kicking double occurrences of (i, j, k, 1) as
well as (7, j, [, k) (using the symmetry Afjl = Aif) This can be done by neglecting
the additional occurrences and summing the corresponding integration weights.
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(v) At this point we have obtained a discretization of the collision operator that can
be used for all further evaluations of this operator. This scheme is defined by
the used discretization points as well as the integration weights Af]l So we can
calculate the collision operator by

JIf)(0:) =Y " APL(f(ok) f(01) = £(0:) f(0;)), 05 := 0.

gkl

Using this algorithm to create different discretizations (depending on Av or Ly, ) we
take a look at the error evolution for decreasing Av and for different discretizations. We
start with ¢ = 2,r = 2 giving a convergence order of 0.4. In the following discussions
we refer to the results of our approximation as /,4, so in this case [ . A visualization
of the relative error

e ((Av)_l) = Lee = [272[C<C(AU>_ )

can be found in figure L2l We have split the whole plot in order to improve the

0 10 20 30 40 50

(Av)~!

Figure 4.2: Relative error e

readability. The number of points used for the discretization can be obtained via
0] = (15 - (Av) ' +1)%.

The plot on the left hand gives the error for rough discretizations and the second plot
for very fine ones, giving an impression of the asymptotic behavior. We can see several
effects in these two plots, the first one is some kind of error nullifying at (Av)~! = 4.8
where we get a relative error of 5.98 - 1074, The error development in the left plot is
mainly influenced by the error generated by the Newton-Cotes rule for the integration
over the straight lines whereas the asymptotic error is dominated by the error generated
by the approximation of the angular integrals. This can be clearly observed in the right
hand side figure. Here the error looks like a step function, and the edges of the steps
correspond to the points where the order of the used Farey sequences increases due to
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the requirement (4.I1.1]). Now we want to calculate the numeric convergence order by
fitting the function
e(Av) :=c- (Av)* (4.2.1)

through the error data. This corresponds to the least square optimization problem

arg mini (e(i) —e(b) - ( 258))2 | (4.2.2)

This corresponds to the calculation of a function € that goes through e(b) and that
minimizes the quadratic difference to the calculated errors e(i),7 > b. Now we have the
free parameters b and d corresponding to the start and end index for our calculation.
We are interested in the asymptotic error, so we want to use all error values that are
larger than our start index b. This means we always chose d as large as possible (in
this case 143). Determining the start index b is a bit more complex, because we want
to set it in such a way that we obtain the main error behavior. Now we could do some
more or less justifiable assumptions and choose b in such a way that we exactly obtain
a convergence order of 0.4, but instead of doing this we calculate a “convergence order

function”
o(j) = arg minzd: (e(i) —e(j) - <§Z((;)))a>2

and take a look at the result in figure 4.3l Here the red line corresponds to the

6 T T T T T T

—e— numerical convergence order
41 —— theoretical convergence order

0 5 10 15 20 25 30 35 40 45 50 55
(Av)~!

Figure 4.3: Plot of the “convergence order function” o(j)

theoretical result of a convergence order of 0.4. And as we can see, beginning from the
point where the asymptotic behavior kicks in (around 5) the estimated convergence
order o stays above 0.4. Indicating that the theoretical result holds true.
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Remark 4.2.1.2

(1)

(iii)

Now we take a little break and think about the problems in the determination
of the numerical convergence order. The proof of the convergence order is based
on the assumption that we can choose n (the order of the Farey sequence) in
such a way that the three errors created by the three integral approximations are
approximately the same. But unfortunately that is only possible if n € R. This
is obviously not the case (we have to choose n € N), which led to the round up
of n according to (AI.T]). So it seems appropriate to calculate the (asymptotic)
numerical convergence by using only the points ﬁ where the order of the Farey
sequence increases, because at these points the assumption is nearly met, and
the above figure containing o indicates that the numerical convergence order only
increases in between these points (due to the approach of the next step at which
the error significantly decreases).

We have often referred to this chapter when we spoke about possible oscillations
and negative integration weights due to high order interpolating polynomials.
Now we have to admit that even second order polynomials for the interpolation
in the angular quadratures lead to negative integration weights when the order
of the Farey sequence increases. This poses a real problem, because the order
of the used Farey sequences increases automatically with decreasing Av due to
(411). The reason for this lies in the very unevenly spaced discretization points
given by the Farey sequence. For example the first and second element of the
Farey sequence have always the largest distance. Looking at a Farey sequence
0 1

of order n this distance is given by % — - = -, whereas the second and third

element have always the smallest occurring distance ﬁ — % = n(nlfl)' At this
point there is a number of possibilities to approach this problem. Because we
want to stick to simple Lagrange interpolation within the framework of this work
we choose the simple way and abandon the Farey sequence in favor of the easier

angles

&, = {arctan(a) ‘a = %,p € {0, .. ,n}} ,

which are a subset of the Farey angles. Fortunately this simplifies all calculation
and it increases the convergence order of the resulting discretization, as can be
seen in the next theorem. Moreover this approach gives positive integration
weights for polynomials up to order 6, independent of the chosen n.

It is possible to obtain stable higher order discretizations by using higher order
polynomials (higher than 6). The main idea behind this is that one uses more
than s + 1 points to obtain a polynomial of order s by using a least square
minimization between the polynomial and the given points. This can be done
in such a way that positive integration weights can always be obtained, even for
arbitrary high polynomials. This approach for uniform discretizations (Newton
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Cotes like) can be found in [Huy09] and the references therein, another approach
(on non uniform grids) can be found in [Gral2].

Corollary 4.2.1.3 (Final discretization)
A discretization as in [3.4.5] but with the usage of the angles

&, ::QSnU(g—@n)U<g+(’5n)u(7r—(’5n),|é5n|:4n+1
&, :

= {arctan(a) a= B,pE {0,...,n}} :
n

possesses a convergence order of
o
ecO ((Av)2r+t>

if we apply a Newton Cotes formula of order r (using 7 points), a quadrature rule with
polynomials of order s =t — 1 (for the angular integrals) and choose the used angles
as well as the minimal size of the velocity space according to

U] = (1+2-(F— 1) 2n%)?,

B () \77 o [i-1
T { <37rct!2"—4 (Av)mer, 4 '

Here we assume that we use the same discretization angles for the angular integrations
(m =mn).

Proof:

Starting with the convergence order we need to take a look at the occurring errors. For
this we take the calculations from the proof of B.4.1] and realize that the only change
lies in the change of N now defined as N := 4n + 1, N := 4n. So we can take the
same proof, giving :

(|2 @t a2 o) ()

leg| < 5 sup

- 0€(0,7]
t+1 t
< lKe S_n (f) = S_SKen*t
t! s n t!
K)\ZZ

1
|€2] <7 sup
'\ 0€(0,x]

OH(O,N] (| N s\ t+1 8s' .
Z o0\ - z < g2
N ’(LJ”)(Q < morfan
2

3
le1| < %CL(AU)TKlQTnTm".
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The same considerations as in [£1.1] give

c1=co:= c3i=
8s*  _, 3w
le] < L7 | (Kg+ K)) o n=t+ TCQTKl(Av)”n”nT

Now we apply the same approach as in the end of B.4T] (but this time a shortened

version):
P t T
4t . r+t —r
o (Av)erti = [ — 2 (Av)zie
3 3m2r—4ct!

—le[c O ([(Av)zﬂt + (M) [(Av)%ltrr) = 0 ((av)) .

cn”t = c3(Av)'n* = n =

And the second condition for n is given by the necessity

t—1
t§N24n+1<:n:[T—‘.

Remark 4.2.1.4

(i) For the following calculations we use the same algorithm as described in 2. T.T]
but we need to slightly change steps We now use L.2.T.3] to calculate
N, Lyum in step and we use the angles &,, in step .

(ii) Using the above discretization as well as L = 15 the table 1] changes to table
4.3l And now we can say that the corresponding discretizations remain stable

™\t 2 3 4 ) 6
o [1W[]o [1WI[o [[¥[[o [1W[[o [ [T
21067 251086 | 25| 1.00 289 |1.11 | 289 | 1.2 289
41 0.8 811109 | 81 |1.33| 81 |154| 81| 1.71 | 1089
61 086|289 | 1.2 |289 | 1.50 | 289 | 1.76 | 289 | 2.00 | 4225

Table 4.3: convergence order o and minimal size of velocity space |U| above order
of Newton Cotes formula r and points used for angular quadratures t

due to positive integration weights. Moreover the same can be done in the three
dimensional case, also increasing the final convergence order.

Now we reach the last theorem / corollary within this work. We finally take a look at
the computational complexity of our discretizations.
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Corollary 4.2.1.5 (Computational complexity)
Assuming that we use [£.2.1.3] for a discretization of the collision operator in two di-
mensions we obtain a computational complexity in

O ((av) )

where t corresponds to the order of the polynomials used for the angular quadrature
and r to the order of the applied Newton Cotes formula. Assuming that we use B.4.0]
but with the simpler angles used in [4.2.1.3] we obtain a computational complexity in

O ((Av)""t%)

where t corresponds to the order of the polynomials used for the angular quadrature
and s to the order of the applied Newton Cotes formula.
These complexities correspond to the evolution of the number of collision pairs

H(z’,j,k,l) )Aﬁj#o}).

Proof:

We begin with the two dimensional case. We assume that the quadratic discretization
domain (in which the support of f lies) possesses a side length of L. This implies that
the maximum number of discretization points on a line within this domain and the
total number of discretization points is given by

L
Lnum = A 1, Y| = L2 .
Av + | | num

Moreover we use n angles in the first half of the first quadrant, resulting into a total
of
N =2 (4n - 3)

angles. Here we have 4n — 3 angles in the upper half plane and the same number in the
lower one. We use a Newton Cotes formula of order r for the innermost integration
and a polynomial quadrature formula with polynomials of order ¢ — 1 which gives

ne O ((Av)fﬁ> :

according to [4.2.1.31 Now we simply need to put these ingredients together to get an
upper bound of the number of collision pairs. We obtain this bound by multiplying
the maximal number of points on a line with the number of angles in # (N) and the
number of angles in ¢ (N) as well as the number of points on the grid:

k1) <
€O ((Av)™)-0 ((Av)‘%) L0 ((Av)?)
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=0 ((av)? )

The same argumentation in the three dimensional case yields (where s corresponds to
the order of the Newton-Cotes formula)

{0, D14 £ 0} < Lo N - 0
€O ((Av)™)-0 ((Av)_%) -0 ((Av)™?)
=0 ((an) ) -

Remark 4.2.1.6

(1)

The message of the above result is that we have a computational complexity
around O ((Av)_?’_%) in two and around O ((Av)~®) in three dimensions. In

two dimensions this seems to be less than one would expect (4) and especially in
three dimensions this result seems to be one polynomial order better (5 instead
of 6) than one would expect, compare [IR02] or the introduction of [BROO/PH99].
Here it seems to be interesting that the usage of the Farey angles (roughly cor-
responding to all available angles) results into a quadratic growths of the angles

giving complexities of O ((Av)"l’%) , O((Av)7%) in 2 resp. 3 dimensions. So
we can deduce that the usage of the fewer and simpler angles G, results into a

higher convergence, lower computational complexity and more stable discretiza-
tions (regarding negative integration weights).

It is interesting to mention that the computational complexity of a discretization
only depends on the n (number of used angles within one half of a quadrant)
determined by

B (s)) \77 = [t-1
n = max { <37rct!27’—4 (Av)2r | 1 .

For example we can take a look at table[d.4]. Here we see the number of collision
pairs (direct proportional to the necessary number of floating point operations)
for two discretizations constructed according to [A.2.1.3 Here we see that these
two discretizations (created according tod.2.1.3]) use the same number of collision
pairs if n is the same for the discretizations. Now it is easy to compute that the
n for t = 2,r = 2 grows as (Av)3 and the other one as (Av)T. So even if
it looks in the table as if the higher order discretization generally needs less
or the same computational effort this situation changes when L., & A%; gets

sufficiently large.
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Loum r=2s=1 r=4,8s=2
number of collision pairs ‘ n | number of collision pairs | n
9 | 288 1] 288 1
17 | 6500 2| 2176 1
19 | 9298 2| 3078 1
33 | 53128 2 | 53128 2

Table 4.4: computational complexity in numbers of collision pairs

4.2.2 Numerical validation

Now we redo the calculation of /55 with remark in mind and by applying a
discretization based on [4.2.1.3] So this time we calculate the errors only at the points
where the n changes and in order to obtain the asymptotic behavior for very large 7.
The result for t = 2,7 = 2 can be found in [£.4al this time with a visualization of the
theoretical error development in the asymptotic regime. The theoretical error is given
by e* ((Av)™!) = a - (Av)3, where we have chosen a in such a way that e(5) = e*(5).
As before we do some fitting for the function (£21]) by calculating (£2.2) for different

1.5

—e— numerical conv. order ||
——theoretical conv. order

- —e—numerical error e
1
107" ¢ —— theor. error e*

1072

oo 4

0.5
1073

100 200 300 400 500 600 0
(Av)~

| | | |

| |
50 100 150 200 250 30
(Av)~

(b) plot of o(j)

o T T T T T 1T

(a) numerical and theor. relative error

Figure 4.4: calculation results for I 5

start indexes, resulting into figure £.4bl Now we have the situation that figure E.4al
indicates that our convergence order of % seems to be correct whereas the message of
[4.4D] seems to be unclear. At this point we have to use the asymptotic joker card. We
see that in figure [£.40] the order monotonically increases, beginning from (Av)~! = 20.
So it seems like a slow convergence of the approximated convergence order o(j) towards
%. Now it would be interesting to look at the development for larger (Av)™! to verify
this conjecture, but even the calculation of the used 11 points was time consuming
(more than a day after algorithmic optimization in Octave), where the largest used
velocity grid consists of 88'378801 points. For the next example we redo the applied
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< —e—numerical error e || —e— numerical conv. order
1072 ¢ —— theor. error e* |/ ——theoretical conv. order
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Figure 4.5: calculation results for I4 3

interpretation for t = 3,r = 4 giving Iy 3. As before we have plotted e* = a - (Av)!%

and the numerical error in figure [£.5al Here it looks like the discretization possesses a
significantly better convergence order than estimated. Interestingly the visualization
of the function o(j) (A5h]) shows again that the convergence order asymptotically con-
verges towards the estimated value of 1.09.

In the next example we look at t = 4,r = 6 resulting into a convergence order of 1.5
In figure L.6al we see that the error e generally remains below e* = a - (Av)'®, but

—1 - - - - 1 8 T T T
10 : —e—numerical error e || —e— numerical conv. order
10-2 L —— theor. error e* | 6| — theoretical conv. order .
1078} 147 |
ol i S~ 7
10—5: \ \ \ \ \ O‘ | | |

0 100 200 300 400 500 0 100 200 300 400
(Av)~! (Av)~!

(a) numerical and theor. relative error (b) plot of o(j)

Figure 4.6: calculation results for I 4

figure [4.60) indicates that we need to calculate more values to get an idea about the
asymptotic numerical behavior. Unfortunately this is not feasible due to the com-
putational complexity. Finally we want to mention that we also derived complete
discretizations for velocity spaces up to |U| = 2401. Here we calculated the change of
the mass, momentum and energy in order to reassure us that the minimal requirements



4.2 Implementation and test of the discretization 131

are met and that the theoretical considerations are correct. The relative error in mass,
momentum and energy lies between 1071* and 1071¢, indicating that the mass, mo-
mentum and energy are in fact conserved, because these relative errors correspond to
the used machine precision (double). It is interesting to mention that the application
of a Clenshaw Curtis rule on a grid with 81 velocities generates a relative error around
1%, independent of the used precision for the rule. Finally we compare the three dis-

10-! —e—num. error e;, t = 2,5 = 2, order % i

—®—num. error ey, t = 3,5 = 4, order 1.09 | |

10-2 —e—num. error ez, ¢t =4,s =06, order 1.5 | |

103 |

104 | ]

1076 % | | | | | | | | | | | | | | | !
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 75

(Av)™
Figure 4.7: calculation results for I 2,143,164

cretizations in figure @7l Here we see that the error for small (Av)~! exhibits another
error behavior than in the asymptotic region. For small Av the error substantially
grows when the order of the scheme gets increased resulting into a “break even” point
where the accuracy of the higher order scheme becomes better than the accuracy of a
lower order scheme. The observed effect is partially created by the factors

(t—1)
1l

within the angular and Newton-Cotes errors (see proof of L2.1.3 or B.4T]). These
factors grow exponentially with ¢, 7, because

(-1 (-1 _(t—l)t 1 w2 1 e

= . > .
T 2rtttaet t Qre—tts e/ t3

Here we used a lower bound for ¢! given by Stirling’s approximation in the first step
and the fact that (%)t is a monotonously increasing function for ¢ > 1 that goes
asymptotically to % So the “error constant” of our discretizations grows exponentially
with the number of points used for the polynomial interpolation in the quadrature
formulas. This is a standard result regarding quadrature formulas in which one uses

, 2
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Lagrange or Hermite interpolation due to the interpolation error that introduces an
error constant of the form %, for example see proof of B.4.1l Moreover we see in figure
4.7 that the error es behaves exceptionally good, but gets defeated by e3 on extremely
large grids. Now that we have analyzed the asymptotic behavior of our discretizations
that comes into play in homogeneous problems we look at the behavior in regions
typically used in inhomogeneous problems. Due to the computational complexity
one is typically limited to use around 1089 velocities or less. So in figure [4.8 we
take a short look at the error development for quadratic velocity spaces with up to

1089 = 332 velocities. Here we see that the most primitive discretization performs

03 T T T T T T T T T T T T T T T T
—e—num. error ej, t = 2,5 = 2, order %
—®—num. error es, t = 3,5 = 4, order 1.09
—e—num. error ez, t = 4,s = 6, order 1.5
0.2
0.1
O | | |

| | | | | | | | | | | | |
0o 2 4 6 8§ 10 12 14 16 18 20 22 24 26 28 30 32
Lnum

Figure 4.8: calculation results for I 2,143, I 4

almost consistently better than higher order discretizations on small grids. Moreover
in this region we are not able to see any convergence behavior in e3, which makes
the fact that the relative error almost stays at 7% somehow astonishing. For the
moment the message seems to be that it is not clear which of these schemes should be
used in discretizations for inhomogeneous problems, but we should use higher order
schemes for homogeneous problems where a high precision is required. This figure also
implies that the simplest scheme corresponding to ey, Iy gives an error below 10%
for velocity spaces with more than 172 = 289 velocities and below 5% for spaces with
more than 232 = 529 velocities as long as the initial distribution is reasonably smooth
and velocity resolved. Moreover the behavior of es, /5 4 implies that we should stick to
this discretization for 172 to 212 velocities, because this discretization has the smallest
number of collision pairs, due to n = 1 in the whole figure. These conclusions have to
be taken with some caution, because we only look at one example in a region where we
can not see any asymptotic behavior, so these last observations are only exemplarily.
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In this chapter we discuss our parallelized implementation of a Boltzmann solver based
on LGpMs, whereas this implementation can easily be generalized to the point where
it is able to use arbitrary discretizations of the collision operator as long as one supplies
a C++ routine that constructs the operator A of a DVM. Here it is not our aim to go
into great detail about the implementation specifics in C,CUDA or the GNU compiler
collection. But we want to give an overview about the general approach as well as
optimization (parallelization) strategies which lead to a high utilization of the used
processors. Assuming that one was able to construct a satisfying discretization of
the collision operator the next problem that occurs in the numerical treatment of the
Boltzmann equation is the following system of equations

(8 +v; - = oY ANNfifi — fif;) = Ji(£), i € My, f € R™!. (5.0.1)

_] k ZEMQ]

5.1 Numerical Methods

Because the calculation of J (the right hand side of (5.0.1])) has high computational
costs and because this was our first attempt in parallelization, we wanted to use simple
algorithms with a minimal number of calculations of J. This led to a first order (with
minimal modifications second order) operator splitting method for (B.0.I]) that gives
the two equations

Oufi(e, ) = —vi-Vifile 1) (5.1.1)
O fi(x, 1) = OéZA (fulw ) file. ) = filw ) fi(x, 1) = Jilf) (5.1.2)

that have to be solved consecutively. We now discretize a bounded domain €2 of the
position space R, n = 2,3 in an equidistant manner,

X={tlz;eAe-Z,j=1,...,n,r €QCRL} Az eR".

The collision equation (5.1.2)) is independent of the position variable g, thus giving a
straightforward way of parallelization, because this equation can be numerically solved
in parallel for every point in the position space X. We solve the transport equation
(E11) with a first order finite difference (upwind) scheme over the equidistant position
space. Because the discretization of the velocity space typically does not fit onto
the discretization of the position space an additional step of linear interpolation is
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necessary. This upwind solver can be described as a series of linear interpolations, this
gives (in two dimensions):

. max{bi,l, ULQ}

N = Aty Ay (5.1.3)
fil€t) = (1= a)fi(xa(vs),t) + afi(rs(v:), 1) (5.14)
filwt+ A = (1=X)filx,t)+ N fi(&. 1) (5.1.5)

Figure 5.1l shows how we calculate the
mass distribution f that corresponds to
the velocity v; in the position space point
x. At first (5.1.4]) we have to interpolate
the distribution f; at the point &; that lies
in the opposite direction of v;. After that
a second interpolation (5.1H),([E.13) cal-
culates how much mass flows from point
& to x within a time of Aty. With such
a scheme we obtain a stability-bound
for the time step based on the Courant-
Friedrichs-Lewy-condition:
Ax

Aty < 5.1.6
7= max{||v]w, v € TV} (5.1.6)

guaranteeing, that the mass can not flow
further than one cell within one time
step.

Figure 5.1: position space grid

Analogous considerations lead to a similar scheme in three dimensions we also imple-
mented. We solve the collision equation (5.1.2) with a time adaptive second order
explicit Runge-Kutta method:

kin = AteJif(x,t)

/{Zi,g = AthZ [f + 0.5]4)@'71, f + 05/{72,1] (x, t)
Our error estimator is the difference between the explicit Euler and a second order
Runge-Kutta scheme:

relative error over velocity space
7\

S e

€My

here ¢ is the desired relative error in %. If the error is greater than one, the calculation
gets rejected and the time step Ate gets divided by 2. Otherwise the next time step
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length is determined in such a way, that the estimated error lies around 10% of the
desired error, in formulas:

0.5 - Atc, ife>1
Atcinew = d1-e7t, ife>0. .
c, At - 0.1-e77, %6_005’ ife<1
2, if e < 0.05
For such a method we generally get a stability bound around
1
At < ————, (5.1.7)
| Amax(t)]

as long as the solution f is sufficiently near to an equilibrium solution, here A, is
the biggest eigenvalue of the linearization of the ODE (5.1.2) at time ¢ with respect
to its absolute value. In our numerical experiments it turned out, that (5.1.6]) only
posed a real restriction at high and transitional Knudsen numbers, whereas (5.1.7)
dominated cases with low Knudsen numbers. We were able to simulate phenomena
like vortex shedding of a compressible mono-atomic gas with our model (and with only
the above equations, no other modifications are needed), so a further investigation in
low Knudsen numbers in conjunction with implicit schemes could lead to interesting
results. Since we only have the mass distribution function f we need to calculate the
macroscopic properties of the gas. Let n be the desired dimensionality and V' := (Ax)™
the volume that corresponds to the position space points. With that we get the

e mass density £, momentum m = (m;);_, and kinetic energy E of p via

p= Y00 me= Y ug), B3 ol3f():

veY vey veY

e stress tensor S = (sij);;—; with

Sij = Z’Uﬂ)jf(U) -

veY

1
;mimj s

e hydrostatic pressure p with

e temperature T with

T .=

L kp’

me

where kp represents the Boltzmann constant and m. the mean mass of a particle
in the gas.
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5.2 Technical basics

Using the aforementioned numerical schemes we can approximate the number of float-
ing point operations necessary to solve a small sized problem. Assuming that we use
332 = 1089 points in the velocity space, 960 x 320 = 307200 points in the position
space and apply the approximation [4£.2.1.3] with ¢ = 4,7 = 4 we obtain 53128 colli-
sion pairs. Here we have already reduced the number of collision pairs that must be
calculated per evaluation of J by a factor of 4, here we use the symmetry proper-
ties of A to calculate fif; — fif; only once and then add it to f;, f; and subtract it
from f., f; thus saving 60% of the calculations. One such collision pair results into
8 floating point operations, 3 multiplications and 5 additions. A simulation of such
a space inhomogeneous case typically needs around 50 Runge Kutta steps (each step
needs two evaluations of J) per time step and 20’000 time steps overall. This leads to
2.6113 - 10'7 floating point operations or 261.13 peta FLOP. Even the newest CPUs
(with around 200 GFLOPs) would need 15 days to solve this problem if the used code
is highly parallelized (using all cores as well as the advanced vector extensions - AVX).
Without such a parallelization this computation would be around 4 - 8 times slower,
under the assumption that the processor possesses 4 cores and can use 256 bit vec-
tor operations (calculation with 8 floats in parallel). So without parallelization this
problem would need 483 days on the same processor. This example clearly says that
parallelization is mandatory if we want to do numerical simulations. We also see that
the collision step is much more expensive than any other part of the algorithm. That
means that the performance of our resulting program will mainly be bound by the
FLOPS of the used processor and not by the memory bandwidth. At large velocity
spaces the collision time step needs more than 95% of the program run time. Because
of that we focus on the parallelization of this part of the algorithm. We investigate
parallelization on CPUs and GPUs to find out which architecture is better suited for
our problem. One of the main findings of that comparison is that a parallelized CPU
implementation (that should use the vector processing extensions of recent CPUs to
be efficient) and a parallelized GPU implementation are very similar and exhibit very
similar parallelization strategies. In order to parallelize our numerical schemes we need
an idea about an algorithm that allows parallelization and the processor architecture
we are aiming at (partially in order to minimize the code difference between a CPU
and a GPU implementation).

5.2.1 Algorithm - an overview

We now want to give a brief overview about the necessary data structures and the part
of the implementation that corresponds to the numerics. We have a discretization of
the position space X and a discretization of the velocity space U. Let us assume we
have m points in the position space and n points in the velocity space. Our Algorithm
now needs 8 arrays A, B, C, my, ms, mg, my, ms. Array A holds the information about
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the position and velocity space that means A is a linear array with n - m elements.
The information is stored in the following way:

A= (fl(xl)v SRR fn(P1)7 fl(FQ)v SRR fn(FQ)v SRR fl(pm)a R fn(?m)) : (521)

B has the same dimensions as A and it is also used to save the grid informations,
array C' holds the collision pairs. The other arrays m; to ms; are used to store the
macroscopic values p,m, E/, p, T". Figure shows how the algorithm generally works,
it consists of four main steps: the transport, the collision, the communication step and
the calculation of the macroscopic values. At the beginning array A must be initialized,
after that we have an A— B memory access pattern. That means the transport transfers
the Data from array A to array B and the collision transfers it from B back to A,
after this an additional communication step can occur before the next transport step
starts. Communication steps occur in the case of periodic boundary conditions where
we need to transfer the corresponding information between border points. After a
fixed number of time steps the algorithm calculates the macroscopic values and saves
them in the corresponding arrays. The saving of these values to the hard disc and the
next of A — B iteration happens in parallel.

o . transport\ collision

Initialization » A » B d» A
~
| |
. communication
. b 4

,save to disc

¢ My, Kemmmmmmnmnnn ELEETETEER A

macroscopic values

Figure 5.2: workflow of the algorithm

5.2.2 Processor Architecture

Figure B3] shows a direct comparison of the GPU and the CPU architecture. A GPU
consists of a number n of multi processors (M P;) whereas the CPU (as a many core
Processor) consists of m independent cores (C;) and on high end Intel®CPUs the
Hyper-Threading Technology (HTT) is available. That means that every core of the
CPU can execute two threads to reduce memory access wait times, summing up to
2 - m virtual processors that can be used to fully utilize the Intel®CPU. The GPU
multi processors consist of ¢ scalar processors (SP;), each can do one scalar operation
(so ¢ parallel operations) and a single core of a CPU on the other hand can use single
instruction multiple data (SIMD) instructions (via SSE - Streaming SIMD Extensions
or AVX - Advanced Vector Extensions) to do up to p scalar operations (S;) in parallel.
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sp,| - [SP,| [sP,] -+ |SP, Si] - (S, Si] - (S,

Figure 5.3: architecture comparison GPU vs CPU

Due to this hardware structure we need two levels of parallelization. The first level
(L1) is a parallelization across multiple independent processors (cores or GPUs) that
can communicate with each other. The second level (L2) is a SIMD parallelization
where the same operations are executed in parallel over a set of data.

Level 1:

Let’s assume we have m GPUs or cores. In the first parallelization level we divide
the position space grid into m rectangular sub-grids. If we use the notions from
Figure we now get the two grid sets (A4;)74, (B;), and the macroscopic values
(miq,...,mi5)",. So if we substitute A, B,my,...,ms with A;, B;,;m;1,...,m;5 in
Figure this work flow also holds true for the parallelized version. With the addition
that, in the communication step, the used processors transfer the borders of their Grid
A; into memory buffers that are associated to the processors that work on neighboring
Grids. In the end of such a communication step the processors synchronize (wait until
all copied the data to the buffers) and then they update the borders of their Grid A;
with these memory buffers and start the next iteration.

Level 2:

Now we look at a single core or a single GPU. To use the SIMD approach we have
to divide the sub-grid A; into r-point blocks in such a way that the r position space
points in such a block can be calculated in parallel. That means, that r is a hardware
dependent variable and that the memory storage of these r-point blocks must be
adapted to the memory access pattern restrictions of the used processor.

CPU: We apply the SIMD approach on the CPU in such a way that we calculate the
differences corresponding to collision pairs ( fx f; — f; f;) for four different position
space points in parallel (r = 4). So we have to store

(f(01)k, f(02), f(03)k, f(04)r) =: s56€4,
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GPU:

into one SSE register so that we can simply calculate ssejsse; —sse;sse; := ssegq
to get the four difference values into one SSE register (sseg,). To efficiently store
data in a SSE register, the data to store must be four consecutive four byte values
in main memory. And these 128 bit long memory region must be 128 bit aligned
in main memory. That means, that the leading address of the four byte array
must be divisible by 8. So the adaption of the former memory storage within A

(see (B.2.1])) now looks like
(f1<xl>7 T fl(xi+3)7 f2<x2)7 R f2<xi+3>7 R fn(;2>7 T fn(x2+3)) :

This approach corresponds to SSFE, for AV X we can do the same, but with
r = 8,16 due to the 256,512 bit long AVX registers. For this to work we need to
reorder the data of these r points prior to the SIMD calculations for this block.
We do this locally, meaning that we reorder one block, do the calculations, reverse
the reordering before we write back to RAM and then reorder the next block.
Fortunately this also guarantees (as much as it can be guaranteed) that the used
(and actually necessary) data gets completely transferred into the processor cache
prior to the calculations and nothing else. This effectively corresponds to cache
blocking and is possibly the reason for the super linear speedup that can be
observed.

On the GPU we simply have to transfer all memory that corresponds to the
r-point block into shared memory (Multiprocessor cache). The access pattern
we have to obey says, that we have to transfer consecutive linear memory re-
gions from the graphics card memory into the shared memory. This condition
is automatically met. So no data reordering is necessary. There are two main
differences to the CPU core parallelization. The first is that the GPU can handle
n r-point blocks in parallel, because it simply has n multiprocessors. And the
second is that such a multiprocessor has to have at least 64 scalar operations it
can do in parallel. This is needed to fully utilize the 32 scalar processors per
multiprocessor. Unfortunately the shared memory (48 KiB) isn’t large enough to
hold all the necessary information for 64 different position space points (consid-
ering velocity space discretizations with up to 1000 velocities). Because of that
the GPU isn’t generally calculating r-point blocks in parallel but it calculates
the r times number of collision pairs differences f;, f; — f; f; in parallel. Now 7 has
to be chosen in such a way that some hardware restrictions are met for an effi-
cient computation (maximum amount of available registers per multiprocessor,
amount of shared memory, ...).

As far as comparability between CPUs and GPUs is concerned one of the main mes-
sages of this architecture comparison is:

The general structure of GPUs and CPUs (see Figure (£3) is not as different as one
could think, so a CPU implementation should at least use all cores of the CPU and
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SSE to be comparable with a GPU implementation, because otherwise we potentially
loose between 95 % and 60 % of the CPU peak performance. This would distort a
speedup factor for the CPU / GPU comparison by a factor between 2.5 and 20.

5.2.3 Additional Optimizations

(i)

(iii)

We maximize the available FLOPS of the CPU through the utilization of the
main CPU capabilities (HTT,SSE) and of the GPU through the creation of a
hardware and discretization dependent automatic optimization algorithm which
calculates the GPU kernel (a kernel is a function that operates on the GPU and
does things in parallel) launch parameters in such a way that every Multiprocessor
can calculate two r-point blocks (if || is too big it can happen, that » = 1 and
that the MP can only calculate one block at a time) in parallel and that every
multiprocessor can calculate at least 320 scalar operations in parallel.

We optimized (minimized) the necessary bandwidth from the main memory to
the processor caches. The major part (90 — 99%) of the bandwidth that was
needed during a collision time step was due to read accesses on the array C' (see
section Algorithm - Overview). The collision pairs don’t fit into the Processor
caches and therefore they must be looked up every time a corresponding difference
fifi — frfi gets evaluated. On the CPU we naturally cut the needed bandwidth
down by a factor of 4/8, because we used SSE/AVX (possibly contributing to the
super linear speedup). For one SSE calculation of a collision difference that is
dedicated to four different position space points we only accessed C' one instead
of four times. At the GPU we cut the needed bandwidth down by a factor of
two with the same approach. At the GPU the scalar processors now calculate
a collision difference for two different position space points consecutively, so the
collision pair (i, 7, k,[) can be reused one time. That optimization lead to 21.5%
bandwidth usage (of the benchmarked maximum of this GPU) during the collision
step, indicating that the scalar processors are not slowed down by insufficient
memory bandwidth.

This optimization only involves the GPU version. Within the shared memory
(MP cache) we can get so called memory collisions that stall the computation
for all participating SPs. This can happen because the shared memory consists
of 32 memory banks which are ordered in such a way that 32 consecutive four
byte elements in the shared memory are in 32 different banks. If it happens
that more than one SP of a MP wants to access an element in the same memory
bank, the access gets serialized. This can happen when the 32 SPs calculate
32 collision differences fif; — fif;, because these SPs must access the elements
firs -+, fis, in parallel. Thus we can avoid shared memory collisions by reordering
the collision pairs (i, j, k,[) within the array C' and by the use of the symmetry
properties of the Operator A, these properties allow us to use one of the other



5.3 Parallelization results 141

three representations of the collision pair (i, j, k, ) that are given by ZZLZA[()b]
The efficiency of this approach increases with the number of collision pairs i.e.
the number of velocities |U|. For a grid of medium size, like |U| = 123, this
decreased the overall number of serialization due to shared memory collisions
and atomic operations by 85.5% leading to a 50% decrease of the calculation
time.

(iv) Last but not least we want to point at a number of minor (or obvious) opti-
mizations. On a GPU we have a relatively complex memory hierarchy consisting
of global memory, shared memory, constant memory, texture memory and lo-
cal memory. The NVIDIA programming guide [NVI14] explains very well which
memory region should be used for a specific purpose. We have not said a word
about the parallelization of the transport time step, because the transport step
only accounts for less than 5% of the computation time of our algorithm, at
least for sufficiently large velocity spaces (at 9 velocities it accounts for 50 % on
the CPU). But because of the low memory bandwidth between the RAM and
the graphics cards memory (global memory) we implemented a GPU parallelized
version of the transport time step that is heavily memory throughput bound
(speedup between 5 and 10 for different velocity space discretizations). This en-
abled us to hold the main data grids A and B only in the graphic cards main
memory so we are able to completely avoid the transfer of these grids to the
host computer RAM. The only data that needs to be transferred back from the
graphics card to the RAM during the computation are the macroscopic values
in the arrays my to ms. That are only 6 floating point values per position space
point, a fraction of the || values per position space point in the arrays A, B.

Appendix [A.3] explains how the information about bandwidth, register, instruction,
SSE and thread usage was obtained.

5.3 Parallelization results

5.3.1 Methodology

Hardware

The used hardware consists of a Core 17 960 CPU (with HTT and SSE) and a Geforce
GTX 580 graphic cards. The theoretic capabilities of the used CPU and GPU are
shown in table 5.l the used legend corresponds to figure[5.3. The GFLOPs and band-
width comparison leads to a theoretic speedup factor around 15 with a theoretical
performance per price ratio of 10.6. The CPU resp. GPU were launched in October
2009 resp. November 2010. A corresponding high end Intel® CPU from 2010 (I7 970,
released in June) should be around 50%! faster than the used model but had the same
launch price as the used GPU. So the used CPU has the same performance per price
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| Processor | C/MP | S/SP | GFLOPs | Bandwidth GB/s | Price € |
Core 17 960 4 4 105.11 12.82 240
GF 110 (GTX580) 16 32 15813 192.43 363

Table 5.1: CPU / GPU comparison

ratio as the direct competitor of the GPU.

Compiler / Software, Benchmark Problem

For the following experiments and CPU / GPU comparisons we used the GCC com-
piler version 4.5.3 with the optimization flags -march=native -O3 and parallelized
through the usage of pthreads for the CPU part and the CUDA (Compute Unified
Device Architecture) toolkit version 4.1 with the optimization flags -O8 -arch sm_20
for the GPU part of the program. All calculations were done in single precision. Be-
side the main program, which does the calculations, we developed a graphical user
interface (GUI) that uses OpenGL for a visualization and the interactive creation of
position spaces and discretization of the velocity space. It is possible to create three
dimensional position spaces with complex objects inside it. The GUI also possesses the
capability of data inspection of the macroscopic values, automatic picture and video
creation, calculation of streak and stream lines and three dimensional visualization via
visualization of the macroscopic values on planes in the position space. For the speed
comparison between CPU and GPU we timed the collision, transport, communication
step and the calculation of macroscopic values and summed them up. We used the
problem of a three dimensional, mach one gas flow through a pipe with Knudsen num-
bers in the range [0.04,0.2] and position space grids that contain between 65536 and
1048576 points.

5.3.2 Results

The wall-times for the following discussion can be found in appendix [A.2l In figure
6.4l we see a comparison of four different versions of the algorithm in such a way that
we see the speedup factor over the size of the discretized velocity space. The first
thing we have to mention is that the speedups generally increase with the size of the
velocity space (at least between 9 and 57 velocities). That is due to the fact that our
algorithm is memory bandwidth bound for v-space grids with less than 50 velocities.
This change from memory bandwidth bound to FLOP bound comes from the quadratic
growth of the number of collision pairs with the number of velocities used to discretize
the velocity space. In figure [5.4] it is shown that a SSE parallelized version of our
algorithm, that uses only one core of the CPU, is around three times as fast as a not

ntel®specifications [Int11]
2Theoretical peak transfer rate of the used DDR3-1600 RAM
SNVIDIA®Kepler whitepaper [NVI12] p. 6
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Figure 5.4: speed comparison of not parallelized CPU vs SSE CPU vs parallelized
SSE CPU vs GPU version

parallelized version. If we use the SSE together with the utilization of all four cores
and hyper-threading (eight virtual cores, which can be utilized through the usage more
than 4 threads) on this CPU we get an additional speedup of around 6.5 thus giving
us a total speedup of around 20 for an efficient CPU parallelized implementation. This
lies above the estimated speedup of 4 - 4 = 16, where we should get a speedup around
4 due to SSE and another speedup around 4 due to the 4 used cores. It is not entirely
clear why this super linear speedup occurs, but it possibly has to do with the implicit
cache blocking and the usage of Hyper Threading as well as an implicit load balancing
due to the larger number of threads. As we can see the GPU is another three to 18
times faster than the whole CPU.

30 |- 28.2 8
Il CPU wall-time
) GPU wall-time 29.79
5 .
€ 20l 17.76
L‘;L theory - factor 15 16.75 16.89
E
5, 10 7.23 *
3.47
0 - T T T T T T T -
9 27 57 123 251 485 949

size of v-space
Figure 5.5: speed comparison of fully parallelized CPU vs GPU version

Figure shows the comparison of a fully parallelized CPU vs a GPU implementation
on a wider number of velocity spaces. As we can see the GPU implementation is much
better on big velocity spaces and reaches speedup factors above the theoretical speedup
of 15. That is due to parallelization level two for the GPU, the additional optimization
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(iii) and the fact, that it is not possible (in a simple way) to explicitly program and use
the CPU caches whereas we can easily optimize the GPU cache usage for our problem.
The main parallelization on the GPU is focused on a huge amount of collision pairs,
where shared memory collisions can be avoided through reordering of the collision pairs
and where every SP has to calculate many operations that correspond to collision pairs.
Since our aim was to create an efficient implementation for big velocity spaces, we are
satisfied with these results. An implementation that focuses on small velocity spaces
would look very different, because the problem is memory throughput bound on small
spaces. If we want to compare the GPU with a single threaded, not optimized (in the
context of parallelization) CPU version we can look at the speedup factor at |U| = 251
and multiply it with the CPU speedup factor of 20 giving a total speedup of around
600 (which could maybe be reduced by further optimization of the CPU version for
this specific lattice).

Remark 5.3.2.1

(i) An important thing we have to mention here is that a GPU implementation is
much more complicated than a simple (not parallelized) CPU implementation
and because of this the development of such programs simply need more time.
So a GPU implementation should be compared with a parallelized and opti-
mized CPU implementation that was developed with a comparable or at least
an adequate amount of time. Unfortunately only a fraction of the scientific GPU
programmers is following this idea and because of this there are always publi-
cations in which the authors claim to get speedups of around two magnitudes
or more compared to recent CPUs. As one can easily see, parallelization on
one Intel®processor already gives speedups of more than one magnitude. Be-
cause of this we made a realistic comparison of GPUs and CPUs, that means we
compared a parallelized and optimized CPU implementation that uses SSE with
an optimized (regarding memory access restrictions and bandwidth usage) GPU
implementation (figure [5.5]).

(ii) The physical phenomena that have been successfully simulated through this ap-
proach include Rayleigh-Beénard convection, Karman vortex streets around ob-
stacles, shock fronts produced by supersonic flows and the Knudsen pump in two
and three dimensions. A more detailed description of the latter 3, together with
simulation results and visualization of the results can be found in [Brel2].

(iii) We have shown that typical parallelization strategies used to create parallelized
CPU implementations can partially be used to develop efficient GPU implemen-
tations. Finally we have calculated a 10.6 times better performance per initial
price ratio (assuming a speedup of 16) for a GF110 GPU over an Intel Core 17
9xx series CPU on sufficiently large velocity spaces. This result should typically
hold true for FLOP bound algorithms that are well suited for parallelization.
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A Appendix

A.1 Algorithms belonging to chapter 2

Algorithm A.1.1 (Kernel computation to determine artificial collision invariants)
This algorithm belongs to 2. 1.2.8. This is a simple and inefficient implementation that
goes through all permutations of length 4 in the velocity space.

function kernel = kernel(dim)

#this function calculates the dimension of the space of collision invariants,
#usage: kernel(dimension), where dimension equals to the dimensionality
#of the velocity space.

i=1;
# creating velocity space
for x=—1:1:1
for y=—1:1:1
if dim == 10
for z=—1:1:1
V(i,:)=[xy.z];
i=i+1;
end
else
V(i) =[xl
i=i+1;
end
end
end 20
Mzt=zeros(1,size(V)(1));

#calculating all possible collision pairs

c=1;

for i=1:1:size(V)(1)

for j=1:1:size(V)(1)
for k=1:1:size(V)(1)
for 1=1:1:size(V)(1)

vee m=(V(i)+V(3.2))/2
vec_d2=V(i,:)—=V(j,:); 30
vec_d1=V(k,:)—=V(1,:);
if (
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# diameter of the squares is 2 or sqrt(2)

(abs(norm(vec_d2)—2)<le—6 || abs(norm(vec_d2)—sqrt(2))<le—6) &&
# the diagonals are orthogonal

abs(vec_d2 * vec_dl’) < le-6 &&
# and the center of the diagonals are equal

norm((V(i,))+V(j.:))/2 — (V(k:)+V(1,:))/2) < le—6
# the length of the diagonals is equal

&& abs(norm(vec_dl) — norm(vec_d2))<le—6 40
# the edges of the square are pairwise different

& i1=j&& il=k&&il=18&&j =k && j = 1 && k =1

)
Mzt(c,k)=1;
Mzt(c,1)=1;
Mzt(c,i)=—1;
Mzt(c,j)=—1,
c=c¢+ 1;
end
end 50
end
end
end

# dropping doppelganger from the set of collision pairs
for i=1:1:size(Mzt)(1)
j=i+1,;
while j<=size(Mzt)(1)
if Mzt(i,:)==Mzt(j,:) || Mzt(i,:)==—Mzt(j,:)
Mzt(j,)=[];
else 60
=i+
end
end
end
Mzt
printf("above is the matrix corresponding to the possible collision pairs.\n")
printf("size of this matrix: %dz%d.\n ¢ size(Mzt)(1),size(Mzt)(2))
printf("dimension of the kernel is %d\n “size(V)(1)-rank(Mzt))
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A.2 Wall-times for benchmarks

All time measurements in table[A.T]are given in seconds. The difference between many
equal runs was less than 1%, so these values can be considered as the mean wall time
of the Calculations. These large time frames were choosen, because the CPU version

‘ Velocities H 1 T no SSE ‘ 1T SSE ‘ 16 T SSE ‘ GPU ‘ Grid Points ‘

9 17689 13628 2328 | 671 1024x512
27 249914 92654 16126 | 2231 | 256x64x64
27 308673 96477 14734 | 829 | 128x64x64
123 408180 128218 19721 | 1177 | 128x64x64
251 - - 37568 | 1332 64x64x64
485 - - 22754 | 1001 64x32x32
949 - - 65415 | 3873 64x32x32

Table A.1: mean wall-time of CPU and GPU benchmarks, 1 T equals 1 thread

needed a long “burn in” time before it reached its real (and constant) performance.

A.3 Methods used for performance analysis

CPU

On the CPU we measured the wall-time for program runs with different numbers of
threads used to do the calculations. This was simple to achieve, because we designed
our program in such a way, that the number of threads is one of the input parame-
ters of the program. When it comes to SSE usage the situation is more complex. If
one compiles a program (assuming gcc compiler) with the optimization flag -O3 the
compiler automatically tries to vectorize (as part of the optimization) and thus uses
SSE instructions. But without the usage of keywords like const and restrict and an
already vector operation adapted code, the automatic vectorization doesn’t yield any
speed improvement (at least in our case).

That means if we speak about a program version without SSE instructions, we speak
about an efficient C implementation without specific compiler hints or code restruc-
turing aiding automatic vectorization. The SSE version of the code uses explicit SSE
instructions and needed a redesign of the data structures and the code within the op-
timized functions, in our case only the collision step. The difference between the SSE
and the non SSE code are approximately 250 lines of C++ code, including a wrapper
class for the SSE instructions and registers to overload the common operators and
simplify the code development.

GPU
On the GPU we simply used the NVIDIA Visual Profiler that is included in the CUDA
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toolkit (the executable is called nvv in CUDA 4.x and nvvp in CUDA 5.x). This pro-
gram can be used to profile any CUDA binary without the need of specific compiler
options or recompilation and it automatically handles the necessary logfiles and dis-
plays the information in a readable and understandable way. It can be used to collect
and display all necessary hardware and software counters (for that it starts the pro-
gram multiple times and collects the log files) and it provides automatic calculation
of performance metrics like “Branch Efficiency” or “Achieved Occupancy”.
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List of Symbols

N, R the natural and real numbers

Ry, Ry the n-dimensional position and velocity space

R, the time space

o+
: = e £ ...+ o alternative to represent long sums
[ ]
0 1
0,1, = 9 )
0 1
0,10, vV, W fraktur and bold characters are elements of R", n = 2,3
U1
0= |1 indexed normal characters are components of vectors
U3

p? = (b, 0)

a,b,c,d normal characters are scalars

I, fi fi a function f : R} — R?O , a value of a function f; := f(v;) and a
function of a function set, most likely a basis vector of a function
space, only used to avoid any possibility of confusion

A = {O, 5., 37”} the set of angles for the completion of the two dimen-
sional approximation

Ave the coefficient tensor corresponding to DVMs

A, the reduced coefficient tensor, using that the last index can be repre-
sented through the first 3

B, (a) ={veR"| ||v—al[<r}, ball with radius r around a

G the automorphism group of a given lattice

H the subgroup of G containing only id, —id

Hie] the H-functional corresponding to the H-operator and the H-theorem
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1 the collision operator in the Boltzmann - equation
J discretization of the collision operator
Li; := [L,Av;;]Av;j, length of the domain for the innermost integration
in 2D
M the set of all collision pairs, 4 points are a collision pair if the corre-
sponding operator A or « is nonzero
My index set of the set U
M; collision pairs containing v;
bi
P, _ <%'Qj - pipj)
Piqj + Pj4i
R, rotation matrix in two dimensions with angle o around zero
R, (b) rotation matrix in three dimensions with angle a around b
R.p rotation matrix in three dimensions with angles a, 8 around zero
Sl the n-dimensional unit sphere
Sy (a) ={veR"| ||o—a|=r}=0B.(a), sphere around a with radius r
Sz‘j = Sg
S ={veB| |[v- "i;nj |=|| 5 ||}, sphere with a diagonal from b,
to v;, unless stated otherwise we assume the Euclidean norm
Avy; = Avry; = Av\/ (p? + qf)(p]2 + qJZ), stepsize of the approximation of
the innermost integration in 2D
Sn arctan of the Farey sequence of order n
Pl =0 N B.(0), rcR*, the finite discretization of the velocity space
v, —{a| 30,0 €V :| oW |= ynAv Aa=2tr}
age the coefficient operator corresponding to eLGpMs
o the coefficient operator corresponding to LGpMs
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Qin, the Farey arcs corresponding to §,, i € {0,..., N}
I the space of collisional invariants
1, ifa€eA
T14(a) = , the indicator function over A
0, else
¢ the set of discrete sphere center points for a LGpM, in this work com-

monly U UYW 1 if not stated otherwise

w(e) parametrization of the unit sphere in 2 dimensions

w(e, o) parametrization of the unit sphere in 3 dimensions

DY] = AvZ"™, Av € R*, the infinite discretization of the velocity space

@n the Farey sequence of order n

o), ] standard representation of the post collision velocities

v, 105, 10, representation of the velocities after the transformations in 2 resp. 3
dimensions

v, 105, 103 representation of the velocities after the transformations in 2 resp. 3
dimensions using elements of the automorphism group for the comple-
tion of the approximation

€; the i-th unit vector of the space under consideration, 1 at the i-th

position, zero otherwise

T = \/p? + q22
Tij = \/(p? +¢) (3 +q3)

MVT mean value theorem
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