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Computational Photography
Panoramas
Light field cameras
Non-line-of-sight imaging
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 chapter . recording a photograph’s light field

(z) (z)

Figure .: Raw light 5eld photograph read o6 the photosensor underneath the microlens
array. 7e 5gure shows a crop of approximately one quarter the full image so that the mi-
crolenses are clearly visible in print.

Light field  camera native 
image: (s,t) is outer loop; 
(u,v) is inner loop

[Ren Ng thesis]
Characteristic behavior: objects at the 
focus plane become constant-colored 
circles; more distant points look like 
inverted views of a small area of the 
image.
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 chapter . recording a photograph’s light field

(z) (z)

Figure .: Sub-aperture images of the light 6eld photograph in Figure .. Images z and
z are close-ups of the indicated regions at the top and bottom of the array, respectively.

Transposed image: (u,v) is 
the outer loop, (s,t) is the 
inner loop.

[Ren Ng thesis]
Characteristic behavior: the constant-uv 
images correspond to cameras located 
at different positions in the lens’s 
entrance pupil.  Note vertical parallax 
between these two images.
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 chapter . recording a photograph’s light field

(z) (z)

Figure .: Epipolar images of the light 5eld photograph in Figure .. Images z and z are
close-ups of the indicated regions at the top and bottom of the array, respectively.

.. three views of the recorded light field 

photograph of Figure .. Computing the conventional photograph that would have formed
with the full lens aperture is equivalent to summing the array of sub-aperture images, sum-
ming all the light coming through the lens.

Epipolar Images

1e third view is the most abstract, presenting an array of what are called epipolar images of
the light 2eld (see Figure .). Each epipolar image is the d slice of the light 2eld where y

and v are 2xed, and x and u vary. In Figure ., y varies up the array of images and v varies
to the right. Within each epipolar image, x increases horizontally (with a spatial resolution

Rows of pixels shown in epipolar
images of Figures . z and z.

of  pixels), and u varies up the image (with a di-
rectional resolution of about  pixels). 1us, the
zoomed images in Figure . show 2ve (x, u) epipo-
lar images, arrayed vertically.

1ese zoomed images illustrate the well-known
fact that depth of objects in the scene can be esti-
mated from the slope of lines in the epipolar im-
ages [Bolles et al. ; Forsyth and Ponce ].
1e greater the slope, the greater the disparity as we
move across u on the lens, indicating a further dis-
tance from the world focal plane. For example, the
zoomed image of Figure . z corresponds to 2ve
rows of pixels in a conventional photograph that cut
through the nose of the girl in the foreground and the arm of the girl in blue in the back-
ground, as shown on the image on this page. In Image z, the negative slope of the blue lines
correspond to the further distance of the girl in blue. 1e vertical lines of the nose of the
girl in the foreground show that she is on the focal plane. As another example, Figure . z
comes from the pixels on the nose of the man in the middle ground. 1e intermediate slope
of these lines indicates that the man is sitting between the two girls.

An important interpretation of these epipolar images is that they are graphs of the light
2eld in the parameterization of the d ray-space diagrams such as Figure . b. Figure .
provides a database of such graphs for di<erent (y, v) slices of the d light 2eld.

Epipolar plane 
format: (v,t) is the 
outer loop and (s,u) 
is the inner loop.

[Ren Ng thesis]

Characteristic behavior: points in 
scene become lines with slope 
depending on distance.  Objects at 
focus plane produce vertical 
features; more distant objects 
produce negative slopes.
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closer viewpoint (α = 0.9)

farther viewpoint (α = 1.1)
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closer viewpoint (α = 0.9)

farther viewpoint (α = 1.1)
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closer focus (α = 0.9) closer focus farther focus (α = 1.1)
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closer focus (α = 0.9) closer focus farther focus (α = 1.1)



Cornell CS6640 Fall 2012 9

closer focus (α = 0.9) closer focus farther focus (α = 1.1)
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Modeling and Animation
Character animation
Deformation tools
Physics-based animation



Lee, Lee, Park, & Lee. “Scalable Muscle-actuated Human Simulation and Control” SIGGRAPH 2019



Lee, Lee, Park, & Lee. “Scalable Muscle-actuated Human Simulation and Control” SIGGRAPH 2019



de Goes & James. “Regularized Kelvinlets: Sculpting Brushes based on Fundamental Solutions of Elasticity” SIGGRAPH 2017



de Goes & James. “Regularized Kelvinlets: Sculpting Brushes based on Fundamental Solutions of Elasticity” SIGGRAPH 2017
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Real Time Graphics
Games
Interactive 3D tools
Mixed Reality



NVIDIA Corporation + Unreal Engine. GeForce GTX tech demo, 2019



NVIDIA Corporation + Unreal Engine. GeForce GTX tech demo, 2019
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Realistic Image Synthesis
Global illumination
Light transport
Material appearance
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A Comprehensive Framework for Rendering Layered Materials

Wenzel Jakob
ETH Zürich

Eugene d’Eon
Weta Digital

Otto Jakob
Atelier Otto Jakob

Steve Marschner
Cornell University
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Figure 1: All materials in this interior scene were generated and rendered using the techniques described in this paper. The insets on the left
and right reveal the corresponding structural descriptions that were used as inputs to our system.

Abstract

We present a general and practical method for computing BSDFs of
layered materials. Its ingredients are transport-theoretical models
of isotropic or anisotropic scattering layers and smooth or rough
boundaries of conductors and dielectrics. Following expansion into
a directional basis that supports arbitrary composition, we are able
to efficiently and accurately synthesize BSDFs for a great variety
of layered structures.

Reflectance models created by our system correctly account for
multiple scattering within and between layers, and in the context of
a rendering system they are efficient to evaluate and support textur-
ing and exact importance sampling. Although our approach essen-
tially involves tabulating reflectance functions in a Fourier basis, the
generated models are compact to store due to the inherent sparsity
of our representation, and are accurate even for narrowly peaked
functions. While methods for rendering general layered surfaces
have been investigated in the past, ours is the first system that sup-
ports arbitrary layer structures while remaining both efficient and
accurate.

We validate our model by comparing to measurements of real-world
examples of layered materials, and we demonstrate an interactive
visual design tool that enables easy exploration of the space of lay-
ered materials. We provide a fully practical, high-performance im-
plementation in an open-source rendering system.

CR Categories: I.3.3 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Color, shading, shadowing, and texture

Keywords: layered materials, linear transport theory, albedo prob-
lem, importance sampling, BRDF, BSDF

Links: DL PDF WEB VIDEO CODE

1 Introduction

The notion of scattering at a surface is central to rendering. It is
appropriate, and computationally essential, to treat thin structures
as surfaces when the scale of the scene allows: from a metal sur-
face with microscopic imperfections to a rough ocean viewed from
space, surface-scattering models are often the correct representa-
tion.

Metal or dielectric interfaces with microscopic roughness are the
simplest scattering surfaces, but the vast majority of nonmetallic
materials are not transparent; they reflect light diffusely by subsur-
face scattering. The most commonly used reflectance models, with
a diffuse and a specular component, are based on the idea of a di-
electric boundary above an optically dense scattering medium.

Surfaces can also be more complex, with layers that might not fully
hide the material below: glaze over ceramic, wall paint over primer,
colored car paint with a clear coat, vitreous enamel in gold and
silver jewelry, and layered biological structures like leaves, flower
petals, or skin. All these can be described in terms of a stack of
layers of scattering and/or absorbing media, separated by interfaces
that might be smooth or rough. At the bottom the stack could be an
opaque interface (such as a metal) or a transparent one. Layers and
interfaces provide a language that is useful for describing a wide
range of surfaces, and which already underlies most BRDF models.

Expressing a surface explicitly as a layered system with physical
parameters also allows it to be treated consistently across scales.
For close views where a given structure can’t be treated as a thin
surface, the structure can be rendered directly, and with an accurate

[Jakob et al. SIGGRAPH 2014]
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volume optics 
light reflection from translucent materials



volume optics 
light reflection from translucent materials

Henrik Wann Jensen, Stephen R. Marschner, Marc Levoy, and Pat Hanrahan. 
“A Practical Model for Subsurface Light Transport.” SIGGRAPH 2001.



Why do these look wrong?



Marble sample

40mm cube of statuary marble



HDR photograph

(log scaled image)



HDR photograph

(log scaled image)





Subsurface volume scattering



Subsurface volume scattering



Subsurface volume scattering



Subsurface volume scattering



Light diffusion



Diffusion approximation



Diffusion approximation







Diffuse “milk”

Results: milk



Diffuse “milk”

Results: milk

Skim milk



Diffuse “milk”

Results: milk

Skim milk Whole milk



Results: skin

opaque skin translucent skin



The Two Towers (2002)



hair optics 
scattering from human hair fibers



hair optics 
scattering from human hair fibers

Stephen R. Marschner, Henrik Wann Jensen, Mike Cammarano, Steve Worley, 
and Pat Hanrahan. “Light Scattering from Human Hair Fibers.” SIGGRAPH 
2003.



Hair appearance

highlight



Classic hair reflection model

predicts a single, white highlight



Classic hair reflection model

predicts a single, white highlight



Classic hair reflection model

predicts a single, white highlight



Classic hair reflection model

predicts a single, white highlight



Hair appearance



Hair appearance

primary

secondary



Hair appearance
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[Robbins 1994]
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King Kong (2005) | visual effects: Weta Digital
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Importance Sampling for Physically-Based Hair Fiber Models

Eugene d’Eon1 Steve Marschner2 Johannes Hanika1

1Weta Digital 2Cornell University

Figure 1: Our new importance sampling strategy allows easy inclusion of Marschner and related hair reflectance functions in physically-
based Monte Carlo renderers. Here we show hair volumes illuminated by environment maps and area lights with unbiased global illumination
(computed using a forward path-tracer with multiple importance sampling). Our sampling strategy requires no precomputation, so it is easy
to vary the absorption along the fiber (second image), and to add noise to the index of refraction, roughness, and scale tilt to create subtle
heterogeneity along each fiber. Each image is 1024 samples/pixel.

Abstract

We present a new strategy for importance sampling hair reflectance
models. To combine hair reflectance models with increasingly pop-
ular physically-based rendering algorithms, an efficient sampling
scheme is required to select scattered rays that lead to lower vari-
ance and noise. Our new strategy, which is tied closely to the
derivation of physically-based fiber functions, works well for both
smooth and rough fibers based on the Marschner et al. model and
also for Lambertian fibers. It should be directly usable with future
hair reflectance models that allow for more general cross-sections
and more complex surface properties, provided the lobes are de-
rived in a similar, separable fashion. Our strategy includes lobe
selection and can efficiently sample complex lobe shapes like the
Marschner TRT function. The scheme is easy to implement and
requires no precomputation, allowing fully heterogeneous variation
of all fiber parameters.

CR Categories: I.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Color, shading, shadowing, and texture;
I.3.7 [Computer Graphics]: Three-Dimensional Graphics and
Realism—Raytracing;

Keywords: Hair scattering, BCSDF, importance sampling

1 Introduction

Believable computer generated characters require believable hair.
For rendered hair to appear realistic the Bidirectional Curve Scat-
tering Distribution Function (BCSDF) used to simulate the light

�a�Longitudinal Analysis �Θ�

њ

Figure 2: Refracted pathways through a hair fiber. Single
Reflection (R), double transmission (TT), transmission-reflection-
transmission (TRT) and so on.

interaction with the individual hair fibers must be accurate—all of
the visibly relevant behaviours seen in plausible illuminations of
typical hair volumes must be well approximated.

Previously in graphics, the fiber model of Kajiya and Kay [1989]
remained predominant until Marschner et al. [2003] introduced the
factored-lobe analytic BCSDF that remains the basis of most high-
accuracy, parameteric hair rendering today. Factored-lobe BCSDFs
decompose the reflectance into separate modes of propagation—
direct reflection (R), double transmission, (TT) and paths with one
or more internal reflections (TRT, TRRT, . . . ) (Figure 2). The to-
tal reflectance function S is the sum of all such lobes Sp, indexed
by p, the number of internal path segments traversed by light rays
contributing to that mode (Figure 2),

S(qi, qo, f) =
•

Â
p=0

Sp(qi, qo, f). (1)

Many Monte Carlo rendering algorithms, such as path tracing, re-
quire efficient schemes for randomly selecting samples (directions
and weights) with a statistical distribution that is close to the re-
flectance function of the material being simulated. We derive a
practical, analytic, easy-to-implement importance-sampling strat-
egy for several recent physically-based factored-lobe BCSDFs, al-
lowing their efficient combination with these rendering algorithms.



A Practical and Controllable Hair and Fur Model for Production Path Tracing
Matt Jen-Yuan Chiang, Benedikt Bitterli, Chuck Tappan, Brent Burley
Eurographics Symposium on Rendering, 2016



cloth mechanics 
yarn-based cloth modeling



cloth mechanics 
yarn-based cloth modeling

Jonathan Kaldor, Doug James, and Steve Marschner. “Simulating Knitted Cloth at 
the Yarn Level.” SIGGRAPH 2008 

Jonathan Kaldor, Doug James, and Steve Marschner. “Efficient Yarn-based Cloth 
with Adaptive Contact Linearization.” SIGGRAPH 2010 

Cem Yuksel, Jonathan Kaldor, Doug James, and Steve Marschner. “Stitch Meshes 
for Modeling Knitted Clothing with Yarn-level Detail.” SIGGRAPH 2012



Why Yarns Are Important

Cloth is not a continuum

Discrete yarn behavior drives 
overall cloth behavior

Particularly evident in knit fabrics

http://toveb.typepad.com/

http://toveb.typepad.com/photos/patterns/frilly_scarf.html


Why Yarns Are Important

Cloth is not a continuum

Discrete yarn behavior drives 
overall cloth behavior

Particularly evident in knit fabrics



Structure-Dependent Behavior

Garter RibStockinette



Yarn Properties

Thin, flexible rods, with 
many degrees of freedom 

Strongly resist stretching

Weakly resist bending

Can compress laterally

Friction between yarns



Yarn Properties

Thin, flexible rods, with 
many degrees of freedom 

Strongly resist stretching

Weakly resist bending

Can compress laterally

Friction between yarns

Constrained Lagrangian dynamics 
 

Inextensibility constraints

Bending, twisting energies

Collision energy

Velocity filter for damping

Mq̈ = f �rE�rD
C(q) = 0



Modeling Dissipation

Damp yarn-yarn contacts

Damp non-rigid motion
[Müller et al. 2006] 
[Rivers and James 2007]

Small regions: stabilizing 
collisions

Large regions: damp 
cloth-level motion



Modeling Dissipation

Damp yarn-yarn contacts

Damp non-rigid motion
[Müller et al. 2006] 
[Rivers and James 2007]

Small regions: stabilizing 
collisions

Large regions: damp 
cloth-level motion

Small regions
Large regions



Relaxed Models

Garter RibStockinette
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Relaxed Models

Garter RibStockinette
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54,340 knit loops, ~365K contact sets
6.7X contact force speedup, 4.2X overall
10.5m per 1/30s frame

⅓ speed



54,340 knit loops, ~365K contact sets
6.7X contact force speedup, 4.2X overall
10.5m per 1/30s frame

⅓ speed



45,960 knit loops, ~295K contact sets
9.1X contact force speedup, 5.0X overall
8m per 1/30s frame

½ speed



45,960 knit loops, ~295K contact sets
9.1X contact force speedup, 5.0X overall
8m per 1/30s frame

½ speed



Stitch Meshes

Stitch Mesh Stitch Mesh Faces



Stitch Type Library
Stich Type Library

…



Stitch Type Library
Stich Type Library

… Stitch Mesh



Stitch Type Library
Stich Type Library

… Stitch Mesh
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Mrs. Montague’s Pattern [Matthews 1984] Openwork Trellis Pattern [Matthews 1984]

Photo courtesy of Schoolhouse Press

Ridged Feather Pattern [Matthews 1984] Flame Ribbing Pattern [Walker 2001]

Photo courtesy of Schoolhouse Press

Braid Cables Pattern [Allen et al. 2008] Cable Work Pattern [Walker 2001]
Stitch Mesh color coding (odd rows are slightly darker): k p ky yk yky d12k d21k

Figure 16: Comparison to real knitted samples: (Left images) Stitch meshes after mesh-based relaxation, (Middle images) knit patterns after

yarn-level relaxation, and (Right images) photographs of real-world knitted samples using the same knitting patterns.

stitch mesh. An anisotropic, biphasic force is then defined from an
energy term as follows:

E tracks
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where N() is a linearly biphasic stiffness function in the normal di-
rection which stiffens when |nT

k vk| is greater than a defined thresh-
old, T is the constant stiffness in the tangential direction, nk is the
normal of the cloth surface at the center of the patch at the start
of relaxation, and wk

j is a tent function which falls off according
to the topological distance of yarn loop Sj from the center of Pk.
This encourages patches to stay close to their original starting po-
sitions (which are on the subdivision surface), while allowing them
to move and change shape as necessary for relaxation.

Detection of Yarn Pull-through: Perhaps the most important im-
provement over prior yarn-level simulators, though, is a method to
guarantee that the knit topology remains consistent through the en-
tire process by detecting when a piece of yarn could pass through
another, an event we call yarn pull-through, and preventing pull-
through from occuring. To begin with, the simulator enforces a rate
limit ⌧ on the maximum movement of any point on the yarn curves
per step, where ⌧ is some fraction of the yarn radius. This reduces
the problem of detecting yarn pull-through per step to only those
pieces of yarn already in contact at the beginning of the step.

We represent the yarn curves using cubic Catmull-Rom splines,
hence directly solving for the intersection of two cubic curves

within a timestep forms a multivariate nonlinear equation which,
in general, is challenging to solve both robustly and efficiently. In-
stead, we place a number of bounding spheres with regular param-
eter intervals along the two parametric curves, and check for the
intersection of these spheres within the time step interval, which in-
volves solving a quadratic equation. If an intersection is found, we
replace each intersecting sphere with a number of smaller spheres
that bound the same part of the curve, and repeat the intersection
test until the sizes of the spheres are sufficiently small. If an inter-
section still exists at the finest bounding sphere level, we conclude
that step size would cause a pull-through and reduce the step size
to avoid it.

However, performing this for every pair of contacting segments at
every timestep is still expensive. We can further accelerate this
detection by computing safe bounds for each control point at the
end of the timestep and using this bound to possibly avoid intersec-
tion test for the next timestep. Suppose that while detecting pull-
through, we evaluate bounding spheres f[s1,s2](t) and g[s3,s4](t),
which respectively bound the parametric intervals [s1, s2] and
[s3, s4] on the two spline segments over the timestep t 2 [0, 1],
and determine that they do not intersect at the end of the step, thus
kf[s1,s2](1)� g[s3,s4](1)k2 = d > 0. This implies that each point
within the intervals [s1, s2] and [s3, s4] can move by up to d

2 with-
out possibly causing pull-through. Let s0 2 [s1, s2] be arbitrary,
bi(s) be the spline basis functions, and ei (which we want to bound)
be the allowable movement for the i-th control point before these
computed bounding spheres will intersect. Then, we can write

�����

4X

i=1

bi(s
0) ei

�����
2


4X

i=1

|bi(s0)| keik2 , (8)

Introducing di as any partition of d
2 such that

P
di = d

2 , we can
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