Dallas, August 18-22

- TT——

Volume 20, Number 4,1986

T . - . .
he Definition ang Rendering of Terrain Maps

Gavin S. P. Miller

Cambridge University Engineering Department

Cambridge, England.

Abstract
This paper examines three methods, two
existing and one new, for the generation
of fractals based on recursive
subdivision. Both existing methods are
found to have defects, which are not
present in the new method. A parallel
processing algorithm is proposed for the

rendering of height fields which is exact
and distributes the 1load evenly between
the processors. A method is described for
the ‘'fan-tracing' of height fields to
allow the realistic simulation of water
reflections.
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1. 1Introduction

The rendering of terrain models using

computer graphics is an impertant problem

because of its relevance to flight
simulation, animation and CADCAM, to
mention but a few applications. Special
problems are posed by the realistic
rendering of landscape because of the
amount of detail required. Fractal
methods have been proposed to allow
database amplification, which 1is the
generation of controlled random detail

from a fairly sparse description [9].

Permission to copy without fee all or part of this material.is granted
provided that the copies are not made or distributed for dll’?ct
commercial advantage, the ACM copyright notice and the tn!e of the
publication and its date appear, and notice is given that copying is by
permission of the Association for Computing Machin_ery. To copy
otherwise, or to republish, requires a fee and/or specific permission.

© 1986 ACM 0-89791-196-2/86/008/0039 $00.75

An alternative approach is to use texture
mapping methods on a few simple
primitives. The texturing is defined
procedurally, which means that the

textured elements may be expanded without
loss of high frequency detail, or shrunk
without the occurrence of aliasing
artifacts. Such texturing helps to blend

together the crude approximate surfaces
f12].
However problems remain. Fractal

subdivision methods are slow and generate
defects due to what is known as the
'‘creasing problem' which is the occurrence
of creases or slope discontinuities along
boundaries. Texture map methods, on the
other hand, display visible
discontinuities in texture gradient where
two surfaces intersect. Also the outlines
are smooth rather than irregular.

cues are important in
generating a sense of movement and visual
realism. Unfortunately, the texture
mapping of a few simple primitives does
not give correct local height wvariations.
A typical state-of-the-art flight
simulator can render about 5000 polygons
in real time whereas a detailed terrain
may consist of one quarter of a million
elements. To achieve this degree of
detail in real time will require a careful

True parallax

partitioning of the computational load
between hundreds of processors working in
parallel. Fortunately the special
geometrical properties of height fields
allow this.

2. A New Fractal Method

Recursive subdivision methods are
preferable to Fourier transform methods
because they are linear in time with the
number of elements rather than NlogN.

Recursion also allows the computation of a
surface to varying degrees of detail in

different regions based on the current
projection. The two methods current in
the literature are triangular edge

subdivision, and what for this paper will
be called diamond-square subdivision [9].
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Image lb indicates a plan view‘ of a
randomised version of the pyramid with H

~ i equal to 1.0. The shading model used is a
I 1\ \\\ simple scaling of the X-component of the
surface normal. The creases parallel to
the X and Y axes and along the diagonal
* b are all too apparent. However, rotated by
= 60 degrees about the X-axis with Cosine
Law shading the mountains }ook quite
\\\ respectable and very de;alled. ' See

| N Image lc. Indeed the creasing artifacts
- : S do much to make the mountains dramatic.
However it would be more desirable to have

O lteration N crandom detail generated which could be
considered to look natural from all

o Iteration N+1 directions

Figure 1 Triangle Edge Subdivision

£ -
Triangular edge subdivision is illustrated
in Figure 1. Each triangle is divided % ,E‘/
into four new ones. The edges are each i v
divided equally into two. The midpoint i . \\\

then has a Gaussian random variable added
to it. The standard deviation of this is
given by:
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Where i is the iteration level, k 1s a
scale factor and H is the fractal X lteration N+2
dimension. Figure 2 Diamond - Square Subdiwision
No information is passed between adjacent The second method in [9] was the
triangles, so this may be termed to be a diamond-square lattice 1illustrated in
‘context independent' method [18]. This Figure 2. Rather than subdividing only
is important since it 1leads to what is edges a square is used to generate its
known as the creasing problem. An centre point which then leaves holes which
important measure of a randomising are surrounded by data in a diamond
interpolant is what it looks like if the arrangement. The diamond 1is used to
randomisation is turned off, i. e. k is generate its centre point and this level
set to zero. For the sake of later of subdivision 1is complete. This method
comparison a simple test case is of subdivision does take values from
considered. The fractals are defined to neighbouring regions and so it is 'context
be periodic and to have their control dependent'. However, because of the two
points lying on a square matrix. The tier iteration scheme artifacts do occur.
vertices of the square and the edge Again with the randomisation turned off
midpoints are all set to a constant level. Image 2a indicates the rather peculiar
The midpoint of the square is raised above surface which results. Note that the

original control points have the surface

the constant level.
passing through them. The surface is very

Image la illustrates the effect of pointed towards the peak and there are
subdivision for Kk equal_ to' zZero. A bumps and dents in the surface depending
pyramid is the result. This is 'because on the 1local curvature. These are, of
below the first level og subd}v1sxon each course, innate in the interpolant and
triangle is merely divided into ot@er no;hing to do with fractal randomisation
triangles which are coplanar with 1it. which is not present. Image 2b again
Thus rather than rolling hills we have indicates the X-component of the surface
‘rolling pyramids’ ~which are normal. Tell-tale vertical streaks
unsatisfactory for terrain. Algo note indicate a persistent creasing problem and
that the original control points hgd Image 2c shows pointed peaks not only at
square symmetry whereas the surface is the control points but also at other
skewed. The skewness can‘be overcome by intermediate points as well.

placing the control points on an

equilateral triangular mesh rather than on
a rectangular one, but the discontinuities

in slope will remain.

40



Dallas, August 18-22

e T Ly

Da Volume 20, Number 4, 1986

3. A Parallel Algorithm for

) a Rendering

G @-o--eeene e & Height Fields
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\3 A E ! t For the purposes of this paper a height

£ : ! ; field is a surface which in object space

x?“j-i ' E ' coordinates is defined by a single value

:>@—- ----- - B e @ of Z for every X and Y. We have a

; L : viewpoint P and a view direction V. We

; ; E wish to be able to compute an image of the

: ' ! height field for any view direction and

& é_“ C ' position. The usual approach to this is

s ASREEERSsE SR a to consider a plane image whose surface is

perpendicular to the view direction

o Iteraton N vector. A 4x4 transformation matrix is

o lteration N +1 sufficient to project from the object

space into the image space. The surface
elements are transformed into perspective
and then rendered into the image. The use
of occlusion-compatible ordering allows

Figure 3 Square - Square Subdivision

The new method here proposed

. is one the elements to be rendered from back to
adapted from tye field of CADCAM. In front with pixel overwrite, or from front
order to gain first order continuity in to back for antialiasing [5]. A general
the interpolant _ we sacrifice the polygon-based system explicitly computes
requirement of having the surface passing this order from the polygon data, or
through the control points. Figure 3 derives it from a precomputed data
illustrates the square-square subdivision structure [11]. With height fields,
rule of [4] and [7]. The new points are

however, we may divide the surface into

generated on a square which 1is half the four rectangular regions within which the

size of an existing square. The new ordering can be generated trivially. We
values are taken in the proportion split the object X-Y plane into four
9:3:3:1, the nearer points having the regions using lines parallel to the X-axis
greater weighting. This leads to an and Y-axis which intersect vertically
interpolant which in the 1limit is a beneath the viewpoint. Each region may
biquadratic surface. This 1is a surface then be rendered using polygons generated
which is smooth and continuous in surface in the correct row by row or column by
normal. Note that with this method the column order [l1]. We then need a fast
control points deflect the surface but do method of scan-conversion, but this may be

not normally lie on it. difficult to distribute evenly between
parallel processors. In particular, a
Image 3a indicates the form of the height field in perspective may not
interpolant. First order continuity |is project to singly valued screen Yy
achieved but the surface is rather coordinates. The importance of this is
conservative in the way it is deflected by explained later. Ano;her proble@ with
the control points. Image 3b shows no this method. is that if sgveral different
creasing artifacts and Image 3c is well view di?ectlons are Fequlred, then the
behaved. However the surface looks rather visibility ?a}culatlgns_ @us? be
bland compared with Image lc, but the recomputed. Sxmxlarly it is d}fflcult to
value of H can always be decreased to process scenes for which the view angle is
create more roughness, and the coatrol greater than 180 degrees.
i in Z to make a
;g;:ts gigngsnE:ZQQQEZEE? " With this An .estéblished technique for 'the
square-square fractal method we may projection of planar text?res into
generate terrain which is anything from perspective 1s to use a ;ocho umn accegs
rolling hills to rough mountains, since method. In this approgc fpl.xels :re read,
the roughness is due to the fractal transformed and store or eac row in
statistics and is not produced by the turn. The columns are then each accessed
; : and transformed. The net result is a
underlying interpolant. planar texture which has been transformed
i into perspective with antialiasing [3].
ahiler No far w= havefogly E:g:;?:fed t:: This gcheﬂe may be. thought of as a
i OF Eractalh f'gled skies 1is also parallel algorithm since each row could be
generation of cloud fi As demonstrated processed by a different processor at the
an important prOblimﬁethod leads to the same time. Each column could then be
;ZE:EAEQEnngz f:zg:;table clouds, because processed similarly. The advantage of

this method is that there is no executive

P 1 s .
of the lack of unnatural artifacts. It 1  OGBRRDE allocating fragments of the

worth noting, however, that for texturing

i i to each subprocessor. Also
SR ds ma entire image
purposes, fractal subdlyl?lon mstgzhastiz each processor does not need to store the
be replaced by Perlin's entire image, but only a single row or

modelling approach [171. column. The difficulty with this method

is the dual access of the data first for
the rows and then for the columns. If the

4



Dallas, August 18-22

[

Volume 20, Number 4, 1986

) @Beememee
] Pk ;
Lo ® H e . '
- : r

3 A | : :
- 3 1 ‘
. 30 e '
e 3 b : b————¢ !

’ ~_ 1
¢__ﬂ————ﬁ»———~———1:“S@-- ----- I S --@
S e G | ;
T
- ;-—4»--—‘\—L——<l :
'
\ & b N :

o lteration N
o lteration N +1

Figure 3 Square - Square Subdivision

The new method here proposed is one
adapted from the field of CADCAM. In
order to gain first order continuity 1in
the interpolant we sacrifice the
requirement of having the surface passing
through the control points. Figure 3
illustrates the square-square subdivision
rule of [4] and [7]). The new points are
generated on a square which is half the
size of an existing square. The new
values are taken in the proportion
9:3:3:1, the nearer points having the
greater weighting. This leads to an
interpolant which in the 1limit is a
biquadratic surface. This 1is a surface
which is smooth and continuous in surface
normal. Note that with this method the
control points deflect the surface but do
not normally lie on it.

Image 3a indicates the form of the
interpolant. First order continuity is
achieved but the surface is rather
conservative in the way it is deflected by
the control points. Image 3b shows no
creasing artifacts and Image 3c is well
behaved. However the surface looks rather
bland compared with Image lc, but the
value of H can always be decreased to
create more roughness, and the control
points may be exaggerated in Z to make a
more pronounced peak. With this
square-sguare fractal method we may
generate terrain which 1is anythlng from
rolling hills to rough mountains, s;nci
the roughness is due to the fracta

statistics and is not produced by the
underlying interpolant.

Whilst so far we have only consléered t:e
use of fractals for teFraLn: aisg
generation of cloud filled skies 1strated
an important problem. As demons Eed
later the new fractal method leads ;ocause
generation of acceptable c_louds. eIt e
of the lack of unnatural artlfaCt:éxturing
worth noting, however. §h§t.for e
purposes, fractal subdlyl?lon metOChastic
be replaced by Perlin's s

modelling approach [17].

3.’ A Parallel Algorithm for Rendering
Height Fields

Fgr thg purposes of this paper a height
field is a surface which in object space
coordinates is defined by a single value
of Z for every X and Y. We have a
viewpoint P and a view direction V. We
wish to be able to compute an image of the
height field for any view direction and
position. The usual approach to this is
to consider a plane image whose surface is
perpendicular to the view direction
vector. A 4x4 transformation matrix is
sufficient to project from the object
space into the image space. The surface
elements are transformed into perspective
and then rendered into the image. The use
of occlusion-compatible ordering allows
the elements to be rendered from back to
front with pixel overwrite, or from front
to back for antialiasing [5]. A general
polygon-based system explicitly computes
this order from the polygon data, or
derives it from a precomputed data
structure [11]. With height fields,
however, we may divide the surface into
four rectangular regions within which the
ordering can be generated trivially. We
split the object X-Y plane into four
regions using lines parallel to the X-axis
and Y-axis which intersect vertically
beneath the viewpoint. Each region may
then be rendered using polygons generated
in the correct row by row or column by
column order [1]. We then need a fast
method of scan-conversion, but this may be
difficult to distribute evenly between
parallel processors. In particular, a
height field in perspective may not
project to singly valued screen Y
coordinates. The importance of this is
explained later. Another problem with
this method is that if several different
view directions are required, then the
visibility calculations must be
recomputed. Similarly it is difficult to
process scenes for which the view angle is
greater than 180 degrees.

An established technique for the
projection of planar textures into
perspective is to use a row-column access
method. In this approach pixels are read,
transformed and stored for each row in
turn. The columns are then each accessed
and transformed. The net result is a
planar texture which has been transformed
into perspective with antialiasing [3].
This scheme may be thought of as a
parallel algorithm since each row could be
processed by a different processor at the
game time. Each c¢olumn could then be
processed similarly. Th? advantage of
this method is that there 1s no executive
processor allocating fragments of the
entire image to each subprocessor. Also
each processor does not nee@ to store the
entire image, but only a g;ngle_ row or
column. The difficulty with thfs method
is the dual access of the data first for
the rows and then for the columns. If the
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processors are connected by a common bus
then the image may be flipped about a
diagonal in one frame time.

It would be attractive to apply a
row-column algorithm to the rendering of
height fields. The rows would Dbe
stretched laterally in accordance with the
perspective projection and then the
columns would be transformed to the
correct view. Unfortunately this approach
1s only exact for perspective projections
if the view vector is parallel to the X-Y
plaQe. For other view directions the
projected height field is not singly
valued in screen y coordinate. Indeed the
process collapses if the view vector is
stra;ght down along the object space
Z-axis. However this inexact approach has
been used to good effect in [10].

The new approach presented in this paper
is to abandon the planar projection and to
use an intermediate viewing sphere. (This
is an extension of the method described in
[8] which was restricted to having view
directions parallel to the X-Y plane). We
consider the viewpoint to be surrocunded by
a sphere onto which have been projected
the surfaces from all directions. This
sphere may then be transformed into screen
coordinates for viewing on a flat screen
or directly projected onto a spherical
screen for wide angle work.

Figure & Viewing_Sphere with Axial Planes

The advantage of this method is that the
visible surface calculation for the
viewing sphere is independent of the
viewing direction and the processing may
use planes which pass vertically through
the terrain map- See Figure 4. If we
consider the family of planes which pass
through a line dropped vertically'from the
viewpoint, then the planes will have

intersections with the terrain which are

singly valued in 2.

42

Figure 5  Cartesian to Polar Conversion.

A way to achieve this with a Yow—column
algorithm is to split the object plane
into wedge gquadrants. These are + or - 45

degrees from either the X or Y _axes. We
stretch each row until the vertical planes
of constant Phi Dbecome columns. See
Figure 5.

Figure 6 Projection of Slce ontoViewing_Sphere

To project onto the viewing sphere we then
process each column using inverse
trigonometric functions to compute values
of Theta. See Figure 6. From a Phi-Theta
representation of the viewing sphere we
proceed to project onto the viewing plane.
See Figure 7.
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Image 4 illustratesg this
left is the original
areas within the

interest highlighteq

4 Processg,
€rrain map with
vedge  quadrants of
i in :

is the same terraip aftegre{; Eop right
expanded row by row in x % 5 fas been
1/Y. Bottom left ig tp actor of

Top

bottom half of the data was then

vertically. The top ang flipped
bot

correspond  to  tyo ogp;g?tgalves gow

quadrants. Bottom right g wedge

representation of half a polar

of the viewing
9 X, Theta is along Y.
quadrants have
viewing sphere. The
for near parts of
apparent.

sphere. Phi is alon
The two wedge

projected onto the
lack of visual detai)
the terrain is readily

Image 5 demonstrates

. the additi
a two-dimensional =.onal ise of

: version of Perlin's
fractal texturing technique. In this a

bandwid;h-limited function of X and vy is
successively scaled ang superimposed in
accordance with the viewing
transformation. This ig used to compute a
norma} perturbation for the shading
function. With this near elements remain
detailed despite their expansion by the
spherical projection. Top right is an
orthogonal spherical projection taken
along the Y-axis. Top left is the same
projection taken looking straight down
along the Z-axis. Image 6 shows a
perspective projection of the viewing
sphere taken along the X-axis.

If the viewing sphere is transformed such
that the polar axis lies along the current
rotation axis of the observer, then
rotational motion blur may be computed. A
block or ramp filter is applied along the
Phi direction of the polar representation
of the viewing sphere. Image 7 1is the
same scene as that shown in Image 6, but
with motion blur due to a barrel roll
about the view vector. Image 8 shows a
wide angle projection of the viewing
sphere after it has been tilted about the
X-axis by 45 degrees. Image 9 is a
perspective projection of the rotated
viewing sphere.

The details of the row-column algorithms
for arbitrary spherical-to—sphgrical and
spherical-to-planar transformations will
be the subject of a later work [15].
However it should now be apparent that by
using a spherical projection as an
intermediate representation it is possible
to construct a row—columg algorithm .for
the perspective rendering of Theight

fields.

4. The Fan-tracing of Height Fields

done on
Recently some work has Dbeen :
ray-trazing fractal surfa?eg defln:d‘ EZ
the triangle edge subdivision techniq o
(2] and ([14]. While these methods wor

they are slow and restricted to a certain
class of surfaces. In general the key
uses in terrain modelling for ray—t?ac1nq
like effects would be the calculation of
shadows and reflections in water. Usually
where shadows are required the sun may be
considered to be a point _lxght source.
This is equivalent to computing a second
hidden surface calculation. A more
difficult problem is the reflgctlon of
light in water. For distant regions there
may be many water waves per plxgl. Thus
many rays per pixel will be required for
raytracing rippling water. Als9 each ray
must be separately traced against the
whole terrain.

The approach adopted here is to assume
that rays may be perturbed vertically by
the water but not laterally. This allows
us to model the actual appearance of
reflections of distant hills in lakes
quite realistically whilst redgcxng a 3-D
ray trace to a 2-D one. Since thege
vertical planes are equivalent to those in
the previous section this procedure may be
implemented in parallel as a natural ?art
of the hidden surface algorithm. Since
reflected light is scattered vertica}ly
but not horizontally, the light which will
be scattered towards an observer lies
within a range of vertical angles from the
point on the water surface. This may be
thought of as a 'fan' of 1light rays
incident on the water. The reflected
light intensity is merely the integral of
the incident 1light lying within the range
of the fan.

ZA

Figure 8 The Beam Geometry of Water Reflechon

To ease the computational load the water
is treated as flat with a normal
perturbation. The waves are modelled as
superimposed sine waves which aids
clamping, i. e. the bandwidth-limiting of
the normal perturbation texture [1e].
However since we are interested in
reflections of a fan rather than the
projection of a texture the waves have two
effects. The first is to perturb the
centre of the fan based on the slope of
the wave surface. The second is to spread
the fan based on the curvature of the
wave. See Figure 8. The fan centre
perturbation is clamped to zero for
distant waves whilst the fan spread is set
to maximum. An alternative to
superimposed sine waves would have been
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Egzswzve mode 1 in [17]. Perlin's model
and soever§1 point sources of disturbange
Ehe Sinav01ds the periodicity inherent in

Sine wave approach. It gives very
realistic pictures and the incorporation

of that method into this system is an area
for future work.

If there were none of the height field
protruding above the water level then the
Lntensity for a fan could be computed from
an environment map of the sky. For each
Vertxcal‘slice this environment map would
be one-dimensional, and a precomputed
lntegral table could be used to speed
calculations [6]. However, since the
height field can obstruct all or part of
the sky contribution to the fan, a more
complicated approach is required.

For each water pixel a fan is generated
based on the projection distance, the
perturbation and the spread of the wave.
The plane slice of the height field is
pProjected and clipped to that fan and the
lntensities are averaged over the fan.
Thus there is one fan per water pixel
rather than many rays. For Image 10, the
view direction was taken parallel to the
negative Y-axis. Also the height field
was painted onto piecewise flat vertical
elements for rapidity of projection. This
latter simpification did lead to unnatural
vertical streaks for some 1images and is
not recommended. However the results were

gquite encouraging. The clouds were
generated using the new fractal method as
were the mountains. The snow 1line was

prevented from being too regular by the
use of normal as well as height data to
determine the snow threshold.

By dividing a 3-D problem into a 2-D
problem a great speed saving was achieved
thus allowing the simulation of quite
realistic effects on a small machine.
Image 10 took 6 hours on a Prime 250 for
512x512 resolution, including the time for
the generation of the terrain data.

5. Conclusions and Future Developments.

This paper has presented a new method for
the generation of fractals by recursive
subdivision, which does not create the
artifacts of previously published methods.
It has also presented a parallel algorithm
for the perspective rendering of height
fields which uses an intermediate
spherical projection. This algorithm was
extended to include an approximate but
convincing method for the simulation of
reflections of terrain and sky in water.

The common bus architecture mentioned in
this paper may be replaced .by a more
complex one, to speed up the diagonal flip
process.

Also, the height field rendering algorithm
as given does not allow the inclusion of
collections of trees or Dbushes. By

44

in the
allowing more data to be stored gible iy
rows and columns it may De postextured
include features such as the

ellipsoids of Gardner [12] and (13].
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Diamond-Square Interpolant. 3a.

2c. Diamond-Square Fractal Mountain. 3c.
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Square-Square Interpolant.

Square-Square Fractal Mountain.
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9. Perspective View Down Incline.

6. Perspective View Along X.
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