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(a) Cone step mapping without refinement [ DumO06] (b) Relaxed cone step mapping, binary refinement [PO07]
ﬁ
(¢) Our proposed exact relaxed cone maps, binary refinement (d) Our proposed cone post-processing and cell-max trace, binary refinement.

Figure 1: Comparing various cone step mapping algorithms with an iteration limit of 200 steps. Even conservative maps can enter the
volume defined by the heightmap because bilinear interpolation may yield an incorrect unbounding cone. Note the disintegrating texture on
the near vertical parts in Subfigure (a). This may be alleviated by refinement. Incorrectly generated relaxed cone maps may skip intersections
as seen in Subfigure (b). We propose generation methods and a change in the trace method for better visual quality.

Abstract

Per-pixel displacement mapping provides an alternative to high-fidelity geometry and flat textured faces with in-between per-
formance costs. Although cone maps are known to facilitate efficient and robust rendering of height fields, we show that these
cannot guarantee robustness under bilinear interpolation, and we propose corrections to this issue. First, we define an artifact-
free minimum step size for the cone map tracing algorithm while remaining comparable in performance to that of Dummer.
Second, we modify the cone map generation procedure so that at bilinearly interpolated values the unbounding cones remain
disjoint from the heightmap, thereby preventing another source of rendering artifacts. Third, we introduce an exact method to
generate relaxed cones such that any ray within intersects the heightmap at most once, in contrast to the original algorithm
that is both computationally more expensive and generates incorrect relaxed cones. Finally, we demonstrate the applicability
of these algorithm improvements with visual and performance comparisons in our C++ and HLSL implementation.
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1. Introduction

Displacement maps provide intuitive means to define mesogeomet-
ric details over shapes. This ease of authoring makes them an in-
valuable tool for both direct rendering and generating auxiliary data
from the height field to enhance visuals, such as normal and occlu-
sion maps. In this paper, we consider the robust direct rendering of
heightmaps in the high-performance, high-quality setting. We ad-
dress robustness issues in existing cone map representations that
rely on interpolated cones. Additionally, we investigate an observa-
tion made by Baboud et al. [BES12] regarding an inherent problem
in Policarpo et al.’s relaxed cone map generation algorithm [PO07]
and present a correction to it.

Recent advances on micro-geometry rendering offer an al-
ternative to per-pixel displacement mapping. Solutions such as
Nanite [Epi24] can render scenes of extreme geometric complex-
ity efficiently, enabling the integration of high resolution source
meshes directly as real-time assets. This is achieved via a com-
plex system of pre-processing and runtime geometry filtering steps.
However, this necessitates the storage of large geometries that in
turn calls for various compression schemes. Moreover, the pre-
processing is not trivially applicable to arbitrary animating struc-
tures. Displacement maps on the other hand are scalar valued tex-
tures, significantly reducing the storage requirements of small-scale
geometric detail, at the expense of prescribing a heightfield struc-
ture on the meso-geometry. Additionally, a number of heightmap
rendering techniques require no or minimal data pre-processing,
allowing their adaptation for dynamic content.

Per-pixel displacement mapping aims to compute ray-heightfield
intersections for every visible pixel, procedurally implemented
in a fragment or pixel shader. Robustness is often traded for
fixed evaluation costs, and approximate solutions, such as lin-
ear search and their variants, are applied in the most demanding
performance-oriented applications [SUOS]. However, by additional
pre-processing, it is possible to retain robustness without over-
committing the performance requirements. One such solution is
Dummer’s cone step mapping [DumO06] that accelerates intersec-
tion computations by empty space skipping. These safe volumes
are represented as cones, each of which encloses intersection-free
regions over the meso-geometry. It was shown that cone map gen-
eration costs can be reduced to real-time requirements conserva-
tively [VB22], and the representation itself can be altered to im-
prove runtime performance [POO7]. A hybrid approach of conser-
vative and relaxed cones was also suggested [CHRS17].

Our contributions are summarized as follows. First, we show
that even bilinearly interpolated conservative cone maps [Dum06]
are subject to robustness issues. We propose a combination of two
improvements to fix this. In Section 3, we modify the cone step
mapping algorithm by replacing the original heuristic minimal step
hyperparameter with one that moves the ray onto the next cell. In
Section 4, we show a cone map post-processing method that alters
apertures to accommodate the effect of bilinear interpolation. These
two improvements in conjunction allow the bilinearly interpolated
cone maps to render even unit impulse-like heightmaps.

Finally, in Section 5, we propose an exact relaxed cone map gen-
eration algorithm replacing the approximate solution of Policarpo
et al. [PO07]. Although it significantly improves robustness and is

faster to generate, it reduces the performance gains of relaxed ver-
sus conservative cone maps. Our proposed modifications and algo-
rithms are evaluated in Section 6.

2. Related Work

We consider direct approaches to rendering height fields, that is,
methods where explicit ray-field intersections are carried out, dom-
inantly in the fragment shader. Consequently, approximate and ex-
plicit techniques, such as direct tessellation of the displaced surface
are out of our scope. For an overview on the broader topic, we refer
to Szirmay-Kalos et al.’s survey [SUOS].

Cone maps, proposed by Dummer [Dum06], transform the input
heightmap into a texture that encodes right circular cones at each
texel. The apex of every cone is on the displaced surface and its
aperture, i.e., the angle between the generatrix lines, is chosen such
that the cone interior is disjoint from the displaced surface. In other
words, these are maximal unbounding cones that define empty vol-
umes that ray tracing can skip over without missing an intersec-
tion. Cone step mapping against such cones usually terminates the
ray-surface intersection search outside the volume defined by the
displacement. The most notable exception to this is when bilinear
interpolation yields a cone that is no longer unbounding, which of-
ten causes rendering artifacts. Adding a root refinement phase after
cone step mapping may fix some of these issues, however, certain
intersections cannot be recovered, as shown in Figure 4. We address
the interpolation problem of cone maps in Section 4.

Policarpo and Oliveira [PO07] noted that the cone apertures can
be relaxed to improve rendering performance. In theory, the cones
are extended such that rays may intersect the displaced surface at
most once. Since these cone maps guide the rays inside the dis-
placement volumes, a binary search root-refinement is employed to
find the actual ray-heightfield intersection after the cone step trace.

For practical reasons, their proposed algorithm [PO07] only con-
sidered rays originating from the top of the displacement bound-
ing box when computing the widest cone aperture. Moreover, the
intersection property is verified via ray marching, i.e., by taking
constant-sized steps along rays originating from the top of the dis-
placement volume descending onto each texel. The number of steps
affects both the correctness and the pre-processing time of relaxed
cone map generation, resulting in an approximate solution.

Indeed, Baboud et al. [BES12] highlighted that the generated
relaxed cone maps are only conservative for descending rays that
entered at the maximum displacement height, i.e., only for the first
step of cone step mapping. All other rays can skip over intersec-
tions. The resulting visual artifacts manifest as holes on the dis-
placed surfaces, most visible at locations with large height varia-
tions. In contrast, our relaxed field generation algorithm, detailed
in Section 5, yields exact cone apertures compared to the overesti-
mations of the original method [PO07]. Consequently, the perfor-
mance advantage of correct relaxed cone maps is not as prominent
compared to the original cone maps. This poses a performance-
quality trade-off.

Applications use bilinear interpolation to expand both conser-
vative and relaxed discrete cone maps into continuous functions.
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Algorithm 1 Overstep-corrected cell-max cone map tracing

input: p € [0,1]*, p; = 1 start position at top of heightmap,
veR3,||[v|| = 1,v; < 0 downward tracing direction,
H,C:[0,1]> — [0, 1] heightmap and cone map textures
output: 0 < ¢ heightmap intersection distance along p +tv ray
t:=0,i=0
repeat
qg=p+v-t > In heightmap volume g € [0, 1]
h:=H(q,y), tano = C(q,y,) > A single texture read
gz—h
o] — tanct- vz
At¢pyp = min (dcell (arVXvN)v deelr (q}’7VY7M)) >
Equation (1)

At := max (Atcone, Ateery)
t=t+Ar, i=i+1
until 1 +v; - (t —Ar) < hori> imax

return r — At

Afcone == tand. - > Based on [Dum06]

> Cone step or to cell border
> Take step along ray

However, previous works did not consider the effect of such in-
terpolation on the correctness of the inferred cones. Interpolating
an otherwise conservative cone map can cause a tracing method
to miss two consecutive intersections. Even root refinement is in-
sufficient to address this issue in its entirety. However, our cone
aperture post-processing strategy allows these methods to robustly
trace bilinearly interpolated cone maps.

Cone map generation, regardless of relaxation, is a computation-
ally intensive process because it involves iterating over every possi-
ble pair of texels. Ban and Valasek addressed this aspect [VB22] by
proposing a conservative, mipmap-based approach to cone aperture
computations. However, this method is also susceptible to bilin-
ear interpolation issues should the cone aperture minimizing height
value lie on the actual MIP region corner. Our novel approach cor-
rects these interpolation issues and any tracing artifacts due to the
global step size epsilon.

Tevs et al. [TISO8] explored alternative acceleration structures
for per-pixel displacement mapping. They pre-computed a maxi-
mum mipmap structure, where each level stores the height maxi-
mums from covered lower levels. These MIP levels allowed skip-
ping empty spaces, starting from the lowest resolution 1 x 1 level.
The method greedily attempts to read from higher levels during a
heuristic traversal of this acceleration structure. If a cell of poten-
tial intersection is found, an analytic ray-bilinear patch intersection
computation is carried out. Due to their choice of representation,
they had to rely on 3D textures for this acceleration structure in-
stead of 2D mipmapped textures.

Drobot [Dro18] published a similar method. The main idea of
using maximum mipmaps is the same; however, the author’s formu-
lation was suitable for conventional mipmap textures. In addition,
a simple linear refinement found the final intersection as opposed
to a costly analytical solution.

3. Cone step mapping
Let us consider a heightmap and a cone map, both with bilinear

filtering. The associated locations of the stored heightmap values
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Figure 2: Starting from p, Equation (1) returns the distance to the
red intersection points between the ray and the X and Y gridlines.
Algorithm 1 selects the distance to the blue intersection.

are assumed to be in the center of their texel. These centers define a
secondary cell grid, each of which contains a bilinear surface patch.

The rendering algorithm proposed by Dummer [Dum06] limits
the extent of the smallest step the algorithm takes with a mini-
mum feature size parameter. This is usually set to the size of a
single texel. Assuming that we always get a correct unbounding
cone and consistently step to the exact intersection of the cone
and our ray, the trace slows down as the ray closes in on the ray-
surface intersection. Depending on the approaching angle and the
surface geometry, this iteration might never reach the intersection
point, so in practice, either a distance threshold termination con-
dition or a small minimum trace step size is used. When a cone
tracing method with a minimum step size oversteps an intersection,
it might end up below the surface, and hence a root is detected. Of-
ten, the trace oversteps two intersections at once, resurfacing above
the heightmap producing visible rendering artifacts. These artifacts
may occur with any minimal step setting, as the spike-like forma-
tions depicted in Figure 3 can be arbitrarily thin.

We propose an adaptive correction to this minimal stepsize for
bilinearly interpolated heightmaps. Our adaptive minimal step is
the distance to the next bilinear cell border depicted in Figure 2.
This step ensures that the ray stops under the surface and thus it
cannot overstep due to the resolution limit, as long as the current
cone is correct. For a ray p+v -t in texture space (p,v € [0, 1}2),
let the dp;; : [0,1] % [0,1] x N — R function compute the step size
towards the closest X and Y gridlines. Thus,

1 1 1 i
deeri (piyvisn) = (LP:’ n+ EJ +5 Sgn(vi)) — P

vin v

where p;,v; are the X and Y coordinates of p and v, and n is either
the horizontal or vertical resolution of the cell with % being the
extent of the cell along the appropriate dimension.

Note that this correction may still omit features that are smaller
than the ray span within the texel but it proved to be sufficient in our
empirical tests. However, it relies on the presence of conservative
cone maps, which does not hold under bilinear interpolation, as
discussed next.
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(a) Ground truth

(b) Cone step mapping [Dum06]

(¢) Relaxed cone map [POO07] (d) Our corrected cone maps

Figure 3: Comparing ground truth (10000 linear search steps) to existing and our proposed cone step mapping algorithms with 200 steps.
Our method uses post-processed cone maps with cell-max cone step mapping. Magenta pixels denote unconverged rays.

AN

Figure 4: Interpolation of two unbounding cones can yield a cone
that intersects the surface as this 1D counterexample demonstrates.
Tracing into the red regions may cause an unrecoverable overstep
and rendering artifacts.

4. Bilinearly interpolated cone maps

Unbounding cones are not closed under interpolation; that is, in-
terpolating the cone parameters between texels may yield a cone
that intersects the surface as illustrated by Figure 4. Even though
the cone apex will be interpolated correctly, the cone opening an-
gle will not, and this will cause the tracing algorithm to overstep
by large distances causing rendering artifacts. Figure 3 showcases
the artifacts due to the oversized interpolated cone opening angles
even with our stepsize-corrected algorithm from Section 3.

Our second contribution offers a conservative solution by post-
processing the cone map before tracing it. We replace each opening
angle C;; texel of the cone map by the minimum of its 3 X 3 neigh-
borhood, that is

C,'j = min

k’le{_ho,l}{CHk.jJrl} : ©)

Practically, this means that in Figure 4, the opening angle of the
top cone becomes that of the bottom, meaning that all interpolated
cones at most touch the surface. The tracing step sizes will be re-
duced above such peaks, but now, no interpolation error can occur
during tracing. This is because, in each cell, we take the most con-
servative cone of the four and translate the apex according to the
bilinear interpolation. This cone cannot intersect the surface, as it
gets further away from touching the surface, except when interpo-
lating along an edge. In that case, the cone could only intersect a
nonlinear surface feature between texels which is not possible, as
bilinear interpolation along an edge is linear interpolation.

This cone map post-processing step can be applied to relaxed
cone maps as well. However, there is an inherent problem in the
most commonly used algorithm for relaxed cone map generation
that we address next.

5. Relaxed Cone Map Generation

Relaxed cone maps offer fast ray-heightmap intersections for de-
scending rays. It achieves this by overrelaxing the cone opening
angles such that the tracing algorithm may overstep, but at most
one intersection, that is, it cannot pass through the interior of the
heightmap. This means even though the relaxed cones intersect the
surface, the first intersection can be identified because the trace can-
not miss two roots in a single step. Even though the original relaxed
cone map generation method [POO07] is slow due to being a brute
force approach, the resulting cone map is only approximate. Even
a descending ray might skip over two intersections with the surface
within a relaxed cone, as it was previously observed [BES12].

In our third contribution, we seek to improve the efficiency of the
relaxed cone map generation step allowing for high-resolution but
fast-to-render heightmaps. Observe that for an H : [0,1]> — [0,1]
differentiable heightmap and a given u € [0, 1]2 texture coordinate,
we only have to consider the set of limiting points R(u) C [0,1]?
such that

R(u) = {v €0.1P | (v—u) ' VH®) < o} NG

where (v —u)' - VH(v) is the directional derivative of the
heightmap. Thus, from a given point u, the limiting point set R(u)
consists of texture coordinates where the heightmap is descending,
viewed from point # as depicted in Figure 5. Then, the cone map
function C: [0, 1> — R is the reciprocal of the maximum elevation
change between u € [0,1]% and v € R(u) C [0,1]? points:

-1
Cu) = ( max Hv) — H(u) —H(u)) . )

veR@w) |[v—ull

This defines a cone centered at u € [0, 11> with height H (u) € [0,1]
and half opening angle o = arctan(C(u)). Specifically, this relaxed

© 2024 The Authors.
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Relaxed cone

Limiting point

H(u)ly,

Figure 5: A 1D slice of the heightmap (blue curve) with the relaxed
cone (green triangle). From the cone apex, the cone angle Q. is the
largest such that the cone still excludes the red backfacing terrain.

Algorithm 2 Corrected relaxed cone map generation

input: H € [0,1]V*M heightmap image

output: C € [0,1]N*M cone map image

Cij=1 V(i,j) € {1.N} x {1.M}

for v (i,k, j,1) € {1..N}? x {1.M}* do > O(N*M?)
if Hy; — H;j < 0then > C;; cannot be negative since local

continue > derivative is negative in a direction.

end if
hoo = Hy
hot '= Hy 1 ysen(i—j)

h10 = Hy i sgn(k—i).1

hyy = Hk+sgn(k—i),l+sgn(l—j)
> If (k,/) is limiting, update cone map:
if hgo > hig or hog > hoy or hyg > hyy or hg; > hy; then

(f—k>2+<j—1>2>

C;; = min | C;;
J ij H H
’ kl ij

end if
end for

cone interior is defined as
{xe 0,1 | [|xey — u|| > (xZ—H(u))C(u)} ) (5)

This cone ensures that any downward ray p +tv (v; < 0 < 1) start-
ing from above the cone apex, thatis, p,, =u, p; > H (u), intersects
the heightmap at most once within this cone.

However, the usual heightmap texture with bilinear interpola-
tion, H : [0,1]> — [0, 1], is not differentiable. Thus, we consider
every heightmap texture cell and determine if any point within the
cell has a negative directional derivative from our query point. This
leads to an 0(N2M2) method in Algorithm 2, where we operate
with range-restricted raw images H,C € [0,1]¥*M . Algorithm 2
calculates C;; by iterating over all bilinear cells considering its clos-
est corner with height Hy;. Thus, at the opposing corner of this cell,
the height value is Hy gon(k—i),i4sgn(i— j)- Due to bilinearity, the u
and v derivatives no longer depend on the respective variables, as
such, a cell at (k,[) contains a limiting point exactly when any side
of the cell realizes a negative height difference viewed from the
cone apex (i, j).

We can improve upon the generation time of Algorithm 2 by
changing how we loop over each texel pair. Since each C;; cone an-
gle monotonically decreases throughout the algorithm, we can enu-
merate the cells starting near the query point (i, j) and increase the
distance in the H (i, 7)— (k1) HOO norm monotonically as we iterate
over every other possible (k,/) cell. This means we can terminate
our search early if the next square of texels falls under the current

© 2024 The Authors.
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| [Dro18] [TISO8] [DumO6] [VB22] [POO07] Ours
Base 0.1 0.08 380 0.35 592 11.29
Corr. - - 381 0.42 592 11.35

Table 1: Generation times of constructing the acceleration maps
for a 5122 heightmap in milliseconds. The row Base refers to the
original generation algorithms. Corr. refers to the bilinear interpo-
lation correction method for cone maps presented in Section 4.

cone even with the maximum height of 1, assuming increasingly
larger squares around (i, j). This change does not alter the worst-
case performance but, in practice, significantly speeds up the gener-
ation because the achievable minimum value is usually found much
earlier than iterating through all texels.

Moreover, we can parallelize Algorithm 2 for the GPU by calcu-
lating each C;; in a separate thread. The second loop may be called
in batches for larger images, and later batches can be omitted to ob-
tain an approximate result faster. This method is trivially adaptable
to repeating heightmaps too.

6. Test Results

We implemented the proposed and the baseline methods in the
NVIDIA Falcor [KCK*22] framework using the DirectX 12 back-
end. All measurements were taken on an AMD RX 5700 at FullHD
resolution. Table 2 shows render times in milliseconds. All cone
maps were 512 x 512, binaryl6 floating point per channel tex-
tures. All generation and rendering algorithms run on the GPU. Our
source code can be downloaded from https://github.com/
Bundasl02/robust—-cone-map.

Relative frame times wrt. approximate relaxed cone maps
increased significantly when applying both of our bilinear
interpolation-aware corrections. However, these are necessary to
make cone step mapping capable of robustly handling impulse-like
features. Moreover, all proposed fixes retain a significant improve-
ment over brute-force ray marching. For example, 200 iterations of
the linear search took 1.88ms in the test scene for Table 2. Also
note that relaxation is not necessarily possible in general, e.g., in
the presence of single-texel thin features; hence corrected conser-
vative and corrected relaxed cone map render times are close.

In comparison, we implemented QDM [Dro18] and maximum
mipmaps [TISO8] as a robust alternative to rendering height fields.
‘We omitted Baboud et al.’s solution [BES12], as it was significantly
outperformed by relaxed cone maps according to their measure-
ments. Rendering the same scene as in Table 2, we measured QDM
with linear refinement (32 steps — 1.84ms, 200 steps — 2.31ms) and
maximum mipmaps without refinement (32 steps — 1.89ms, 200
steps — 2.83ms). QDM offers better performance than maximum
mipmaps, however, even conservative, fully corrected and cell-max
traced cone maps are 2.5 times faster at 200 iterations than QDM.

In terms of pre-processing times, QDM and maximum mipmap
are orders of magnitudes faster than the cone map generation al-
gorithms [Dum06; PO07] and our proposed Algorithm 2. The pre-
processing correction step for bilinear filtering for a 5122 map was
less than 0.1ms; consequently, it is marginal in the former cases,
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Iter. cap: 32 Cone maps Quick cone maps Approx. relaxed cone maps Our relaxed cones (Alg. 2)

Trace Ref. [Dum06]  Corr. | R.cost | [VB22] Corr. | R.cost | [POO7] Corr. R.cost | Original  Corr. | R. cost
Original trace Lin 0.59 0.6l 3% 0.63  0.65 3% 0.51 0.52 2% 0.58 0.6l 5%
Cell-max (ours) ' 0.71 0.77 8% 0.84  0.90 7% 0.56 0.57 2% 0.70  0.75 7%
Algorithm cost 20%  26% 31% 33%  38% 43% 10% 10% 12% 21%  23% 29%
Original trace Bin 0.66  0.69 5% 070 073 4% 0.57 058 2% 0.65  0.68 5%
Cell-max (ours) ' 0.76  0.82 8% 0.89 094 6% 0.60 0.62 3% 0.75  0.80 7%
Algorithm cost 15%  19% 24% 27%  29% 34% 5% 7% 9% 15%  18% 23%
Iter. cap: 200 Cone maps Quick cone maps Approx. relaxed cone maps Our relaxed cones (Alg. 2)

Trace Ref. [Dum0O6]  Corr. | R.cost | [VB22] Corr. | R.cost | [POO7] Corr. | R.cost | Original  Corr. | R. cost
Original trace Lin 0.74  0.81 9% 092 098 7% 0.57 059 4% 0.72  0.78 8%
Cell-max (ours) ' 0.79  0.87 10% 1.09 1.24 14% 0.58  0.60 3% 0.77  0.85 10%
Algorithm cost 7% 7% 18% 18%  27% 35% 2% 2% 5% 7% 9% 18%
Original trace Bin 0.79  0.85 8% 0.98 1.04 6% 0.62 0.64 3% 0.78  0.84 8%
Cell-max (ours) ' 0.84 092 10% 1.10 1.19 8% 062 0.64 3% 0.82  0.89 9%
Algorithm cost 6% 8% 16% 12% 14% 21% 0% 0% 3% 5% 6% 14%

Table 2: Performance measurements in milliseconds taken on an AMD RX 5700 at FullHD resolution. The scene and camera configuration
are shown in Figure 1. The Ref. column denotes the root refinement method: either a single secant (Lin.) or 7 binary search (Bin.) steps.
The columns R. cost list the relative price of applying our bilinear interpolation correction to the generated cone maps. Thus, percentages
show the relative increase of render times on the corrected, more conservative cone map. The Algorithm cost rows enumerate the relative
performance cost of using our proposed cell-max tracing algorithm of Algorithm 1 in comparison to the respective other cone step map-
ping algorithm [Dum06; POO7]. Their intersections show the overall relative increase of frame times when applying both our cone map
representation and cone step tracing robustness improvements to infer conservative cone maps with bilinear interpolation. Note that even
though the approximate relaxed cone maps [POO7] are of the highest performance, rendering with them results in artifacts, as in Figure 3.
In comparison, the linear search with 32 and 200 steps from the same configuration takes 0.56 ms and 1.88 ms. However, 32 steps result in

severe visual artifacts.

whereas it incurs a 20% additional runtime cost on quick cone map
generation [VB22]. The generation times for constructing 5122 ac-
celeration maps are presented in Table 1.

Our results are mainly focused on artifacts which occur around
thin features on heightmaps. This is best visible in Figure 3 but
it can be seen on more practical heightmaps, such as in Figures 1
and 6, around silhouettes.

7. Conclusions

This paper presented three modifications to cone step mapping,
each improving the robustness of these methods by removing vi-
sual artifacts. Over-relaxed cone maps [PO07] offer a performance
advantage at the expense of correctness. If visual quality is pre-
ferred over the 2-10% additional render time costs, our algorithms
present a significantly higher quality alternative to traditional con-
servative and relaxed cone maps. The advantages of our method are
especially present when the surface contains high-frequency details
and sharp features or is viewed at shallow angles. However, for
dynamically changing heightmaps QDM [Dro18] and maximum
mipmaps [TISO8] offer superior generation times, at increased ren-
dering cost compared to our corrected cone map methods.

As such, the most optimal per-pixel displacement method de-
pends on the nature of the application. Performance-centric set-
tings that are permissive about rendering artifacts are still more
likely to choose a simple linear search with limited step counts.
Similarly, QDM is more suitable for dynamically changing height
fields, if quality compromises are not acceptable. In high-quality,

high-performance applications with static heightmaps, however,
the bilinearly and conservativeness corrected relaxed cone maps
proposed here offer a better alternative. As future work, a combi-
nation of the quick cone map generation method [VB22] with our
relaxed cone map improvements would provide an alternative for
dynamically changing heightmaps as well.
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(a) Ours — 0.31ms, [Dum06] — 0.32ms, [VB22] — 0.33ms; with

bilinear correction

(¢) Ours — 0.33ms, [Dum06] — 0.33ms, [VB22] — 0.38ms; with

bilinear correction

(€) Ours — 0.18ms, [Dum06] — 0.18ms, [VB22] — 0.20ms; with

bilinear correction

(b) Relaxed cone map [POO07] — 0.24ms; no correction

(d) Relaxed cone map [POO7] — 0.25ms; no correction

—

(f) Relaxed cone map [POO7] — 0.14ms; no correction

Figure 6: Comparison of our corrected cone maps to the original relaxed cone maps. The left pictures are rendered using our method
(relaxed cone map with bilinear correction) and a single secant refinement step. Aside form a few pixels, the original cone maps [Dum06]
and quick cone maps [VB22] are equivalent to this. The right pictures show renderings using the original relaxed cone maps [POO07] with 7
binary refinement steps. The difference is mainly visible around silhouettes of peaks.
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