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Fig. 1. Time slice video makes use of a robust spatio-temporal alignment to enable the blending of multiple videos recorded with di�erent appearances to
be blended together in a number of configurations. Here we show traditional time slice vertical bars (le�), as well as a world-space shape that drives the
compositing, such as the 3D spotlight (right).

Time slice photography is a popular e�ect that visualizes the passing of

time by aligning and stitching multiple images capturing the same scene at

di�erent times together into a single image. Extending this e�ect to video is

a di�cult problem, and one where existing solutions have only had limited

success. In this paper, we propose an easy-to-use and robust system for

creating time slice videos from a wide variety of consumer videos. The main

technical challenge we address is how to align videos taken at di�erent

times with substantially di�erent appearances, in the presence of moving

objects and moving cameras with slightly di�erent trajectories. To achieve a

temporally stable alignment, we perform a mixed 2D-3D alignment, where

a rough 3D reconstruction is used to generate sparse constraints that are

integrated into a pixelwise 2D registration. We apply our method to a number

of challenging scenarios, and show that we can achieve a higher quality

registration than prior work. We propose a 3D user interface that allows the

user to easily specify how multiple videos should be composited in space

and time. Finally, we show that our alignment method can be applied in

more general video editing and compositing tasks, such as object removal.

CCS Concepts: • Computing methodologies → Image manipulation;

Computational photography;

Additional Key Words and Phrases: time slice, video alignment, 3D recon-
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1 INTRODUCTION
Time slice photography refers to the artistic e�ect of combining

multiple images of a scene captured at di�erent times together into a

single composite, where each slice or stripe of the �nal image shows

part of the scene at a speci�c time. Putting all slices together, the

image conveys a passage of time and how it changes the appearance

of a place, as shown in the example in Figure 2. Our goal in this

paper is to extend this e�ect from still images to video, to create

time slice videos from multiple video sequences captured at di�erent

times. In contrast to traditional time slice photography where all

images are captured by a single static camera, our system allows

videos to be captured by handheld cameras in order to cover a large

scale scene, although we do require the input videos roughly follow

the same camera motion trajectory to ensure scene continuity and

with minimal parallax. We additionally require that the majority of

the scene content is static, so that correspondences can be found

across videos. The �nal video is a spatio-temporal composite of the

input sequences, where di�erent parts of the scene are from videos

captured at di�erent times, while the whole scene structure is well

preserved as if it was shot from a single camera.

It is not surprising that such an extension from still images to

video is nontrivial and brings many new technical challenges. As
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Fig. 1. We propose a method to jointly optimize 3D trajectories and control inputs for automated drone videography in dynamic scenes. Taking user specified
high-level plans and screen-space framing objectives as input(a), our method generates trajectories that respect the physical limits of the quadrotor and
constraints imposed by the environment while fulfilling the high-level plan and aesthetic objectives as well as possible (b). The method automates single-shot
recording of complex multi-view scenes in clu�ered and dynamic environments (d+c).

We propose a method for automated aerial videography in dynamic and clut-
tered environments. An online receding horizon optimization formulation
facilitates the planning process for novices and experts alike. �e algorithm
takes high-level plans as input, which we dub virtual rails, alongside in-
teractively de�ned aesthetic framing objectives and jointly solves for 3D
quadcopter motion plans and associated velocities. �e method generates
control inputs subject to constraints of a non-linear quadrotor model and
dynamic constraints imposed by actors moving in an a priori unknown
way. �e output plans are physically feasible, for the horizon length, and
we apply the resulting control inputs directly at each time-step, without
requiring a separate trajectory tracking algorithm. �e online nature of the
method enables incorporation of feedback into the planning and control loop,
makes the algorithm robust to disturbances. Furthermore, we extend the
method to include coordination between multiple drones to enable dynamic
multi-view shots, typical for action sequences and live TV coverage. �e
algorithm runs in real-time on standard hardware and computes motion
plans for several drones in the order of milliseconds. Finally, we evaluate
the approach qualitatively with a number of challenging shots, involving
multiple drones and actors and qualitatively characterize the computational
performance experimentally.
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1 INTRODUCTION
Accessible quadrotor hardware now allows for end-user creation of
aerial videography which previously resided �rmly in the realm of
high-end �lm studios. However, designing trajectories that ful�ll
aesthetic objectives and respect the physical limits of real robots
remains a challenging task both for non-experts and professionals.
Especially when �lming in dynamic environments with moving
subjects, the operator has to consider and trade o� many degrees of
freedom relating to subjects’ motions, aesthetic considerations and
the physical limits of the robot simultaneously, rendering manual
approaches infeasible.

Existing methods for planning of quadcopter trajectories [Geb-
hardt et al. 2016; Joubert et al. 2015; Roberts and Hanrahan 2016]
allow users to specify shots in 3D virtual environments and to gen-
erate �ight plans automatically. Typically, this is formulated as
an o�ine optimization problem which generates a timed reference
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Fig. 1. The setup and I/O of our system. (a) We attach an additional standard camera to a light field camera using a tripod screw, so they can be easily carried
together. (b) The inputs consist of a standard 30 fps video and a 3 fps light field sequence. (c) Our system then generates a 30 fps light field video, which can be
used for a number of applications such as refocusing and changing viewpoints as the video plays.

Light field cameras have many advantages over traditional cameras, as they
allow the user to change various camera settings after capture. However,
capturing light fields requires a huge bandwidth to record the data: a modern
light field camera can only take three images per second. This prevents cur-
rent consumer light field cameras from capturing light field videos. Temporal
interpolation at such extreme scale (10x, from 3 fps to 30 fps) is infeasible
as too much information will be entirely missing between adjacent frames.
Instead, we develop a hybrid imaging system, adding another standard video
camera to capture the temporal information. Given a 3 fps light field se-
quence and a standard 30 fps 2D video, our system can then generate a full
light field video at 30 fps. We adopt a learning-based approach, which can be
decomposed into two steps: spatio-temporal flow estimation and appearance
estimation. The flow estimation propagates the angular information from
the light field sequence to the 2D video, so we can warp input images to the
target view. The appearance estimation then combines these warped images
to output the final pixels. The whole process is trained end-to-end using
convolutional neural networks. Experimental results demonstrate that our
algorithm outperforms current video interpolation methods, enabling con-
sumer light field videography, and making applications such as refocusing
and parallax view generation achievable on videos for the first time.

CCS Concepts: • Computing methodologies → Image manipulation;
Computational photography;

Additional Key Words and Phrases: Light field, video interpolation, flow
estimation, neural network
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1 INTRODUCTION
Light field cameras have recently become available in the consumer
market (e.g. Lytro), making applications such as post-shot photo-
graph refocusing and viewpoint parallax possible. The great promise
of the light-field camera is that a lot of what used to be a pre-process
(focus, aperture, etc) can now be a post-process – you shoot first
and then decide what you want later. The biggest advantage for this
would be for shooting movies, as the director can experiment with
changing focus within different parts of the video after it has been
captured. It can also save the effort of focus pulling, i.e. manually
shifting the focus plane to remain focused on a moving object within
a shot.
However, recording scenes in both spatial and angular domains

takes a significant amount of data, which limits the maximum data
transfer (write) speed, given a limited bandwidth. For example, the
raw output image of the Lytro ILLUM camera is 5300 × 7600 pixels,
which is nearly 20 times the resolution of 1080p videos. Assuming
we are given the same bandwidth as a 1080p 60 fps video, we can
only record light field images at 3 fps, which is exactly the rate of the
continuous shootingmode for Lytro ILLUM. Although somemodern
film cameras such as the Red camera (2017) can shoot at higher frame
rate, they are usually very expensive, and cannot easily fit the budget
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We introduce a novel framework for interactive landscape authoring that
supports bi-directional feedback between erosion and vegetation simulation.
Vegetation and terrain erosion have strong mutual impact and their interplay
in�uences the overall realism of virtual scenes. Despite their importance,
these complex interactions have been neglected in computer graphics. Our
framework overcomes this by simulating the e�ect of a variety of geomor-
phological agents and the mutual interaction between di�erent material
and vegetation layers, including rock, sand, humus, grass, shrubs, and trees.
Users are able to exploit these interactions with an authoring interface that
consistently shapes the terrain and populates it with details. Our method,
validated through side-by-side comparison with real terrains, can be used not
only to generate realistic static landscapes, but also to follow the temporal
evolution of a landscape over a few centuries.
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1 INTRODUCTION
Landscape authoring involves modeling the entirety of a natural
scene incorporating both vegetation and terrain and is an important
part of a designer’s work�ow in computer graphics. �e human
visual system has evolved into a highly e�ective interpreter of the
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Fig. 1. Our landscape authoring framework enables interactive modeling of
the mutual interaction between terrain and vegetation, such as vegetation
destroyed by rock-slides and plants growing over accretion areas.

natural world and we are capable of rapidly identifying features
that we recognize as important or visually plausible. �is poses a
challenge for designers of virtual landscapes, because errors and
inconsistencies are unforgivable to observers.

�ere has been signi�cant progress in landscape modeling. Meth-
ods for virtual terrain date back to early days when the fractal
characteristics of mountains were �rst explored [Mandelbrot and
Pignoni 1983]. However, it was soon noticed that terrains are af-
fected by geomorphological processes and cannot be described by
fractals alone. Various forms of terrain erosion [Benes and Forsbach
2002; Chiba et al. 1998; Musgrave et al. 1989] and example-based
approaches [Zhou et al. 2007] have since been introduced. Vegeta-
tion cover has typically been created by treating plants as particles
that can be placed on pre-generated terrain by random, simula-
tion [Deussen et al. 1998] or example-based [Emilien et al. 2015]
processes. Despite signi�cant progress, there are still many open
problems in landscape modeling. Landscapes exhibit huge spatial
and temporal variance that is a�ected by multiple agents acting
at di�erent rates and scales. For instance hydraulic erosion, land-
slides, and lightning can act very quickly and move or remove large
amounts of plant ma�er and soil material within hours, while ther-
mal erosion typically acts slowly and is expressed only over very
long time spans. �ese di�erent rates make it di�cult to simulate
the spatio-temporal evolution of landscapes, i.e., how a given ter-
rain would look a�er some period of time. Geomorphological and
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Fig. 1. Matching the palm tree video with our biomechanically-inspired materials. The sti�ness and mass density of the individual branches and
leaves of this Foxtail Palm tree (Wodyetia bifurcata) was inferred using our biomechanical power law relationship. The branch and leaf dominant frequencies
were estimated from the ground truth video (top row; filmed in moderate wind in Trinidad), based on 5 tracked points on selected branches (top-le�). The 3D
mesh for the palm tree was generated by an artist, based on the video. Bo�om row was generated using a real-time model-reduced FEM simulation using our
materials. Simulation and real-time rendering runs at 20 FPS; 9 branches (including the main trunk), 6,085 flexible leaves. To verify the materials, we tracked
the same points in our rendered video result, and observed a close match to the ground truth frequencies (right). Our video result looks qualitatively similar to
the ground truth (see video).

Botanical simulation plays an important role in many �elds including visual
e�ects, games and virtual reality. Previous plant simulation research has fo-
cused on computing physically based motion, under the assumption that the
material properties are known. It is too tedious and impractical to manually
set the spatially-varying material properties of complex trees. In this paper,
we give a method to set the mass density, sti�ness and damping properties
of individual tree components (branches and leaves) using a small number of
intuitive parameters. Our method is rooted in plant biomechanics literature
and builds upon power laws observed in real botanical systems. We demon-
strate our materials by simulating them using o�ine and model-reduced
FEM simulators. Our parameters can be tuned directly by artists; but we also
give a technique to infer the parameters from ground truth videos of real
trees. Our materials produce tree animations that look much more similar
to real trees than previous methods, as evidenced by our user study and
experiments.
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1 INTRODUCTION
Botanical simulation is a widely studied topic in computer graphics
and animation. Numerous methods have been presented to ani-
mate trees. Realistic physically based simulation of trees, however,
requires knowing the material properties (such as sti�ness, mass
density and damping properties), rather than just performing ef-
�cient and stable simulation. In nature, the material within each
plant varies dramatically, from sti� wood of the trunk, to soft, young
branches and leaves. This natural process, called ligni�cation, greatly
a�ects tree dynamics. Trees simulated using simplistic material set-
tings, such as assigning a constant material to the entire tree, or
setting the material based on depth of a branch in the hierarchy,
produce visually incorrect results that do not match the motion of
real trees. For simple trees with a limited number of branches, the
material can be adjusted manually. However, for complex trees with
thousands of branches, the task is too tedious for manual work. It is
then natural to wonder how to automate (or semi-automate) this
process to obtain natural, vivid motion of complex trees, and do so
with minimal user input.

We give a procedural algorithm, depending only on a small set of
easily tunable parameters, to set the material properties of individ-
ual tree parts (branches and leaves, called the domains) of complex
plants. We also give a procedural method to vary the material within
each domain. Our algorithm is inspired by observations made in the
plant biomechanics literature. Several plant biomechanical studies
of real trees have determined that there exist power law relation-
ships between the length of branches, and their diameter, as well
as between length and natural vibration frequency. Our algorithm
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(a) (b) Le� inset (c) Right Inset

Fig. 1. (a) A challenging crowd simulation scenario with multiple flows interacting simultaneously. By reformulating implicit integration to allow velocity-based
energy functions, we can enable numerically stable crowd simulations even in these dense multi-directional interactions. Our method leads to smooth,
collision-free motion for a wide range of time steps sizes. (b-c) We perform implicit integration by minimizing a global energy function, which is visualized
here by taking slices with respect to the velocities of the two highlighted agents. White crosses indicate optimal new velocities for the highlighted agents.

Large multi-agent systems such as crowds involve inter-agent interactions
that are typically anticipatory in nature, depending strongly on both the
positions and the velocities of agents. We show how the nonlinear, anticipa-
tory forces seen in multi-agent systems can be made compatible with recent
work on energy-based formulations in physics-based animation, and propose
a simple and e�ective optimization-based integration scheme for implicit
integration of such systems. We apply this approach to crowd simulation by
using a state-of-the-art model derived from a recent analysis of human crowd
data, and adapting it to our framework. Our approach provides, for the �rst
time, guaranteed collision-free motion while simultaneously maintaining
high-quality collective behavior in a way that is insensitive to simulation
parameters such as time step size and crowd density. �ese bene�ts are
demonstrated through simulation results on various challenging scenarios
and validation against real-world crowd data.

CCS Concepts: •Computing methodologies→ Physical simulation; Con-
tinuous simulation;
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1 INTRODUCTION
Simulating the motion of multiple intelligent agents interacting with
each other, such as in crowds, �ocks, or tra�c, is an important task
in computer animation. In many di�erent �elds which study hu-
man motion, early methods for simulation used force-based models
[Helbing and Molnár 1995; Reynolds 1987] inspired by physics, and
could take advantage of improvements in physics-based animation.
Over the past years, both multi-agent modeling and physics-based
animation have seen many powerful advances, leading to highly
sophisticated techniques in both �elds. However, as the two �elds
have largely developed independently, they have diverged enough
that recent numerical techniques from physics-based animation
cannot directly be applied to modern multi-agent models. In this
work, we seek to remove this barrier by building a new connection
between the two �elds, enabling robust and e�cient simulation of
intelligent, anticipatory agent behavior.

A key advancement in physics-based animation has been the de-
velopment of numerically robust simulation techniques, which give
consistent and stable results across a variety of scenarios, simulation
conditions, and even time step sizes. In particular, implicit integra-
tion schemes such as backward Euler are exceptionally stable even
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Traditional Monte Carlo (MC) integration methods use point samples to
numerically approximate the underlying integral. This approximation intro-
duces variance in the integrated result, and this error can depend critically
on the sampling patterns used during integration. Most of the well-known
samplers used for MC integration in graphics—e.g. jittered, Latin-hypercube
(N -rooks), multijittered—are anisotropic in nature. However, there are cur-
rently no tools available to analyze the impact of such anisotropic samplers
on the variance convergence behavior of Monte Carlo integration. In this
work, we develop a Fourier-domain mathematical tool to analyze the vari-
ance, and subsequently the convergence rate, of Monte Carlo integration
using any arbitrary (anisotropic) sampling power spectrum. We also validate
and leverage our theoretical analysis, demonstrating that judicious align-
ment of anisotropic sampling and integrand spectra can improve variance
and convergence rates in MC rendering, and that similar improvements can
apply to (anisotropic) deterministic samplers.

CCS Concepts: • Computing methodologies → Ray tracing;
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processing
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1 INTRODUCTION
Since being introduced to graphics by Cook et al. [1984], Monte
Carlo (MC) integration has become the cornerstone of most modern
rendering algorithms. Historically, MC integration in rendering has
involved sampling a function at various stochastically placed points
to approximate an integral, e.g. the radiance through a pixel. This
estimation is error-prone, however, and many researchers [Durand
2011; Öztireli 2016; Pilleboue et al. 2015; Subr and Kautz 2013; Subr
et al. 2014] have therefore investigated how the properties of the in-
tegrand and sample points impact the error and convergence rate of
this estimation. These analyses have provided important theoretical
insights and have lead to tangible improvements in rendering. Many
of these analyses have leveraged the Fourier domain to better under-
stand the underlying characteristics of different sampling patterns.
The radially averaged Fourier power spectrum [Ulichney 1987] has
been perhaps the most widely used tool to analyze point samples,
characterizing various stochastic sampling patterns ranging from
white noise to blue noise, and more recently being used to derive
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Fig. 1. The expected power spectrum of N -rooks with N = 256 samples is
highly anisotropic, with drastically different radial behavior along different
directions (blue vs. red arrows). Radial averaging (radial mean) masks the
good anisotropic properties of the sampler along the canonical axes.

variance convergence rates of various stochastic samplers [Pilleboue
et al. 2015].
While radial averaging is appropriate for analyzing isotropic

Fourier power spectra, many of the stochastic point sampling strate-
gies used in rendering—such as N -rooks [Shirley 1991] or even jit-
tered sampling [Cook 1986]—are in fact anisotropic. For anisotropic
sampling power spectra, radial averaging can be less informative, or
worse, misleading. For example, in Fig. 1, the 2D N -rooks sampling
pattern has radial behavior of a jittered sampling power spectrum
along the canonical axes, but a flat, white noise radial behavior in
other directions. This information is lost in the radially averaged
power spectrum shown at the top of the radial plots.

Most of the signals that we encounter in light transport are also
anisotropic in nature, with their spectra having most of their en-
ergy confined to a wedge shape [Durand et al. 2005]. Existing sam-
pling patterns, including quasi-random samples (e.g. Halton, Sobol),
have not been able to exploit this knowledge despite having strong
anisotropic properties in most projections. In this work, we estab-
lish a direct relation between the anisotropy of the sampler and
the integrand under study, generalizing and extending the reach of
prior analyses [Pilleboue et al. 2015] that relied on radial averaging.

We first study the anisotropic sampling processes in Monte Carlo
integration and the impact they have on variance and convergence
rate. Our primary contribution is a mathematical derivation of vari-
ance which enables Monte Carlo convergence rate analysis of arbi-
trary (isotropic or anisotropic) sampling power spectra. Based on
our analysis, we propose a novel approach to transform samples so
their power spectrum aligns with the high energy regions of the
signal spectrum, resulting in improved variance and convergence
rates. Our analysis also establishes a new set of design principles
for sampling patterns which can be tailored according to the lo-
cal light field interactions in a scene. Even though our theoretical
framework is developed for stochastic samplers, we demonstrate
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An Adaptive Point Sampler on a Regular Lattice
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(a) (b)

Fig. 1. (a) The proposed ART (Adaptive Regular Tiles) sampler uses a self-similar regular tile set with 1 sample per tile to supply sequences of blue-noise
samples. (b) Tiled multi-class sets can be used to partition a tiled blue noise set into separate blue-noise sets. The two bottom lines show the filling order of our
recursive tile in (a). First, sample points are filled in that are shared by one of the respective child tiles. The parent tile then visits the remaining children (in an
optimized order) and instructs them to add their samples. For each subsequent 16 (number of children) samples, control is passed recursively to the children –
in the same order – to add more samples.

We present a framework to distribute point samples with controlled spectral
properties using a regular lattice of tiles with a single sample per tile. We
employ a word-based identification scheme to identify individual tiles in the
lattice. Our scheme is recursive, permitting tiles to be subdivided into smaller
tiles that use the same set of IDs. The corresponding framework offers a very
simple setup for optimization towards different spectral properties. Small
lookup tables are sufficient to store all the information needed to produce
different point sets. For blue noise with varying densities, we employ the
bit-reversal principle to recursively traverse sub-tiles. Our framework is
also capable of delivering multi-class blue noise samples. It is well-suited
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for different sampling scenarios in rendering, including area-light sampling
(uniform and adaptive), and importance sampling. Other applications include
stippling and distributing objects.

CCS Concepts: • Computing methodologies → Rendering;

Additional KeyWords and Phrases: Blue noise, tiling, sampling, Monte Carlo,
quasi-Monte Carlo, self-similarity, multi-class blue noise, Thue-Morse word
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1 INTRODUCTION
Point sets are ubiquitous in computer graphics. Of special interest
are point sets with a Poisson-disk property, that is, a constrained
minimal spacing between neighboring points [Cook 1986; Dippé
and Wold 1985], and blue-noise spectra, that is, attenuated energy
in low frequencies and flat spectrum in high frequencies [Ulichney
1988]. Such point sets are primarily needed for anti-aliased sampling
[Glassner 1995], but are also used in other applications including
Monte Carlo integration [Pilleboue et al. 2015], stippling [Secord
2002], meshing [Yan et al. 2009], and distributing different kinds of
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A Spherical Cap Preserving Parameterization for Spherical Distributions
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Real-time: analytic spherical-cap integration
Joint MIS (ours)

64spp

MIS (previous)

64spp

O�ine: joint BRDF/spherical-cap sampling

Fig. 1. Real-time application (le�). We approximate BRDFs with our distributions and shade with sphere lights in real-time using their analytic spherical-cap
integral. The scene is rendered at 1080p and runs at 60fps on an NVIDIA 980 GTX. O�line application (right). We compute the reference image with the exact
BRDFs using importance sampling techniques. We use our distribution as a proxy for the BRDF and generate be�er samples that are distributed jointly inside
the lights and close to the BRDFs. This joint sampling scheme is unbiased and has lower variance than multiple importance sampling with separate BRDF and
light sampling.

We introduce a novel parameterization for spherical distributions that is
based on a point located inside the sphere, which we call a pivot. The pivot
serves as the center of a straight-line projection that maps solid angles onto
the opposite side of the sphere. By transforming spherical distributions in this
way, we derive novel parametric spherical distributions that can be evaluated
and importance-sampled from the original distributions using simple, closed-
form expressions. Moreover, we prove that if the original distribution can be
sampled and/or integrated over a spherical cap, then so can the transformed
distribution. We exploit the properties of our parameterization to derive
e�cient spherical lighting techniques for both real-time and o�ine rendering.
Our techniques are robust, fast, easy to implement, and achieve quality that
is superior to previous work.

CCS Concepts: • Computing methodologies → Re�ectance modeling;

Additional Key Words and Phrases: spherical distributions, integration, sam-
pling
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1 INTRODUCTION
Spherical integration problems arise in many di�erent areas of com-
puter graphics. Because the current set of mathematical tools pos-
sessing closed-form solutions under spherical integrals is currently
limited, solving such problems remains a computationally intensive
task. In this paper, we focus on the problem of integrating spherical
distributions over spherical caps. Such integrals arise when spheres
are used in rendering techniques, typically in the case of sphere
lighting.

A sphere light is a light source of spherical shape. Traditionally,
such light models have been approximated by in�nitesimal point
and/or directional lights, depending on their location in 3D scenes.
While in�nitesimal light sources are much cheaper to simulate than
sphere lights, they tend to produce unrealistic behaviors: since they
do not have an area, they cannot be directly observed nor re�ected
by specular surfaces. For this reason, the o�ine rendering industry
has started to discourage their use in favor of area lights (see for
instance Pixar’s Renderman documentation [2016]), and we expect
the point and directional lighting models to be respectively replaced
by sphere and spherical-cap light sources in the near future. The
real-time rendering community is also engaging in this transition,
but at a much slower pace. This is due to the lack of su�ciently
fast and robust solutions to the problem of integrating spherical
distributions over spherical caps, as acknowledged by game-engine
developers [Karis 2013; Lagarde and De Rousiers 2014].

In order to overcome this problem, we introduce a novel family
of spherical distributions that have speci�c analytic properties for
spherical caps, which we call Spherical Pivot Transformed Distribu-
tions (SPTDs). We obtained the properties of SPTDs by looking for
transformations that have an invariance property over spheres, and
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Fig. 1. (Left) Water filling a river bed surrounded by a canyon, with effective resolution 5122 × 1024. Three refinement levels are used, based on proximity to the
terrain. (Right) Sources inject water into a container and collide to form a thin sheet, with effective resolution 5123. Adaptivity pattern shown on background.

We present an efficient and scalable octree-inspired fluid simulation frame-
work with the flexibility to leverage adaptivity in any part of the computa-
tional domain, even when resolution transitions reach the free surface. Our
methodology ensures symmetry, definiteness and second order accuracy of
the discrete Poisson operator, and eliminates numerical and visual artifacts
of prior octree schemes. This is achieved by adapting the operators acting
on the octree’s simulation variables to reflect the structure and connectiv-
ity of a power diagram, which recovers primal-dual mesh orthogonality
and eliminates problematic T-junction configurations. We show how such
operators can be efficiently implemented using a pyramid of sparsely popu-
lated uniform grids, enhancing the regularity of operations and facilitating
parallelization. A novel scheme is proposed for encoding the topology of
the power diagram in the neighborhood of each octree cell, allowing us to
locally reconstruct it on the fly via a lookup table, rather than resorting
to costly explicit meshing. The pressure Poisson equation is solved via a
highly efficient, matrix-free multigrid preconditioner for Conjugate Gradi-
ent, adapted to the power diagram discretization. We use another sparsely
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∗ M. Aanjaneya was with the University of Wisconsin - Madison during this work.
This work was supported in part by National Science Foundation grants IIS-1253598,
CCF-1423064, CCF-1533885 and by the Natural Sciences and Engineering Research
Council of Canada under grant RGPIN-04360-2014. The authors are grateful to Nathan
Mitchell for his indispensable help with modeling and rendering of examples. C. Batty
would like to thank Ted Ying for carrying out preliminary explorations on quadtrees.
Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from permissions@acm.org.
© 2017 ACM. 0730-0301/2017/7-ART140 $15.00
DOI: http://dx.doi.org/10.1145/3072959.3073625

populated uniform grid for high resolution interface tracking with a narrow
band level set representation. Using the recently introduced SPGrid data
structure, sparse uniform grids in both the power diagram discretization
and our narrow band level set can be compactly stored and efficiently up-
dated via streaming operations. Additionally, we present enhancements to
adaptive level set advection, velocity extrapolation, and the fast marching
method for redistancing. Our overall framework gracefully accommodates
the task of dynamically adapting the octree topology during simulation. We
demonstrate end-to-end simulations of complex adaptive flows in irregularly
shaped domains, with tens of millions of degrees of freedom.

CCS Concepts: • Computing methodologies → Physical simulation;

Additional Key Words and Phrases: Power diagrams, Octrees, Adaptivity
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1 INTRODUCTION
Liquids exhibit complex and detailed motion across a vast range
of scales, from tiny ripples to huge waves; this fact motivates the
desire for liquid simulation tools that can handle ever increasing
levels of resolution. While a key avenue towards this goal is the
development of more efficient numerical methods on regular uni-
form grids that conserve mass with large time steps [Chentanez and
Müller 2012; Lentine et al. 2011, 2012] and allow for fast pressure
projection [Ando et al. 2015; Dick et al. 2016; Lentine et al. 2010; Liu
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Generic Objective Vortices for Flow Visualization
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In �ow visualization, vortex extraction is a long-standing and unsolved prob-

lem. For decades, scientists developed numerous de�nitions that characterize

vortex regions and their corelines in di�erent ways, but none emerged as

ultimate solution. One reason is that almost all techniques have a fundamen-

tal weakness: they are not invariant under changes of the reference frame,

i.e., they are not objective. This has two severe implications: First, the result

depends on the movement of the observer, and second, they cannot track

vortices that are moving on arbitrary paths, which limits their reliability

and usefulness in practice. Objective measures are rare, but recently gained

more attention in the literature. Instead of only introducing a new objective

measure, we show in this paper how all existing measures that are based

on velocity and its derivatives can be made objective. We achieve this by

observing the vector �eld in optimal local reference frames, in which the

temporal derivative of the �ow vanishes, i.e., reference frames in which the

�ow appears steady. The central contribution of our paper is to show that

these optimal local reference frames can be found by a simple and elegant

linear optimization. We prove that in the optimal frame, all local vortex

extraction methods that are based on velocity and its derivatives become

objective. We demonstrate our approach with objective counterparts to λ2,

vorticity and Sujudi-Haimes.

CCS Concepts: • Human-centered computing → Scienti�c visualiza-
tion;

Additional Key Words and Phrases: Scienti�c visualization, vortex extraction,
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1 INTRODUCTION

Vortices are omnipresent features. Even though they have been stud-

ied for centuries, there is still no commonly agreed upon de�nition

of what a vortex is. Scientists developed numerous de�nitions that

characterize vortex regions and their corelines in di�erent ways,

but none emerged as ultimate solution. The de�nition of vortex

concepts together with numerical methods to extract and visualize

them is an active �eld of research not only in visualization but also

in �uid dynamics, physics, and dynamical systems theory.

Most existing vortex concepts have a fundamental weakness:

they are not invariant under changes of the reference frame. To

illustrate this, consider Fig. 1. We see a simple 2D �ow, e.g., a river.

A person observing the �ow from a helicopter that stands still (left)

observes a di�erent �ow than a person in a helicopter that moves
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pilot view: standing still pilot view: linear path pilot view: swinging path

Fig. 1. Most flow visualization techniques depend on the movement of the

observer, i.e., they are not objective. Here, a line integral convolution (time

slice) and pathlines (black) are shown for three di�erent reference frame

movements: standing still, linearly translating and swinging along a sine

curve–unfortunately, all give di�erent results. We solve this ambiguity by

finding an optimal local reference frame, in which the flow appears steady. In

our optimal frame, all vortex extraction methods that are based on velocity

and Jacobian become objective, including vorticity, λ2 and Sujudi-Haimes.

with constant speed (middle). Figs. 1 (lower left) and (lower middle)

show the �ows as observed from the two helicopters, i.e., in di�erent

reference frames. A vortex concept that is invariant under such an

equal-speed translation of the reference frame is called Galilean
invariant. Fig. 1 (right) shows the observation of the �ow under

an arbitrary movement of the helicopter. A vortex measure that

is invariant under such an arbitrarily moving reference frame is

called objective. Objectivity is a highly desirable property, but most

existing vortex concepts are only Galilean invariant; not objective.

The contribution of this paper is not just another objective vortex

de�nition. Instead, we propose a generic method that transforms

almost every existing vortex measure into an objective one. The

main idea is to compute a local optimal reference frame for every

point in the domain. Optimal means to have an observed velocity

�eld that is as steady (i.e., time-independent) as possible in a small

region around the point of interest. After showing that the locally

optimal frame can be computed by a simple linear optimization at

every point, we obtain new objective versions of the velocity, Jaco-

bian and acceleration �elds. Then, an existing vortex measure can

be made objective simply by replacing the original �elds with their

objective counterparts. We cannot consider all new objective vortex

measures that can be obtained by our method. For the evaluation,

we restrict ourselves to the objective versions of common standard

measures: λ2, vorticity and Sujudi-Haimes. We compare these with

their original concepts and existing objective measures.

Notation

Given is an n-dimensional (n = 2, 3) time-dependent vector �eld

v(x, t) = v(x ,y, [z, ]t). The Jacobian matrix J = ( ∂v
∂x ,

∂v
∂y [,

∂v
∂z ]) con-

tains its spatial derivatives. We denote the temporal derivative as

vt = ∂v
∂t and thus acceleration is a = Jv + vt . The Jacobian J can be
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Clebsch maps encode velocity �elds through functions. These functions

contain valuable information about the velocity �eld. For example, closed

integral curves of the associated vorticity �eld are level lines of the vorticity

Clebsch map. This makes Clebsch maps useful for visualization and �uid

dynamics analysis. Additionally they can be used in the context of simulations

to enhance �ows through the introduction of subgrid vorticity. In this

paper we study spherical Clebsch maps, which are particularly attractive.

Elucidating their geometric structure, we show that such maps can be found

as minimizers of a non-linear Dirichlet energy. To illustrate our approach we

use a number of benchmark problems and apply it to numerically given �ow

�elds. Code and a video can be found in the ACM Digital Library.

CCS Concepts: • Mathematics of computing → Partial di�erential
equations; • Computingmethodologies → Physical simulation; • Ap-
plied computing → Physics;
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1 INTRODUCTION

In his study of the equations of hydrodynamics, Alfred Clebsch

in 1859 proposed what is now known as the Clebsch representa-
tion [Clebsch 1859]. It encodes the �uid velocity �eld u : M → R3
(M ⊂ R3) with the aid of a functionψ B (λ, µ,ϕ) : M → R3, writing

u = λ grad µ − gradϕ . (1)

The vorticity vector �eld w, in turn, is represented by the function

s B (λ, µ) : M → R2

w = curl u = grad λ × grad µ (2)

due to curl(grad) = 0.
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Fig. 1. Visualization of the vorticity field produced by the flapping wings
of a Hummingbird. Flow data and photogrammetrically acquired bird
geometry courtesy Haibo Dong, Flow Simulation Research Group, University
of Virginia [Ren et al. 2016]. See the video at 02:00.

Such “encodings” of velocity resp. vorticity �elds are useful for �ow

visualization [Kotiuga 1991], analysis [Jeong and Hussain 1995],

simulation [Brandenburg 2010; Cartes et al. 2007; He and Yang 2016;

Yang and Pullin 2010], and enhancement among others. For example,

Eq. (2) implies that pre-images of points, s−1({p}), correspond to

closed vortex lines (integral curves of the vorticity �eld), and pre-

images of regions, s−1(Ω), to vortex tubes (Fig. 1). Similarly, given s on

some computational grid one can add properly aligned turbulence at

the subgrid level through simple manipulations involving s (Fig. 11).

So what’s not to like? There are a number of problems with Clebsch’

original proposal. For example, it can only represent �elds with zero

helicity (Thm. 4.1). Moreover, near points of vanishing vorticity,

smooth functionsψ may not exist, even locally [Graham and Henyey

2000]. These problems can be addressed with generalized Clebsch

maps [Cartes et al. 2007; Graham and Henyey 2000; Zakharov and

Kuznetsov 1997]. Unfortunately, most of these no longer yield a

level set representation for vortex lines. To maintain the latter we

need to replace the range space of s with a surface more general

than R2 (and similarly forψ ). Indeed, using the 2-sphere S2 for s and
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Fig. 1. We evaluate di�erent simulation methods (le�) with user study consisting of pair-wise comparisons with reference (middle). This allows us to robustly
evaluate the di�erent simulation methods (right).

This paper proposes a novel framework to evaluate �uid simulation meth-
ods based on crowd-sourced user studies in order to robustly gather large
numbers of opinions. The key idea for a robust and reliable evaluation is
to use a reference video from a carefully selected real-world setup in the
user study. By conducting a series of controlled user studies and comparing
their evaluation results, we observe various factors that a�ect the perceptual
evaluation. Our data show that the availability of a reference video makes
the evaluation consistent. We introduce this approach for computing scores
of simulation methods as visual accuracy metric. As an application of the
proposed framework, a variety of popular simulation methods are evaluated.

CCS Concepts: • Computing methodologies → Physical simulation;
Perception;
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1 INTRODUCTION
In science, we constantly evaluate the results of our experiments.
While some aspects can be proven by mathematical measures such
as the complexity class of an algorithm, we resort to measurements
for many practical purposes. When measuring a simulation, the
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metrics for evaluation could be the computation time of a novel
optimization scheme or the order of accuracy of a new boundary
condition. These evaluation metrics are crucial for scientists to
demonstrate advances but also useful for users to select the most
suitable one among various methods for a given task.

This paper targets numerical simulations of liquids; in this area,
most methods strive to compute solutions to the established physical
model, i.e., the Navier-Stokes (NS) equations, as accurately as possi-
ble. Thus, researchers often focus on demonstrating an improved
order of convergence to show that a method leads to a more accu-
rate solution [Batty et al. 2007; Enright et al. 2003; Kim et al. 2005].
However, for computer graphics, the overarching goal is typically
to generate believable images from the simulations. It is an open
question how algorithmic improvements such as the contribution of
a certain computational component map to the opinion of viewers
seeing a video generated with this method.

There are several challenges here. Due to the complexity of our
brain, we can be sure that there is a very complex relationship
between the output of a numerical simulation and a human opinion.
So far, there exist no computational models that can approximate
or model this opinion. A second di�culty is that the transfer of
information through our visual system is clearly in�uenced not
only by the simulation itself but also by all factors that are involved
with showing an image such as materials chosen for rendering
and the monitor setup of a user. Despite these challenges, the goal
of this paper is to arrive at a reliable visual evaluation of �uid
simulation methods. We will circumvent the former problem by
directly gathering data from viewers with user studies, and we will
design our user study setup to minimize the in�uence of image-level
changes.

While there are interesting studies that investigate individual
visual stimuli [Han and Keyser 2016] and the in�uence of di�erent
rendering methods for liquid simulations [Bojrab et al. 2013], our
goal is to calculate the perceptual scores for �uid simulations on
a high-level from animations produced with di�erent simulation
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Deep High Dynamic Range Imaging of Dynamic Scenes
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LDR Images Our Tonemapped HDR Image Sen (46.12 dB)Kang (40.02 dB) Ours (48.88 dB) Ground Truth
Fig. 1. We propose a learning-based approach to produce a high-quality HDR image (shown in middle) given three differently exposed LDR images of a
dynamic scene (shown on the left). We first use the optical flow method of Liu [2009] to align the images with low and high exposures to the one with medium
exposure, which we call the reference image (shown with blue border). Note that, we use reference to refer to the LDR image with the medium exposure,
which is different from the ground truth HDR image. Our learning system generates an HDR image, which is aligned to the reference image, but contains
information from the other two images. For example, the details on the table are saturated in the reference image, but are visible in the image with the shorter
exposure. The method of Kang et al. [2003] is able to recover the saturated regions, but contains some minor artifacts. However, the patch-based method of
Sen et al. [2012] is not able to properly reproduce the details in this region because of extreme motion. Moreover, Kang et al.’s method introduces alignment
artifacts which appear as tearing in the bottom inset. The method of Sen et al. produces a reasonable result in this region, but their result is noisy since they
heavily rely on the reference image. Our method produces a high-quality result, better than other approaches both visually and numerically. See Sec. 4 for
details about the process of obtaining the input LDR and ground truth HDR images. The full images as well as comparison against a few other approaches are
shown in the supplementary materials. The differences in the results presented throughout the paper are best seen by zooming into the electronic version.

Producing a high dynamic range (HDR) image from a set of images with

different exposures is a challenging process for dynamic scenes. A category

of existing techniques first register the input images to a reference image and

then merge the aligned images into an HDR image. However, the artifacts

of the registration usually appear as ghosting and tearing in the final HDR

images. In this paper, we propose a learning-based approach to address

this problem for dynamic scenes. We use a convolutional neural network

(CNN) as our learning model and present and compare three different system

architectures to model the HDR merge process. Furthermore, we create a

large dataset of input LDR images and their corresponding ground truth

HDR images to train our system. We demonstrate the performance of our

system by producing high-quality HDR images from a set of three LDR

images. Experimental results show that our method consistently produces

better results than several state-of-the-art approaches on challenging scenes.

CCS Concepts: • Computing methodologies → Computational pho-
tography;

Additional Key Words and Phrases: high dynamic range imaging, convolu-

tional neural network
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1 INTRODUCTION
Standard digital cameras typically take images with under/over-

exposed regions because of their sensors’ limited dynamic range.

Themost commonway to capture high dynamic range (HDR) images

using these cameras is to take a series of low dynamic range (LDR)

images at different exposures and then merge them into an HDR

image [Debevec and Malik 1997]. This method produces spectacular

images for tripod mounted cameras and static scenes, but generates

results with ghosting artifacts when the scene is dynamic or the

camera is hand-held.

Generally, this problem can be broken down into two stages: 1)

aligning the input LDR images and 2) merging the aligned images

into an HDR image. The problem of image alignment has been

extensively studied and many powerful optical flow algorithms

have been developed. These methods [Liu 2009; Chen et al. 2013]

are typically able to reasonably align images with complex non-rigid

motion, but produce artifacts in the regionswith no correspondences

(see Fig. 2). These artifacts usually appear in the HDR results, which

are obtained by merging the aligned images during the second stage.

Our main observation is that the artifacts of the alignment can be

significantly reduced during merging. However, this is a complex

ACM Transactions on Graphics, Vol. 36, No. 4, Article 144. Publication date: July 2017.



Spectral Remapping for Image Downscaling
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(a) Lanczos (b) Öztireli and Gross 2015

(c)Weber et al. 2016 (d) Our Spectral Remapping

Fig. 1. Comparison of various image-downscaling techniques. (left) Reference image. (right) Downscaling to 180 × 144 pixels performed with: (a) Lanczos
filtering followed by resampling using a cubic B-Spline causes structured high-frequency details from the pants, scarf, books, and most of the table cloth to
be removed. (b) The technique by Öztireli and Gross introduces aliasing artifacts in those regions. (c) The technique of Weber et al. removes most of these
high-frequency details, but still exhibits aliasing (e.g., see books). (d) By remapping high frequencies to the representable range of the downsampled spectrum,
our approach retains the structured details. The green plots under the images are the intensity values of the highlighted pixels. The light-blue envelopes show
the horizontally-compressed plot of the reference image. “Barbara” test image attributed to Allen Gersho (public domain). Please zoom in to see the details.

We present an image downscaling technique capable of appropriately repre-
senting high-frequency structured patterns. Ourmethod breaks conventional
wisdom in sampling theory—instead of discarding high-frequency informa-
tion to avoid aliasing, it controls aliasing by remapping such information to
the representable range of the downsampled spectrum. The resulting images
provide more faithful representations of their original counterparts, retain-
ing visually-important details that would otherwise be lost. Our technique
can be used with any resampling method and works for both natural and
synthetic images. We demonstrate its effectiveness on a large number of
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images downscaled in combination with various resampling strategies. By
providing an alternative solution for a long-standing problem, our method
opens up new possibilities for image processing.

CCS Concepts: • Computing methodologies → Image processing;

Additional Key Words and Phrases: Image downscaling, spectral remapping,
frequency remapping, antialiasing, resampling, signal processing.
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1 INTRODUCTION
Image downscaling is one of the most prevalent image-processing
operations. It is present, for instance, when we (pre-)view images on
the displays of smartphones and digital cameras, or browse photo
collections. Unfortunately, some spatial frequencies found in the
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3DTV at Home: Eulerian-Lagrangian Stereo-to-Multiview Conversion
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Phase-based rendering (Eulerian) OursReal-time depth image based render. (Lagrangian)

Fig. 1. Stereoscopic views of multiview content generated from stereoscopic content using our method and two previous approaches. Monocular insets
highlight limitations of the Lagrangian approach when dealing with fuzzy depth edges and ringing artifacts caused by exhaustive input disparities in the
case of the Eulerian approach. Our method successfully avoids such problems and produces outputs visually closest to the original input. Scene copyright: Blender
Foundation (h�ps://orange.blender.org/)

Stereoscopic 3D (S3D) movies have become widely popular in the movie
theaters, but the adoption of S3D at home is low even though most TV
sets support S3D. It is widely believed that S3D with glasses is not the right
approach for the home. A much more appealing approach is to use automulti-
scopic displays that provide a glasses-free 3D experience to multiple viewers.
A technical challenge is the lack of native multiview content that is required
to deliver a proper view of the scene for every viewpoint. Our approach
takes advantage of the abundance of stereoscopic 3D movies. We propose
a real-time system that can convert stereoscopic video to a high-quality,
multiview video that can be directly fed to automultiscopic displays. Our
algorithm uses a wavelet-based decomposition of stereoscopic images with
per-wavelet disparity estimation. A key to our solution lies in combining
Lagrangian and Eulerian approaches for both the disparity estimation and
novel view synthesis, which leverages the complementary advantages of
both techniques. The solution preserves all the features of Eulerian methods,
e.g., subpixel accuracy, high performance, robustness to ambiguous depth
cases, and easy integration of inter-view aliasing while maintaining the
advantages of Lagrangian approaches, e.g., robustness to large disparities
and possibility of performing non-trivial disparity manipulations through
both view extrapolation and interpolation. The method achieves real-time
performance on current GPUs. Its design also enables an easy hardware
implementation that is demonstrated using a �eld-programmable gate array.
We analyze the visual quality and robustness of our technique on a number
of synthetic and real-world examples. We also perform a user experiment
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which demonstrates bene�ts of the technique when compared to existing
solutions.

CCS Concepts: • Computing methodologies → Image-based render-
ing; Perception; • Hardware → Displays and imagers;

Additional Key Words and Phrases: automultiscopic displays, view synthesis,
interperspective antialiasing, view transitions
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1 INTRODUCTION
Stereoscopic 3D (S3D) has become much more popular during the
last decade. Today, many movie blockbusters are released in a stereo
format. However, the popularity of S3D in the movie theaters has
not translated to equivalent popularity at homes. Despite the fact
that most current TV sets support S3D and the content providers
o�er streaming stereoscopic content, the adoption of S3D at home
remains very low. It is widely believed that the use of stereoscopic
glasses is not practical in a home setting [Chinnock 2012], and we
believe that the right approach to S3D at home is to use automul-
tiscopic displays that provide a glasses-free, 3D stereoscopic expe-
rience to multiple viewers. These displays are rapidly improving
due to the industry drive for a higher and higher display resolution
(e.g., even current 4K UHD displays can be easily converted to a
3D automultiscopic display with 8 views and an HD spatial reso-
lution). However, using these displays presents one fundamental
challenge – while there is plenty of stereoscopic content available,
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