DOI: 10.1111/cgf.70235

Pacific Graphics 2025

M. Christie, N. Pietroni, and Y.-S. Wang
(Guest Editors)

COMPUTER GRAPHICS forum
Volume 44 (2025), Number 7

Projective Displacement Mapping for Ray Traced Editable Surfaces
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Figure 1: Detailed geometry is interactively edited and ray traced with our technique. A base mesh of 7710 triangles with a 16-bit, 40962
displacement map is ray traced at 3460x1024 in 28 milliseconds for one sample including primary rays, path tracing, reflection, refraction
and shadows. Interactive sculpting of the displacement map while ray tracing supports a) sculpting rocks over a tree stump, b) sculpting
while looking through a refractive object, and c) modeling the surface of the refractive object itself.

Abstract

Displacement mapping is an important tool for modeling detailed geometric features. We explore the problem of authoring
complex surfaces while ray tracing interactively. Current techniques for ray tracing displaced surfaces rely on acceleration
structures that require dynamic rebuilding when edited. These techniques are typically used for massive static scenes or the
compression of detailed source assets. Our interest lies in modeling and look development of artistic features with real-time ray
tracing. We introduce projective displacement mapping as a direct sampling method combined with a hardware BVH. Quality
and performance are improved over existing methods with smoothed displaced normals, thin feature sampling, tight prism

bounds and ray bi-linear patch intersections.

CCS Concepts

e Computing methodologies — Ray tracing; Parametric curve and surface models; Mesh models;

1. Introduction

Displacement maps enable artists to add rich surface detail to
3D models without requiring high-resolution geometry. This ap-
proach is especially useful when working with limited resources
or compressed assets. We focus on real-time look development of
displacement-mapped surfaces over arbitrary base meshes, with ray
traced reflections, refractions and global illumination as import vi-
sual cues during editing.

Early interactive systems such as 3D Paint offered editing
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without real-time updates [Wil90]. Volumetric distance functions
[PKZ04] [RMD11], terrain editing [Yus12], surface collisions
[NMMC14], or subdivision surfaces [BMBZ02], could be interac-
tively editing in limited contexts or with specialized non-polygonal
rendering. Our goal is to enable interactive editing of fine details
over arbitrary base meshes.

We target high-resolution authoring of surface detail on low-

poly meshes with real-time ray tracing during editing. Many ex-
isting techniques, such as parallax, relief or cone mapping [Bli78]
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Figure 2: Method overview. Our technique starts with a low-poly base mesh, from which we pre-compute parallel offset prisms with positive
and negative extents. Prisms and their AABBs are used to build the geometry graph and hardware-accelerated BVH. A custom program
implements prism intersection and the Projective Displacement algorithm described in text.

[KTI*01] [OBMOO], interval-based tracing [LG90] [WSC02]
[TBS*21], and tessellation [SB87] [JH13] [NL13] require pre-
processing or costly BVH updates which we seek to avoid. Instead,
we consider a tessellation-free, direct sampling approach that bal-
ances quality, simplicity and real-time performance.

2. Related Work

Parallax mapping renders detail by offsetting texture samples
based on parallax (shifted occlusion) [KTI*01]. Parallax occlu-
sion mapping iteratively samples a height field to ensure cor-
rect depth with occlusion shadows [Tat05]. Prism parallax occlu-
sion mapping enhances this with correct silhouettes [DTO7]. Relief
maps encode the displaced surface as an additional depth chan-
nel. Image-warping relief maps [OBMOO] traverse arbitrary base
meshes [PO07]. Quadric surfaces use ray-quadric intersection be-
fore relief stepping [OP05]. Intended for raster pipelines, these
methods do not utilize BVHs or support general ray tracing.

Cone step mapping precomputes a cone map to skip features
based on occlusion angle [DWO05] [DumO06], employing binary
search [POOQ7], or using a min-max texture [LTTO09]. These meth-
ods are view-dependent, making them unsuitable for ray tracing
arbitrary base meshes.

Curved rays map the 3D volume of the displaced surface to non-
linear texture space [Kaj83]. Tangent-space methods compute the
curved mapping between world and texture space, approximating
curved rays with piecewise segments [CCO08]. Ogaki develops non-
linear ray tracing by solving cubic equations [Oga23]. Rays are
transformed at the leaf nodes (prisms) of the broad-phase BVH,
where they become nonlinear in rectified canonical space (see Fig.
3, top right). The pre-computation of data structures and solving
cubic equations preclude our goals for interactive editing.

Parametric surfaces may be exactly evaluated through root-
finding with Newton’s method [Tot85] [JB86]. The intervals must
be chosen to locally bound the surface at minima and maxima.
Lischinski et al. construct a tree structure to efficiently traverse the
surface [LGY0]. Cached traversal trees enable fast ray tracing by
sharing information with neighboring rays [LEF91].

Affine intervals provide better local bounds than min-max in-
tervals [KHK*09]. Thonat et al. construct a D-BVH as a min-
max mipmap over affine intervals [TBS*21]. Displaced bounds are
generated dynamically from quad-tree nodes, requiring significant
computation for intersection. Recent work improves performance
with RMIP, a hierarchical bounding structure [TGBB23]. While
rectangular regions in RMIP allow for acceleration of anisotropic
ray sampling, traversal of D-BVH and RMIP can be costly per
pixel.

Shell mapping constructs a bijective map between texture and
shell space - the region between two offset surfaces - for arbi-
trary meso-geometry [PBFJO5]. Real-time rendering is achieved
by Ristche et al. utilizing a distance map to accelerate ray trac-
ing within the shell space [Rit06]. Curved shell mapping removes
discontinuities by modeling Coons patches within each prism at the
cost of solving a cubic equation per ray step [JMWO07]. Other meth-
ods use novel encodings for intersections such as singular value
decomposition [WWT*03] or neural networks [KMX*21]. These
methods require considerable pre-processing.

Tessellation is an intuitive approach to displacement mapping
[Coo84]. Snyder et al. accelerate fully tessellated surfaces with uni-
form spatial grids [SB87]. Local micro-tessellation is more efficient
with geometry caching of sub-triangles [PH96]. Adaptive hard-
ware tessellation was introduced as a shader pipeline stage with
DirectX 11 [Mic09] enabling real-time adaptive displacement and
higher-order surfaces [NKF*16]. Tessellation hardware can adap-
tively render displacement-mapped surfaces [JH12] [JH13]. How-
ever, non-view facing rays are not easily handled with raster-based
tessellation.

Higher order surfaces are commonly tessellated, such as Bézier
patches [MHTAM10] [CABDI11] [TEM15], Catmull-Clark sur-
faces [NL13], Gregory patches [LSNCn09], and Loop subdivi-
sion surfaces [SLO3] [LMHO0] [AFF12]. These surfaces provide
smoothness guarantees with c! or C? continuity. We explore
smoothness without using an intermediate C ! surface.

Locally adaptive tessellation is a class of methods whereby tes-
sellation is applied to selectively detail a mesh. Nanite introduced
virtual geometry to compress source meshes into triangle clusters
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Figure 3: Prism construction. a) Typical offset construction is based on multiples of the vertex normals which results in non-parallel extruded
triangles and a non-linear sample space (brackets). One approach to handle this is by converting to canonical space in which rays are non-
linear. b) Our method constructs a prism volume with parallel offsets by adjusting the normal length relative to the geometric normal resulting
in parallel extruded triangles and a linear sample space. Rays intersect a prism at either triangles or bilinear patches.

which are rendered as regional levels of detail on-the-fly [KSG21].
Triangle clusters may be inserted into a GPU-accelerated BVH
per frame for ray tracing [BP23]. Haydel et al. refines each trian-
gle through an adaptive one-to-four triangle subdivision [HYS23].
Micro-Meshes [Nvi23] is an API for locally adaptive subdivision
using barycentric maps, which can be generated from displace-
ment maps. We examine the rendering quality and performance of
Micro-Meshes in comparison to our approach.

3. Overview
3.1. Motivation

Our goal is the interactive editing of complex details over meshes
while performing real-time ray tracing. We deliberately avoid ap-
proaches that require compression or streaming of highly detailed
source assets or frequent data structure rebuilding. Methods are
considered for the authoring of displacement-mapped surfaces with
a minimal memory footprint, relying on a low-poly mesh and a
high-resolution depth texture, while addressing the performance
constraints of real-time editing.

3.2. Algorithm Design

Efficient ray marching is challenging since equally spaced world
samples are non-linear in texture space (Fig. 3a). Among the previ-
ous direct sampling methods only Prism Parallax Occlusion map-
ping (PPOM) produces correct silhouettes - and achieves this with
offset prisms - yet has difficulty with ambient occlusion in the
raster pipeline [DT07]. We construct parallel offset prisms such
that world-space samples can be linearly projected to texture space
(Fig. 3b). Our contributions include:

Projective displacement mapping for efficient local intersections
Parallel offset prisms for linearly projected sampling
Ray-bilinear patch intersections to accelerate prism hits
Optimized entry/exit sampling loop conditions

Smoothed displaced normals for C ! smoothness.

Thin feature sampling to retain fine details.

© 2025 The Author(s).
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4. Prism Construction

Prisms typically used in displacement mapping are constructed by
offsetting base triangles along vertex normals. Given a base trian-
gle in barycentric coordinates P(u,v) € R3, with0<u,v<1,a
classical offset prism Ry, is defined by:

P(u,v) =uVo+v + (1 —u—v)Va, €))
N/(u,v):uN0+vN1+(1—u—v)N2, 2)
Ryq(u,v,w) =P(u,v) + WN/(M, V) 3)

The maximum extent is winqax at the offset triangle P(u, v, winax).
In Figure 3a, offset triangles in classical prisms may not be par-
allel to the base triangle since the unit normals point in different
directions. The projection of a ray in this volume to texture space is
non-linear. Some ray tracing methods transform this irregular prism
to canonical space where the rays are nonlinear [CCO08] [Oga23],
Figure 3a (top right).

We introduce parallel offset prisms, Rpop, whose normal direc-
tions are identical, yet whose offset triangles are all parallel to the
base triangle, Figure 3b.

| n 1

v
No-Ng  Nj-Ng Ny - Ng
Rpop (u,v,w) =P(u,v) + wnf(u,v)N/(mv) Q)

@

ny(u,v) =u

+(1—u—v)

The normal factor n7(u,v) transforms the space to an orthogonal
one where w can now be interpreted as distance along the geometric
normal Ng. These triangles are parallel but not similar triangles,
since the arbitrary normal directions still shift the vertices laterally.
Maximum prism extents e; are computed at the vertices as:

1
e =V +WmaergNi (6)

A displaced surface S is defined by a depth function D(u,v) over
the base triangle as:

S(u,v) = P(u,v) +D(u,v)N' (u,v) )
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Figure 4: Projective displacement mapping. a) Surface intersection proceeds along a ray while simultaneously tracking a parallel offset
triangle (scanning triangle), c;, where the barycentric projection of a sample sy gives the displacement texture location d. See text for details.
b) When a ray enters or exits a prism it intersects at either a triangle top/bottom or a bilinear patch. Prism watertightness is achieved by

ensuring sample continuity across these boundaries.

Displacement is commonly formulated by constructing S as an
offset along N’, the interpolated (shading) normal at each point
[Coo84] [LMHOO0] [NL13]. We observe that D(u,v) replaces the
parametric scalars in Eqn. 3 and 4. This implies that any bound-
ing prism constructed as a scalar multiple along the same normals
will result in identical displaced surfaces, so long as D(u,v) <
Wnaxn g (i, V).

More importantly, within a parallel prism, changes in ray height
rp, in Fig. 4a, can be evaluated linearly along Ng. This enables our
projective displacement mapping (PDM) technique. The PDM al-
gorithm and its optimizations are described in section 4.3.

4.1. Prism Intersection

The interface between two prisms is a bilinear patch since adja-
cent vertex normals v; may not be co-planar [RPH04] [Res19].
The use of interpolated normals permits c! continuity internal to
prisms and c’ continuity between prisms [JMWO07]. Prism-prism
interfaces may be deconstructed into two triangles, where a consis-
tent diagonal is selected to avoid artifacts [HEGD04] [DT07]. We
take a different approach and directly ray-trace the prism sides as
bilinear patches.

Direct ray tracing of bilinear patches has several benefits. First,
the interface between two sides can support ! continuity. Second,
diagonal selection is not needed. Third, rather than tracing the six
exterior faces we can trace three bilinear patch primitives directly.
Finally, efficient raytracing of bilinear patches on GPU hardware is
now possible [Res19]. The loop condition of our primary algorithm
requires both entry and exit t-values which can be computed more
quickly together. Given np as the normal at the patch hit point:

tmax = max(t,tmax) i€ np - rgiyy >0

®)

tmin = min(t, tyin) i np - rg; <0

Rays may enter a bilinear patch side, through the top triangle of
a prism, or start inside the prism. Top faces are handled with an
extra ray/triangle test. We can support rays which start inside the

Figure 5: Shading normal correction in low polygon meshes. When
the angle between base triangles is high and no intermediate C !
surface is used, the geometric normal Ny can be noticeably car-
ried through to the displaced surface Ns. This can be corrected to
give smoothed displaced normals N} by subtracting the geometric
normal and adding in the interpolated normal N', as discussed in
Section 5.1.

prism by observing when fqx is set but f,,;, is not. These values
are updated similarly for the three bilinear patch sides and the top
and bottom triangles.

© 2025 The Author(s).
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ALGORITHM 1: Projective Displacement Mapping Program
Input: Prism: negative extents v;, positive extents e;, vertex
normals n;, Ray: ry,r4, and Displacement Map: f
Output: Hit t-value: ¢, Hit point: s, and Normal n

if intersectPrism( vi, €, tmin, tmax) then
1 = tmin
s = 1o+ rygit
hray = pointToPlane(s,v;)
¢i =i+ (ei — Vi) hray

initial hit point
initial sample height
initial scanning triangle

for hyqy > heury and t < typqx do
Sh=ns-(co—s)
Ci =Ci— n,-Sh
b; = triangleBarycentric(s,c;)
p = Vobo + Vb +V2by
hray = |s = pl

point-to-plane distance
advance scanning triangle
barycentric coords
projected point

ray sample height

uv = uvobg + v by + uvyby uv coords
hurf = textureSample(f,uv) surface height
t=rt+dt
s =8+ rydt

end

if hyqy < hg,r then
t = interpolateCrossing(t,dt, hg,r) final hit

DPhir = ¥o + Fairt
b; = triangleBarycentric(py;,ci) final barycentric coords
N’ =iigbg +ii1by +1aby interpolated base normal
uvy = uvobg + uv1by + uvoby finite difference uvs
uvy = uvo(bo + 8by) + uv1 by + uva (ba — 8by)
uve = uvobg + vy (by +8by) + v (by — dby)
Pa = Vobo +V1by + 12y
Pb = Vo(bo + 8bx) + V1by + iz (by — dbx)
Pec= Vobo + Vi (b| + Sby) +ﬁ2(b2 — 6by)
Sa = pa + N'textureSample(f,uv,)
sp = pp + N'textureSample(f,uvy) surface tangent
S¢ = pe + N'textureSample(f,uv.) and bi-tangent
Ny = (S¢ — Sa) X (8p — Sa) displaced surface normal
N} =N; —Ny+N’ corrected normal (Sec 5.1)
return 7, e, N|

end

base points

end

4.2. Raytracing with Projective Displacement

The key idea of projective displacement mapping (PDM) is to sam-
ple the ray linearly in world space and then map this to non-linear
barycentric coordinates while avoiding costly tangent-space matrix
transforms. Each base mesh triangle is parallel offset to construct a
prism defined by negative v; and positive extents e;. These prisms
are inserted into a hardware BVH acceleration structure. A given
ray < rp,rg > then traverses the BVH to enter a specific prism at a
bi-linear patch or at a top/bottom triangle face at entry point sy as
in Figure 4a.

The scanning phase begins by constructing a parallel offset tri-
angle, ¢;, at the height of the sample point sg, Figure 4a (red tri-
angle). From this scanning triangle and the ray sample, known to
be co-planar, we can compute barycentric coordinates b;. These co-
ordinates represent the projection of s, along the interpolated nor-
mal to the base triangle point p, a proof of which is provided in
Appendix A. The barycentric coordinates are used to derive UV

© 2025 The Author(s).
Computer Graphics Forum published by Eurographics and John Wiley & Sons Ltd.

coordinates to fetch a displacement texel d to compute the surface
height hg,, s = |d — p|, whose comparison to the ray sample height
hray = |s — p| determines if the surface has been hit.

If no surface is hit the scan proceeds by advancing the scanning
triangle along the delta vectors dc¢; according to the perpendicular
height &y, of the previous sample s, 1. Note that we cannot simply
update the ray height /.4y with 8rj, because the sampling heights
hray and hy,, r are measured along the interpolated normal whereas
Ory, is a change in height measured along the geometric normal ng
of the base triangle.

The main loop is optimized by avoiding boundary checks across
each prism face. Instead, we leverage the earlier prism intersections
which provide t,,;, and t;ax as simplified loop bounds. Addition-
ally, scanning is accelerated by updating the triangle incrementally
by linear vectors dc¢; that move the previous triangle to the next
sample height.

Projective displacement is illustrated in Figure 4, with the algo-
rithm provided in Listing 1. The function triangleBarycentric com-
putes the barycentric coordinates of the sample point [Eri04]. The
textureSample function evaluates the displacement map to retrieve
the world space surface height. After an an initial hit is found, a
more accurate hit is computed by interpolating across the surface
boundary.

5. Smoothness, Quality and Details
5.1. Shading Normal Continuity

In several works on displacement mapping, the authors make use
of intermediate surfaces such as Catmull-Clark or Bezier surfaces
to achieve C! continuity across base triangle boundaries [SSS00]
[LMHO0] [JMWO07] [NL13]. Discontinuities may be visible at base
mesh boundaries if this is not done. We quantify and correct for
these artifacts for the sake of efficiency without resorting to C ! sur-
faces.

Shading discontinuities are observed when the angle between
base triangles is high and the displacement map is relatively
smooth. An example is provided in Figure 5. We prove in Appendix
B that the displaced surface normal N;, evaluated numerically at the
hit point p with finite differences, contains the flat shading normal
of a base triangle Ng, even though the surface S is computed from
the interpolated normal N in Eqn. 7. That is:

oD JP  dD JP

No=Ng+ 25+

v dv | ou du ©)

The term Ng introduces boundary artifacts across triangles in
the base mesh, shown in Fig. 5 (left) and Fig. 8 (MicroMesh and
RMIP). Similar to Phong shading [Pho73], we wish to replace the
geometric normal N, with the interpolated base normal N’. This
can be done directly as:

N{ =N; —Ng+N’ (10)

where Ny is the displaced normal computed in Algorithm 1 and
N/ is the corrected normal. This retains the surface features of dis-
placement while improving shading continuity. The resulting sur-
face still has micro-bumps, displacement shadows and correct sil-
houettes.
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Figure 6: Quality and performance versus sample rate. Visual and performance results are compare to sample spacing dt. Performance on
the Orb model is <100 milliseconds when ray tracing high quality 20482 images with dt < 0.001. Errors are observed primarily at grazing

angles when dt is large. We use dt = 0.002 for visual results in Fig. 8.

5.2. Watertightness

The boundaries between prisms in our method are bilinear patches.
Porumbescu et al. noted that piecewise approximations of this
interface with tetrahedra result in "buckling" artifacts [PBFJO5].
Since we do not use tessellation, watertightness at prism bound-
aries is as good as the ray/bilinear patch algorithm "cool patches"
we use from [Res19]. We can guarantee watertightness of sam-
ples across the base triangle so long as the minimum displacement
height is adjusted to be larger than the sample spacing dt, that is
min(D(u,v) +€) > dt.

5.3. Thin Features

Ray marching algorithms are known to miss features thinner than
dt. We address this by stochastically shifting samples along ¢ so
that such features are integrated over multiple sample frames. Typ-
ically used to distribute rays across pixels, light sources, or surface
BRDFs, the ray samples in a prism are shifted by 7y = #;;; + Rdt
with a random number R ~ 1£(0, 1). This ensures that a sample se-
quence covers thin features over many sample frames. The first ray
sample so must be jittered affer prism intersection and entry. See
Figure 12 for comparisons with and without thin feature sampling.

5.4. Offset Distance

Care must be taken to ensure that the maximum offset distance of
prisms will bound the displaced surface. If two triangles meet at a
sharp crease edge (Fig 11a), the denominator N; - Ny in Equation
6 causes a singularity and the normal extension goes to infinity.
A solution is to insert two new triangles at any such edges whose

interior angle is less than some threshold (eg. 8 < 5°). This issue
occurred in fewer than 10 triangles in two of the models we used
(Stanford Dragon and Tree Stump).

The offset distance, Wmaxﬁ’ determines the maximum dis-
placement from the base mesh. So long as this is everywhere
greater than D(u,v) the displaced surface will be fully enclosed by
the shell region. We can ensure tighter bounds and faster perfor-
mance, by assigning wiqx per prism at the cost of pre-computing
max(D(u,v)) for each triangle over the depth texture. Although this
can result in a misalignment in the top faces between two prisms,
as in Figure 4b, the height of the displaced surface does not depend
on the bounding prism extents and the surface is still found below
both of these.

6. Implementation

Our algorithm is designed to integrate with standard hardware-
based ray tracing engines that support bounding box, intersection
and shading programs. We first developed a scanline CPU imple-
mentation for primary rays to verify algorithm design and resolve
corner cases. For the GPU implementation we insert prisms and
AABBs into a BVH acceleration structure using Nvidia OptiX for
efficient hardware-based TRBVH trees [PBD*10] [KA13], then de-
velop custom OptiX hit programs for intersections.

The sample spacing dt is a tradeoff between performance and
quality. For our test models this was selected empirically and stud-
ied further in our results (Figure 6). Texture-based displacement
methods require high quality 16-bit depth with most models us-
ing 40967 depth maps, while the Orb uses 81922, Final testing was

© 2025 The Author(s).
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Prism Intersect Primary Rays (msec) Beauty Image (msec) Efficiency (Mrays/sec)

Model #Tri. | Riger Riser | RMIP | Ours | Speed | Micro | RMIP | Ours | Speed | RMIP Ours | Speed

% | 2023 up | Mesh | 2023 up | 2023 up
Asteroid 480 | 11.7 19 164 | 16.3 1.0 48.3 | 145.6 | 60.8 24 | 40.7 | 253.0 6.2
Chainmail 1423 | 11.8 57 294 | 126 23 28.9 | 289.0 | 20.7 139 | 263 | 3883 14.8
Leather Sphere 3968 | 13.2 41 219 | 16.8 1.3 33.7 | 2306 | 319 7.2 39.3 | 3388 8.6
Orb 3968 | 13.2 23 325 | 182 1.8 68.2 | 329.1 | 56.8 5.8 28.2 | 188.2 6.7
Tree Stump 7710 | 104 57 189 | 133 14 19.5 | 166.2 | 18.1 9.2 34.7 | 369.5 10.6
Bamboo Dragon | 22308 | 13.0 36 142 | 16.6 0.9 37.7 | 2829 | 357 7.9 279 | 257.3 9.2

Table 1: Performance. Comparisons of our method to RMIP [TGBB23] and Micro-Meshes [Nvi23] for models of varying complexity on a
GeForce RTX 4090. Displacement maps are 16-bit 40962 pixels (Orb is 8 1922 ). Beauty images consist of 64 samples at 4 rays/pixel: primary,
path trace, reflection and shadow. Measurements are for ray tracing 20482 output images at 1 sample/pixel and dt=0.002. All times are given

in milliseconds.

Common Algorithm Specific (MB) Algorithm Overhead %

Model Displace | Base | BVH | Total | MicroMesh | RMIP PDM | MicroMesh | RMIP | PDM

Texture | Mesh (MB) Bary.Map | Dmap | Prisms (ours)
Asteroid 33 | 0.008 | 0.08 33.1 6.9 | 27.19 0.049 21% 82% | 0.1%
Chainmail 33 | 0.024 | 0.24 333 10.8 | 27.56 0.147 32% 83% | 0.4%
Stump 33 | 0.132 1.32 347 13.6 | 30.05 0.794 39% 87% | 2.3%
Bamboo Dragon 33 1 0383 | 3.83 37.2 7.0 | 35.85 2.298 19% 9%6% | 6.2%
Orb 134 | 0.068 | 0.68 | 134.7 232 | 28.57 0.409 17% 21% | 0.3%

Table 2: Memory usage. Comparison of our method to RMIP and Micro-Meshes on memory usage. Micro-Meshes are reported for 5 level
micromesh maps (maximum allowed) with 5 level pre-tesselation. Projective Displacement achieves a low fixed overhead of 108 bytes per
base triangle. The common costs are required by all algorithms. All memory units are in megabytes (MB).

done on a GeForce RTX 4090 with 24 GB and on a RTX 3060 with
an Intel Core 17-9700k, see 10b.

7. Results

Results are presented in several ways. Comparisons on the visual
quality of projective displacement mapping to RMIP [TGBB23]
and Micro-Meshes [Nvi23] are shown in Figures 8 and 10. Perfor-
mance and memory usage are measured and reported in Tables 1
and 2 respectively. Final images were rendered at 40962 pixels with
64 samples consisting of 4 rays/pixel per sample: primary, path
trace, reflection and shadow. For Micro-Meshes we modified the
MicroMesh Toolkit source to output surface normal images, while
Thonat [TGBB23] provided surface normal images for RMIP com-
parisons, Figure 8.

Thin features are well resolved by stochastic thin feature sam-
pling. A fur torus was rendered with a high frequency 40967 dis-
placement map in Figure 12 as discussed in Section 5.3. There is
no overhead for this technique since the same number of rays and
samples are used.

Although projective displacement is intended for authoring sin-
gle objects, detailed scenes are possible with our method. Figure 9
contains nine displaced objects with different materials, rendered
at 4096x1280 in 30 seconds with 462 ms/sample, 64 samples and
53.4 Mrays/sec while exhibiting four light sources, diffuse reflec-
tions, soft shadows and path tracing.

© 2025 The Author(s).
Computer Graphics Forum published by Eurographics and John Wiley & Sons Ltd.

As a direct sampling technique, the sample spacing dt is an ad-
justable parameter that gives a tradeoff between quality and perfor-
mance which are compared in Figure 6. Quality degrades primarily
at grazing angles while we still achieve interactive rates under 100
ms on 20482 images with dt = 0.002 for all models.

7.1. Performance

Performance results are provided in Table 1. To quantify perfor-
mance of algorithm stages we measured the average time for prism
intersection Rjs, for just primary rays, and for ray tracing beauty
images (4 rays/pix/sample). Our method ray traces on average be-
tween 20-60 milliseconds for 2048> pixel images.

Comparative performance to RMIP on our models was gen-
erously provided by Thonat [TGBB23]. Our method performed
on average 40-60% faster for primary rays and 2x-13x faster for
beauty images in comparison to RMIP using identical hardware.
Although Micro-Meshes relies on tessellation, with goals and tech-
niques different than ours, we still achieve faster ray tracing perfor-
mance on most models tested. With the caveat that our method is
not intended for massive scenes or high polygon meshes we achieve
an overall performance between 200-400 Mrays/sec.

7.2. Memory Usage

Memory usage is provided in Table 2 in megabytes. We identify
common costs for the displacement texture, base mesh triangles
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and BVH. Since all algorithms require a BVH when ray tracing we
report the maximum cost of 180 bytes/triangle from Domingues
et al. as an upper bound since we were unable to measure the
BVH directly [DP15]. Algorithm-specific costs were measured per
method, such as Micro-Meshes barycentric map, RMIP D-map, and
our PDM prisms. The algorithm overhead is given as the additional
cost beyond the common memory used. Projective Displacement
achieves high quality with a fixed memory overhead of 108 bytes
per base triangle.

Figure 7: Modeling example. Detailed seahorse modeled interac-
tively with displacement brushes while ray tracing.

Method Tex | Accel | Raytrace Total | Total

[1] [2] [3] | (msec) | (FPS)
RMIP 32 34 329.1 | 3357 2.9
PDM (full) 32 0 56.8 60.0 | 16.7
PDM (256%) | 3.2 0 110 | 142 | 704

Table 3: Editing performance. Analysis of interative editing per-
formance on RMIP and PDM (ours) for the Orb model. The table
shows: [1] texture modifications to 8192° displacement and color
maps, [2] acceleration rebuild for a 10242 RMIP in [TGBB23];
none for ours, and [3] re-rendering by ray tracing. PDM 2562 only
re-renders a screen sub-region around the cursor. All times in mil-
liseconds.

7.3. Interactive Editing

Artists desire interactive feedback when modeling displaced sur-
faces. We developed a brush-like editor to demonstrate surface
sculpting with real-time effects such as global illumination, see Fig-
ures 1 and 7. A ray is traced at the mouse cursor to find the barycen-
tric and u, v coordinates on a base triangle. Displacement brushes of
2567 pixels are then blended into the target displacement map with
color and depth. During sculpting a region is re-rendered around
the mouse cursor at 14 milliseconds (70 fps). Figure 7 shows an ex-
ample of authoring a 64007 displacement map (see Supplemental

video). Upon mouse release or camera motion the full resolution
image converges over multiple samples. Artists can interactively
edit fine details with ray traced quality feedback.

Editing performance is analyzed in Table 2 for the 8192 dis-
placed Orb model. Each frame requires texture modifications to the
displacement and color maps over the 256 brush regions and ray
tracing at one sample per pixel. PDM (full) is our technique with
full screen resampling, whereas PDM (2562) is ours while updating
a region of pixels around the cursor.

8. Conclusions

We present projective displacement mapping as a novel direct sam-
pling technique for interactive ray tracing and editing of displace-
ment mapped surfaces. Our method integrates easily with hardware
BVHs to accelerate per-ray sampling of displaced surfaces. We
make available a reference CPU implementation, open source, to
facilitate future research.

Ray tracing by our method is faster than the existing techniques
for low poly meshes with detailed displacement maps. Visually
we improve on the appearance of displaced surfaces by eliminat-
ing faceting with a new smoothed displaced normal, by eliminating
buckling with ray/bilinear patch prism interfaces, by stochastically
sampling thin features, and by improving watertightness with prism
extent analysis. We demonstrate the real-time sculpting of detailed
displaced surfaces as seen through other reflective and refractive
objects.

Limitations of our technique are related to ray marching and
sampling. This method is not intended for massive scenes, terrain,
or compression of high geometry source meshes. We focus on the
interactive sculpting of objects in look development work flows
where memory resources may be limited. No acceleration rebuild
is needed per frame if the displacement edits are less than a fixed
maximum offset distance, whereas larger changes to the base mesh
would require BVH reconstruction.

In the future we hope to examine the trade-offs between direct
sampling and the rebuilding of BVH acceleration structures while
attempting to maintaining interactivity. We would also like to ex-
plore C! intermediate surfaces to further study aspects of conti-
nuity. The geometric detail and natural authoring of displacement
maps present compelling reasons for further exploration. We hope
this work expands future opportunities for complex geometric mod-
eling and interactive ray tracing.
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Figure 8: Ray tracing results. Displaced surface normals are compared between Micro-Meshes [Nvi23], RMIP [TGBB23] and our Projective
Displacement method with 20482 pixel at 64 spp (left). The base mesh, displacement map, and beauty images are shown for each model
(right). The smooth surfaces in our leather sphere, dragon and tree stump are due to surface normal correction, see Section 5.1.
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Figure 9: Detailed scene. A detailed scene ray traced with only 15k triangles and 1.8 MB GPU memory in 30 seconds at 4096x1280. All
objects use our technique except for the ground surface.
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Figure 10: a) Algorithm comparisons for projective displacement mapping (ours), Micro-Meshes [Nvi23] and RMIP [TGBB23] for different
source models, and b) GPU Hardware comparsions for RTX 3060 and RTX 4090 versus for different source models.

Normal Singularity Inserted Triangles Tight Bounds

Figure 11: Offset distance. Sharp crease edges can cause singularities (left), which are corrected by inserting base triangles at these edges.
Tighter bounds can be achieved by setting maximum offset extents per prism (right).
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Color texture Displacement map

a) Uniform sampling b) Stochastic sampling

Figure 12: Thin feature sampling. Thin features are ray traced with stochastic sampling, see Section 5.3. The fur torus is rendered at 40962,
64 spp, and dt = 0.001. a) Uniform sampling causes thin features to be periodically missed, whereas b) Stochastic sampling uses distributed
first samples along t after prism intersection to integrate over these features. This method incurs no overhead since the same number of rays
and samples are used.
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