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METHOD AND DEVICE FOR CREATING A
TWO-DIMENSIONAL REPRESENTATION OF
A THREE-DIMENSIONAL STRUCTURE

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

Morve than one reissue application has been filed for the
reissue of U.S. Pat. No. 7,289 ,118. The reissue applications
are the present application Ser. No. 12/608,864, filed Oct. 29,
2009, and reissue application Ser. No. 13/898,265, filed May
20, 2013. The reissue application filed May 20, 2013 is a

divisional reissue application of present reissue application

Ser. No. 12/608,864.

CROSS REFERENCE TO RELATED
APPLICATIONS

Applicants claim priority under 35 U.S.C. §119 of German
Application No. 102 39 672 .8 filed Aug. 26, 2002. Applicants
also claim priority under 35 U.S.C. §365 of PC1/DE2003/
002801 filed Aug. 20, 2003. The nternational application
under PCT article 21(2) was not published 1n English.

Such a method and such a device relate to a method and a
device for generating a two-dimensional representation of a
three-dimensional world. The invention particularly relates to
the generation of 1images using the method of ray tracing,
which 1s known colloquially among persons skilled 1n the art
as “ray tracing.”

In computer technology, three-dimensional bodies, com-
ponents, devices, houses, or even worlds are specified by
means of geometrical descriptions. These descriptions con-
tain not only the actual geometry but 1n most cases also data
about the materials and light sources. One of the most fre-
quent applications 1n connection with geometrical descrip-
tions 1s the generation of a two-dimensional representation of
such a three-dimensional description. In this connection, the
problems can be clarified as follows:

“If one places a virtual camera i this three-dimensional
virtual world and has this camera take a photograph, what
would this photograph look like?”

A plurality of methods 1s already known for solving this
problem. One of the best-known ones 1s the ray tracing
method (English: ray tracing). This was first presented, to the
inventors’ knowledge, 1n 1968, by Arthur Appel: “Some
Techniques for Shading Machine Renderings of Solids,” Pro-
ceedings of “AFIPS 1968 Spring Joint Computer Confer-
ence,” Volume 32, pages 37-435, and has been developed fur-
ther since then by a large number of scientists.

A more detailed discussion of the topic of ray tracing can
be found, for example, in Andrew S. Glassner (Editor): “An
Introduction to Ray Tracing,” Academic Press, ISBN 0-12-
286160-4. Additional explanations are found in the descrip-
tion of the figures, 1n connection with FIG. 1.

The present mnvention 1s based on the task of proposing a
method as well as a device for implementing the method, with
which the generation of a two-dimensional representation of
a three-dimensional world 1s supposed to be simplified. In this
connection, resources of a computer are supposed to be uti-
lized more efliciently than was the case with previously
known methods.

For a better understanding, the following definitions waill
be explained 1n connection with the imvention.
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2

The geometrical description of a virtual three-dimensional
world contains at least the following components:

One or more objects whose geometry can be specified 1n

different ways.

1. Simple geometrical base bodies, such as triangles,
spheres, or blocks

2. Base bodies put together by means of mathematical
functions (e.g. combination or intersection)

3. Bodies described by means of mathematical func-
tions, €.g. spine surfaces

4. Bodies described by a data set, e.g. data from anuclear
resonance tomograph

A description of the material properties of the objects, such
as “object 1s blue,” “object 1s made of glass,” “object
possesses a reflective surface.” The description of the
material properties can also take place, 1n this connec-
tion, by means of numerical parameters or by means of
defined calculation regulations.

A tree-like data structure that serves to classity objects of
the virtual world according to their spatial location. The
term tree-like data structures 1s used here both for tree
structures and for directed acyclic graphs.

In this connection, complex objects can 1n turn possess a
tree-like data structure, which divides the complex object up
spatially, or divides 1t into simpler partial objects, either spa-
tially or logically. In the context of this patent application, no
differentiation 1s made between simple basic objects and
complex objects such as composite objects or those having a
tree-like structure. Both cases are referred to as “object.”

In addition to the properties described above, objects can
also possess a transformation. This transformation can
describe an affine transformation of the corresponding object
in the three-dimensional world, for example using a transior-
mation matrix, and thereby changes the coordinates of the
object.

Independent of these transformations, a sequence of
instructions can also be specified for an object, in addition.
This sequence of 1instructions can change the properties of the
object. This includes the geometrical properties (in the case of
a sphere, 1ts radius, for example) and the material properties
(1ts color, for example).

In addition, the lighting situation in the virtual world can
also be specified.

The tree-like data structure 1s composed of the following
components:

Tree nodes: Every node 1n the tree describes the location of
an axis-parallel partition plane 1n the three-dimensional
space.

Tree leal: Each leaf of the datum describes the content of a
spatial volume. In this connection, the spatial volume
can contain one or more objects, or can also be empty.

Placeholder: A placeholder can stand in place of a tree
node, a tree leatf, or an object. A placeholder consists of
two parts: A substitute that contains an object, and a
substitute object. The substitute object 1s specified by a
sequence of instructions, but can additionally contain
objects and tree-like structures and additional place-
holders, as well. When the 1nstructions are carried out,
new tree nodes, tree leaves, tree edges, objects, and
placeholders can be created, which replace the substitute
after the mstructions have been completely carried out.

Tree edges: These edges represent the connections
between the components.

Such tree-like data structures are known 1n computer tech-
nology, but there they consist only of tree nodes, tree leaves,
and tree edges. KD trees, which in turn are related to BSP
trees, come closest to the present invention. The expansion to

iR 4
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include placeholders 1n connection with ray tracing was dis-

covered within the scope of the present invention. Another

integral part of the invention 1s the compilation of the defini-
tion of objects. As a totality that supports and combines all
possible properties equally, this definition 1s new.

The definitions are explained once again in connection
with FIG. 3, for a better understanding.

The atorementioned task 1s accomplished, according to the
invention, according to claim 1, according to which a ray
tracing method 1s used. The ray tracing method means that in
the case of 1ts implementation, at least part of the geometrical
description of the world 1s intersected with rays, whereby the
two-dimensional representation 1s put together from intersec-
tion points of objects of the world with the rays. Furthermore,
several rays are brought together into a packet of discrete
rays. In this connection, an association of a data structure with
cach packet of discrete rays then takes place. A status-related
assignment to each ray 1s stored in memory for this data
structure. This status indicates at least whether the indicated
ray participates in the operation that 1s being applied to the
packet at this time. Furthermore, the application of all work
steps of the method to a packet of several discrete rays takes
place. In this connection, in a work step that performs an
operation on a packet, this operation 1s performed on every
ray of the packet, if 1t results from the stored status-related
assignment of the ray to the data structure that the ray in
question participates 1n this operation. In this connection, the
breakdown of the ray tracing method takes place to produce
the following steps, which are worked off one after the other,
in each 1nstance, for a packet of rays:

A Camera ray generation: Generation of a packet of rays
that are supposed to be intersected with the geometry of
the three-dimensional world, proceeding from the vir-
tual camera.

B Tree traversal: In accordance with the spatial orientation
of the rays, the tree data structure for the geometry of the
three-dimensional world 1s run through, until a tree leaf
or a placeholder 1s reached. For this purpose, tree nodes
and placeholders are read out of a memory, and calcu-
lations are carried out. If a placeholder 1s reached, the
corresponding sequence of instructions of the substitute
objectis carried out. In this connection the placeholder1s
replaced with an object that can also be a complex one.

In this connection, there are two alternatives available:

Either the sequence of instructions 1s first carried out
completely, and subsequently the method 1s continued 1n
accordance with the new structure of the tree, or the
sequence of mstructions 1s carried out asynchronously,
whereby the method 1s continued directly with the sub-
stitute of the placeholder, and when the sequence of
instructions of the substitute object has been completely
worked off, the substitute 1s replaced with the result of
this work.

C Read-1n of the tree leat: All the references of the objects
and placeholders that are located 1n this tree leat are read
in from a memory. If a placeholder 1s read 1n, 1n this
connection, the corresponding sequence of 1nstructions
1s carried out.

D Intersecting of all objects: Read-1n and intersecting of all
objects that were specified 1 work step C, with the
packet of rays. If a transformation was specified for an
object, this 1s applied before the intersection with the
object 1s calculated. If a geometry-changing sequence of
istructions was specified for an object, this 1s carried
out before the intersection with the object 1s calculated.
If an object to be 1ntersected 1s a complex object with 1ts
own tree structure, which must be traversed, this object
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4

1s intersected in that the work steps B-F, adapted to the
complex object, are carried out.

E Intersection evaluation: Evaluation whether valid inter-
section points exist for the packet of rays. If there are still
clements of the tree for which a ray intersection 1s pos-
sible, but which have not yet been examined, and the
prior work step has not resulted in valid intersection
points 1 a suificient amount, then the method starts
again at step B, including the previous results, otherwise
it continues with step F. In this connection, the status of
the packet 1s changed, 11 necessary.

F Determining the object properties: The results of the
preceding work steps are evaluated. In this connection,
data of objects can be read out of a memory, 11 these have
a valid intersection point with one of the rays. The results
of the calculations tlow 1nto step G, and 11 the results are
appropriate, values 1n amemory can be recalculated. If a
material-changing sequence of mstructions was speci-
fied for one of the objects that were intersected by a ray,
and 1f the material properties of this object are of sig-
nificance for the work step F or G, this sequence of
instructions 1s carried out ahead of the calculations of the
work step F.

(G Subsequent ray generation: If 1t 1s calculated 1n step F
that one or more additional rays are supposed to be
intersected with the geometry of the three-dimensional
world, then corresponding packets of rays are calculated
in this step, and the method starts again at step B for
these rays. Otherwise, 1t starts again at step A, 11 addi-
tional camera rays still have to be generated for forming
the two-dimensional representation.

With this, a method for forming a two-dimensional repre-
sentation of a virtual three-dimensional world 1s described. In
this connection, the three-dimensional world 1s specified
according to the above definitions. The method 1s character-
1zed by a new technique for data reduction, without having to
perform unnecessary calculations. In this technique, indi-
vidual rays are brought together into packets of rays, as was
already described 1n Ingo Wald, Carsten Benthin, Markus
Wagner, Phillip Slusallek: “Interactive Rendering with

Coherent Ray-Tracing,” Computer Graphics Forum/Proceed-
ings of the EUROGRAPHICS 2001, Manchester, United

Kingdom, Sep. 3-7, 2001, http://graphics.cs.uni-sb.dde/Pub-
lications/2001/InteractiveRendering WithCo-
herentRayTracing.pdf.

A novel and mventive expansion as compared with the
method described in the cited prior publication consists of the
association of a data structure with each of these packets. In
this connection, this data structure contains the status of each
ray of a packet. Furthermore, the individual work steps of the
ray tracing method are structured 1n such a manner that they
optimally support the new technique, and at the same time are
particularly suitable for being implemented in terms of equip-
ment technology.

For clarification, reference 1s made to the following expla-
nations, 1in connection with FIG. 3, in which 1t 1s explained
how the calculation proceeds if the rays R1 and R2 are
brought together into a packet.

In the working of the method, the possibility 1s offered of
precisely assigning a packet to a work step, 1n order to thereby
achieve a structured sequence.

A packet can also be assigned to several work steps at the
same time, however, 1n order to thereby achieve a better
capacity utilization of the data processing system. For
example, the processing of rays for which valid intersection
points were already calculated 1n step E could continue with
step F, while the calculation 1s continued with step B for the
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other rays. As soon as all the rays of the packet have then
carried out the calculations 1n step F, the packet could then
continue as a whole again, with the processing of step G.

In the embodiment of the method according to claim 2, the
rays generated 1 work step G are brought together 1n new
packets by means of another work step. In this connection, all
the newly generated rays are collected, sorted and compiled
into new packets of discrete rays.

In this connection, a new packet does not necessarily con-
tain only rays that were generated on the basis of the calcu-
lation results of precisely one predecessor ray packet, and
instead, the work step can involve collecting and resorting
newly generated rays of several predecessor ray packets that
are logically related, to combine them 1nto new packets.

In connection with claim 1, particularly also 1n the case of
the explanations regarding FIG. 3, it was described how the
cifect of the data reduction during traversal of packets acts,
and thereby results 1n a data reduction for the steps C (read-1n
of the tree leal), D (intersecting of all objects) and E (1inter-
section evaluation). This effect does not occur i1 the packers
are disadvantageously compiled from rays.

If, for example, the ray R1 visits the tree components { N1,
N2, V1! and the ray R3 visits the tree components {N3, V21,
traversal of the packets does not result in any data reduction as
compared with traversal of the individual rays.

Here, claim 2 advantageously describes a work step that
expands the method described 1n claim 1, and brings newly
generated rays together in packets in such a manner that a data
reduction 1s achieved 1n the traversal of the packets, as com-
pared with traversal of the individual rays.

In the embodiment of the method according to claim 3, a
multi-threading method 1s used, whereby a packet of rays 1s
considered as a thread, 1in each instance.

The multi-threading method 1s used within a work step in
order to allow functional units to perform useful work while
they are waiting for results from other functional units. In this
connection, each work step holds a supply of packets that are
alternately worked off by the functional units of the work
step.

In some work steps, data are loaded from a memory. Usu-
ally, loading of data from a memory takes several time units.
However, since it 1s necessary to wait for the data to be loaded
before the calculations can be carried out, this waiting time
passes without the possibility of performing any useful cal-
culations. It several packets are assigned to a work step at the
same time, then the sequence of a calculation could look as
follows:

It 1s calculated for packet 1 what datum 1s to be loaded from
the memory. Afterwards, the datum 1s loaded for packet 1 and,
at the same time, it 1s calculated for packet 2 what datum 1s to
be loaded from the memory for packet 2. If the datum was
then loaded from the memory for packet 1, the calculation for
packet 1 can be carried out. At the same time, the correspond-
ing datum 1s loaded from the memory for packet 2, and it 1s
calculated for packet 3 what datum packet 3 would like to load
from the memory, efc.

It1s therefore advantageous, 1n connection with the method
described, 11 a packet 1s classified as a thread.

According to claim 4, the method 1s configured 1n such a
manner that the amount of the data of the three-dimensional
world 1s managed 1n such a manner that only part of these data
are held in the memory at a particular time.

In this connection, 1t 1s advantageous if the data of entire
objects or entire partial objects are always loaded mto the
memory or removed from the memory, in order to create
space for newly required (partial) objects. In this connection,
the method can be structured 1n such a manner that an inde-
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6

pendent work step 1s implemented for this, in which 1t 1s
recorded what (partial) objects were accessed and how often.
Furthermore, in this work step, the collected information can
be used 1n order to manage the memory automatically and to
load new parts of the three-dimensional world into the
memory and remove them, as needed.

A virtual world can therefore consist of a plurality of
objects. In this connection, the description of the virtual world
can contain so many data that 1t requires very much memory
space. For example, 1n a data processing system, there are
several memories of different sizes and speeds. Since large
memories are generally sigmificantly slower than smaller
ones, but the speed of the memory plays an important role for
the time required to work off the method, 1t 1s desirable to hold
all of the data important for the method 1n a fast memory.

Using the method according to claim 4, it 1s therelore
possible to organize a management of the different memories
with which it can be achieved that all the data currently
required are always kept available 1n a fast memory, if pos-
sible. For this purpose, the method records what objects or
partial objects were read out when and how oiten, and loads
new (partial) objects out of a slow memory into the fast
memory as needed. If the fast memory 1s full, the method can
find (partial) objects that are no longer required, on the basis
of the bookkeeping, and delete them from the fast memory, so
that room 1s created for the required data. It 1s also important,
in this connection, that the method from one of claims 1, 2, or
3 accesses the data of the virtual world only to read them, and
therefore the case that the data were changed 1n the fast
memory and must be written back into the slow memory
betore they can be deleted can never occur.

It 1s also possible to organize the data and memory man-
agement 1n such a manner that blocks of data are always
loaded into the memory or removed from the memory, 1n
order to create space for newly required data. Here again, an
independent work step can be implemented, 1n which 1t 1s
recorded what blocks were accessed when and how often.
Furthermore, in this work step, the collected data can be used
in order to manage the memory automatically and to load new
parts of the three-dimensional world into the memory or
remove them, as needed.

In the case of this alternative, the difference as compared
with the varnant explained above, 1n connection with claim 4,
1s that 1t 1s not entire objects or partial objects that are read
from the slow memory or deleted 1n the fast memory, but
instead the data of the virtual world are divided into blocks,
and these blocks are read 1nto the fast memory or deleted from
it as needed. In particular, an object can be broken down into
several blocks by means of this subdivision. The advantage in
this connection 1s that in the case of a fixed size of the blocks,
the same number of data elements 1s always read out of or
deleted from a memory. In the case of the method according
to claim 4, the number of the read or deleted data elements can
vary greatly with the object, 1n each instance.

Claim 5 relates to a device for implementing one of the
aforementioned methods, whereby the individual work steps
are represented by imndependent functional groups.

These functional groups therefore advantageously form
closed units, which are expanded by such management func-
tions that other similar unmits can be added to the system, and
thereby an increase in the performance of the system can be
achieved.

In this connection, the functional groups can be addition-
ally equipped with management functions, so that several
similar functional groups can be combined 1n a device, and
thereby the performance capacity of the device can be
increased. In order to achieve the result that an increase in the
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performance capacity of the device can be achieved by adding,
similar functional groups, the functional groups must be dis-
posed 1n a suitable manner, so that the required calculation
steps are uniformly distributed over all of the available units.

Aside from that, the functional groups can additionally use
the pipelimng method, 1 which several packets are 1 the
method at the same time. In the pipelining method, individual
packets are not calculated one after the other, but istead,
several packets can be in the method sequence at the same
time, 1n different work steps. For example, packet 1 can be
generated 1n work step A. While the calculations for packet 1
are alterwards being carried out in work step B, packet 2
could be generated 1n step A. Once the calculation of packet
1 1n step B 1s finished, packet 1 goes to work step C, and
packet 2 can be processed 1n step B, while packet 3 1s gener-
ated 1n step A, etc.

The pipelining method can also be used directly 1n connec-
tion with the multi-threading method. In this connection,
every work step 1s then given a number of threads that are
processed alternately by the step. After the processing of one
thread 1n a work step has been completed, this thread 1s passed
on to the next work step, and this step than carries out this
thread together with those that have already been assigned to
it, one after the other. The two methods together allow a very
great capacity utilization of the functional units of a device.

Claim 6 relates to a device for implementing one of the
aforementioned methods, whereby the individual method
steps are brought together into functional groups, as follows:

RGS: Comprises several functional units for the work steps

A, F, and G, and expands them with units for the man-

agement ol sub-units.

Master: Coordinates the work of the slave functional
units.

Slave: Contains units for the work steps A, F, and G.

MemlInt: Coordinates the access of slave units to the
external memory.

RTC: Comprises several functional units for the work steps

B, C,D, and E.
Traversal: Functional unit that comprises the work steps

B and E.

List: Functional unit for the work step C.
Intersection: Functional unit for the work step D.
RTC-MI: Coordinates and regulates all accesses of the
RTC units to external memory units.
T-SR: Coordinates the access of traversal units to the
T-cache.
T-cache: Keeps book about preceding traversal accesses
and tries to avoid new accesses, 1n that it re-uses the
preceding results.
L-SR: Coordinates the access of list units to the L-cache.
[.-cache: Analogous to the T-cache for list accesses.
I-SR: Coordinates the access of list units to the I-cache.
I-cache: Analogous to the T-cache for intersection
accesses.
M-SR: Coordinates the access of cache units to the
external memory.
MemCtrl: Passes the accesses on to the external memory
responsible for them.

The functional groups are shown 1n FIG. 7.

In this connection, 1t 1s advantageous 1f the functional
groups Slave, Traversal, and Intersection are structured 1n
such a manner that they contain several sub-units, which
perform calculations at the same time, and simultaneously
keep a supply of packets available automatically, to which
they apply the multi-threading method.

The functional units are structured 1n such a manner that
the performance capacity of the device can be increased by
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adding additional similar groups. The number of slave tunc-
tional units used 1s always precisely equal to the RTC func-
tional groups (which consist of Traversal, List, and Intersec-
tion functional units). The functional units T-SR, L-SR, and
I-SR are structured 1n such a manner that they can produce the
connections between all of the RTC functional groups and the
memories.

The Master functional unit i1s the highest controlling
instance of the device. As iput, it receives the parameters for
the virtual camera (indicated with Ul 1n the figure), and there-
upon assigns descriptions ol packets to one or more slave
units. These perform the camera ray generation, using these
descriptions, and send the calculated packets to the associated
RTC unat.

The slave unit receives the data of the ray/object intersec-
tions as a response (some time later), and then performs the
calculations for the work steps F and G. If subsequent rays are
calculated, these are again sent to the associated RTC unait. In
their calculations, the slave units must read data out of a
memory and also write them back there, 11 applicable. The
memory accesses of all the slave units are coordinated by the
MemlInt unit, which i1s connected with one or more memory
modules (indicated with RAM 1n the figure).

I pixels or object values are calculated in work step F, then
the slave units write to a special memory (indicated with FB
in the figure), using the MemlInt unit; they can also read data
out of this memory again. This special memory could addi-
tionally be connected with a functional group that 1s con-
nected to a monitor, 1n order to display the calculated two-
dimensional representation.

The RTC tunctional group implements the working steps
tree traversal, read-1n of the tree leaf, intersecting all objects,
and 1ntersection evaluation. IT a unit of the RTC group would
like to load a datum out of the memory, it directs a corre-
sponding request to the unit assigned to 1t, in other words to
the T-SR unit, the L-SR unit, or the I-SR unit, respectively.

All of the memory requests from all of the RTC groups
come together at the T-cache, L-cache, and I-cache units.
These units have a data structure 1n which the data or prior
memory requests are noted. If a request 1s made and 1its
response from the memory was already noted, this request 1s
answered with the datum from the data structure. In this
connection, 1t 1s advantageous that all requests only want to
read data from the memory. As a result, the content of the data
structure can simply be deleted as needed, without having to
write 1t back to the memory. This 1s of particular interest 1f the
calculation for a new image 1s starting and objects have
changed in this connection. In this case, a signal 1s sent to the
T-cache, L.-cache, and I-cache units, which delete the content
of their data structure, so that in the case of a new request, the
current object 1s read out of the memory. The (old) object
noted in the data structure therefore does not tlow 1nto the new
calculations by mistake.

The M-SR functional unit passes all requests from T-cache,
[.-cache, and I-cache on to the MemCitrl unit. MemCitrl 1s the
functional unit that 1s directly connected to the memory mod-
ule(s) (in the figure: RAM). In this connection, the MemCirl
functional group contains several mechanisms for avoiding
possible waiting times that occur during access to the memory
modules. These mechanisms include: address hashing, in
order to distribute the requests uniformly among all the
memory modules, and re-sorting of requests, so that waiting
times caused by the internal structure of memory modules are
avoided.

The breakdown of the method 1nto device components, as
described here, has the advantage that no functional group has
to access data that are stored 1n another unit. As a result, the
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data can be stored predominantly locally, and it 1s not neces-
sary to shift large amounts of data among the units, thereby

greatly simplilying the implementation in terms of equipment
technology.

Instead of integrating the functional group for implement- 5
ing geometry-changing sequences of instructions into the
Intersection functional group, 1t can also be switched between
the M-SR and T-cache units. This offers the advantage that the
sequences of instructions might be performed less frequently,
since some of the results of these sequences of applications 10
are noted 1n the data structure of the T-cache unat.

A practical expansion for the T-SR, L-SR, I-SR functional
groups would be to equip them with a mechanism that brings
similar requests that are made by different units at the same
time together into one memory request, and sends the 15
response of the memory back to all the requesters. In this
connection, “at the same time” can also be interpreted as
“within a short period of time.” This mechanism can further
reduce the number of memory requests.

A vpractical expansion for the T-cache, L-cache, and 20
I-cache functional groups would be to equip them with lists 1n
which all the requests that have already been passed on to the
memory but whose result 1s not yet known are noted. If a
request 1s now made that 1s already noted in the list, another
note would simply be added to the list, but no request would 25
be sent to the memory. If the response then comes from the
memory, the datum would be reported as a response to all the
requests, 1n accordance with the information 1n the list. This
technique can further reduce the number of memory requests.

A device such as those described above could additionally 30
be equipped with a functional group that automatically cal-
culates the tree-like data structure for a number of objects. In
this way, the device could react automatically to moving
objects, for example.

35
An exemplary embodiment of the invention 1s shown
in greater detail 1n the drawing. This shows, 1n detail:

FIG. 1: an example to 1llustrate the fundamentals of the ray
tracing method, 40
FIG. 2: an example of implementation of the ray tracing
method,

FIG. 3: a representation to 1illustrate the definitions of
terms,

FI1G. 4: a representation to explain the use of placeholders, 45

FIG. 5: an example of a geometry-changing sequence of
mnstructions,

FI1G. 6: the tree structure of a simple world, consisting of
squares, triangles, and circles, and

FI1G. 7: a representation of functional groups 1n a device. 50

In connection with FIG. 1, the ray tracing method will be
explained below. This can be used, for example, for the pro-
duction of a two-dimensional representation, as follows: A
paper divided with a pattern of small squares 1s held 1n front
of the virtual camera and then a ray from the camera 1s sent 55
through each of the small squares. If a ray hits an object, the
corresponding small square 1s colored with the color of the
object. Once this has taken place for all the small squares, the
piece of paper contains a two-dimensional representation of
what the virtual camera sees. If these small squares are made 60
small enough, the representation loses 1ts block-like character
and becomes a high-resolution image. This subdivision into
small squares 1s used 1n similar manner 1n the case of printers
and monitors, where an 1mage 1s composed of individual
blocks, so-called pixels (English pixels). In the mathematical 65
sense, “sending a ray 1nto the world” takes place by means of

intersecting the ray with all the or individually selected

10

objects of this world. Here, an intersection of a ray with an
object then either vields an intersection point on the surface of
the object, or i1t does not.

FIG. 2 shows the calculations for a ray R1 that 1s sent into
the virtual world by the virtual camera (CAM).

The ray R1 intersects the object O1 (a sphere) at the point
P1. In the case of a simple variant of the ray tracing method,
all that would be checked i1s the color that the object O1
possesses at the point P1, and then the corresponding pixel
would be colored this color.

As possible expansions of this method, the lighting situa-
tion at the point P1 could be investigated. For this purpose, in
a simple example, another ray L1 would be sent from a light
source LS to the point P1. If the ray L1 does not intersect an
object between LS and P1, there 1s no object that covers the
light source, seen from the point P1, so that the light from LS
arrives at the point P1 and illuminates it. In another case, that
of a ray L3 from the light source LS to point P3, an object 04
lies 1n the virtual space, so that the point P3 lies in shadow.

In the case of another possible expansion, the material
properties of the intersected object could be considered more
closely. Assuming that object O1 has a reflective surface, 1n
order to determine the color of the object O1 at the point P1,
it would have to be checked what object 1s reflected at the
point P1. In this case, as well, another ray R2, now proceeding
from point P1, would be sent into the virtual world.

In our example of FI1G. 2, R2 intersects the object O2 at the
point P2. To determine the color 1n P2, the ray L2 1s calcu-
lated. In this example, the object O2 1s a pane of glass, so that
in order to determine the color of the point P2, 1t must be
determined what object can be seen through the pane of glass
O2. For this purpose, the ray R3 1s sent into the virtual world,
proceeding from the point P2. The intersection point that
results 1s the point P3 on the object O3. The lighting situation
1s also calculated for P3, in order to then be able to determine
its color. The color for the pixel that belongs to ray R1 1s then
composed of the weighted colors at the points P1, P2, and P3.

In this example, six rays had to be calculated 1n order to
determine the color of a single pixel. As a rule, high-resolu-
tion two-dimensional representations have several million
pixels, so the calculation etfort 1s correspondingly greater.

Another problem in the production of a two-dimensional
representation of a three-dimensional virtual world 1s the
complexity of this world. In FIG. 2, the world consists of the
objects O1, 02, O3, and O4, as well as the light source (LS)
and the virtual camera (CAM). When considering the ray R1,
it can be seen that the ray intersects the object O1, 11 1t
intersects anything at all. For an automated device, it 1s not
obvious that only object O1 1s a possibility for an intersection.
A method for an automated device would therefore have to
intersect all the objects of the virtual world with the ray R1 1n
order to find out what object 1s impacted by the ray R1.
Particularly 1f the virtual world consists of a large number of
objects, very many calculations would have to be performed
in order to produce a two-dimensional representation. To
solve this problem, again several methods are known, 1n order
to restrict the amount of objects to be intersected by means of
logical decisions.

FIG. 3 shows an example for a data structure corresponding,
to the definitions of the introduction to the specification, on
the left. In order to simplify the representation, a two-dimen-
sional world was chosen for the example, which can be visu-
alized as simply being a top view of a three-dimensional
world. This world can be seen 1n the center of FIG. 3.

In this example, the node N1 forms the root of the tree. The
partition plane (here also indicated with N1) described by the
node N1 1s also evident 1n the top view of the world. Simply
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stated, the plane described by N1 divides the world into a left
half that contains the triangle, the sphere, and the placeholder
(P1), and a right half that contains a star. Analogously, N2 and
N3 divide the world into additional halves.

On the right i FIG. 3, two rays R1 and R2 are shown,
which are supposed to be itersected with the world, proceed-
ing from the virtual camera. The calculation for the ray R1
would proceed as follows for this example:

The ray R1 1s compared with the partition plane N1. In this
connection, it 1s determined that the ray crosses the partition
plane from the left to the right, 1n other words 1t would first
like to examine the left half and then the right half of the
world. The information 1s stored 1n memory that the right half
might also be interesting, but the evaluation 1n the left half 1s
continued there with the node N2, starting by way of the edge
E1. In this connection, 1t 1s then found that only the half with
theleat V1, which contains two objects, a triangle and a circle,
1s interesting for the ray. Now the ray R1 1s intersected with
these objects, and 1n this connection 1t 1s determined that the
ray does not impact any of these objects. Therefore the evalu-
ation proceeds with the noted right half of N1, in accordance
with what was stored in memory. The evaluation 1s continued
with the node N3, by way of the edge E2. The ray R1 would
first like to go to the left half, and then possibly 1nto the right
half. In the left half, the leat V2 does not contain any objects,
so that the ray does not have to be intersected with any objects.
Instead, the further evaluation takes place with the noted right
half. This 1s where the leat V3 1s located, which contains a
star. The intersection of R1 with the star yields an intersection
point, thereby ending the calculation for R1.

The calculation for the ray R2 again begins with the node
N1. There, 1t 1s decided that only the right half 1s interesting
for the ray. The node N3 1s located 1n the right half. A com-
parison between R2 and the plane N3 shows that only the left
half 1s interesting for the ray. But since this half only contains
the empty leal V2, the calculation for the ray R2 1s therefore
finished, without the ray intersecting with an object.

This 1s particularly 1nteresting because we have calculated
the correct result (““The ray R2 does not intersect any object of
the virtual world.”) without calculating even a single inter-
section between the ray and an object.

The method of procedure described, in which a tree-like
data structure 1s run through, 1s also called traversal (English
traversal). The intersection of an object with a ray 1s referred
to 1n English as intersection.

The above example has not yet clarified the question how
the calculation 1s continued when a placeholder 1s reached,
since this case has not occurred. If a ray were to branch off at
thenode N2 by way of the edge E4, to the placeholder P1, then
the instructions belonging to P1 (which belong to the speci-
fications of the virtual world) would be carried out. In a
simple example, these instructions could generate a tree leat
that contains an object. This tree leal would then replace the
placeholder, and therefore the calculations would be contin-
ued for a tree leaf, as usual. The nstructions of the place-
holder could, however, also lead to the result that the place-
holder 1s replaced with a complex tree structure, which 1n turn
can contain leaves with objects and even new placeholders.

Alternatively to this, it will now be explained how the
calculation takes place according to the present ivention,.
taking into consideration the fact that the rays are brought
together 1 packets.

In the first step, the tree node N1 1s loaded from a memory,
and 1t 1s calculated for all the rays of the packet where, and 1f
yes how, the partition plane N1 1s crossed. In this connection,
it 1s determined that ray R1 would first like to go into the lett
half and then 1nto the right half of the world. Ray R2, on the
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other hand, would only like to go into the right half. The
decision for the packet from this work step then looks as
follows: It 1s noted 1n the statuses of the rays that ray R1 would
like to go into both halves and ray R2 would only like to go
into the right half. The packet thereupon visits the left half.
According to the status, the ray R2 does not participate in the
calculations that belong to the left half. These calculations
take place analogous to the example described above. When
the calculations for the left half are finished, no valid inter-
section point was found yet for the rays R1 and R2, therefore
the packet continues its calculations with the right half.
Again, both rays participate 1n these calculations, according,
to the statuses. In the calculations regarding the partition
plane N3, 1t 1s determined that the ray R1 would first like to go
into the half having the tree leat V2 and then into the half
having the tree leat. The ray R2, on the other hand, would only
like to go into the tree leat V2. This result 1s noted in the
statuses and the calculations are continued with the tree leat.
Since this leal 1s empty, no 1ntersections of objects with rays
are carried out. Since the status of ray R2 indicates that 1t does
not want to visit any further halves, the calculation for ray R2
1s finished and the status of R2 1s marked with “calculations
fimshed.” The calculations for the packet are continued with
V3. Only R1, which 1s intersected with the star object, still
participates in these calculations. This intersection yields a
valid intersection point, and the status of R1 1s also marked
with “calculations finished.” Therefore all of the statuses of
the rays of the packet are marked with “calculations finished,”
so that the calculations for the packet are therefore finished.

The effect of the data reduction also becomes clear with
this example. I1 the calculations are made for individual rays,
cach of the nodes being considered has to be loaded from the
memory for each ray. If, however, entire packets of rays are
traversed, each node being considered by one of the rays 1s
loaded from the memory only once for the entire packet. In
this example, the ray R1 considers the tree nodes and tree
leaves {N1,N2,V1,N3,V2,V3} and the ray R2 considers the
tree nodes and tree leaves {N1, N3, V2}. If the rays are
traversed individually, data are loaded from the memory nine
times. If the rays are brought together in a packet, the packet
only visits the tree nodes and tree leaves {N1, N3, V1,N3,V2,
V3} and data are loaded from the memory only six times.

The new type of data structure as compared with previ-
ously known methods fulfills the purpose of avoiding unnec-
essary calculations. Without this data structure, the objects
triangle and circle 1n the leal V1 would also be intersected
with the ray R2, because no information would be available
for a packet as to what rays of the packet would like to
participate in the current calculation step, and thereby every
ray would have to participate 1n all the calculations. While 1t
1s true that this would not result in errors, because such
unnecessary mtersections do not yield any valid intersection
points, 1t does result in unnecessary calculation steps.

Although examples for the individual work steps of the ray
tracing method were already given, the individual steps will
be discussed again here, and 1n this connection 1t will be made
clear to what extent this breakdown 1s novel and what advan-
tages 1t offers.

A Camera ray generation: Generation of a packet of rays,
which are supposed to be intersected with the geometry of the
virtual world, proceeding from virtual camera. For example,
a rectangular region of small squares on the page 1n front of
the virtual camera could be combined in a group and all the
rays that pass through these small squares could be brought
together 1 a group.

B Tree traversal: In accordance with the spatial orientation
of the rays, the tree data structure for the geometry of the
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three-dimensional world 1s run through, until a tree leaf or a
placeholder 1s reached. For this purpose, tree nodes and place-
holders are read out of a memory, and calculations are carried
out. If a placeholder 1s reached, the corresponding sequence
of instructions of the substitute object 1s carried out. In this
connection, the placeholder is replaced with an object that can
also be a complex one. In this connection, two alternatives are
available: Either the sequence of instructions 1s first carried
out completely, and subsequently, the method 1s continued 1n
accordance with the new structure of the tree, or the sequence
of instructions 1s carried out asynchronously, whereby the
method 1s continued directly with the substitute of the place-
holder, and when the sequence of instructions of the substitute
object has been completely worked off, the substitute is
replaced with the result of this work.

The use of placeholders, particularly the technique of the
evaluation of placeholders as needed, which 1s shown here, 1s
new 1n the sector of ray tracing. Here, the evaluation of
placeholders as needed offers the possibility of specifying
virtual worlds having millions of objects implicitly, by means
of placeholders, and nevertheless requiring only little
memory and computer effort for calculating the image, since
only those parts of the virtual world for which the method has
found out that they are relevant for the calculation of the
image are included in the calculation.

C Read-1n of the tree leaf: In a tree leat, 1t 1s not the objects
and placeholders themselves, but rather references to them
that are stored in memory. An example will illustrate the
advantage of this:

In FIG. 6, a simple world having squares, circles, and a
triangle 1s shown. In order to restrict the required number of
ray/object intersections, a tree structure 1s supposed to be
generated here, as well. In this connection, 1t 1s obvious that
no partition plane that divides the world into a left and a right
half but does not at the same time divide an object mto two
halves can be determined. In this example, the plane divides
the world 1nto one half having squares and one half having,
circles, but also divides the triangle into two halves. On the
other hand, however, it becomes clear that one would like to
perform this partition: A ray that would like to traverse only
the left or only the right half of the world only has to intersect
four objects, whereas 1n the case of a non-divided world,
seven object/ray intersections would have to be calculated. It
the objects themselves were stored 1n tree leaves, all of the
squares and the triangle would have to be stored 1n the left
leat, and all of the circles and the triangle would have to be
stored 1n the right leaf. In other words the triangle would have
to be stored twice. 11, on the other hand, only the references to
the objects are stored 1n tree leaves, the left and the right tree
leat simply reference the triangle, and the data of the triangle
are stored in memory only once.

An expansion of the invention would consist, for example,
of keeping a list, for every packet, of the objects that were
already intersected with the packet. If the references to
objects are loaded from a tree leaf, a comparison 1s made as to
whether the object was already intersected, and 1t so, the
intersection with the same object 1s not performed again. In
this connection, however, 1t must be noted that possibly some
rays that participate in the current object/ray intersection did
not participate 1n the object/ray itersection that was entered
into the list, and therefore the intersection now has to be
carried out for these particular rays, after all. Another advan-
tage of this referencing 1s presented here: An object, for
example a car, 1s specified and stored 1n the memory. Then,
two additional objects are defined, which function as contain-
ers, 1n each mnstance, and possess references to the car object
and, 1n addition, a transformation matrix and a material-
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changing sequence of 1nstructions. In this manner, 1t 1S pos-
sible to represent two cars of the same model, but with dif-
ferent colors and at different positions, without having to
store the data of the car 1n the memory multiple times.

D Intersecting of all objects: In work step C, a number of
references to objects was read 1n from a tree leaf. In this work
step, the data of the referenced objects are read 1n and the rays
of the packet that participate 1n the current operation are
intersected with these objects.

IT a transformation was specified for one of the objects, this
1s applied before the intersection 1s calculated. If the object 1s
a simple object without its own tree structure, the object 1s
transformed and the intersection 1s calculated. Otherwise, the
rays are transformed and thereby adapted to the relative coor-
dinate system of the object, before traversal of the tree of this
object begins with work step B. If 1t was calculated whether
any, and 11 so, what intersection points exist between the rays
and the object, then the results and the rays are transformed
back into the absolute coordinate system of the world.

If a geometry-changing sequence ol instructions was
specified for an object, this 1s carried out before the intersec-
tion with the object 1s calculated. This geometry-changing
sequence of mstructions can be implemented, for example, 1n
order to model water surfaces. In this connection, one would
specily an object that represents the water surface at a certain
point 1n time, and specily a sequence of mstructions for this,
which deforms this object according to clock time, for
example, 1n order to represent wave movements.

A tree structure that contains an object with a geometry-
changing sequence of instructions should consider the pos-
sible effects of this sequence of mstructions, since otherwise
errors of the representation could occur. An example 1s shown
in FIG. 5. Here, a geometry-changing sequence of instruc-
tions was specified for a triangle, which shiits the corner point
P to the point P' and P", 1n accordance with clock time. The
tree structure 1s now supposed to be such that the object 1s
referenced 1n all the tree leaves in which 1t can maximally
occur. Here, the triangle should therefore be referenced in the
left tree leaf, and the sphere, the rectangle, and the triangle
should be referenced 1n the right tree leat. If aray R were only
intersected with the right half, and the triangle were not
referenced there, an incorrect intersection point would be
calculated for this ray at a certain clock time, namely the one
with the rectangle 1nstead of the one with the triangle.

The use of the transformation matrices was already pro-
posed 1n Ingo Wald, Carsten Benthin, and Phillip Slusallek:
“A Simple and Practical Method for Interactive Ray Tracing
of Dynamic Scenes,” Technical Report 2002-04, submitted
for publication, http://graphics.cs.uni-sb.de/Publications/
TR/2002/Dyn/DynamicRayTracing.pdf.

The use of geometry-changing sequences of istructions 1s
new 1n connection with the ray tracing method being pre-
sented here.

E Intersection evaluation: In this work step, an evaluation
takes place as to whether valid intersection points exist for the
packet of rays. For example, 1n the preceding work step D, a
ray can have been intersected with several objects, and these
intersections can also have several intersection points as their
result. A valid intersection point, in this connection, would be
the 1ntersection point that lies closest to the origin of the ray.
If there are still elements of the tree for which a ray intersec-
tion 1s possible, but which have not yet been examined, and
the prior work step has not resulted in valid intersection points
in a suificient amount, then the method starts again at step B,
including the previous results, otherwise it continues with
step I.
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F Determining the object properties: The results of the
preceding work steps are evaluated. In particular, the material
properties of the objects for which a valid intersection point
with one of the rays was calculated can be investigated. In this
connection, 1t can be determined, for example, that an object
possesses a reflective surface, and therefore a subsequent ray
must be calculated 1n order to determine the color at the
intersection point. Likewise, i1 the object 1s a globe of our
world, for example, a map could also be read 1n, and 1t could
be calculated what country or ocean the ray has intersected, in
order to then determine the color at the intersection point from
this.

If a material-changing sequence of instructions was speci-
fied for the intersected object, this 1s carried out. In this
connection, the matenal-changing sequence of instructions
can also be used to make a marbled object out of a colorless
object, for example. In particular, the pattern of the marble
can be calculated by means of the sequence of instructions
specified for the object, so that the pattern 1s only implicitly
indicated with a mathematical formula, and 1s only calculated
il a ray hits the object.

If a geometry-changing sequence of instructions was
specified for the intersected object, which also has an effect
on this work step, then this 1s also carried out.

G Subsequent ray generation: I1 1t 1s calculated 1n step F
that one or more additional rays are supposed to be intersected
with the geometry of the three-dimensional world, then cor-
responding packets of rays are calculated 1n this step, and the
method starts again at step B. Otherwise, it starts again at step
A, 11 additional camera rays still have to be generated for
forming the two-dimensional representation.

Another example for the use of placeholders 1s shown 1n
FIG. 4. Here, the world with the related tree structures can be
seen, from left to right, 1n a time progression, as 1t 1s expanded
or changed in the implementation of placeholder P1 or P2,
respectively.

An example for the use of placeholders will be explained 1n
the following: The virtual world comprises the buildings A
and B. For the first image to be generated, the camera 1s
located 1n building A, and building B cannot be seen by the
camera. Therefore 1t 1s sullicient to specity building B by
means of a simple placeholder. IT the virtual camera leaves
building A and approaches building B, then the sequence of
instructions for the placeholder B 1s carried out with the first
ray that hits the placeholder for building B during traversal.
This sequence of instructions could now specity that building
B 1s loaded from a memory medium and 1s supposed to be
exchanged for the placeholder for building B.

It the breakdown of the virtual world into several place-
holders 1s chosen advantageously, the amount of data that
must be examined in the generation of the 1mage can be
greatly restricted.

Vice versa, a very powerful mechanism for data reduction
can also be implemented by means of replacing partial trees
and objects by means of placeholders.

The mvention claimed 1s:

1. Method for determining a two-dimensional representa-
tion of a three-dimensional world, whereby the two-dimen-
sional representation 1s specified at least by a geometric
description, a tree structure for spatial division of the three-
dimensional world, and the material properties of all the
objects of this world, wherein a ray tracing method 1s used,
whereby several rays are brought together into a packet of
discrete rays, whereby an association of a data structure with
cach packet of discrete rays 1s carried out, whereby a status-
related assignment of the data structure to each ray 1s stored in
memory, whereby all of the following are applied to the
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packet(s) of the several discreterays, 1in that in a work step that
performs an operation on a packet, this operation 1s per-
formed on every ray of the packet, i1 the status-related assign-
ment 1s stored 1n the data structure assigned to the packet, that
the ray 1n question participates in this operation, whereby the
ray tracing method 1s broken down into the following work
steps, which are worked off one after the other, for the 1ndi-
vidual packets of rays:

A Camera ray generation: A packet of rays 1s generated,
which are supposed to be intersected with the geometry
of the three-dimensional world, proceeding from the
virtual camera,

B Tree traversal: In accordance with the spatial orientation
of the rays, the tree data structure for the geometry of the
three-dimensional world 1s run through, until a tree leaf
or a placeholder 1s reached, whereby 1n this manner, tree
nodes and placeholders are read out of a memory, and
calculations are carried out, whereby when a place-
holder 1s reached, the corresponding sequence of
instructions of the substitute object 1s carried out, 1n that
the placeholder 1s replaced with an object that can also
be a complex one, whereby if a placeholder 1s present,
two alternatives are available:

First, the sequence of instructions i1s carried out com-
pletely, and subsequently, the method 1s continued 1n
accordance with the new structure of the tree, or

the sequence of instructions 1s carried out asynchro-
nously, whereby the method 1s continued directly
with the substitute of the placeholder, and when the
sequence ol mnstructions of the substitute object has
been completely worked off, the substitute 1s replaced
with the result of this work,

C Read-1n of the tree leaf: All the references of the objects
and placeholders that are located 1n this tree leaf are read
in from a memory, and carried out, 1f applicable,

D Intersecting of all objects: All the objects that were
specified 1n work step C are read 1n, and intersected with
the packet of rays, whereby 11 a transformation was
specified for an object, this 1s applied before the inter-
section with the object 1s calculated, whereby i a geom-
etry-changing sequence of instructions was specified for
an object, this 1s carried out before the intersection with
the object 1s calculated, whereby 11 an object to be inter-
sected 1s a complex object having its own tree structure,
which must be traversed, this object 1s intersected in that
the work steps B-F, adapted to the complex object, are
carried out,

E Intersection evaluation: It 1s checked whether valid inter-
section points exist for the packet of rays, hereby pos-
sible ray intersections are determined for elements of the
tree for which a ray intersection 1s possible, but which
have not yet been examined, 1f valid intersection points
were not yet determined 1n a sufficient amount, 1n that
the method starts again at step B, including the previous
results, whereby 1n the case of a sulficient amount of
determined ray intersections, the method continues with
step I,

F Determining the object properties: With evaluation of the
results of the preceding work steps, data of objects with
which valid intersection points were calculated, 11 there
are any, are read out of the memory, whereby the results
of the calculations flow into step G, whereby if the
results are appropriate, values in a memory are recalcu-
lated, whereby 1n the case that a material-changing
sequence of mnstructions was specified for one or more of
the objects that were intersected by a ray, in such a
manner that the material properties of this object are of
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significance for the work step F or G, this sequence of

instructions 1s carried out ahead of the calculations of the

work step F,

(G Subsequent ray generation: If it was calculated in step F
that one or more additional rays are supposed to be
intersected with the geometry of the three-dimensional
world, then corresponding packets of rays are calculated
in this step, and the sequence of the method starts again
at work step B for these rays, whereby otherwise, 1t starts
again at step A, 11 additional camera rays still have to be
generated for forming the two-dimensional representa-
tion.

2. Method according to claim 1, wherein the rays generated
in work step G are brought together 1n new packets by means
ol an additional work step, whereby all the newly generated
rays are collected, sorted, and compiled 1into new packets of
discrete rays.

3. Method according to claim 1, wherein a multi-threading
method 1s used, in that a packet of rays 1s considered as a
thread, 1n each instance.

4. Method according to claim 1, wherein the amount of the
data of the three-dimensional world 1s managed in such a
manner that only a part of these data 1s held 1n the memory at
a particular time.

5. A device for implementing a method for determining a
two-dimensional representation of a three-dimensional
world, whereby the two-dimensional representation 1s speci-
fied at least by a geometric description, a tree structure for
spatial division of the three-dimensional world, and the mate-
rial properties of all the objects of this world, wherein a ray
tracing method 1s used, whereby several rays are brought
together 1nto a packet of discreterays, whereby an association
ol a data structure with each packet of discrete rays is carried
out, whereby a status-related assignment of the data structure
to each ray 1s stored in memory, whereby all of the following,
are applied to the packet(s) of the several discrete rays, 1n that
in a work step that performs an operation on a packet, this
operation 1s performed on every ray of the packet, 11 the
status-related assignment 1s stored in the data structure
assigned to the packet, that the ray 1n question participates in
this operation, whereby the ray tracing method 1s broken
down 1nto the following work steps, which are worked off one
aiter the other, for the individual packets of rays:

A Camera ray generation: A packet of rays 1s generated,
which are supposed to be intersected with the geometry
of the three-dimensional world, proceeding from the
virtual camera,

B Tree traversal: In accordance with the spatial orientation
of the rays, the tree data structure for the geometry of the
three-dimensional world 1s run through, until a tree leaf
or a placeholder 1s reached, whereby in this manner, tree
nodes and placeholders are read out of a memory, and
calculations are carried out, whereby when a place-
holder 1s reached, the corresponding sequence of
instructions of the substitute object 1s carried out, in that
the placeholder 1s replaced with an object that can also
be a complex one, whereby 1f a placeholder 1s present,
two alternatives are available:

First, the sequence of instructions 1s carried out com-
pletely, and subsequently, the method 1s continued 1n
accordance with the new structure of the tree, or the
sequence of instructions i1s carried out asynchro-
nously, whereby the method 1s continued directly
with the substitute of the placeholder, and when the
sequence ol mstructions of the substitute object has
been completely worked off, the substitute 1s replaced
with the result of this work,
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C Read-1n of the tree leaf: All the references of the objects
and placeholders that are located 1n this tree leat are read
in from a memory, and carried out, 1f applicable,

D Intersecting of all objects: All the objects that were
specified 1n work step C are read 1n, and intersected with
the packet of rays, whereby 11 a transformation was
specified for an object, this 1s applied before the inter-
section with the object 1s calculated, whereby 11 a geom-
etry-changing sequence of instructions was specified for
an object, this 1s carried out before the intersection with
the object 1s calculated, whereby 1f an object to be inter-
sected 1s a complex object having 1ts own tree structure,
which must be traversed, this object 1s intersected 1n that
the work steps B-F, adapted to the complex object, are
carried out,

E Intersection evaluation: It 1s checked whether valid inter-
section points exist for the packet of rays, hereby pos-
sible ray intersections are determined for elements of the
tree for which a ray intersection 1s possible, but which
have not yet been examined, 1f valid itersection points
were not yet determined 1n a suificient amount, 1n that
the method starts again at step B, including the previous
results, whereby 1n the case of a sufficient amount of
determined ray intersections, the method continues with
step I,

F Determining the object Properties: With evaluation of the
results of the preceding work steps, data of objects with
which valid intersection points were calculated, 1f there
are any, are read out of the memory, whereby the results
of the calculations flow into step G, whereby if the
results are appropriate, values in a memory are recalcu-
lated, whereby 1n the case that a material-changing
sequence of mnstructions was specified for one or more of
the objects that were intersected by a ray, in such a
manner that the material properties of this object are of
significance for the work step F or G, this sequence of
instructions 1s carried out ahead of the calculations of the
work step F,

G Subsequent ray generation: If 1t was calculated in step F
that one or more additional rays are supposed to be
intersected with the geometry of the three-dimensional
world, then corresponding packets of rays are calculated
in this step, and the sequence of the method starts again
at work step B for these rays, whereby otherwise, 1t starts
again at step A, 11 additional camera rays still have to be
generated for forming the two-dimensional representa-
tion, wherein the individual work steps are represented
by independent functional groups.

6. A device for implementing a method for determining a
two-dimensional representation of a three-dimensional
world, whereby the two-dimensional representation 1s speci-
fied at least by a geometric description, a tree structure for
spatial division of the three-dimensional world, and the mate-
rial properties of all the objects of this world, wherein a ray
tracing method 1s used, whereby several rays are brought
together into a packet of discrete rays, whereby an association
ol a data structure with each packet of discrete rays 1s carried
out, whereby a status-related assignment of the data structure
to each ray 1s stored in memory, whereby all of the following
are applied to the packet(s) of the several discrete rays, 1n that
in a work step that performs an operation on a packet, this
operation 1s performed on every ray of the packet, 1 the
status-related assignment 1s stored in the data structure
assigned to the packet, that the ray in question participates 1n
this operation, whereby the ray tracing method 1s broken
down 1nto the following work steps, which are worked off one
aiter the other, for the individual packets of rays:




US RE44,347 E

19

A Camera ray generation: A packet of rays 1s generated,
which are supposed to be intersected with the geometry
of the three-dimensional world, proceeding from the
virtual camera,

B Tree traversal: In accordance with the spatial orientation
of the rays, the tree data structure for the geometry of the
three-dimensional world 1s run through, until a tree leat
or a placeholder 1s reached, whereby in this manner, tree
nodes and placeholders are read out of a memory, and
calculations are carried out, whereby when a place-
holder 1s reached, the corresponding sequence of
instructions of the substitute object 1s carried out, 1n that
the placeholder 1s replaced with an object that can also
be a complex one, whereby 1f a placeholder 1s present,
two alternatives are available:

First, the sequence of instructions 1s carried out com-
pletely, and subsequently, the method 1s continued 1n
accordance with the new structure of the tree, or

the sequence of instructions 1s carried out asynchro-
nously, whereby the method 1s continued directly
with the substitute of the placeholder, and when the
sequence ol mstructions of the substitute object has
been completely worked off, the substitute 1s replaced
with the result of this work,

C Read-1n of the tree leat: All the references of the objects
and placeholders that are located 1n this tree leat are read
in from a memory, and carried out, if applicable,

D Intersecting of all objects: All the objects that were
specified 1n work step C are read 1n, and intersected with
the packet of rays, whereby 1f a transformation was
specified for an object, this 1s applied before the inter-
section with the object 1s calculated, whereby 11 a geom-
etry-changing sequence of 1instructions was specified for
an object, this 1s carried out before the itersection with
the object 1s calculated, whereby 1f an object to be inter-
sected 1s a complex object having 1ts own tree structure,
which must be traversed, this object 1s intersected in that
the work steps B-F, adapted to the complex object, are
carried out,

E Intersection evaluation: It 1s checked whether valid inter-
section points exist for the packet of rays, hereby pos-
sible ray intersections are determined for elements of the
tree for which a ray intersection 1s possible, but which
have not yet been examined, 11 valid intersection points
were not yet determined 1n a sufficient amount, 1n that
the method starts again at step B, including the previous
results, whereby 1n the case of a sullicient amount of
determined ray intersections, the method continues with
step L,

F Determining the object properties: With evaluation of the
results of the preceding work steps, data of objects with
which valid mtersection points were calculated, 11 there
are any, are read out of the memory, whereby the results
of the calculations flow mto step G, whereby 1t the
results are appropriate, values 1n a memory are recalcu-
lated, whereby 1n the case that a material-changing
sequence of instructions was specified for one or more of
the objects that were intersected by a ray, 1n such a
manner that the material properties of this object are of
significance for the work step F or G, this sequence of
instructions 1s carried out ahead of the calculations of the
work step F,

G Subsequent ray generation: If it was calculated 1n step F
that one or more additional rays are supposed to be
intersected with the geometry of the three-dimensional
world, then corresponding packets of rays are calculated
in this step, and the sequence of the method starts again
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at work step B for these rays, whereby otherwise, 1t starts

again at step A, 11 additional camera rays still have to be

generated for forming the two-dimensional representa-
tion;

wherein the work steps are brought together 1n functional
groups, as follows:

RGS: Comprises several functional units for the work
steps A, F, and G, and expands them with units for the
management of sub-units;

Master: Coordinates the work of the slave functional
units:;

Slave: Contains units for the work steps A, F, and G;

Memlnt: Coordinates the access of slave units to the
external memory;

RTC: Comprises several functional units for the work
steps B, C, D, and E;
Traversal: Functional unit that comprises the work

steps B and E;

List: Functional unit for the work step C;

Intersection: Functional unit for the work step D;

RTC-MI: Coordinates and regulates all accesses of the
RTC units to external memory units;

T-SR: Coordinates the access of traversal units to the
T-cache:

T-cache: Keeps book about preceding traversal
accesses and tries to avoid new accesses, 1n that it
re-uses the preceding results;

L-SR: Coordinates the access of list units to the
[.-cache;

L-cache: Analogous to the T-cache for list accesses;

[-SR: Coordinates the access of list umits to the
I-cache;

I-cache: Analogous to the T-cache for intersection
acCesses;

M-SR: Coordinates the access of-cache units to the
external memory;

MemCitrl: Passes the accesses on to the external
memory responsible for them.

7. A method comprising:
generating computationally, by a computing device, one or
movre rays from a viewing point for generating an image

Jor a three-dimensional space containing one or more

objects, wherein the space is represented by a tree data

structure, the tree data structure containing one orv move
first tree nodes and also comprising one ov more tree
leaves which are placeholders, and the respective place-
holders comprising vespective sequences of one or more
instructions specifying rvespective substitute objects for
the rvespective placeholders, the vespective substitute
objects including vespective tree nodes to be substituted
for the placeholders in the tree data structure;

traversing, by the computing device, the tree data structure
to determine one or more leaves vepresenting spaces
intersected by one or more rays;

upon traversing a leaf in the tree data structure which is a
placeholder, executing, by the computing device, the
sequence of one or more instructions the placeholder
comprises to create the substitute object for the leaf,
including creating a new tree node and substituting the
new tree node for the leaf which is a placeholder in the
tree data structure; and

intersecting, by the computing device, the one or more rays
with the substitute object.

8. The method of claim 7, wherein creating a substitute

object further comprises creating a tree leaf for the tree data
structure, which contains an object.
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9. The method of claim 7, wherein creating a substitute
object further comprises creating an object tree data struc-
ture containing one or move tree nodes and one ov morve tree
leaves.

10. The method of claim 9, further comprising:

transforming by the computing device, the one or more

rays into a rvelative coordinate system for the object tree
structure; and

intersecting by the computing device, the one or more

transformed vays with objects in the object tree struc-
lure.

11. The method of claim 7, further comprising displaying
or causing to be displaved, by the computing device, the
substitute object intevsected with the one or more rays in the
image.

12. A system comprising:

storage memory stoving a tree data structure vepresenting

the three-dimensional space containing one or more
objects for generating an image for the three-dimen-
sional space and containing tree leaves and tree nodes,
wherein one ov move portions of the space are repre-
sented by tree leaves in the tree and one ov more tree
leaves in the tree comprise vespective placeholders, the
placeholders comprising respective sequences of one or
more instructions specifying vespective substitute
objects for the respective placeholders, the vespective
substitute objects including respective tree nodes to be
substituted for the placeholders in the tree data struc-
lure;

a computer processor coupled to the storage memory, the

computer processor configured to computationally:
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generate one or more rays from a viewing point,

traverse the tree data structure to determine one ov more
leaves representing spaces intersected by one or more
rays,

upon traversing a leaf in the tree which is a placeholder,
exectuite the sequence of one or more instructions the

placeholder comprises to create the substitute object
Jor the leaf, including creation of a new tree node and

substituting the new tree node for the leaf which is a
placeholder in the tree data structurve;

intersect the one or movre vays with the substitute object.

13. The system of claim 12, wherein the computer proces-
sor is further configured to cause to be displaved the substi-
tute object intersected with the one or more rays in the image.

14. The system of claim 12, whervein the computer proces-

sor is configured to create a substitute object through creation
of a tree leaf for the tree data structure, which contains an

object.

15. The system of claim 12, wherein the computer proces-
sor is configured to create a substitute object through creation
of an object tree data structuve containing one ov morve tree
nodes and one or move tree leaves.

16. The system of claim 15, wherein the computer proces-
sor is further configured to:

transform the one or more rays into a relative coordinate
system for the object tree structure; and

intersect the one or more transformed vays with objects in
the object tree structure.
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