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Rendering is far from solved. Even today, the rendered results still look artificial and

overly perfect. To make rendering more realistic, we need details. However, rendering

a complex surface with lots of details is far from easy. Traditionally, the surface

microstructure is approximated using a smooth statistical distribution, but this

ignores all the details on the surface, completely eliminating the “glinty” visual effects

that are easily observable in the real world. While modeling the actual surface

microstructure is possible, the resulting rendering problem is prohibitively expensive

using Monte Carlo point sampling. We consider the highly complicated distribution of

normals on a surface patch seen through a single pixel, and evaluate this actual

distribution efficiently with closed-form solutions, in both geometric and wave optics.

Results show complicated, temporally varying glints frommaterials such as bumpy

plastics, brushed and scratched metals, metallic paint and ocean waves—bringing

the interesting and important details to Computer Graphics for the first time.

For every complex problem, there is an answer
that is clear, simple, and wrong.”a This state-
ment is suitable for most of the current surface

reflectance/appearance models for different materi-
als. Traditional rendering techniques represent materi-
als using smooth Bidirectional Reflectance Distribution
Functions (BRDFs) describing how light is reflected after
interacting with these materials. Since they use smooth
BRDFs, these techniques generate perfectly smooth
appearances. However, the real world is imperfect.
Bumps, flakes, and dents can be seen everywhere.
These details introduce variance and are key to the real-
ism of the appearance (Figure 1).

The smooth BRDF concept has been standard for
nearly four decades, prior to our work which introdu-
ces a more statistical discrete version of the BRDF,
and enables rendering of detailed glints from complex
surfaces, such as metallic flakes and scratches. These
details are either procedurally generated as random
processes, or defined using extremely high resolution
normal maps specifying the surface normals at differ-
ent places. Thus, the surfaces are essentially repre-
sented using tiny microfacets explicitly.

However, existing microfacet models1 in Computer
Graphics use statistics to represent the distribution of
normals, known as normal distribution functions
(NDFs). In these models, an NDF is considered as a
smooth probability distribution, such as a Gaussian
function. Such a smooth NDF results in a smooth
appearance, eliminating all the details. In contrast, we
compute the actual NDF within a surface patch P cov-
ered by each pixel as a P-NDF , introducing an unprec-
edented level of detail that was never dealt with in
Computer Graphics previously. For this reason, we
name this line of our research detailed rendering.
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Furthermore, we also notice that the surface details
are usually small (in the magnitude of micrometers). In
this level of granularity, the light should be treated as
waves rather than straight lines. So, in this article, we
present two different solutions in geometric optics and
wave optics, respectively. Both are able to produce
convincing details, while wave optics are further able to
correctly generate diffraction effects such as colors
from compact discs and dull polished metals.

Defining the Details
To render the details, we first need to define them on sur-
faces. We refer to texture mapping, a well-known tech-
nique to specify per-point properties on a surface. We
map high-resolution textures (normal maps) onto surfa-
ces, to define the surface normal of every microfacet. As
one might expect, since the microfacets are in micro
scale, we need extremely high-resolution normal maps to
define every fine detail. For example, the normal map on
the snail’s shell in Figure 2 has a resolution of 200K �
200K.

Though acquiring the normal maps is orthogonal
to our rendering method, it is useful to point out that
in practice we usually cannot afford to store such
huge normal maps. One simple way to alleviate the
storage problem is to create smaller (2K � 2K in our
experiments) normal maps that can be seamlessly
tiled. To do this, several methods are available. The
inverse Fourier transform method2 is able to generate
tileable noise-like bumps, and texture synthesis

methods3 are able to turn measured normal maps into
seamlessly tileable patches.

Despite its high resolution, a normal map is Still, in
essence, a texture. So the normals can only be defined
per texel, i.e., on a discrete grid with finite resolution. To
get continuous normals over an entire surface, we
assume that the normal maps are bicubic interpolated.
The bicubic interpolation happens on the fly without
introducing further storage overhead. That is, whenever
any point s is queried on the normal map, a smoothly
interpolated normal n(s) will be returned immediately.

According to the microfacet theory, the microfa-
cets do not exhibit any roughness. They are essentially
tinymirrors that are perfectly specular. And it is the dis-
tribution of their normals, or NDF, that determines the
roughness as well as the full appearance over the
entire surface. During rendering, the BRDF is evaluated
with pairs of incident-outgoing directions, and the
microfacet theory turns each BRDF evaluation into a
query on the NDF at the half-vector direction h, mid-
way between the incident and outgoing directions.

In other words, we assume that the BRDFs and
NDFs are exchangeable.

DIFFICULT RENDERING PROBLEM
With the definition of microfacets’ normal over a surface,
we are now ready to render all the details. Before we pro-
ceed, we first specify the exact rendering problem that
we want to solve. Our focus here is the direct illumina-
tion of a complex specular surface, illuminated by a
point light source and observed by a pinhole camera.

This is the most difficult configuration, producing
the sharpest visual effects of the details. We will deal
with other types of light transport later.

The most straightforward approach in rendering is
path tracing. We use this standard approach to com-
pute direct illumination on a complex specular surface,
tracing a set of rays through each pixel, evaluating the
normals of the hit points, and shading the hit points
from the light source. Therefore, path tracing is essen-
tially a point sampling approach. However, this classic

FIGURE 1. Traditional rendering (left) versus detailed rendering from complex surfaces (right). Note how the glints from the tiny

brushed dents and scratches dramatically improve realism.

FIGURE 2. Using different kinds of normal maps to define dif-

ferent types of details on a surface. (Left) Isotropic noise.

(Right) Metallic flakes.
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method fails at rendering detailed glints (Figure 3). Simi-
larly, bidirectional approaches4,5 would also fail. There-
fore, multiple importance sampling (MIS)4 would not
help either. This is because MIS requires at least one of
the candidate sampling approaches to work well, but
there are none in our case.

As we can see, the main problem is the pure specu-
larity that makes point sampling of a complex surface
impossible to find valid paths connecting the light and
the camera. Consequently, one might think that the
problem could be made practical by simply introducing
a small amount of roughness, namely the intrinsic rough-
ness, to each micro-facet. However, this is not true. As
Figure 4 illustrates, even with the intrinsic roughness,
these glinty details are still nearly impossible to render
using path tracing in a reasonable amount of time.

One pixel may contain thousands of discrete tiny
highlights. To obtain a noise-free image, path tracing
needs to find them all. This is a goal too ambitious for
point sampling.

PER-PIXEL CONFIGURATION
To surmount the point sampling problem, consider a
surface patch P seen through a single pixel and its

P-NDF—the actual, unsimplified NDF within this patch
P (an example is shown in Figure 5). The P-NDF can
then be plugged into any existing microfacet BRDF
model, replacing the classic smooth, statistical normal
distributions.

The surface patch P covered by a pixel is also
known as the pixel’s footprint. The shape of a footprint
can be irregular, and we simply approximate it with a
2-D Gaussian, with the help of Ray Differentials6 to
determine its size.

Given a pixel’s footprint P, its P-NDF can be easily
visualized by binning. The P-NDF is usually repre-
sented as an image on a projected unit disk. The grid
of pixels in this image gives us a natural subdivision of
the P-NDF into small directional bins, where each bin
records the averaged value of the P-NDF within a
small range of directions. The binning method is sim-
ple: we repeatedly importance sample a point on the
patch P, take its normal, perturb it by the intrinsic
roughness, and throw it into a bin according to the
perturbed direction.

When we visualize P-NDFs in this way with various
sizes of pixel footprints, as Figure 6 shows, we immedi-
ately notice that the distributions are far from smooth.
In fact, very large patches P are required to make the
P-NDFs converge to the smooth functions that we

FIGURE 3. Path tracing, either from the camera or from the

light source, is not able to find a valid path with perfectly

specular microfacets.

FIGURE 4. Even with the intrinsic roughness, naive pixel sampling still fails at rendering complex specular surfaces under point lights.

The highlights are too small to be efficiently hit by uniform pixel sampling, and are too many to be completely found, which is obvious

from the zoomed pixel on the right. (Left) Our method (2.2 min). (Middle) Naive sampling (2 h). (Right) Zoom-in of a single pixel.

FIGURE 5.We consider the actual P-NDF in a surface patch P

as seen through each pixel.

22 IEEE Computer Graphics and Applications July/August 2021

DISSERTATION IMPACT

Authorized licensed use limited to: Univ of Calif Santa Barbara. Downloaded on July 27,2021 at 02:23:55 UTC from IEEE Xplore.  Restrictions apply. 



know from microfacet models. Also, as we can tell
from Figure 7, different types of normal maps lead to
various interesting P-NDF shapes. The only thing they
have in common is that they all have sharp features
and are certainly not easily approximated by smooth
functions. Therefore, any smooth approximation to
the true P-NDF7–10 cannot fully reproduce details.

So long as a P-NDF can be visualized on an image
with enough resolution, the binning method can be
treated as ground truth. However, P-NDFs generated
this way cannot be used directly for rendering. The key
problem is that for actual rendering, we want to evalu-
ate the P-NDF at specific places. This is analogous to
rendering with any BRDF—we never need to generate
the entire 4-D BRDF, but just want to query its value for
specific incident and outgoing direction pairs.

For NDFs, as introduced earlier, they are queried at
half-vectors h, the mid-way directions between inci-
dent and outgoing directions. Clearly, it would be
extremely inefficient to use the binning approach
here, wasting all but a single bin. Indeed, this is equiva-
lent to what a standard renderer would do, trying to hit
a tiny light source by chance.

PRACTICAL RENDERING
SOLUTIONS

As analyzed earlier, the fundamental rendering prob-
lem is to efficiently query the P-NDF at a given direc-
tion s. The answer is such an integral

D sð Þ ¼ ∫
R2
Gp uð Þ Gr n uð Þ � sð Þ du: (1)

Behind this difficult integral is a very intuitive idea:
within a pixel’s coverage Gp, we look at every microfa-
cet at position u, and ask if its normal n(u) is close
enough to the direction s that we query, considering
the intrinsic roughness Gr. In this way, we are able to
evaluate the density of a single normal pointing any-
where on the patch. Moreover, the P-NDF is never fully
constructed, and is only evaluated for a single direc-
tion at a time.

Significant effort is devoted to solve this integral
analytically and efficiently. These include triangulating
the normal maps,11 reinterpreting the compound func-
tion Gr(n(u)) as Gaussian mixtures,12 as well as pruning

uncontributing microfacets in batches using position-
normal hierarchies.11,12 We refer readers to these publi-
cations for more technical details. Figure 8 shows
more results.

One thing worth noticing is that all these different
solutions are aimed at our previously defined goal:
direct illumination under point lighting. But the full
rendering usually contains other types of light trans-
port, especially multiple bounces of light and illumina-
tion under other kinds of lighting conditions. These
types of light transport, however, will greatly blur out
all the details. With this observation, we simply render
multiple bounces of light transport by replacing our
detailed surfaces by those defined using microfacet
models with perceptually similar roughness. It is even
more straightforward to render the direct illumination
under other lighting conditions, especially environ-
ment lighting: regular path tracing would suffice,
because now the mirror reflected rays are able to hit
somewhere on area lights and the environment, unlike
the case with a point light.

WAVE OPTICS: ONEMORE STEP
FORWARD

So far, we have presented practical approaches for
accurate and efficient rendering of detailed surfaces,
and we are already able to render plausible results.
Theoretically, with these methods, we should be able
to match real world appearance exactly. However,
when we look at the real photos in Figure 9, the obser-
vation is quite unexpected.

In these photos, there are colored details even if
the objects are illuminated by a white light source.
This is an interesting phenomenon that we immedi-
ately conclude as impossible for traditional geometric
optics—it will produce only white highlights under
white light source.

This observation leads to three questions. First, if
geometric optics has its limitations at such fine level
of detail, is wave optics able to give us more accurate
results? Second, can we design a rendering algorithm
based on a wave optics model, but still be able to
keep spatially varying high-resolution details? Third,

FIGURE 7. Visualization of different P-NDFs for different types

of normal maps.

FIGURE 6. Our P-NDFs have sharp features. They converge to

smooth distributions as the size of patch P grows, from left

to right.
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how close is geometric optics to wave optics, apart
from the color difference? Our work is the first to con-
sider all these questions in full generality.

We start by modeling the surfaces as arbitrarily dis-
cretized heightfields. This is slightly different from our
previous use of normal maps, because now we not only
care about the facing directions of each microfacet, but
also its relative height with regard to the averaged
smooth surface. In other words, a heightfield is able to
define the height shift H(s) at every point on a surface.
Therefore, when coherent light (traveling “in parallel,”
starting at the same phase) reaches a small patch P on a
surface, different places will introduce different distan-
ces that the light travels.

This causes spatially varying phase shifts R(s) for
each wavelength � in reflected waves, which then
interfere with each other, introducing colors.

The phase shifts allow us to compute P-BRDFs (the
accurate BRDF within a patch P) using wave optics. In
wave optics, light is described by complex-valued
fields. Scalar diffraction models, such as Harvey-
Shack13 or Kirchhoff,14 can be used to estimate the
reflected field from a rough surface.

Complex as the theories are behind the models,
the resulting wave BRDF is astonishingly elegant,
which is simply related to the Fourier transform of the
spatially varying phase shift R(s).

Solving this wave BRDF, however, introduces sev-
eral new challenges. First, in order for the wave optics
to take effect, the microfacet granularity microfacets
must be comparable to common wavelengths of the
light. This requires an even more detailed definition
of a surface as compared to geometric optics. Sec-
ond, like any other types of BRDFs in rendering, the
wave BRDF needs to support point query, i.e., given a
specific pair of incident and outgoing directions, we
just need to query one value from the wave BRDF
rather than the entire BRDF. Third, unlike in geomet-
ric optics, all different places within the coherence
area, where we assume the light is coherent, will con-
tribute to wave BRDFs. The contributions from differ-
ent parts of the surface sum nonlinearly (due to
interference), strengthening, weakening, and cancel-
ing each other to create the characteristic diffraction
effects of wave optics. As we can see from Figure 10,
apart from being colorful, BRDFs predicted using
wave optics all exhibit discontinuous patterns and
distinct details.

Thus, when applied in the rendering process, they
result in colorful, detailed, and even more realistic
results (Figures 11 and 12).

PAST, PRESENT, AND FUTURE
These methods have made promising first steps
toward modeling and rendering of visual appearance
at real world complexity.

This level of detail was never dealt with in Com-
puter Graphics previously, and our work has brought

FIGURE 8.More results generated using our practical rendering algorithms. (Top row) using [11]. (Bottom row) using [12].

FIGURE 9. Real photos of the back of a laptop (left) and an

aluminum patch (right), illuminated with only one LED light

on a mobile phone. Even though we generally consider these

objects white or colorless, the colors introduced by wave

optics are always visible.
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detailed rendering to computer graphics for the first
time, bringing out the details and redefining the BRDF
concept after nearly four decades of its statistical use.
The idea of rendering complex microstructure has
also become a rapidly growing subfield15–18 in render-
ing. And now, we can conclude that there are no more
smooth surfaces in Computer Graphics.

An exciting extension of our work is to provide the
ability to represent surface features at all scales with
the appropriate type of model: large features can be
handled with geometry; smaller ones down to a frac-
tion of a millimeter can be represented using geomet-
ric normal maps; and features down to wavelength
scale are represented as diffracting height fields.
Smaller features than that are not optically relevant
and are not needed in any visual simulation. It would
also be interesting to bring our approach closer to
interactivity with further approximations. An exten-
sion to displacement maps would be possible as well.

We could also explore related glinty phenomena
caused by refraction, seen, e.g., in snow, hair, water-
falls, fabrics, or plant cellular structures.

However, instead of seeing more problems being
solved, we are more enthusiastic to introduce new
problems. First of all, an immediate problem to
detailed rendering is revealed.

That is, even for now, we still do not know what is
ground truth or a trustable reference in wave optics.
We make efficient rendering possible only because we
base our method on the Harvey-Shack and Kirchoff
theories, which make approximations to the general
Maxwell’s equations. In that sense, only the Maxwell’s
equations can be considered as the ground truth.
However, accurately solving them could be prohibi-
tively slow, even on a tiny patch of surface.

Second, more problems can be brought to other
research areas in computer science. For example, the
glint patterns rendered from the details can be easily
judged by humans as being quite different than noise.
However, they may not be easily distinguished from
noise by computers, which indicates that they could
be a challenge for Computer Vision tasks. For the
same reason, producing plausible and clean results
may also become a disaster for denoising algorithms
when the details exist. And in general, our detailed
rendering breaks the assumptions of locally low rank
and low frequency. This will bring challenges to those
significantly relying on these assumptions, especially
Machine Learning based approaches.

However, all these problems and challenges are
certainly new opportunities in research, and may stim-
ulate deeper observations and explorations.

Third, our detailed rendering work also negates
the claim that Computer Graphics problems will be
automatically solved by simply waiting for hardware
development. We have proved that tracing rays to/
from microstructure is essentially equivalent to
point sampling Dirac delta functions blindly, which
in theory takes infinite time to converge. Moreover,
the growth of hardware’s computational power is
far from satisfactory. For example, it is general
practice that the movie/animation industry would
spend thousands of CPU core hours to generate

FIGURE 10. Visualizations of the 2-D outgoing BRDF slices

with a fixed incident direction perpendicular to the surface.

Top: isotropic bumps; middle: brushed; bottom: scratched.

FIGURE 11. Left and top right: Rendering of a laptop with a point light and environment lighting using our wave optics method.

Bottom right: A photograph of a MacBook (around 20 cm � 4 cm region) lit by a small LED light in a dark room. Our method is

able to produce a colorful appearance that is perceptually similar to the photograph.
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one frame in a film with 4K resolution (3840 �
2160). Without new technical developments, it will
take decades or even centuries before GPUs are
able to generate a 2020-film-level image in real
time (30 frames per second).

To conclude, even with all our previous efforts, realis-
tic rendering is still far from solved. It is more and more
demonstrated that both extremes—realism and
speed—have to be satisfied in order to bring people
believable virtual contents: it requires even deeper stud-
ies of our current rich visual, mathematical, and physical
world, but this will probably break many of the assump-
tions that we make to trade quality for performance.
Thus, even more interesting and open problems await
us. We sincerely look forward to the day when Computer
Generated Imagery (CGI) finally overcomes these diffi-
culties and opens up a view of a newworld.
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FIGURE 12. Rendering comparison between geometric optics and wave optics on a cutlery scene. Note that even with a single

fixed wavelength, wave optics still generates a significantly different appearance as compared to geometric optics.
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