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(57) Sammendrag:
A method for simulating the influence of thermally
coupled surface radiation on a solid body, which solid
body has at least one surface capable of being exposed to
radiation, by calculating the radiative exchange between
grey, diffuse surfaces, characterized in that the surface
or surfaces to be exposed to radiation is/are subdivided
adaptively, hierarchically into radiation tiles of the
same or virtually the same radiation intensity, and the
surface temperature resulting from irradiation is
achieved by means of a hierarchical view factor method,
which view factor method comprises the evaluation of a
solid angle integral using a primary solid angle
subdivision, which primary solid angle subdivision
comprises a homogeneous view factor discretization,
wherein each solid angle subdivision is adaptively and
hierarchically discretized into its partial areas by
spherical projection and wherein the total of all partial
amounts of that solid angle integral can be determined by
means of ray tracing.
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INFLUENCE OF

THERMALLY COUPLED

SURFACE RADIATION
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PROCESS
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FIELD OF THE INVENTION

= i am R - i - e~ 4] 3
invention relates to A method

algorithm for calculating the thermal

and the wuse thereof for simulating the inf
thermally coupled surface radiation, particu

and an

surface

ssociate
radiation
of

luence

ularly with

Furthermore, the invention will be described within the
framework of further helpful methods and algorithms which

ribed

howeve only limited to the methods and
dezscribe herein.

The invention therefore moreover relates to
the disgcretization of a solid angle for

Q
—
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here as parts of the method an

whereof are not,

alogorithms

to achieve

savings in terms of omputer time and computer memory
used.
The invention therefore further relates to a method of

ray in a

process, achieve

~

terms of computer time and

particular, an unconventicnal method

of parallel computing to accelerate a

] T oy A g PR - - s =y I, )
calculation alone and combined with

. , . X
anlsotropic Che

~ulation
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through tile clustering.

BACKGROUND OF THE INVENTION
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conductivity,

of a material

For example, in the field of melting,
the forming of solid substances such

for example,

frequently also 1in a time-dependent
great significance.
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and calcul

tracing reguire many

Hence 1t 1is highly degsirvable To 1
achieve savings in terms of computer

memory used. determining

geometries 1is

thermal rays on

on the regources of a computer or a
or CPU’s, e.g. CPFIVs running in para

which are suitable hasten

computations can achieve

run-time and memory {and
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EP 1 667 069 Al describes a method for determining the
distribution of the local radiation intensity in a semi-
transparent medium by using ray tracing, wherein a
significantiy quicker method with a simultaneocusly
smallerx memory equirement for determining the

radiation

the loca

transparent medium exhibiting

rface was introduced.

SUMMARY

[ —
OF TH=:

INVENTION

On the abceve background it is
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-
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ot
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e

invention to provide a

carried out in connection ith tr

but also in connection with general comp

based on tracing,

ray

N

1 in terms of

particular energy savings,

i

o

computer memory used.

The invention in general relates fto a «
associated algorithm for calculating the

radiation and ti thereof to

simulate

rod for use i

. . o s
which that achieves savings,

uter graphics

and an

thermal surface

the

of thermally coupled surface vadiation on solid objects,
particularly in relation to casting processes as

Accordingly there 1is disclosed in

gsimulating the influence of thermally

radiation on a solid body, which solid
one surface capable o¢f belng exposed ¢

coupled

surface
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subdivided adaptively, hierarchically

temperature

is achieved by means of a

factor method, which view factor method

solid angle integral using

division, which primary solid
orn comprises a homogeneous view

wherein each sc
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adaptively and hiervarchically discretized into its
artis areas by spherical projection and wherein the

total of zll

third

In &

according to
tracing 13 acc

method.

32 A oy
gistance

In a fourth

ne dDOV\L, accora

accelex
embodiment there 1s disclosed the

the above, according

accelara

embodiment there 1s di

amounts of that solid ang

disclosed the method

is

according to which the vray

the
iing  to

radiation tile clustering.

method

to which the ray

ated by  an  anisgotropic  Chebyshev

sclosed the method

to the above, according to which the ray
accelerated by means of parallel computing.
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there isg disclosed a method of ray tracing which

used in its own <right o¢or with the methods

digsclosed akove: wherein ray tracing is performed by

means

compexr is

N

d)

of parallel computing on a computer system

~

ing a plurality of CPU's, the method comprising:

“tion
least one radiation source;
number of radiation tiles forming a

plurality of radiation tiles, and a number of grid
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cells forminc urality of grid cells, =sai
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plurality of grid cells comprising said plura.
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of radiation tiles:

creating a global model comprising grid data,
P ~vr 9 ~ - ~ IR Yo Ny A P
said grid data comprising information on said

,_x

plurality of radiation tiles and said plurality of
grid cells;

>

ocptionally reducing said number of radiaticn tiles

by  ti clustering to generxate a number of
radiation tiles smaller than said number of
radiation tiles initially defined;

communicating said grid data of said global grid
model to said plurality of CPU sy

balancing said number of radiation tiles between
said plurality of CPU's, thereby creating for each
CPU a list of own radiation tiles to ke proceszsed
and a list of imported radiation tiles to be

processed, and a list of CPU donators and CPU

radiation tile an
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computing on
each CPU, starting for each CPU with said CPU’'s

list of own radiation tiles to be processed, by



dispatching all rays ©

each CPU independently of
- locating radiation sources,

geometrically
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ray tracing on

another,

3 adapting said located radiation sources,
- storing said located radiation sources
[ O A oa Ll LOUCa L&l (ALl LGl cLULLE

directly in said list of own radiation tiles
to be processead; and
i) when all own radiation tiles to be processed have

10 been processed,

— repeating the above step h) for iImported
radiation tiles to be processed on sald CPU
acceptors, and

- temporarily storing in a buffer said locatec

i35 radiation sources for said imported radiation

tiles to be prccessed tha

t

are

cated by

said ray tracing;
) whereupon, essing of all radiation
tiles, said ors transmit said located
20 radiation sources of said imported radiation tiles
to be processed back to said CPU donators: and
k) said located radiation sources of gsai imported
radiation tiles to be processed as received by
said CPU donatocr are written into said CPI
25 donator’s list o own radiation tiles to be
processed, preferably immediately after receipt
from a CPU acceptor: and
1) optionally deleting data that is no longer needed;

30 whereby acceleration and sgavings in
time and computer memory used is achi

texrms

of computer

-
~
eved,
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according to the above, wherein said method of ray
tracin is a method of voxel-kased ray tracing with

reverse ray tracing.

In a further embodiment thexre 1is disclose a method
according to the above, where in step f) said balancing
of said number of radiation tiles between said plurality

of CPU's iz accomplished by

10 I. determining the number of locally
radiation tiles N existing on a CPU;
IT. calculating an arithmetic mean N,, across said

N
- .
£

-

1110%

r"
fh

slity of CPUYs:;
III. virtually removing a portion of radiation tiles
15 AN from a CPU-donator with an excess of radiation
tiles Ny > N, and assigning said excess to a CPU-

accegtor next located with N, < N, such that

either a condition Ny = Ny or N, = Ny, is

20 IV. repeating step 1

gsaid plurality of CPU's.

In a further embodiment there is disclose a method

25 according to the above, wherein, all rays leaving a

radiation tile during ray tracing are characterized as a

bundle of wvectors, each vector indicating a direction of
-2 .
an individual ray £, and wherein saild bundle of vectors,

30 vector of sach respective radiation tile through

multiplication of said vectors with a rotational matrix
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in a Cartesian direction +Z 1into salid normal wvector of

said radiaticon tile.

In

3y

further embodiment there 1is disclosed a method

,.
o

according to the above, wherein 1f for each side of each

grid cell of gaid

of grid cells an ID is
assigned, then for each of said radiation tiles, three
ID’s are stored per grid cell for each radiation tile,
11ty

thereby fully characterizing said plurality of radiation

tiles with respect to said global grid model.

embodiment there 18 disclosed a method
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according to the above, comprising performing during ray
tracing a search for a next intersecticon between a

continuaticn of a dispatched ray and an individual side

-

of a grid cell in which said dispatched ray is currently

In a further embodiment there 1gs disclosed a method

according to the above,

wherein sald dispatched ray i1s currently located are
checked for a next intersection, said possible sides

given by the sign of the three components of said

— wherein an individual si1de of said grid cell wherein
said digpatched ray is currently located having a
minimum length up to said next intersection 1s

determined, and said dispatched ray continued as far
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s said located next intersection in said ray
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Kiv = MINp=q j 0
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ray R
AX[Y = Kyl

ntersection has been found,

[

— wherein, when said next
an ID of a corresponding tile on said individual
side comprising said next intersection of said grid
is requested; and wherein

10 — 1if said ID of said corresponding tile corresponds Lo
an actual radiation tile, said ray tracing 1is

stopped and an glilcbal ID of a radiation source that

i5 symumetry plane having a Cartesian normal vector, a
directional component of said dispatched ray normal
dispatched ray traced further as a reflected ray; or

20 — sald ray tracing procedure is repeated in a next
grid cell until said dispatched ray encounters a

radiation tile or leaves the koundaries of said grid

nodael, in which
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further there is disclosed a method for the
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discretization of a sclid angle for u in a simulation

or calculation process which can be used in its own

or with any of the methods disclosed above;

30 — wherein a solid angle extending akout a center of a
specified area, such as a radizticn tile, is
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subdivided intc a plurality of subdivisions, N, in

5

such a manner that each subdivision corresponds to
the same view factor, said subdivigion being

gymmetric in relation to a normal vector of said

area;
- wherein sald subdivision starts from a circle at the

north pole of a unit sphere, said unit sphere being
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- wherein each vradially consecutive ring is then
subdivided into a different number of ring segments
in the azinmuth direction; and

- wherein the number of subdivisions in each

individual radially consecutive ring forms an

a nethod
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according to the above, wherein the subdivision is
completely parameterized Dby the number of radially
consecutive rings n in a meridional directio and the

number of azimuth segments of the first ring at the north

In a further embodiment there is disclose a method

according to the above, wherein the segments in a ring

may be turned in the azimuth direction akbout a free

angle, so that a greater angle distance is created
t

ween segments of adjacent radially consecutive rings.

In a further embodiment there 15 disclosed a method

according to the above, wherein said subdivision 1ig

1

further refined using a hierarchical system of

discretization levels, wherein a first level is
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embodiment there

according +to the akove,
central processing
time

savinqs computer

used is

embodiment there

software product

software code for implementing a
cne of the above methods.

BRIEF DESCRIFPTION OF

THE DRAWINGS

invention will be better

the following detailed description

of the drawi in which

ﬁ
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figures

ng,

Figure 1 is Ilustration of the

half a unit

ow IRl = ol e el DY ST l S £ N
rigure < is an Xampie oL Lhe

discretization of the solid angle
Figure 3 1s an illustration of the

the

-
normad

subdivi gsembles a

the azlimuthally arranged segments,
radial rings;
Figure 4 is an example of the system

i.‘l
n
£
“
@]
B

on a computer-readable

method accerding to

cdivision of the unit sp
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disclosed a method

on a

whereby acceleration and

and computer memnory

csed a computer

medium comprising

&
-
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.
<

through

ambedded

principle of

e V\r\spv\

the view “from

w—\/u-'

radlyl

ation

tile,

target and comprises
which in turn form

5f direction wvectors
resultin from the
umber of directions
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Figure 5A is the second refinement level created from the

first level with subdivision (r, n)={(4,10);:

igure 5B i1g the third level c¢reated from the second

ustrates direction vectors from all three

i
te}
o
[
)]
(@3]
]
l_..
‘._.l
H
-

levels, wherein vectors from different levels are
symbols at the origin of

rayvs for all directions shown

are gent out according to the ray tracing method:

from different refinement levels of the angle
discretization:
Figure 7 shows an example of the adapted discretization

of the solid angle, wherein the gpherical rectangles from

different levels are marked in the diagram 1in the
refinement direction;
Figure 8 shows the ray tracing diagram on the Cartesian

grid comprising the detection of a seguence of

intersecticons with the orthogonal grid;

1
L

te]
o
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i
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g
}_l -
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lustrates supported variants of the tile

]

I3
y

structure starting with individual, radiating sides of

he ¢ Ao v p P oo e
the orthogeonal grid cells {(crosses);

T e e 10 f e oanm 41 ot . £ kT O Y T Do i
rigure 0 1s an illustration o¢f the Chebyshev distance

T o :\]-\

with the help of ZD examples: 10A: Isotropic Chebyshev
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an example of ray tracing in 2D supported
distance;
ample of an actual application,
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lelling of the simultaneous heat
assemblies 1in a furnace with
the entire model. B: tempered

heat sources are mounted on the

iated scenariocs with three cars,
: ~ + = " 4+ N N T 1
1s at the front top, not shown in

treatment of 5 cast pump houses in a

chart of the subdivision method of
shows a flow chart of the method of
by paraliel computing on a

stem comprising a plurality of CPU’s.
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DETATLED DESCRIPTION OF THE INVENTION

should,

example of

invention can

pplied in

Many important

conductivity,

of a material

For example,

the forming of
ceramics, for
frequently also

u
great significa

An application

invention ig

computer

the gpecific volume or

ulating the

: :
o be exposed to

etailed description of the
application of the discretization of the
according to the present invention
hermal calculations. It

single

technical field 1in which the present
- T4 3 T e N N 4 - P
be applied. More generally, 1t can be

graphics based on ray <tracing

properties, such as visgcosity, electrical

chemical reactivity

or medium are determined by temperature.

the field of melting, purificaticn and/or

solid substances such as metals, glass,
example, observing certain temperature
in a time-dependent manner, takes on

~o
nce.,

of the method according to the present
concerned with the

eof to simuls

of thermally coupled radiation,

relation to casting processes.

mples given belo

\
vy
4
<
W

[
6]
@]
@]
o)}
7
L=
)
o
0]
0}
[65]
g\

influence of thermally coupled

a solid body, which solid body has

surface capakle of being exposed to

— PR - b ~ - N T by oy 2 y O
calculating the radiative exchange between

surfaces, characterized in that the surface



10

20

30

adaptiv

solid

subdivi

hierar

amount

m each 8o

DK 2014 00352 A1

ely, hierarchically into

view factor method comprises the evaluation of a

angle using a primary solid angle

ision, which primary solid angle gubdivigion

iges a homogeneous view factor digcretization,

id angle subdivision is adaptively and

-

chically discretized into its partial areas by

1

~ical projection and wherein the total of all partial

s 0of that solid angle integral can be determined by

% Ty e e PR, .. P 3o 3 e - =
balance at the radiant surface

condi

rface radiation 1s taken inteo account in a thermal

model by adapting the equation for the energy balance

tion at the radiant surface.

Without radiation this condition alone 1s expressed by

the heat conduction flows,

The variables with the indices L and R in (1)
characterize the heat conductivities and temperature

gradients correspondingly to the left and right of the

-3

surface. The vector N 1s the normal surface vector.
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additional term, the net heat flux density, enters

balance equation (1) throu
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The eguation (2} must be solved in
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It

€ in (3) 1is the emissivity of the in

the sgso-called grey and diffuse radiant surface, it

averac
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electromagnetic spectrum and via the solid angle. It

ed out hemispherically via the en
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also assumad in the same way as the absorpti

coaefficients likewige averaged out.

g in (3) is the incident heat flux density. The prob
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The incident heat flux is coupled by an integral to

......

(4. Gin = J:(ﬁ_,}j)_\n(ﬁlr\’,)%)bctgﬂ

=N

surface radiation

ct

coupled

of

is

o

)

e

determining the wvalues of the incident radiation
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Integration takes place via the solid angle Z7.

ct

result applies to the centre of the piece of the radian

)

in {(4) with

,
{
-

The view factors method replaces the integra
a total through the contributions of the individual
subdivisions of the radiant scurface, for which direct
7 exists through linear optics. In a normal
case, the faces of the numerical grid act as individual
elements of the surface, wherein the clustering of a
plurality of adjacent faces of the grid in radiating

elements of this kind 1s also known according to the

id angle is often depicted by half a unit sphere,
as indicated by reference numeral 1 in Figure 1. A unit
sphere is placed about the centre of the radiant surface
3. The surrcunding wvisible radiant surface grid 4 is
centrally projected 5 onto the unit sphere 1. According
to the Nusselt principle, the component of the projection
onto the unit sphere paraliel tc the eguatorial plane is

equal to the view factor in each case.

Calculation of the view factors is illustrated
geometrically in ¥igure 1. 1In order to determine the
value of a view factor between the surface 3 outside and

shaded grey in the image), the wvisible

ot
oy
©
o
-
=
Hh
Q\
Q1
)
?..5

acout the centre of face i to begin with. The calculation

of the total integral (4) involves the preojection of the
entire radiating grid 4 onto the unit sphere 1, as 1is
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gh R4

proporticnal to the square of the subdivisions of the

calcule

S P ~ S F. A P . - N 1 - 3 - -
ation according to (4} can therefore lead to an

excessive memory and computational work reguirement,

particularly for large, complex geometries.

according to Figure 1 can be inverted, which may result

comput

previo

1
ring _..DJ.

gecmetric diagram of the view factors method

5
H
L

ma.l

kD
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S memor

O
Lt
-
o)
QO
[
o)
=
(O]
]
¢t
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ational work.

usly generated numerical grid. The refinement of

he subdivision completely exists through the numerical

grid.

the numerical grid at the edgs of the transparent cavity

in the first step. In the second step, this subdivision

of the
grid.

proble

unit sphere is then projected onto the surrounding

This principle is explained in Figure 2.

in the integration of
“lon {4). While the

m addressed by the view factor method involves

ining the individual subdivisions of the solid
+he atirtAdT v s o o= o o) —\f =" w7 c%b": o
cne SUoC1visions 021nNg 3 map O cne VIS104Lie

isions ©0f the surface, the individual subdivisions

8, 9 of the golid angle are fixed in the

iative method and therefore known 1in advance. The

problem 1is now looking for a <representative
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which assumes the role of
the given piece of the

It is

therefore assumed

the

cing  from

in the entire

Figure 2).

i 1s undertaken

1. In the second

1vision onto  the
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direction

arrows 10 in

e projection ¢of the centre
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occurs if the part of the

ojected onte the radiant

widely divergent emitted

variation in

0
O
=
3
I_.

starting



10

20

- o~ e 3
greater d

nding

DK 2014 00352 A1

21

g

corresponds to ¢ centre point of the given

f the solid angle

out of ra Vs O ray

etaill in the section

tion tiles

'he method of subdi
illustrated by way
numerical
{MAGMA

however,

surfaces 18

radiant

by

viding the

of example means of the

grid currently

o
o
0
0
0.
l_l
o]
ot
oy
(7

MAGMAsoft program

g

siefBereitechnoliogie GmioH} . The method can,

be usgsed in principle for any grid types without

restriction.

grid

and 1s therefore

ses a tensor product grid. The 3D grid ig made

systems Cartesian spatial

ions X, Y, and Z, which xrun through the entire
and embed 1 in a cuboid. The grid is therefor

therefore consists

only completely defined by the

material distribution over the grid cells in this grid
and three rows of coordinates alcong the three Cartesian

directions. The individual radiant surfaces in the
radiation model are found in the grid during their
in by material in the grid. A

directions

condit

10ons

with the normal vector in one of
-X, +Y,

is satisfied:
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divides two grid cells;, one of which is
with an opague material and ancther with a
ant. The normal vector points in  the

the transparent cell.

MAGMAsoftL
two grid cells,

an opaque material and ancther

boundary material. The cell with the
lies outside the computation

al a__\_nb

of the boundinc

manner contribute to

ot

e PRI . N L {0 .
according fto eguation (2). They are
19 3+ 1 o 3 17
as radliation tiles or tiles.

THE SOLID ANGLE

complete s0
such a manner
same view facto

total

of

lid angle is subdivided in this
that each
r VF, namely VEF,
subdivigions. A

number of

PRSI £ L
the of this

sphere

is not a homogenecu

the term (QN) in the

= ¢onst
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innumerable ways. The method chosen here
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can bhe

incident flux

vector of the radiation tile a

sphere according to

in relation to

easy to

axially

gymmetrical to begin with, from a circle 12 at
the north pole, subdivided into a series of vradially
consecutive rings 13, 14, 15. Each ring 18 then

of

Che azimuth direction, such as

154, 155, i5;. Each segment 18 a gsphex
bounded by Z azimuth lines, such as 16

oordinate lines (circular

the segments

and 19, of the spherical ccordinate system.
from Figure 3, the number of subdivisions
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is a single solution for the meridicnal cocrdinates of
the rings, so that each spherical segment can always be

asgigned the same view factor:

(n—i+1)(Zr+n+i-~2)
N

- 1
(7). B, = ;arccms(l-m

)

N in (7} 1s the total number of subdivisions according to

—
-
-
p.)
i
.
b
ot
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{-nt
el
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The number of subdivisions N and therefore also the

number of rays per one tile 3 grows guadratically

t

according to (7a) with the number of defined meridiocnal

rings n {see Figure 4),.
The segments in a ring as shown in
in the azimuth direction about a free angle «l, o2, sc

that a greater angle distance is created between segments

An excessively rough subdivision of the unit sphere leads
to numerical errors in the integration of the heat flux,

as was explained in the section entitled “Energy balance

on the radiant surface”. In order to achieve a higher
angle resolution 1in zrelation to the geometry of the
radiating grid, work is conducted in this method with a

hierarchical system of disgcretization levels. This method
is similar to the various refinement stages of the

numerical grid in an explicit multi-grid method.
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The first level 1s represe
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directiong produced according tco the equation (7)), see
Figure 4. The next level is produced by subdividing each
segment of the first level by doubled halving in the
azimuth and meridional direction, in other words by

quartering.

The exception exists with the first refinement of the
cirvcular region 12 at the north pole, which is divided
with 4 azimuth subdivisions into 4 spherical triangles.
Where there are further subdivisions, nco exception rules
apply, all sgherical regions are refined as spherical
rectangles, as degscribed above. The 4 gpherical triangles

around the north pole are treated as abnormal spherical

recursively according to the same principles. This
produces a geometric progression of the number of rays at

each successive level. For k&

—
~
o
@

~—r
.
.
<
o
o
ey
i
.
w
B
i
N

rays result overall on all refinement levels.

The directicnal vwvectors accerding to the refinement are

In the hierarchical method of ray tracing, rays are
initially sent out in uccessicn from all refinement
levels and all results thereby obtained are stored. The

results are then evaluated.
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the geometry and temperature digstribution

It would e entlirely possibie Lo undertake the

the solid angle described

rays

be that all wing ray
tracing would 1 model,

something that unnecessarily

arge amount of computational work in he event of =z
large number of rays. If, for example, the angle
regolution set by the number of rays in one spatial
direction is too high, the same radiation source defined

by a radiati

by different

If, however,
levels, the

T
oe

to

=
Trom

the

discretizaticn

tevels

- R 3
acaplied

list

refinement

on tile

would be encountered multiple times

ravys. resolution from the

would therefore be adequate at this

the rays are gent by all defined refinement

possibility angle resgolution

locally. The result of ray tracing for the
calculation without adiustment would be a

of radiation which all

sources,

L . 4 0

the primary subdil

A
1
)
J

{(Figure 4) or from

levels

levels. The in

levels are marked

-

refined”. It is initially assumed that
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§

Otherwise, 1f the adjustment takes place dynamicall

[

during the course of the calculation, these are the

currently calculated temperatures. If the absclute

difference between the maximum and minimum

f
radiaticon sources of the finer level already defined
are likewise rejected and replaced by a source from

the current level. COtherwise they are retained.

t
refinad”, depending on the outcome. If this results
in the replacing of the sources of the finer levels

with a source of the current level, this 138 entered
current refinement level. If one of the sources is

the list of sources taken into account for the finerx
level. The entry 1s made onl
20 belongs to a surface of the opagque material.

Otherwise, the view factor of the outer unmasked

gpace 1s increased by a constant wvalue of the

current refinement level i egual to

25 The sequence described above is represented in Figure 6.
The algorithm supplies k lists of radiation sources for k
levels of uniform discretization. The adapted angle
discretization in this case is chosen in such a manner
that a concentration of representative radiation sources

30 occurs in  the angle regions, where an inconsistent
dependence of the radiation intensity on the spatial

direction can potentially be expected.
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the thermal contrast between Lwo ad

the angle spac The

ID’s may either be in direct

W Ltfl ut
different refinement

from

discretizatio

angle is shown in Figure 7. A view factor
ace 21, shown top left in the figu
approximated by ray tracing. For this

discretization levels with the first leve

with {(n=15,r=4} according toc eguation (7)
number of rays is equal to 1le6, 664 and

discretizaticn level corresponding tc 1-e
so that a total of 3486 rays are sent

hemisphere. After the
carried
than at
different 1levels
refi

4 =N
in wne

The outgoing

i fferent levels,

adaptati

out 218 ravs have been selected, which is
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ation of the incident heat flux.

he incident he

i 1 ovg

o I\‘,ET/EL
Gin = N level= 4k--1 (E 1 qouc)
hree levels k=3. Three totals with the weight

s 1, ™ 1/16 produce the total incident heat

(8). The terms q&“ in the

ot}

from the list

tive discretization levels.

the method of

subdividing a unit sphere is

in detail

CING

cts 1s contazx
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b
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howeve

Vo

method with reverse

on geometric

ined therein. When used with MAGMAsoft, a

croduct grid is provided as a grid consisting of
individual voxels itself. FEach grid celil becomes a
The method according to the invention is not

r tied to the MAGMAsof e used for
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e tracing means that all ays are initial sent
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ned. However the radiation sources transmit energy

1ly to the receiver. The energy reaches the tile

W

straight” path, which corresponds to a reverse

direction in the ray path of ray tracing. This 1is

therefore referred to as ray tracing with reverse

are the

grid cel

ometric objects that absorb and reflect the rays
defined radiation tiles that are defined in the

ls with the help of the material proximity.

the gstructured nature of the numerical grid, it is

sufficient for 3 tile ID’s to be stored per grid cell. If
6 gides of a grid cell are referred to as the front,

e
possible tiles on the back, east and north side of the

remalning sides of the cell

be taken

Information relating to the tile on the three

allocated to the actually existing tiles on one side of

the c¢ell. The allocation takes place during the tile

the ray tracing begins, the entire defined bundle

of wvectors indicating the directions of individual rays

is centred about the normal wvector of the respective

tile. This is achieved through multiplication of the

with a vrotational matrix which converts the
vector of the bundle in the Cartesian direction

the normal vector of the tile.

The rays are then sgsent out from all refinement levels

accordir

involve

g to row. Ray tracing by the numerical grid

es the search for intersections between the
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Fay

continuaticon of the ray and the individual sides of the

grid cell din which the ray is currently located (see

or this purpose, three possible sides of the grid cell

are given by the sign of the three component

6]
O

- 1 .

direction £. The intersection with the minimum dJdistance

from the current ray position is treated as the next

point on the ray. The side of the cell with the mir

0
and the ray continued as far as the located intersection

o5

in direction & by the located length AX™

{9'.} . XK'WIN

il
=
=
A
=
&
~

(9k_\) B AX,FLI:V = XMINQi

Once the next intersection has been found, the ID c¢f the

corresponding tile is requested on the side of the grid

side of the cell separates an spaque and  a
transparent material, the ray tracing is stopped and

¢ If the ID of a symmetry level corresponds to a

Cartesian normal wvector, the directional component

normal to the symmetry plane is inverted and the

reflected ray traced further.
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ig repeated in

hits a tile or

returned.

CCRLERATIOMN
ACC ATION

Ray tracing

Tile clustering

The levels of finely networked radiant surfaces {(plates)
often occur with the modelled geometries. They produce
ery many radiating elements. The computational work

a
involved in radiation modelling 1is linearliy proportional
to the number of radiation tiles using the model
presented. Computational time can be saved 1f the
fineness of the networking urpasses the reguire
resoluticon in the distribution of the intec >l heat
flux {=irradiance)} along the surface. In t
would be sufficient to have fewer coarser tiles than

embedded by the numerical grid.

In published methods such as, for example, the DTRM model
of FLUENT, reference is made to clustering of radiation
tiles. Here, a plurality of adj
clustered if they deviate from a level by only a minimal
angle {planarity). The ray paths and the heat fluxes are
not calculated for each component of the cluster, but for

the entire clustering at the location of its geometric

centre, A similar technigue is implemented for “moderate”
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les have a Cartesian orientation in the

U

[

All radiaticn t

current model. The clustering of neighbours is allowed if

they lie on a level and their grid cells also have the

game opagque material.

Up to 3 cls

tiles are permitted in each of the two
lateral directions along the surface., Thiz means that
betwesen 1 and up to 9 sides of the grid cells can be
clustered inte a tile. The permitied variants are shown

in Figure 9.

Ciustering c¢f the radiation tiles usually occurs densely

only on flat surfaces. In the case of curved geometries,
t'ng surface oy ~ st e V\Qd P P eyl 1 F NE ek R +—1, ~
C =] ace Jgrid 1s stepped, asS a Yesult 0L wWoicn Tne

number of coplanar sides of the grid celis is reduced.

Acceleration by a factor of 2 or silightly more 1is
achieved on average by the implemented tile c¢lustering

methed in the case of complex geometries. In program

terms, the tile clustering in clusters consists of the

e Ray tracing starts for each cluster from its

 Informaticn on the radiation sources located and

stored for the entire cluster

1t, however gsmall.

compone
# The emitted heat flux of the cluster is calculated
taking account of temperature distribution:
~ -

5, g
i ST

(10). Gem = € 55
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[

o 1S

rature at the

calculated incident heat flux is the sgame fox
member of the luster which leads to ocal

ng, smoothing
e price of acceleration.
heat flux is

in the

¢ Chebyshev distance

according to the

ell lying on the

i . 3 ™I o Tl ~ o =
pe visited, see Figure 8. The processing of
(i.e. transparent) cells may take up a

ant part of the computing time, particularly when

has large, air-filled cavities or fine
in the intermediate spaces. A method would
ray ‘tracing, so that a ray immediately

block of

blocks of

available for this.

this kind may be explicitly

A bhetter method is referred to as the so-called

N

distance ¢or also the chess

('

ment for digcrete cbjects

which 1ig measur

LN
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The distance from the dotted grid cells {zero celils) 22
iz measured. Figure 10A shows the isctropic classic
Chebyshev distance. Cells at the same distance about the
dotted zero cells at =zero distance arve arranged in a
layer at the edge of a square. Figure 10B shows the
anisctropic Chebyshev distance for the upper left sguare.
The anisotropic distance is correspondingly defined only
for cells which lie in this sguare in relation to one of
the zero cells 23. Otherwisce, it is measured in exactly
the same way as the isotreopic distance in Figure 10A. The
directionsg observed (gquadrant) are marked with the arrows
24 and 25 in the zero cells in the regpective cases. It
is evident that the anisotropic distance achieves greater

values than the isotropic.

N

Use of the Chebyshev distance allows steps involved in
ray tracing to be adaptively configured, independently of
the current distance from a surface. If the current
position of the traced ray is far removed from the next
surface, the Jump in the grid will also be

corresgpondingly large. When the ray approaches a surface,

the Chebyshev distance diminishes and ump
size too. The cleoser a ray gets to the

The c¢lassic isotropic Chebyshev distance i1s measured in
relation to the marked grid cells wusing the zero

zero cells. Cells at the same Chebyshev distance from a

chosen zero c¢ell are arranged in guadratic layers about
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The distance is obtained by locking for grid cells that
have not vyet pbeen marked. When at the end of the first
step of the algorithm ail the following cells from the
first layer with a distance equal to 1 are found and
or this

purpose, all unmarked cells with direct neighbours or

ayers until

-1

similar procedure is feollowed with the other

no further cells without an entered distance are found.

-\
i
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ot
P.J
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ot
I
®

work i1nvolved a direct calcula

-
s
b-

Chebyshev distance behaves accordingly as ~N%¥3, where N

is the number of grid cells.

This correlation is not cobligatory, however, and can be
optimized when upon the assignment of each following

layer of cells at distance {i+1} only the grid cells at

distance i ted earlier and tewmporarily stored are

processed. Only their neighbour cells are examined. In

this way, the front of the Tactive” cells last located is
propagated. The method requires written access into the

outer cells of the stencii to be possible, however. It

therefore places limitations on parallelization through

f-g

I R N | v - s -
the decomposition of domains.

The procedure invelved in calculating the anisotropic

P.E
o)

hebyshev distance is very similar. A distance for a cell
in the igotropic case 1s now replaced by 2°=4 distances i

n
a 2D case and =8 distances in a 3D case, however. Each

O
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viewed from zero cells; see Figure 10B. The assignment of
distances there 1is calculated for the quadrant between

+- N my s e 2 xRS T = 5, - - T ™, o I S
the Cartesian directions —-X and +Y. In 3D a distinction
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128 grid cel heoretically occur i

on. The assignment of distances during their

(=N

an applicat

-+
5
=

calculation is therefore interrupted once ayer with

value 128 has been reached and the remaining unassigned

assigned. In this way, the maximum possible length of a

Jjump in the grid is limited during ray tracing.

Opagque cells with defined radiation tiles and cell

the outer edge of the numerical grid in contact with a

Said method ensures that all transgarent cells are
completely surrounded byv a laver of zero cells and there
is at least one reference zero cell for each transparent

~ 1 1 5 Yo STy oo S ~ 5 N a -
cell in the anisotropic case too.

3

example of ray tracing in 2D, suprprorted by aniscotropit

ik

Y
v
I
W
-
)

Chebyshev distance, 1is shown in The grid and

the calculated distance are taken from Figure 10 on the
right. The ray in the octant (+X,-Y) 1is processed with
distance in the octant (-X, +Y¥). The initial position of

the ray in the intersection with a cell side at top left

Following displacement of the

Chebyshev distance

gain egual to 3 and the next jump leads the ray right to

cr; without using the

The additiocnal costs involved in  ray tracing with

Chebyshev distance are in the determination ¢f the
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discrete position ¢of the ray following the Jjump over a
block of grid cells. The cocrdinates of the intersection
can be similarly calculated according to the eguations
{9). The Cartesian cooxrdinates on the edge of the grid
5 cell Xy are replaced, however, by the coordinates on the
edge of the «octant cube, which is egual to  the

coordinates ¢of a grid cell further away.

The indices of the c¢ell found after the FJump in 3

10 Cartesian directions are unknown. They are determined

according to the binary search algerithm., The index in
the grid at the intersection is estimated in each
direction starting from an eguidistant grid in the cube.
By comparing coordinates a check i1is then made to see

15 whether the intersection located lies in the cell with

f not, the corresponding half of

further halved. The procedure is repeated recursively in

20

search in a fixed interval depends logarithmically on the

5

length of the interval, i.e. for a maximum Jjump length of
) 7 " i ho
128 cells ~In(i28) = 81In{(2) ~ 5 comparative operations
f - N
would be reguired per direction.
Degpite the additional work involved for a grid jump, the
Iy o} 2 My

hebyshev distance provides a substantial acceleration of

the method, particularly for models in which

amount of space has transparent material assigned to it.

30
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PARALLEL RAY TRACING

Load distribution in the case of ray tracing:

operation 1s the important
prerequisite for efficiency with initialization of the
model {Chebyshev distance, ray tracing) and its
application in thermal calculation. The calculation time

for ray tracing is decisive in this case.

The customary practice for parallelizaticn with 2

distributed memory like MPI, when solving partial

equations, is to decompose the computation
domain. Its use for ray tracing has demonstrated poor

scalability in this development, however. The reason for
this 1is high communication costs. Data for the millions
cf rays nmust Dbe transferred repeatedly Dbetwesen the
individual partitions. The gpecific weight of the
communication grows as the number of CPU’s increases,

which wultimately leads o poor scalability. Another
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method of parallelization i1s therefore develcopsac
model .
Ray tracing and calculation of the Chebyshev distance are

performed simulitanecuslily on each CPU fo

r
However, the radiation tiles are still locally defined on
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each CPU in this case.
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The global grid model is c¢reated in the first section.
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The grid data
CPU’s. On the one hand, three rows of coordinates are

communicated in three Cartesian directions. On the other
hand, a flag is determined from root for the ftransparency

of each grid cell and communicated 1n a numerical fiel
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The symmetrical

+he radiation tiles sh 14 however
Lhne radlatlon iles snoudid, nowever,

where the corresponding
Communication costs are
minimize

to then,

number of locally defined radiation tiles 1
ezisting on a CPU is determined.
thmetic mean Ng 1s then calculated via the

The ari

tiles is wvirtually removed

with the

s0 that

tiles to be transferred and he ID’s of the CPU
acceptors are stored each time.
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the tiles between

Once the parameters for the Dbalancing Hf  loads as
described above are known to each CPU, local data on the

ticn of
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CPU acceptors in this way receive a list of imported
Z

list of their

tileg. The lists of own tiles to be processed on the

donators arve correspondingly shortened.
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Prior to ray tracing, calculation of the anisotropic

-

Chebyshev distance takes clace on each CPU

each CPU are identical at this point. The work

required for this calculation takes a few seconds,
s¢ that the organisation of a division of work
Y Ty e K LA DTTF o JRN 11N € e ey e
between the individual CrU’ s and subsequent

communication would barely be worthwhile in this
case.

During CPU  are

starting
st, radiation

r
scurces are located and the selected sources arx

(e )

stored following theix anc thermal
=y Tt St T Aace r\f + 1 courees 3 - k
adaptation. oLoradge O The Sources caxres

hig step directly in the data structure of

Cnce all

turn of
same ray tracing procedure and determination of the
ray sources is usged wh processing these tiles. The
radiation sources located and compressed by the
adaptation procedure are temporarily stored in a

buffer.
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radiaticon sources of the imported tiles kack to the
CPU donators., MPI communication takes place

-

asynchroncusly, wherein W

i

th an irregular

distribution of tiles each

QJ

ator may have several

=34
donateors. The radiation sources received from the
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CPU acceptorx.

2t the end of ray tracing, data that is no longer
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1@ method of ray tracing

ording to the present invention is shown in detail.

equaticon (8), a suita

order to solve the summaticon of the outgoing heat
=a in line with the multi-level method according to
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i1on by approximation of linear eguation systems. The

ummation 1s8 exemplified below using the Gauss-Seidel

ative method, although it could alsc be solved by

)

of other algorithms, for example the Jaccobi method

the SOR method.

one embodiment, the Gauss-Seidel iterative method is

diation tile., This flux represents the final result for

thermal model from the radiation side. Knowledge of

outgoing heat fluxes i1s necessary across all CPU's at

~

soint, as the path of rays taken into account have
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been calculated for each ray without taking account of

the domain decomposition.

It is advantageous for the Gausgs Seidel iterative method
to take place on each CPU only for local radiation tiles
he multi-level method according to equation (8 contains

contributicns from all tiles determined by ray tracing,

can be made globally visible. Each radiation tile 1is
assigned a continucus, global index, wherein the ne

radiation sources for each tile during ray tracing.

I

The glckal outgoing heat fluxes may be indicated in an

array according to the global index, wherein before each

passage of the Gauss-Seidel loop, the outgoing flows from
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ommunicated into the global array.

POTENTIAL AREAS COF APPLICATION, EXAMPLES

The model of thermally coupled surface radiation for
diffuse grey radiators introduced above may find an
application in many technical processes where cavities or
semi-transparent materials and high temperatures exist.
The attractive aspect of the method lies in its ease and
very short calculation time, within which the most
rigorous prcblems 1in the modelling of the remote acticon

¢of thermal radiation are processed.
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importance.
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method of parallel computing proposed here to accelerat

6]

a ray tracing calilculation alone and in combination with
anisotropic Chebyshev distance calculations and/or
additional acceleration through tile clustering is not

kniown to the inventor from the prior art.
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The term “comprising® as used in the c¢laims does not

exclude other elements or steps. The term "a" or "an” as

Although the present invention has been described in
t

2ail for purpose of illustration, it is understocd t

such detail is solely for that purpose, and variations
1

can be made therein by those skilled in the art without
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A method for simulating the influence of
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radiation on a solic
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thermally

id body, which solid
able of being exposed

exchange

he surface or

surfaces to be exposed to radiation is/are subdivided
adaptively, hierarchically into radiation tiles of the

same virtually the same radiat

surface

oxr

temperature

achieved by means of a hierarchical
which view factor method comprise
solid angle integral using a

subdivision,
view

ubdivisi

and

tcal

projection

partial amcunts of that
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determined ray

2

method according to

¢

tracing 1s acce

tile clustering.

The method according to

according to which the ray tracing
th

Chebyshev distance me

ion

resulting f

e
5

o ey o T3 A
rrimary sSClld

faﬁ‘.—r‘,

1 or

intensity,

rom irradiation
view factor method,
the evaluati

ary solid angle

ang

on is adaptivelv and
s by
the total of all

tracing.

according to which the
~ 73 4 o] ~ J9
r Cralim <L, aCcCoraing

lerated

by radia

the claims 1

ccelerated by
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any of the c¢laims 1 to & wherein ray tracing 1is
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=thod according to one of the claims 1 to 4,

cording t¢ which the ray tracing is accelerated by

of parallel computing.

verformed by means of parallel computing on a computer

system comprising a plurality of CPU’s, the method

compri

sings:

1}y In a first section

a) defining at least one radiation source

)

d)

defining a numb of tiles a
plurality of radiation and a number of grid

cells forming a plurality of grid cells, said

plurality of grid cells comprising said plurality

3 ¥
of radiation tiles;

creating a global grid medel comprising grid data,
said grid data comprising information on said

lurality of radiation tiles and said plurality of

grid cells;

optionally reducing said number of radiaticn tiles

by tile clustering to generate a number of

communicating said grid data of said global grid

model to said plurality of CFU’ s;

balancing said number of radiation tiles between

aid pluraiity of CPU’sg, thereby creating for each

PU a list of own radiation tiles to be processed

and a 1list of imported radiation tiles to be

processed, and a list of CPU donators and CPU

cceptors: and

a second section
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g) optionally calculating for each radiation tile an

. , . L . fe
aniscocTropic Chebyshev-distance;

-
o)
~—r

performing ray tracing by parallel computing on
each CPU, starting for each CPU with said CPU’ s
5 list of own radiation tiles to be processed, by

— digpatching all rays of said ray tracing on

— locating radiation sources,

— optionally geometrically and/or thermally

-

3
a0z

10

>u

ting said located radiation sources,

O]

P

o

- gtoring said located radiation gources
directly in said list of own radiation tiles
to be processed; and

i) when all own radiation tiles to be processed have

15 been processed,

— temporarily storing in a buffer said located
20 radiation sources for said imported radiation
tiles to be processed that are located by

aid ray tracing;

0
0

Nt

whereupon, after vprocessing of all radiation

Lt

y, said CPU acceptors transmit said locateo

25 radiation sources of said imported radiation tiles

to be processed back to said CPU donators; and
k) said located radiation sources of sgaid importec
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processed as yeceived by
said CPU donator are written into said CPFI
30 donator’s 1list of own radiation tiles to Dbe

processed, preferably immediately after receipt

1) optionally deleting data that is no longer needed;
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whereby acceleraticn and savingsg in terms of computer

time and computer memory used is achieved.

said method of ray

a method of voxel-based ray tracing with

[

g. A method according to claim 6, where in step f) d

I
Y
193]

10 balancing of said number of radiation tiles between
said plurality ¢f CPU’'s is accomplished by
I. determining the number of locally defined

radiation tiles
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IT. calculating an arithmetic mean N., across gaid

CPU' s

')}
b
( p]

15 plurality
IITI. virtually removing a portion of radiation tiles

AN from a CPU-donator with an

20 either a condition Ny= Ng, or Ny = N, is
satisfied; and

IV. repeating step  IIT. wuntil it 18 no  longer

n
I

possible to balance said radiation tiles between

said plurality of CPU’'s.

9. A method according to any of claims 6 to 8, wherein,

all rays leaving a radiation tile during ray tracing

—
indicating a direction of an individual rayv £, and
30 wherein =said bundlie of vectors, before ray tracing

begins, is centred about a normal vector of each

plication of

matrix which converts a
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central vector of saild bundle of vectors in a Cartesian
direction +%Z into said normal vector of said radiation

tile.

0. A method according to anyone of the claims 6 to 9,
wherein if for each side of each grid cell of said
plurality of grid cells an ID is assigned, then for

each of said radiaticn

characterizing sald plurality of radiation tiles with

respect to =zaid global grid model.

1. A method according to anyeone of the claims 6 to 10,
comprising periforming during ray tracing a search for a

next intersection between é continuation of a

dispatched ray and an individual side of a grid cell in
) . ; . ] . .
which saild dispatched ray is currently located.

— wherein three possible sides of said grid cell
wherein sgaid dispatched ray is currently located are
checked for a next intersection, said possible sides

given by the sign of the three components of said
ray direction {1;

— wherein a next intersection having the minimum

distance from said current ray position defines a

: ; §4 w71 e ] ] £ am i NI T« ;
— wherein an individual side of said grid cell wherein

C e s X , . \ . -
said dispatched ray is currently located having a

o

minimum length up to said next intersection is

.

determined, and caid dispatched ray continued as far

as caid located next intersection in said ray

-

direction {1 by a located length AX™, where:
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1

AXTU,: Karen &l

wherein, when said next intersecticn has been found,

[N

an ID of a corresponding tile on said individual
side comprising said next intersection of said grid
is requested; and wherein

1f said ID of said corresponding tile corresponds to

ual radiation tile, said ray tracing is

has been located is returned; or
if said ID of a corresponding tile corresponds to a
symmetry plane having a Cartesian normal wvector, a

said dispatched ray normal

Fh

directicnal component o

to  said symmetry plane is  inverte and sai
dispatched rayv traced further as a reflected ray; or

said ray tracing procedure 1is repeated in a next

srid cell until said dispatched ray encounters a
radiation tile or leaves the boundaries of said grid

nodel, in which latter case, a fixed ID is returne

A method for the discretization of a solid angle for

e in a simulation or calculation process according to

y ¢f the claims 1 to 5:

wherein a solid angle extending about a center of a
specified area, such as a radiation tile, is
subdivided into a plurality of subdivisions, N, in

such a2 manner hat each subdivision ¢

Q
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®
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T
O
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orre

the same view factor, said subdivision being
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subdivision

direction

first

segments 1n a

direction

directions produced
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le of & unit
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viged 1nto a

radially
and the numb

ring at the north

about a free angle, so
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-3

vector of said

[

elation to a norma

f'i)

em a

]

starts

ubdivision

P

sphere, said unit sphere being

inte a series of radially consecutive

radially ring is then
differe ring segments

imuth direction; and

the number of subdivisions in each
radially consecutive ring formg  an

cal

to claim 13, whereln the

is parameterized by the number

rings n eridional

ser  of azimuth segments

whereln

adiacent

rings.

wherein a
by a system of spatial

according to

(ﬂ“iTle“%n+i—2%

N

= =arccos(l —
Zarccﬂs(
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a meridional

s produced by subdividing each segment
level by doubled halving T3
and meridio

direction
17 A metrhod acecording o any £
I e A metnod d.x,.,;u.\_u._n\_‘/ O d.n} (@
wherein the

sald circle at the
circle at the
divided

4+
H

with 4

L

riangles.

(o8]

17,

wherein

nort

azi

A methed according

the

-

cl

claims

°

13

rcular region is
north pole of said unit sphere, sa

h pole of said unit sph
muth

one of the claims 13 to
a next finer level 1is further subdivided
20 recurgively according to a gecmetric progression at
cach successive level given by the expression
k . 4
4% ~1 Zr4én—-1 4K ~1
Ntot - lr\] 3 = ( T 1)""’“""‘
25 where k is the number of levels of refinemen
19. The

method

according
18,

=

any one of the claims
executed on a computer or a central proces
{(CPU} whereby acceleration
30

computer time and computer

)

memory used

is
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A computer software product on a computer-readable

=dium comprising scoftware code for implementing a

method according to any one of the claims 1 to 19.
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Fig. 5
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Fig. 8
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Fig. 9
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Fig. 13
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Fig. 14
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Fig. 15
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Fig. 16
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Start subdivision of unit sphere from

north-pole

Subdivide unit sphere in radially
consecutive rings R;, where 1 <i<n

Subdivide ring R; into ring segments in the
azimuthal direction, such that the number

of subdivisions in individual rings forms an
arithmetic progression

Yes

No

i=1+1

!

End of subdivision of unit sphere

Fig. 17
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In a first section, define a
radiation source

v

Defining a number of radiation tiles

y

Defining a number of grid cells
comprising the radiation tiles

|

Create global grid model with info of
radiation tiles and grid cells

J

Create global grid model with info of
radiation tiles and grid cells

!

Communicate the info to at least
two CPU’s

!

Balancing the number of radiation
tiles between the at least two

CPU’s

By the balancing creating for each
CPU:

o List of own radiation tiles to
be processed

o List of imported radiation
tiles to be processed

o List of CPU donators

o List of CPU acceptors

v

A

Fig. 18a
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i
In a second section, performing
ray tracing by:

v

Parallel computing on each CPU
by:

v

For each CPU starting with its list of
own radiation tiles to be processed
and performing the following steps:

)

(i) Dispatching all rays on each
CPU independently of one another

v

(ii) Locating radiation sources

|

(iii) Storing located radiation Based on the list of imported
sources directly in the list of radiation tiles performing steps (i),
radiation tiles to be processed (i) and (iii)

Have all radiation
tiles of the list been
processed?

No Yes

In a buffer, temporarily storing located radiation
sources for imported radiation tiles to be processed
that are located by the ray tracing

v

Transmission by CPU acceptors located radiation
sources of the imported radiation tiles to be
processed back to CPU donators

!

Writing into CPU’s donator list of own radiation tiles
to be processed, the located radiation sources of
imported radiation tiles to be processed received by
CPU donator

Fig. 18b
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