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A PROGRESSIVE REFINEMENT APPROACH
FOR THE VISUALISATION OF IMPLICIT SURFACES
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Abstract: Visualising implicit surfaces with the ray cagtimethod is a slow procedure. The design cycle of a new
implicit surface is, therefore, fraught with long latenayés as a user must wait for the surface to be rendered
before being able to decide what changes should be intrddadée next iteration. In this paper, we present
an attempt at reducing the design cycle of an implicit s&faodeler by introducing a progressive refinement
rendering approach to the visualisation of implicit suefcThis progressive refinement renderer provides a
quick previewing facility. It first displays a low quality &smate of what the final rendering is going to be
and, as the computation progresses, increases the qulatlis@stimate at a steady rate. The progressive
refinement algorithm is based on the adaptive subdivisioth@fviewing frustrum into smaller cells. An
estimate for the variation of the implicit function insidaad cell is obtained with an affine arithmetic range
estimation technique. Overall, we show that our progress#finement approach not only provides the user
with visual feedback as the rendering advances but is alsabba of completing the image faster than a
conventional implicit surface rendering algorithm basaday casting.

1 INTRODUCTION Our ultimate goal is to use implicit surfaces as a
tool to model and visualise realistic procedural plan-

Implicit surfaces play an important role in Computer ©ts over a very wide range of scales. The function
Graphics. Surfaces exhibiting complex topologies, f that generates the surface terrain for such a planet
i.e. with many holes or disconnected pieces, can be Must have fractal scaling properties and exhibit a large
easily modelled in implicit form. An implicit surface ~ @mount of small scale detail. Examples of this type of
is defined as the set of all pointghat verify the con-  t€rrain generating function can be found in the Com-
dition f(x) = 0 for some functionf : R3 — R. puter Graphics literature (Ebert et al., 2003). In our
Modelling with implicit surfaces amounts to the con- Planet modelling scenario, meshing algorithms are
struction of an appropriate functighthat will gener- 00 cumbersome as they generate meshes with a very
ate the desired surface. high polygon count in order to preserve all the visible
Rendering algorithms for implicit surfaces can be surface detail. Furthermore, as the viewing distance
broadly divided into meshing algorithms and ray cast- changes, the amount of surface detail varies accord-
ing algorithms. Meshing algorithms convert an im- Ngly and the whole polygon mesh needs to be regen-
plicit surface to a polygonal mesh format, which can €ratéd. For these reasons, we have preferred a ray
be subsequently rendered in real time with modern ¢@Sting approach because of its ability to render the
graphics processor boards (Lorensen and Cline 19g7surface directly without the need for an intermediate
Bloomenthal, 1988; Velho, 1996). Ray casting al- Polygonalrepresentation. .
gorithms compute the projection of an implicit sur-  The visualisation of an implicit surface with ray
face on the screen by casting rays from each pixel into ¢asting is not without its problems, however. When

three-dimensional space and finding their intersection the surface is complex, many iterations have to be
with the surface (Roth, 1982). performed along each ray in order to locate the inter-

section point with an acceptable accuracy (Mitchell,

*Supported by grant SFRH/BD/16249/2004 from 1990). Imaging an implicit surface with ray casting
Fundacao para a Ciéncia e a Tecnologia, Portugal. can then become a slow procedure. This is further



compounded by the fact that an anti-aliased image re-the surface by sharing the surface normal at the point
quires that many rays be shot for each pixel (Cook, where it is located. This previewing system relies on
1989). a characteristic of our visual system whereby we are
We propose to alleviate the long rendering times as- able to infer the existence of an object based solely on
sociated with the modelling and subsequent ray cast-the distribution of a small number of features on the
ing of complex fractal surfaces by providing a quick surface of that object. This visual trait only works,
previewer based on a progressive refinement render-however, when the surface of the object is simple and
ing principle. The idea of progressive refinement for fairly smooth. If the surface is irregular, an apparently
image rendering was first formalised in 1986 (Berg- random distribution of discs is visible and no object s
man et al., 1986). Progressive refinement rendering perceived.
has received much attention in the fields of radios-
ity and global illumination (Cohen et al., 1988; Guo,
1998; Farrugia and Peroche, 2004). Progressive re-
finement approaches to volume rendering have also
been developed (Laur and Hanrahan, 1991; Lippert
and Gross, 1995). Our previewer uses progressive
rendering to visualise an increasingly better approx-
imation to the final implicit surface. It allows the
user to make quick editing decisions without having

An approximate representation of an implicit sur-
face can be generated by subdividing the space in
which the surface is embedded into progressively
smaller voxels and using a surface classification tech-
nique to identify which voxels are potentially inter-
secting with the surface. One such spatial subdivi-
sion method employs interval arithmetic to perform
the surface classification step (Duff, 1992). The sub-

to wait for a full ray casting solution to be computed. division strategy of this method is adapted from an

Because the rendering is progressive, the previewerear“er work and is not suitable for interactive pre-

can be terminated as soon as the user is satisfied op/I€Wing (Woodwark and Quinlan, 1982). One must
not with the look of the surface. wait for the subdivision to finish before any surface

) . - approximation can be visualised unless some addi-
Our progressive refinement previewing method re-

lies on affine arithmetic to compute an estimate of the tional data processing is added, which will tend to
e T npule an slow down the algorithm. Another spatial subdivision
variation of the implicit functionf inside some re-

; . . ; .~ . method employs affine arithmetic to perform surface
gion (Comba and Stolﬁ,_ 1993). Aff!ne arlthmetlc_|s classification and subdivides space with an octree data
a framework for evaluating algebraic functions with

arquments that are bounded but otherwise unknown structure (de Figueiredo and Stolfi, 1996). The octree
g o . ; . 'voxels are rendered from back to front, relative to the
It is a generalisation of the older interval arithmetic

. . : viewpoint, with a painter’s algorithm. This subdivi-
framework (Moore, 1966). Affine arithmetic, when o oateqv is wasteful as it tracks the entire surface
compared against interval arithmetic, is capable of

returning much tighter estimates for the variation of through subdivision, including parts that are occluded
19 much tg and that could be safely discarded for a given viewing
a function, given input arguments that vary over the

same given range. Affine arithmetic has been used configuration.
with success in an increasing number of Computer  Rather than performing object space subdivision,
Graphics problems, including the ray casting of im- one can also performimage space subdivision in order
plicit surfaces (de Cusatis Jr. et al., 1999). We use to obtain a progressive rendering mechanism. Sample
a modified form of affine arithmetic that we teme- subdivision in image space was originally proposed
duced affine arithmeti@Gamito and Maddock, 2005).  as an anti-aliasing method for ray tracing (Whitted,
Reduced affine arithmetic, in the context of ray cast- 1980). Four rays are shot at the corners of each rect-
ing implicit surfaces made from procedural fractal angular sample. If the computed colours for these
functions, returns the same results as standard affinerays differ by more than some specified amount,
arithmetic while being faster to compute and requir- the sample is subdivided into four smaller samples
ing smaller data structures. and more rays are shot through the corners of the
new samples. This type of image space subdivision
can also be used for progressive refinement preview-
ing (Painter and Sloan, 1989; Maillot et al., 1992).
The problem with image space subdivision algorithms
is that they rely entirely on probabilistic methods to
One of the best known techniques for previewing determine when to subdivide the image samples. The
implicit surfaces at interactive frame rates is based decision to subdivide a sample is based on a probab-
on the dynamic placement of discs that are tangentilistic analysis of the set of rays traced so far in the
to the surface (Witkin and Heckbert, 1994; Hart et al., neighbourhood of that sample. Because this discrete
2002). The discs are kept apart by the application of set of rays is only an approximation of a continuous
repulsive forces and are constrained to remain on theimage intensity distribution, wrong subdivision de-
implicit surface. Each disc is also made tangent to cisions can sometimes occur.

2 PREVIOUS WORK



3 RENDERING WITH
PROGRESSIVE REFINEMENT

the following representation:
1)

The main stage of our method consists in the binary ~ The noise symbols,, e, ande, are shared between
subdivision of the space, visible from the camera, into all rAA variables in the system, which allows for
progressively smaller cells that are known to straddle the representation of correlation information between
the boundary of the surface. The subdivision mechan-rAA variables relative to the:, v andt¢ degrees of
ism stops as soon as the projected size of a cell on thefreedom. The extra noise symhqlis included to ac-
screen becomes smaller than the size of a pixel. In-count for uncertainties in thé variable that are not
formation about the behaviour of the implicit function shared with any other variable.

a = ag + Ayu€y + apey + are; + agep.

f inside a cell is returned by evaluating the function
with reduced affine arithmetic. The procedure for ren-
dering implicit surfaces with progressive refinement
can be broken down into the following steps:

1. Build an initial cell coincident with the camera’s
viewing frustrum. The near and far clipping planes

are determined so as to bound the implicit surface.

. Recursively subdivide this cell into smaller cells.
Discard cells that do not intersect with the implicit
surface. Stop subdivision if the size of the cell’'s
projection on the image plane falls below the size
of a pixel.

. Assign the shading value of a cell to all pixels that
are contained inside its projection on the image
plane. The shading value for a cell is taken from
the evaluation of the shading model at the centre
point of the cell.

The following sections will explain how each of the
steps in our rendering method work, starting with a
presentation of the reduced affine arithmetic frame-
work in Section 3.1. We then explain the geometry
of a cell inside the camera’s viewing frustrum (Sec-
tion 3.2) and how a cell is subdivided and rendered
(Sections 3.3 and 3.4). We also explain in Section 3.5
how a region of interest can be optionally defined so
as to provide the user with interactive control during
the rendering process.

3.1 Reduced Affine Arithmetic

A variable is represented with reduced affine arith-

Non-affine operations on rAA variables are per-
formed by updating the,,, a, anda; noise coeffi-
cients with their new uncertainties and clumping all
other uncertainties into the;, coefficient. We give
an example of how non-affine rAA operations work
by considering the case of the multiplication between
two variablesa and b of the form (1). In the ori-
ginal standard affine arithmetic framework, the result
¢ = ab would be written as:

(2)

The new noise symbel, is introduced to account for
the non-linearity of the multiplication operator. The
coefficients for the variabléare:

¢ = co+ cyly + Cpey + crer + crer + Cpen.

co = agpbo,

Cy = apby + boay,

¢y = agby + boay,

¢t = aoby + boay, 3)
¢k = apby + boag,

cn = (Jau| + |ao| + ae] + [ax])x

(Ibul + [bo] + [be] + [b&])-

As a sequence of standard affine arithmetic compu-
tations progresses, new noise symbols keep being in-
troduced into the system. For a sufficiently complex
expression, the number of noise symbols that have to
be considered makes the system increasingly difficult
to manage, both in terms of memory requirements and
of computational expense. One technique to keep the
number of error symbols down to a manageable level
is to periodically invoke a procedure calledndens-

metic (rAA) as a central value plus a series of noise ation (Stolfi and de Figueiredo, 1997). Condensation
symbols. In contrast to the standard affine arithmetic reduces the number of error symbols of a standard af-
model, the number of noise symbols is constant, be- fine arithmetic variable at the cost of destroying cor-
ing given by the fundamental degrees of freedom of relation information. If the variablé in (2) is con-

the problem under consideration (Gamito and Mad- densed into a new variablewith one less error sym-
dock, 2005). In the rendering method that is being bol. we will have for the coefficients af

described in this paper, the degrees of freedom are the™ ™’ '

three parameters necessary to locate any point inside do = ¢p,

the viewing frustrum of the camera. These parameters d =c

are the horizontal distanee along the image plane, o

the vertical distance along the same image plane dv = v, (4)
and the distance along the ray that passes through dy = ¢y,

the point at(u, v). A rAA variable a has, therefore, dy

lek| + lenl-



The condensed variabigis now in the rAA form, 3.2 The Anatomy of a Cell
according to (1). With the reduced affine arithmetic
framework, all non-affine operations are always fol-
lowed by a condensation step to keep a constant num
ber of error symbols for every variable throughout the
computation. In practice, all non-affine operations in

A cell is a portion of the camera’s viewing frustrum

that results from a recursive subdivision along the

v andt parameters. Figure 1 depicts the geometry

. ) . " of a cell. It has the shape of a truncated pyramid of

geec:]i‘;?g ﬁffgg: ar('j)]T;g%?g;gﬁgﬂ'edbﬁﬁtt?ﬂgﬁﬁgr?]n' quadrangular cross-section, similar to the shape of the
P . y " viewing frustrum itself. Four vectors, taken from the

The multiplicationé¢ = ab, that in standard affine  camera’s viewing system, are used to define the spa-

arithmetic was given by (3), now becomes: tial extent of a cell. These vectors are:
co = apb, The vectoro This is the location of the camerain the
Cu = agby + boau, world coordinate system.
¢y = agby + boay, The vectorsp,, andp,, They represent the hori-
¢ = agby + boay, (5) zontal and vertical direction along the image plane.

_ The length of these vectors gives the width and
¢k = [aobe + boar| + height, respectively, of a pixel in the image plane.
(law] + lav] + lac] + |ar]) ,

(Iba| + [bo] + [be] + [bg)). The vectorp; It is the vector from the camera’s

viewpoint and orthogonal to the image plane. The
Reduced affine arithmetic is more efficient than  '€ngth of this vector gives the distance from the
standard affine arithmetic because it keeps only the Viewpointto the image plane.

required minimum amount of correlation information  The vectoryp,, p, andp; define a left-handed per-
between all rAA quantities. In our progressive refine- gpective viewing system. The position of any point

ment renderer, much faster convergence rates can bgnsjde the cell is given by the following inverse per-
obtained towards the finalimage by using affine arith- gpective transformation:

metic in reduced form.

For an implicit surface, the valug(x) at some
point x in space can be computed with reduced af-
fine arithmetic. The rAA representaticgnof the vec-
tor x is a tuple of three rAA coordinates, similar to
(1), where each coordinate has its own independent
noise symboky,, with ¢ = 1,2,3. The rAA vector
x describes not a point but a region of space spanned
by the uncertainties associated with its three coordin-
ates. Evaluation of the expressign= f(x) leads to
a range estimatg for the variation off (x) inside the
region spanned bx. Knowing g, the average value
7 and the variancéy) for that range estimate can be
computed as follows:

X =0+ (upu + vpy + pt)t
=0+ utpy + vtpy +tps.  (7)

0Pu + VoPv + Pt)

g £ Yo, (Ga) X
N Figure 1. The geometry of a cell. The vectors show the
W) = [Yul + |yol + ye] + |yl (6b) three medial axes of the cell.

The range estimatg is then known to lie inside
the interval[y — (y), 7 + (y)]. If this interval con-
tains zero, the region spanned kymay or may not

intersect with the implicit function. This is because We must consider how to compute the rAA represent-
affine arithmetic (both in its standard and reduced _,= . . . P P
ation x of this spatial extent. To do so a change of

forms) always computes conservative range estimates._ - ) -
and it is possible that the exact range resulting from \faﬂablei must {,'Vriﬁtsbeaﬁiggrgﬁje' |1r—1 ?eer\iglﬁ Va”?ble
f(%) may be smaller thap. What is certain is that Zs_ (;g)es i?f/\fg have'p a) Ub
if [ — (y), §+ (y)] does not contain zero the re- v '

gion spanned by is either completely inside or com- _

pletely outside the implicit surface and therefore does uo = (up + ta) /2, (8a)
not intersect it. e = (up — Ua)/2. (8b)

The spatial extent of a cell is obtained from the
above by having the, v andt parameters vary over
appropriate interval$u,, up ], [vq,vp] @and|[tq,tp ].



Similar results apply for ther andt parameters.
Substitutingt, © andt in (7) for u, v andt, we get:

X = 0+ tougPu + toVoPv + toP¢
+ toueeupu + tOUeevpv
+ u()teetpu + v()teetpu + teetpt

+ teueeuetpu + teveevetpv-

9)

The first line of (9) contains only constant terms.
The second and third lines contain linear terms of the
noise symbolg,,, ¢, ande;. The fourth line contains
two non-linear terms, e; ande,e;, which are a con-

Figure 2: The outline of a cell (solid line) and the outline of

i : . _its rAA representation (dashed line) shown in profile. The
sequence of the non-linearity of the perspeciive trans rAA representation is a prism that forms a tight enclosure

formation. Since a rAA representation cannot accom- ¢ iha cell.
modate such non-linear terms they are replaced by the
independent noise termsg, , e, andey, for each of
the three cartesian coordinatesxof The rAA vector

% is finally given by: of the cell
X =0+ to(uopu + VoPy + Pt) u_)u =2 tou(i”pu”v (12&)
+ toUePueu + toVePoey 0 Uiv = 2tove|poll, (12b)
+ to(toPu + vopu + Pr)es (10) Wy = 2tel[uopu + voPy + Pell- (12c)
+ [Tk, €k,  ThoChy Ikgekg]T, If, say, w, is the largest of these three measures,
_ the cell is split along the, parameter. The two child
with cells will have theiru parameters ranging inside the

, intervals|u,, uo] and[ug, up |, where[u,, up, ] was
g, = [tewepu;| + [tevepy,|, 1=1,2,3. (11) the interval spanned by in the mother cell. In prac-

A consequence of the non-linearity of the perspect- ic€ the factors ot in (12) can be ignored without
ive projection and its subsequent approximation with c_hz_;mglng the outcome of the subd|V|5|on_. Th|s_ subdi-
rAA is that the region spanned Byis going to be lar- vision strategy ensures that, aflter.a few iterations, all
ger than the spatial extent of the cell. Figure 2 shows (€ Cells will have an evenly distributed shape, even
the geometry of a cell and the region spanned by its when the initial cell is very long and thin.
rAA representation in profile. Because the rAA rep-
resentation has been linearised, its spatial extentis a3.3 The Process of Cell Subdivision
prism rather than a truncated pyramid. This has fur-
ther consequences in that the evaluationf@t) is
going to include information from the regions of the
prism outside the cell and will, therefore, lead to range
estimates that are larger than necessary. The linearisa
tion error is more pronounced for cells that exist early
in the subdivision process. As subdivision continues
and the cells become progressively smaller, their geo-
metry becomes more like that of a prism and the dis- jnitia| cell, which corresponds to the complete view-
crepancy with the geometry &fdecreasés ing frustrum, on the priority queue. At the start of

_ The subdivision of a cell proceeds by first choos- eyery new iteration, a cell is removed from the head
ing one of the three perspective projection parameters the queue. If the extent of the cell's projection on

u, v ort and splitting the cell in half along that para-  he image plane is larger than the extent of a pixel, the
meter. This scheme leads tdaltree of cells where gl is subdivided and its two children are examined.

the sequence of dimensional splits is only determined |, the opposite case, the cell is considered a leaf cell

at run time. The choice of which parameter to split anq s discarded after being rendered. The two condi-
along is based on the average width, height and depthijgns that indicate whether a cell should be subdivided

are:

Cell subdivision is implemented in an iterative man-
ner rather than using a recursive procedure. The cells
are kept sorted in a priority queue based on their level
of subdivision. A cell has priority over another if it
has undergone less subdivision. For cells at the same
subdivision level, the one that is closer to the camera
will have priority. The algorithm starts by placing the

2This can be demonstrated by the fact that the tegms
andtcve in (9) decrease more rapidly than any of the linear up — ug > 1, (13a)
termsu., ve andt. of the same equation as the latter con-
verge to zero. U — Vg > 1. (13Db)



The values on the right hand sides of (13) are a con- The scanning sequence skips over the children of cells
sequence of the definition of, andp,, in Section 3.2,  for which0 ¢ f(x). The possibility of scanning in
which cause all pixels to have a unit width and height. breadth-first order, by marching along all the cells at

The sequence of events after a cell has been subihe same level of subdivision, is not recommended be-
divided depends on which of the parameters) or ~ cause in deeply subdivided trees a very high number
t was used to perform the subdivision. If the subdi- of cells would have to be tested.
vision occurred along, there will be two child cells As mentioned before, when subdivision is per-
with one in front of the other and totally occluding formed along, the back cell is ignored whenever the
it. The front cell is first checked for the condition frontcell verifies) € f(x). This does not mean, how-

0 € f(x). If the condition holds, the cell is pushed ever, that the volume occupied by this back cell will
into the priority queue and the back cell is ignored. be totally discarded from further consideration. The
If the condition does not hold, the back cell is also front cell may happen to be subdivided during sub-
checked for the same condition. The difference now sequent iterations of the algorithm and portions of the
is that, if0 ¢ f(x) for the back cell, a new cell must  volume occupied by the back cell may then be revis-
be searched by marching along thdirection. The ited by the depth marching procedure.
first cell scanned, at the same subdivision level of the ]
front and back cells, for which € f(x) holdsis 3.4 Rendering a Cell
the one that is pushed into the priority queue. On the
other hand, if the subdivision occurred along ther The shading value of a cell is obtained by evaluat-
v directions, there will be two child cells that sit side ing the shading function at the centre of the cell. The
by side relative to the camera without occluding each central pointx, for the cell is determined from (10)
other. Both cells are processed in the same way. If, to be:
for any of the two cellsp € f(x) holds, that cell is
placed on the priority queue,(ot)herwise a farther cell X0 = 0+ to(uoPu + voPuv + Pt)- (14)
must be searched by marching forward in depth. During rendering, the shading value of a cell is as-
signed to all the pixels that are contained within its
image plane projection. The centre of a pixelj)
occupies the coordinates; = (i + 1/2,5 + 1/2)
on the image plane. All the pixels that verigy; <
[ta, us] X [vq,vp] for the cell being rendered will
/ be assigned its shading value. Any previous shad-
/\ ing values stored in these pixels will be overwritten.
This process happens after cell subdivision and before
/ the newly subdivided cells are placed on the priority
/\ queue. The subdivided cells will overwrite the shad-
ing value of their mother cell on the image buffer. The
“ same process also takes place for leaf cells before they
are discarded. In this way, the image buffer always
Figure 3: Scanning along the depth subdivision tree. Cells contains the best possible representation of the image
represented by black nodes may intersect with the surface.at the start of every new iteration.
Cells represented by white nodes do not. The solid arrows

show progression by depth-first order. The dotted arrows 3 5 Specifying a Region of Interest
show progression by breadth-first order.
A user can interactively influence the rendering al-

The process of marching forward from a cell along gorithm by drawing a rectangular region of interest
the depth direction tries to find a new cell that has  (ROI) over the image. The algorithm will then refine
a possibility of intersecting the implicit surface by the image only inside the specified region. This is
verifying the condition0 € f(%x). The process is accomplished by creating a secondary priority queue
invoked when the starting cell has been determined that stores the cells that are relevant to the ROI. When
not to verify the same condition. The reason for hav- the user finishes drawing the region, the primary
ing this scanning in depth is because cells that do notqueue is scanned and all cells whose image projec-
intersect with the surface must be discarded. Only tion intersects with the rectangle corresponding to that
cells that verify0 € f(x) are allowed into the pri-  ROI are transferred to the secondary queue. The al-
ority queue for further processing. Figure 3 shows gorithm then proceeds as explained in Section 3.3
an example of this marching process. The scanningwith the difference that the secondary queue is now
is performed by following a depth-first ordering re- being used. Once this queue becomes empty, the por-
lative to the tree that results from subdividing tin tion of the image inside the ROI is fully rendered



and the algorithm returns to subdividing the cells that
were left in the primary queue. It is also possible to
cancel the ROI at any time by flushing any cells still
in the secondary queue back to the primary queue.

3.6 Some Implementation Remarks

The best implementation strategy for our rendering
method is to have an application that runs two threads
concurrently: a subdivision thread and a rendering _ o ]
thread. An internal image buffer is used to store the Figure 4: Animplicit surface with two layers (left) and tere
rendering of the surface as it is being refined. The 'ayers (right) of a Perlin noise function.

subdivision thread requires read-write access to this
buffer while the rendering thread requires read-only
access to the same buffer. The rendering thread is re¢
sponsible for periodically updating the graphical out-
put of the application with the latest results from the
subdivision thread. Its task is to invoke a single graph-
ics library call that transfers the content of the internal
image buffer to the frame buffer of the GPU card. A
timer is used to keep a constant frame refresh rate.Table 1: Rendering statistics for an implicit sphere with-se
Except for the periodical invocation of the timer hand- eral layers of Perlin noise.

ler routine, the rendering thread remains in a sleep

state so that the subdivision thread can use allthe CPU _Layers | Iterations  Time Raycasting

he complexity of each surface. It depends only on the
image resolution and on the percentage of the image
that is covered by the projected surface.

resources. 1 350759 27.8s 1m10.4s
Itis possible that, on machines with a small amount 2 349465 1m16.8s  4ml6.7s
of main memory, excessive paging may occur due to 3 359659  3m0l.5s  8mb51.7s

the need to store a large number of samples in the pri-
ority queue. We have implemented our application As estimated by the results in Table 1, preview-
on a Pentium 4 1.8GHz with 1Gb of memory. All ing by progressive refinement is approximately three
the results shown in the next section were tested ontimes faster than previewing by ray casting without
this computer and it was found that the use of swap anti-aliasing. It should be added that these numbers
memory was never necessary. In any case, it is advis-do not entirely reflect the reality of the situation be-
able that the data structure used to hold a sample because, as demonstrated in the example of Figure 5,
as light as possible. progressive refinement previewing already gives an
accurate rendering of the surface at early stages of re-
finement. From a perceptual point of view, therefore,
the difference between the two previewing techniques
4 RESULTS is greater than what is shown in Table 1.

Figure 5 on the next page shows four snapshots taken,, Figure 6 ShOW_S two snapshotg ofa Progressive re-
during the progressive refinement rendering of an im- finément rendering where a region of interest is act-
plicit sphere modulated with a Perlin procedural noise 1V€: The surface being rendered is the same two layer
function (Perlin, 2002). The last snapshot shows the Perlin noise surf@ce thgt was shown in Figure 4. The
final rendering of the surface. The large scale features'ctangular ROI is defined on the lower right corner
of the surface become settled quite early and the lat-f the image. The portion of the surface that projects
ter stages of the refinement are mostly concerned With'f1SIde the ROl s given priority during progressive re-
resolving small scale details. finement.

Figure 4 shows an implicit sphere modulated with  Figure 7 shows the final rendering result obtained
two and three layers of the Perlin noise function. with our progressive refinement renderer for a proced-
Table 1 shows the total number of iterations and the ural planet modelled as an implicit surface and built
computation time for the surfaces that were renderedfrom a combination of different types of procedural
in Figures 4 and 5. The table also shows the computa-noise functions that include Perlin noise, sparse con-
tion time for ray casting the same surfaces by shoot- volution noise and cellular texture noise (Perlin, 2002;
ing a single ray through the centre of each pixel. The Lewis, 1989; Worley, 1996). The landscape is ob-
number of iterations required to complete the pro- tained by modulating the surface of a sphere at a very
gressive rendering algorithm is largely independent of small scale.



Figure 5: From left to right, top to bottom, snapshots takernnd) the progressive refinement rendering of a procedwiakn
function. The snapshots were taken after 5000, 10000, 28086850759 iterations, respectively. The wall clock times a
each snapshot aile02s, 1.98s, 4.18s and27.80s, respectively.

Figure 6: Progressive refinement rendering with an actigmneof interest shown as a red frame. Once rendering is catmpl
inside the region, refinement continues on the rest of thgéma



5 CONCLUSIONS Comba, J. L. D. and Stolfi, J. (1993). Affine arithmetic
and its _a}pplications to computer graphics. Aroc.

The rendering method, here presented, offers the pos- m;&:ﬂliigeigmg?gllggg:\;‘?&n&;ﬂs%ﬁ%h'cs and

sibility of visualising implicit surfaces with progress- _ _ o

ive refinement. The main features of a surface be- Cook, R. L. (1989). Stochastic sampling and distributed

come visible early in the rendering process, which ray tracing. In Glassner, A. S., editdém Introduction
makes this method ideal as a previewing tool dur- g’rsszy Tracing chapter 5, pages 161-199. Academic

ing the editing stages of an implicit surface modeler.
In comparison, a meshing method would generate de Cusatis Jr., A., de Figueiredo, L. H., and Gattas, M.

expensive high resolution preview meshes for the (1999). Interval methods for raycasting implicit sur-
more complex surfaces while a ray caster would be faces with affine arithmetic. IProc. Xl Brazilian
slower and without the progressive refinement fea- Symposium on Computer Graphics and Image Pro-

ture. Our rendering method, however, does not im- cessing (SIBGRAPI "99pages 65-71.
plement anti-aliasing and cannot compete with an de Figueiredo, L. H. and Stolfi, J. (1996). Adaptive enu-

anti-aliased ray caster as a production tool. Produc- meration of implicit surfaces with affine arithmetic.

tion quality renderings of some of the surfaces shown Computer Graphics Forumi5(5):287-296.

in this paper are typically done overnight, a factwhich puygf, T. (1992). Interval arithmetic and recursive subivi

further justifies the need for a previewing tool. sion for implicit functions and constructive solid geo-
It would have been straightforward to incorporate metry. In Catmull, E. E., editorComputer Graph-

anti-aliasing into our rendering method by allowing ics (SIGGRAPH '92 Proceedingsjolume 26, pages

cells to be subdivided down to sub-pixel size and 131-138. ACM Press.

then applying a low-pass filter to reconstruct the pixel gpert, D. S., Musgrave, F. K., Peachey, D. R., Perlin, K.,
samples. There is, however, one issue that prevents  and Worley, S. P. (2003)Texturing & Modeling: A

the use of our method for high quality renderings and Procedural Approach Morgan Kaufmann Publishers
which makes such implementation effort not worth- Inc., 3rd edition.

while. As explained in Section 3.1, the computation rarygia, J. P. and Peroche, B. (2004). A progressive ren-
of range estimates with affine arithmetic is always dering algorithm using an adaptive perceptually based
conservative. This conservativeness impliesthat some  image metricComputer Graphics Forun23(3):605—

cells a small distance away from the surface may be 614.

incorrectly flagged as intersecting with it. As a con- Gamito, M. N. and Maddock, S. C. (2005). Ray casting

sequence, some portions of the surface may appear  mpjicit procedural noises with reduced affine arith-
dilated after rendering. The offset error at some point metic. Memorandum CS — 05 — 04, Dept. of Comp.

on the surface is in the same order as the size of a Science, The University of Sheffield.

pixel times the distance to the point. This artifact can Guo, B. (1998). Progressive radiance evaluation using dir-
be tolerated during previewing but is not acceptable ectional coherence maps. In Beach, R. J., editor,

for pro_duction quality renderings. . Computer Graphics (SIGGRAPH '98 Proceedings)
We intend in the future to apply our progressive re- volume 22, pages 255-266. ACM Press.
finement previewing strategy not only to procedural Hart 1.C.. ] W and Fl T (2002). Usi il
fractal planets in implicit form but also to implicit sur- 7% J- € alrosz,d - an | eury, T. ( I ). l_S|_ng pafcmc
faces that interpolate scattered data points to sample and control more complex Implicit surfaces.
) In Proceedings Shape Modeling Internationphges

129-136.
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