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Visibility Optimization for Direct and Indirect
Volume Rendering using Level Set Propagation

Paul Himmler and Tobias Günther

Abstract—Volumetric data arises in many scientific disciplines,
describing the tissue in our body, the composition of the Earth, or
the distribution of matter in the universe, to name a few. Such
volume data is commonly visualized with direct methods such
as ray marching, and with indirect methods such as isocontours.
The combination of these approaches is fruitful to provide context
and to enhance depth perception. A common challenge, however,
is that three-dimensional data inherently leads to occlusions, for
which visibility optimization techniques have been employed in
the past. The joint visibility optimization of volumetric data
(direct volume rendering) and surface geometry (indirect volume
rendering) is challenging. With this paper, we provide an opti-
mization approach in which explicit and implicit geometry, such
as isocontours or closed context geometry, as well as the volume
itself give way to reveal structures that have been identified as
important by a user. We model the geometry implicitly as level
set of a signed distance field, which is evolved under a normal
flow to reduce the occlusion. The non-linear optimization involves
gradient descent solvers, level set propagation, and multi-grid
optimization. We compare our approach to previous visibility
optimizations.

Index Terms—scientific visualization, volume rendering, visibil-
ity optimization, level set, signed distance field

I. INTRODUCTION

D IRECT and indirect volume rendering are commonly-
used visualization techniques for the display of three-

dimensional scalar fields [1]–[4]. A long-standing challenge
is the effective communication of relevant parts of a data
set, which requires careful adjustment of the transparency
to resolve occlusions [5]–[9]. In conventional direct volume
rendering, the transparency is determined by a transfer func-
tion, which was optimized by early approaches [7]. Which
parts of a volume cause occlusions, however, is not only a
matter of the scalar value, but also a view-dependent problem.
Hence, later approaches treated the extinction coefficient as
a spatial field [8], [9], which can be interpreted as the opti-
mization of a transfer function that takes the spatial location
as input and not the scalar value. Recently, Himmler and
Günther [9] introduced a differentiable visibility optimization
that optimizes the extinction field and the camera position for
direct volume rendering of continuous scalar fields. In this
paper, we extend this approach to scenes containing closed
opaque explicit or implicit geometry. Examples are isosurfaces
as well as context geometry, such as the Earth’s surface
shown in Fig. 1. The surfaces provide context and depth
cues, but unfortunately, they also cause occlusions. Rather than
adjusting the transparency of the surfaces [10], [11], which can
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Fig. 1. Adding surface geometry to a direct volume rendering can provide
meaningful context. In the top left image, however, the context geometry
occludes the entire volume. The top right image shows a user-defined
importance field that indicates which parts of the scene should be made visible.
In the bottom left image, our visibility optimization deforms the context
geometry via level set propagation in a signed distance field, and adjusts the
extinction of the volume rendering to clear the view. Thereby, user-defined
parts of the context geometry can be preserved, such as the continents. For
explanatory purposes, the bottom right image views the same scene from a
different viewpoint.

inhibit depth perception, or creating a cut away, we instead
deform the surfaces to give way onto the relevant parts of the
volume. Implicit geometry representations such as level sets
are thereby useful, as they automatically handle changes in
topology. We model the surface geometry as isocontours in
a signed distance field and utilize a normal flow to deform
the implicit geometry, such that the view is cleared onto
relevant structures of the volume. Thereby modeling the sur-
faces with a finite thickness, as demonstrated in Fig. 2, gives
rise to a shaded boundary that conveys shape information.
We combine our novel optimization of the implicit geometry
with the existing extinction optimization of the direct volume
rendering [9], resulting in an optimization that clears the
view onto relevant structures. Both individual optimizations
are based on variational principles. However, the visibility
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cut away our method

Fig. 2. Compared to cut aways of occluding geometry (left), our modeling of context geometries as level sets with a finite thickness (right) gives rise to
a shaded border that helps to convey shape information. Note that on the left, it is difficult to tell whether the skull (gray) or the skin (orange) is in the
foreground. On the right, the shaded border (see arrows) offers a depth cue that helps disambiguating the depth order.

optimization of Himmler and Günther [9] has a high memory
consumption. Since we additionally require signed distance
fields for the representation of context geometry, we evaluate
the memory and performance implications for both 32-bit
and 16-bit floating point precision. Further, we incorporate
ambient occlusion in order to improve the depth perception.
In summary, this paper makes the following contributions:

• We present a visibility optimization of explicit and im-
plicit geometry by using level set propagation in a signed
distance field, such that the isocontours give way to reveal
relevant structures.

• We propose a visibility optimization that jointly optimizes
the surface geometry (indirect volume rendering) and the
extinction field of the volume (direct volume rendering) at
an interactive frame rate to enable continuous exploration.

• We evaluate the memory, performance, and quality impli-
cations for both 32-bit and 16-bit floating point precision,
in order to make room for the context geometry optimiza-
tion and larger data sets.

• We give users interactive control over which parts of the
context geometry to keep, which supports preservation of
depth cues.

In Section II, we begin with a brief introduction of math-
ematical basics to set the notation, which is followed by a
summary of related work on visibility optimization. Section III
derives our level set-based visibility optimization for implicitly
defined context geometry, which is afterwards combined with
a visibility optimization of the extinction field for a combined
direct and indirect volume rendering. The method is evaluated
qualitatively and quantitatively in Section IV, including com-
parisons with previous work, a parameter study, performance
measurements, a user study, and a discussion. Lastly, we
conclude the paper in Section V with an outlook onto possible
avenues for future work.

II. BACKGROUND AND RELATED WORK

First, we summarize related work on variational optimization
and on visibility optimization. Afterwards, we introduce the
light transport model and the extinction optimization [9].

A. Variational Optimization
Variational calculus [12] is a tool that allows for the optimiza-
tion of differentiable functions fi that minimize a functional
F , which integrates a Lagrangian L over the domain X:

F [f1, . . ., fm] =∫
X
L
(
x1, . . . , xn, f1, . . . , fm,

∂f1
∂x1

, . . . ,
∂fm
∂xn

)
dx,

(1)

A necessary condition is given by the Euler-Lagrange equa-
tions, which state that the functional derivatives δF

δfi
must

vanish to zero:

δF
δfi

=
∂L
∂fi
−

n∑
j=1

∂

∂xj

(
∂L
∂fi,j

)
= 0, (2)

with fi,j := ∂fi
∂xj

being the partial derivative of a function fi
with respect to a parameter xj . Variational methods have found
wide application in computer vision [13]–[16], for example
for optical flow estimation [17], [18], image restoration [19],
[20], and image segmentation [21], [22]. In geometric mod-
eling, variational methods have been applied among others
for surface modeling [23], mesh reconstruction [24], [25], and
surface cutting [26]. In fluid simulation, the approach was
used to minimize pressure [27], and to represent a flow using
vortex filaments with a given filament strength [28]. In visu-
alization, the variational approach was proposed for feature
extraction [29], and it was used for visibility optimization
in continuous volumetric data [9]. In this paper, we use a
variational formulation to optimize for the scalar field that
implicitly describes the deformed context geometry.
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B. Related Work on Visibility Optimization

Visibility optimization provides a clearer view onto struc-
tures of interest, which has many facets, such as the
perceptually-oriented optimization of transfer functions [6],
viewpoints [30], clipping [31], ghosting [32], and the iden-
tification of what is important [33].

View-independent Transfer Functions: He et al. [34] eval-
uated the quality of transfer functions with metrics such
as entropy, histogram variance, and edge energy, and let
users choose interactively from stochastically mutated transfer
functions. Kindlmann and Durkin [35] emphasized material
boundaries by forming transfer functions semi-automatically
from the scalar field and its first and second-order directional
derivatives along the gradient. Wu and Qu [36] reconstructed
the transfer function from user-selected features in multiple
volume renderings that were generated with different transfer
functions, allowing addition and removal. Ruiz et al. [37]
minimized the informational divergence of the visibility dis-
tributions between data and view. Since occlusion is a view-
dependent problem, we aim for a view-dependent adjustment
of the transfer function, which depends not only on the scalar
value but also on the position in space. In the following, we
summarize work on view-dependent formulations.

View-dependent Transfer Functions: Viola et al. pioneered
the view-dependent adjustment of opacity [5], showing the
object with highest importance along the view ray [38], [39],
and offering windowing functions to retain occlusion depth
cues from the foreground. Krüger et al. [40] used an interactive
lens to reveal important regions behind context geometry. Chan
et al. [6] incorporated the human perception into the optimiza-
tion of discrete opacity values along view rays, considering
visibility, structural shape, and image variations. Marchesin et
al. [41] adjusted the blending weights of color values along
the view ray by maximizing the contribution of the farthest
relevant sample point. To support transfer function editing
Correa and Ma [7] displayed visibility histograms behind the
transfer function, and optimized a Gaussian mixture model
representation of the opacity. For line and surface geometry,
Günther et al. [11], [42], [43] performed a constrained linear
optimization that determines the opacity of line segments and
surface patches such that occlusion of relevant information and
background clutter are removed. Ament et al. [8] reformulated
this in view-space (and light-space) for volumetric data, which
led to a closed-form solution if smoothing was performed in a
post-process. Recently, Lerzer and Dachsbacher [44] applied
visibility optimization in Monte Carlo volume rendering. The
idea of Ament et al. [8] has later been applied for geometric
data [45], as well, which was further scaled up for larger
scenes [46], [47]. Recently, opacity optimization has been
combined with color optimization [48] to utilize the full range
of the color map, which was inspired from earlier work of
Waldin et al. [49] on the multi-scale adjustment of colormaps.
Returning back to direct volume rendering, Himmler and
Günther [9] used the transmittance to compute the contribution
of a voxel to the image and optimized the extinction field
and the viewpoint in a variational manner. To the best of our
knowledge, no visibility optimization has optimized direct and

indirect volume rendering concurrently. Thus, we present a
novel level set-based optimization for geometric data, which
we combine with extinction optimization [9] for volume data.

Importance Measures and Viewpoints: The foundation of
visibility optimizations is the specification of what is important
in a scene. A common choice is to let users specify the
relevant structures by a scalar field [8], [42]. An automatic
alternative is to employ entropy measures [33], [50], which
had for example applications in volume visualization [51]
and flow visualization [52]–[54]. Takahashi et al. [30] took
a bottom-up approach, finding locally optimal viewpoints for
parts of the domain, from which a globally optimal viewpoint
was found as a compromise. Ji et al. [55] proposed a number
of view-dependent metrics, including the even distributions
of opacity, salient features, and curvature, which has been
used in conjunction with differentiable volume rendering [56]
for viewpoint optimization. Tao et al. [57] distinguished be-
tween local and global features, accounting for details on
boundary structures, and the overall orientation. Leveraging
the experience of experts, Tao et al. [58] used image similarity
metrics to find views similar to those previously chosen by
experts. Similarity metrics have also been estimated by deep
learning techniques [59]. Himmler and Günther [9] evaluated
the transmittance at user-defined regions of interest to measure
how well relevant structures are seen, which guided a non-
linear viewpoint optimization. In this work, we adopt their
metric to geometric data.

Spatial Deformation: Similar to illustrations in assembly
instructions, Agrawala et al. [60] constructed exploded views.
Bruckner and Gröller [61] proposed a force and constraint-
based system to generate exploded views for volume data.
Correa and Ma [62] formulated a taxonomy of illustrative
spatial deformation techniques, and applied focus and context
methods to flow visualizations, tractography, and node-link
diagrams. Using fish-eye deformations in a user-defined lens,
Traoré et al. [63] created unobstructed views for interactive
exploration in direct volume rendering. To reveal hidden scalar
fields on the backside of surface geometries, Lawonn et al. [64]
used curved sphere tracing to follow bent view rays. In this
work, we deform signed distance field representations of the
context to clear the view onto relevant structures.

C. Transmittance-based Visibility Optimization

We combine visibility optimization for direct and indirect
volume rendering. For the direct volume rendering, i.e., the op-
timization of the extinction field, we employ the transmittance-
based visibility optimization of Himmler and Günther [9]. In
the following, we briefly summarize their approach, as well as
the modifications needed to add surface geometry. First, we
introduce quantities needed to express visibility along a ray.

Extinction: The extinction coefficient µt(x) models how
much light is lost per unit distance, which will later be an
unknown of the optimization [9]. The extinction coefficient
is the sum of the scattering coefficient µs(x) and the ab-
sorption coefficient µa(x), i.e., µt(x) = µs(x) + µa(x). The
scattering albedo is the ratio (µs/µt), which is in [0, 1]. In
phenomenological volume rendering [1], the scattering albedo
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arises from a transfer function and is commonly specified per
color channel as a(x) : D → [0, 1]3:

µs(x)

µt(x)
= a(x). (3)

In physically-based rendering, µs(x) and µa(x) are specified
independently as scalar fields and may depend on wavelength.

Transmittance: The fraction of light that arrives after trav-
eling along a line segment is denoted as transmittance. To
ease the integration in view space and light space, Himm-
ler and Günther [9] described the view space transmittance
TV (y) : Y → [0, 1] and the light space transmittance
TL(z) : Z → [0, 1] in their respective coordinates using the
perspective view space transformation gV (x) : D → Y and
the perspective light space transformation gL(x) : D → Z:

TV (y) = e
−

∫ y
y0

µt(g
−1
V (y′)) dy′

(4)

TL(z) = e
−

∫ z
z0

µt(g
−1
L (z′)) dz′

(5)

with the camera being placed at y0 and the light source being
placed at z0. Due to the viewpoint optimization in [9], their
camera position was restricted to be on a sphere that orbits
the domain, which is not a requirement for us. Similar to
the transmittance TV , TL, Himmler and Günther [9] further
computed visibility-weighted importance integrals behind a
given point in view space and light space, called GV and GL.

Radiative Transfer Equation: To describe the image syn-
thesis process, Himmler and Günther [9] utilized the radiative
transfer equation, which describes in its integral form the
incident radiance L(x0 ← ω) that is seen at point x0 coming
in from direction ω [65]:

L(x0 ← ω) = Ls(x0 ← ω)︸ ︷︷ ︸
accumulated in-scattered

+ Lr(x0 ← ω)︸ ︷︷ ︸
reduced surface radiance

. (6)

The radiance L(x0 ← ω) consists of the accumulated in-
scattered radiance Ls(x0 ← ω), which integrates the radiance
that is reflected towards the viewer along the view ray from
entry x0 to exit xs:

Ls(x0 ← ω) =

∫ xs

x0

TV (gV (x)) · fp(x, ωL ↔ ω)

· µs(x) · Li(x← ω) dx. (7)

The phase function fp(x, ωL ↔ ω) describes how much
incoming light from direction ωL is being scattered into the
outgoing direction ω (and vice versa). Following Ament et
al. [8], we combine normalized Blinn-Phong shading and
Henyey-Greenstein forward-scattering [66]. In phenomeno-
logical volume rendering, the scattering coefficient µs(x) is
determined component-wise by rearranging the ratio in Eq. (3)
to µs(x) = µt(x) ·a(x). Further, the reduced surface radiance
Lr(x0 ← ω) in Eq. (6) accounts for the exitant surface
radiance that is emitted from a surface point at xs = x0−s·ω:

Lr(x0 ← ω) = TV (gV (x)) · fr(x, ωL ↔ ω)

· (n · ωL)+ · Li(x← ω). (8)

We employ the normalized Blinn-Phong reflection model for
the BRDF fr(x, ωL ↔ ω). In Eq. (8), Li(x← ω) determines

the amount of light incoming at point x and scattered in
direction ω. For a point light with single-scattering that emits
a radiance Le, this is given by:

Li(x← ω) = TL(gL(x)) · Le. (9)

For visualization purposes, we omit the quadratic fall-off of
the point light intensity. While Himmler and Günther [9] con-
sidered only the accumulated in-scattered radiance in Eq. (7),
we also include the reflected surface radiance in Eq. (8).

Energy: Inspired from extinction optimization [8], a varia-
tional energy was decomposed into multiple terms [9]:

F [µt(x),gV (x)] = Fp + Fq + Fr (10)

with each individual term serving a specific task:

Fp =
p

2

∫
D
(µt(x)− µt(x))

2 dx (11)

Fq = −q
∫
D
g(x) · µt(x) · TV (gV (x)) dx (12)

Fr = −r
∫
D
g(x) · µt(x) · TL(gL(x)) dx (13)

and where the extinction µt(x) is subject to the constraint:

0 ≤ µt(x) ≤ µ̃t : ∀x ∈ D. (14)

Eq. (11) lets the extinction field µt(x) strive to be similar to
the base extinction µt(x), which results in a standard volume
rendering if the remaining terms do not act. Eq. (12) penalizes
the occlusion of relevant structures by increasing the extinction
and the transmittance. And lastly, Eq. (13) does the same
from the perspective of the light source to ensure that relevant
structures are well lit. The extinction field is bounded using
Eq. (14) to prevent invalid minimizers. Inserting the energy
from Eq. (10) into the Euler-Lagrange equations in Eq. (2)
results in a gradient for an iterative optimization, to which
we apply the AdEMAMix optimizer [67], which adds another
exponential moving average to the Adam optimizer [68] to
make better use of past gradients. In our experiments, we
observed a slightly improved convergence speed compared to
the Adam method [68] used in [9]. We refer to [9] for the
derivation of necessary conditions for minimizing Eq. (10) and
for the iterative optimization procedure.

III. VISIBILITY OPTIMIZATION FOR DIRECT AND
INDIRECT VOLUME RENDERING

Adding explicit or implicit surface geometry to a direct
volume rendering allows us to provide context, such as for
the display of the planet’s surface in Fig. 1. Usually, this
would lead to unwanted occlusion, which could be addressed
in different ways. One option would be to make the surfaces
transparent [10], [11], which, however, would inhibit the depth
perception since both the volume and the surfaces visually
blend together. Instead, we made the design decision to keep
the surfaces opaque, which usually requires careful hints about
hidden geometry [69], [70] or surface clipping to look into the
volume. Since manual clipping is time-consuming and view-
dependent, we aim for an automatic method that adjusts which
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parts of the surface to show. For our interactive system, we
therefore set the following requirements:
R1. optimize the extinction field according to [9], including

the joint optimization from view and light direction,
R2. optimize the visibility of context geometry by displacing

it, supporting both thin shells and filled geometry,
R3. reduce memory consumption to store implicit geometry

and support volumes at higher resolution than [9],
R4. add depth cues to support scene understanding, including

shading, shadows, and ambient occlusion,
R5. allow for interactive removal or preservation of context

geometry through masks and lenses [39], [40].
In summary, we extend the visibility optimization for di-
rect volume rendering [9] by including an optimization of
both explicitly and implicitly defined context geometry, by
improving the performance, by enhancing the rendering for
improved depth perception, and by adding interactive tools
for the removal or preservation of context geometry.

A. Problem Statement

The input to our system is a scalar field s(x) : D → R in
the spatial domain D ⊂ R3 that the user wants to explore.
In addition, the user is required to provide an importance
scalar field g(x) : D → [0, 1], which specifies for each
voxel of the domain how important it is to see. Further, a
transfer function is provided, which produces a scattering
albedo field a(x) : D → [0, 1]3 and a base extinction field
µt(x) : D → R+. If the optimization is disabled, both a(x)
and µt(x) together result in a regular direct volume rendering.
To resolve the occlusion of relevant structures in the domain,
an extinction field µt(x) is optimized interactively using the
volume visibility optimization of Himmler and Günther [9],
which supports (R1). The novelty of our approach is that the
user further specifies a set of closed surfaces, which may be
extracted from the scalar field, or they may represent context
geometry. Collectively, we denote those surfaces with a subset
of the domain C ⊂ D. Rather than showing the surfaces C
directly, which would lead to occlusion, we precompute a new
scalar field ϕ, which is a signed distance field (SDF) and in
which the surfaces C appear as zero level set. At runtime, the
field ϕ is adjusted by an energy minimization that evolves
the level set in a normal flow to remove the occlusions. The
concept is illustrated in Fig. 3. Upon interactive navigation of
the camera, both the volume and the context geometry give
way to reveal relevant structures in the domain.

B. Visibility Optimization of Implicit Geometry

In the following, we derive a visibility optimization algorithm
that displaces implicit geometry in order to clear the view
onto relevant structures, which meets (R2). The algorithm is
applicable with and without direct volume rendering.

Signed Distance Field: Given are the closed surfaces C,
which we first represent implicitly as zero level set in a signed
distance field ϕ0(x) : D → R. Such an implicit representation
is advantageous, since it allows deformations without explic-
itly tracking changes in topology. The signed distance field

ϕ > 0

ϕ < 0
n

Fig. 3. Consider a relevant volumetric object (shown in red) and an implicitly
defined closed context geometry, defined via a signed distance function ϕ = 0.
Left: if the important object is in front of the context, the isocontour does not
have to change, as it is not occluding the view. Middle: if the important
structure is nested inside the context geometry, the level set evolves in
the inward pointing normal direction n to clear the view onto the relevant
structure. Right: if the important structure is behind the context geometry, the
occluding part of the level set shrinks from the front and the back until the
isocontour splits into two parts, revealing the interesting structure behind. The
level set adjusts interactively to the changing camera position and returns to
its initial shape if the occlusion is no longer present.

ϕ0(x) is precomputed, fulfills the Eikonal equation, and meets
a Dirichlet condition at the surfaces C:∥∥∥∥∂ϕ0(x)

∂x

∥∥∥∥ = 1, s.t. ϕ0(x) = 0 : ∀x ∈ C. (15)

By convention, we let the interior be negative (ϕ0 < 0) and
the exterior be positive (ϕ0 > 0). Later on, we refer to this
as the base SDF ϕ0(x), which the deforming SDF strives to
return to in the absence of occlusions in order to recover the
original surfaces. During the optimization, the SDF evolves,
which is modeled with a time variable t. For a temporally-
evolving SDF ϕ(x, t) : D×R→ R, the differential properties
of an isocontour at time t are easily calculated from the spatial
gradient of ϕ(x, t), i.e., from ∇ϕ := ∂ϕ(x,t)

∂x we get the
inward pointing normal n and the curvature κ of the isocontour
passing through at (x, t), cf. Caselles et al. [71]:

n(x, t) = − ∇ϕ
∥∇ϕ∥

, κ(x, t) = ∇ ·
(
∇ϕ
∥∇ϕ∥

)
. (16)

with∇· being the divergence operator. To control the evolution
of the level set, it is necessary to model how any given point of
the level set moves. To identify a specific point explicitly, let
c(x, t) : [0, 1]→ D be an explicit parametric representation of
a zero level set at time t. Osher and Sethian [72]1 have shown
that when moving any given point c(x, t) in normal direction
n with a given velocity magnitude ν(x, t), then this motion
can likewise be expressed in the level set formulation directly
without ever explicitly computing an explicit representation:

∂c(x, t)

∂t
= ν n(c(x, t), t) ⇔ ∂ϕ(x, t)

∂t
= ν∥∇ϕ∥. (17)

Thus, a level set c can be evolved directly through ϕ using the
PDE in Eq. (17) with the initial condition ϕ(x, 0) = ϕ0(x).

Redistancing: As can be seen from Eq. (17), the motion
of the level set depends on ∥∇ϕ∥. To maintain a controllable
velocity, it is common to perform a level set redistancing, such
that the Eikonal equation remains fulfilled, i.e., ∥∇ϕ∥ = 1,
making ϕ(x, t) again a signed distance field. Several solvers
are available for computing a signed distance function from an

1Osher and Sethian [72] derived the relation between the explicit and
implicit curve evolution starting from their Eq. (2.1), which is the left side of
our Eq. (17), to (2.13), which is the right side of our Eq. (17), for ν depending
on κ. Caselles et al. [71, Appendix C] have shown this for general ν. Moving
a level set point in direction (νn), the level set value does not change:
∇ϕ · (νn) + ϕt = 0. Inserting normal n from Eq. (16) gives ϕt = ν∥∇ϕ∥.
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isocontour, such as fast marching [73, Sec. 7.4]. We use the
redistancing formulation of Sussman et al. [74], which solves
the following PDE for its steady state by evolving ϕ(x, t)
according to:

∂ϕ(x, t)

∂t
+ S(ϕ0(x))(∥∇ϕ∥ − 1) = 0, (18)

with S(ϕ0) = ϕ0√
ϕ2
0+(∆x)2

, where the gradient norm ∥∇ϕ∥
is estimated using Godunov’s method [73, Sec. 5.3.3] (which
is an upwind scheme), where ϕ0(x) is the initial value, and
where ∆x is the spatial grid spacing. The isocontour of a given
scalar field s(x) can be brought into an SDF representation
by setting the initial condition ϕ(x, 0) = s(x) or ϕ(x, 0) =
−s(x), respectively, depending on whether the interior has
higher or lower values than the isocontour, and by then solving
Eq. (18) for its steady state. There are a number of other
options available for computing an SDF, such as sweeping
methods [75], [76].

Minimization Problem: The zero level set of ϕ(x, t) at time
t is a surface that occludes relevant regions in the scene, which
are identified by the importance field g(x). For a given level
set, we can measure how important the structures are that are
occluded by the level set. Since we want the most-relevant
structures to appear, we determine the largest importance ĝ(x)
along the view ray and the light ray behind a given point x:

ĝ(x) =
1

2
max

tV ∈[0,1]
g(x+ tV · dV (x))︸ ︷︷ ︸

view ray

+
1

2
max

tL∈[0,1]
g(x+ tL · dL(x))︸ ︷︷ ︸

light ray

(19)

where dV (x) = g−1
V (y1) − x is the view ray direction from

x to the exit of the domain y1, cf. Eq. (4), and dL(x) =
g−1
L (z1)−x is analogous for the light ray. With this, we obtain

an importance score per point x that is bounded by the value
range of g(x). We utilize the geodesic active contour energy of
Caselles et al. [71, Eq. 8], with which we integrate the largest
occluded importance with arclength parameterization around
the level set, here expressed explicitly:

Fi[c] =

∫ 1

0

ĝ(c) · ∥ċ∥ dx (20)

Inserting Eq. (20) into the Euler-Lagrange equations in Eq. (2)
leads to the following necessary condition, cf. [71, Eq. 13]:

δFi

δc
= ĝ(c)κn−

(
∂ĝ(c)

∂x
· n

)
n. (21)

This is analogously phrased in the implicit level set repre-
sentation as was shown by Caselles et al. [71, Eq. 14], here
adapted for our metric in Eq. (19):

∂ϕ′(x, t)

∂t
= ĝ(x)∥∇ϕ(x, t)∥κ+

∂ĝ(x)

∂x
· ∇ϕ. (22)

Solving Eq. (22) to a steady state evolves the level set in
a normal flow to avoid occlusion. However, the level set is
allowed to propagate outwards, which would inflate the context
geometry. To ensure that occlusions may only drive the level

filled surface thin shell

Fig. 4. The difference between our optimization with context geometry that
is modeled as a filled surface (left) in comparison to a thin shell (right).

set inwards, and to allow the level set to return to its base
SDF ϕ0 in the absence of occlusion, we employ the following
PDE, consisting of two terms:

∂ϕ(x, t)

∂t
= max

(
0,

∂ϕ′(x, t)

∂t

)
+ λ(x) · (ϕ0(x)− ϕ(x, t)).

(23)

where λ(x) = max(0, λ − ĝ(x)) applies the return to
the base SDF only if no relevant information is occluded,
which is thresholded by a λ parameter that is studied later
in Section IV-C. Eq. (23) constitutes our final PDE which
can be solved to a steady state from the initial condition
ϕ(x, 0) = ϕ0(x). Although not explicitly used later, it is
interesting to note that the level set evolves in a normal flow
using Eq. (17) with the velocity magnitude ν(x, t):

ν = max

(
0,div

(
ĝ(x)

∇ϕ
∥∇ϕ∥

))
+ λ(x) · ϕ0(x)− ϕ(x, t)

∥∇ϕ∥
.

(24)

Time Stepping: The signed distance field ϕ(x, t) is dis-
cretized spatially onto a grid with values ϕi,j,k(t) at xi,j,k.
We evolve the hyperbolic PDE in Eq. (23) with an explicit
time stepping scheme:

ϕi,j,k(t+∆t) = ϕi,j,k(t) + ∆t · ∂ϕ(xi,j,k, t)

∂t
. (25)

Filled vs. Thin Shells: The level set definition in Eq. (15)
places the initial zero level set ϕ0(x) = 0 directly on the given
contours C. This results in a setting where the entire interior
of the isocontour receives a negative distance value, which we
refer to as a filled surface. Depending on the scene, it may be
useful to generate a thin shell surface with a finite thickness d
around the given contours C. This is achieved by transforming
ϕ0(x) as follows:

ϕ0(x) = |ϕ0(x)| − d. (26)

While the thin shells reveal more volume, the filled surfaces
may better preserve the geometric context. Both options are
visualized in Fig. 4 for the EARTH MANTLE data set.

C. Joint Visibility Optimization of Volumes and Surfaces

Next, we discuss the combination of (R1) and (R2). The
iterative visibility optimization of the extinction volume in
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Eq. (10) using [9, Eq. (30)] and the iterative propagation
of the level set in Eq. (23) are alternated in order to solve
for both µt(x) and ϕ(x) concurrently, i.e., to find the steady
state solutions. After each step, the signed distance field is
redistanced using N iterations of Eq. (18). Conservatively,
we empirically set N = 64, although convergence is reached
sooner in most scenes. Following [9], we employ a coarse-to-
fine multi-grid solver that first performs the optimization on
lower resolution, then upsamples it, and proceeds on higher
resolution until the target resolution is reached. A numerical
implementation of Eq. (23) is provided in Alg. 1.

Input: x, ϕ, ϕ0, ĝ, λ, ∆x, ∆y, ∆z, ∆t, ϵ

G← ĝ(x);
κ← (ϕ2

x+ϕ2
y)ϕzz+(ϕ2

y+ϕ2
z)ϕxx+(ϕ2

x+ϕ2
z)ϕyy−2ϕxϕxyϕy−2ϕxϕxzϕz−2ϕyϕyzϕz

∥ϕ2
x+ϕ2

y+ϕ2
z∥3+ϵ ;

if Gκ ≤ 0 then
∥∇ϕ∥ ← max(ϕ2

x−H(ϕx−), ϕ2
x+H(−ϕx+))

+ max(ϕ2
y−H(ϕy−), ϕ2

y+H(−ϕy+))

+ max(ϕ2
z−H(ϕz−), ϕ2

z+H(−ϕz+));
else
∥∇ϕ∥ ← max(ϕ2

x−H(−ϕx−), ϕ2
x+H(ϕx+))

+ max(ϕ2
y−H(−ϕy−), ϕ2

y+H(ϕy+))

+ max(ϕ2
z−H(−ϕz−), ϕ2

z+H(ϕz+));
end
∆ϕ← max (0, Gκ∥∇ϕ∥+Gxϕx+Gyϕy+Gzϕz)+λ(x) · (ϕ0 − ϕ(i));
ϕ(i+1) ← ϕ(i) +∆t ·∆ϕ;

Algorithm 1: Upwind integration scheme for Eq. (23)
using Godunov’s method for calculating ∥∇ϕ∥. Here with
forward finite differences (x+, y+, z+), backward finite
differences (x−, y−, z−), and central differences (the
remaining), respectively. κ is given by [72, p. 20]. The
numerical epsilon ϵ = 10−6 prevents a division by zero.

D. GPU Implementation and Memory Consumption

To enable interactive exploration, we implemented the opti-
mization of extinction and context geometry, as well as the
subsequent rendering on the GPU using CUDA. While resid-
ing entirely in device memory ensures interactive frame rates,
it also implies that all data is uploaded prior to optimization
and thus has to fit completely into GPU memory.
The visibility optimization for the direct volume rendering [9]

requires the allocation of transmittance fields TV (y), TL(z),
and accumulated importance fields GV (y), GL(z), from both
the view and light direction, cf. Eqs. (4)–(5). Our visibil-
ity optimization for the indirect volume rendering further
requires a base SDF ϕ0(x) in object space, the optimized
SDF ϕ(x, t), for which only the latest time step is kept in
memory, as well as the field ĝ(x). Additional memory is
required for further interactive features, such as screen-space
and world-space masks, which are introduced in Section III-F.
Hence, we require optimizations that save memory, which
is in support of (R3). As evaluated later in Section IV-D,
our implementation is able to switch between 32-bit floating
point precision and 16-bit floating point precision (conforming
to the IEEE-754 standard), when storing the transmittance,

without optimization with optimization changed viewpoint
0 345

Fig. 5. Deforming the context geometry alters the given data, which needs
to be communicated to the user. In order to visually convey how much
isocontours have been changed by the optimization, we map the distance
between ϕ and the base SDF ϕ0 to color using a heatmap transfer function,
here for the VISIBLE HUMAN. The distance measure is normalized to voxels,
here in [0, 345]. Left: context geometry without optimization. Middle: only the
context geometry after a joint optimization of context and extinction. Right:
same scene from a different viewpoint. The blue circle marks parts above the
lip that remained unchanged, since they did not occlude important structures.

accumulated importance, ĝ(x), and the optimizer data required
for AdEMAMix [67]. When switching to lower precision, we
are able to load the data sets of [9] in higher resolution, and
we enable the optimization of the implicit context geometry.

E. Visualization

To visualize the final scene, we employ the light transport
model in Eq. (6). In the following, we point out additional
considerations that went into the visual encoding, as well as
improvements made to increase the rendering quality, i.e., to
support (R4).

Color Mapping: While the appearance of the volume is
given by a user-defined transfer function, we adjust the color
of the deformed surfaces to visually communicate how much
the isocontours of ϕ deviate from the isocontours in the
base SDF ϕ0. Since, ϕ0 is an SDF, this distance is simply
obtained by sampling ϕ0 at the level set of ϕ. The mapping
is done by a user-defined colormap, which is demonstrated
in Fig. 5. By changing the viewpoint, it can be seen that the
level set made way for the skull. Thereby, parts above the
lip remained unchanged, since they did not occlude important
structures. In Fig. 1, the color was instead determined by a
geophysical texture of the Earth, which we projected onto the
SDF isocontour.

Ambient Occlusion: Ambient occlusion approximates the
darkening in corners by assuming a uniform far-field illumi-
nation and by pre-computing the fraction of occluded rays
in the upper hemisphere. The approach is commonly used in
volume rendering, as it improves depth perception [77]. In our
approach, the ambient occlusion is calculated from both the
volume as well as the implicit surfaces in order to provide
depth cues that convey their relative positioning. An example
is shown in Fig. 6. Here, the ambient occlusion adds depth to
the eye sockets, which receive less light due to the surrounding
skull. Further, the neck is darkened, which is visible through
the mouth. The ambient occlusion on the jaw bone is due
to the surrounding context geometry, i.e., the cheeks, which
visually embeds the jaw deeper in the volume.



IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS, VOL. X, NO. X, X 2026 8

shaded AO shaded + AO

Fig. 6. Depiction of ambient occlusion (AO). Left: scene without ambient
occlusion. Middle: only AO is visualized. Right: both are combined.

optimized viewpoint changed viewpoint

Fig. 7. For explanatory purposes, the scene can be viewed from a different
view than it was optimized for, allowing to see how the important structures
are placed relative to the preserved context geometry.

F. Interaction

Interactive editing and navigation are important instruments
for exploration and scene understanding. In the following, we
explain interaction concepts, supporting (R5).

Navigation: By default, the visibility optimization adjusts
to new viewpoints during interactive camera navigation. If
desired, the optimization can be disabled once it is completed
for a given view. A subsequent minor modification of the
viewpoint can be useful to improve the spatial understanding
of the optimized context geometry due to motion parallax.
For explanatory purposes, we show a rotated view in Fig. 7
for the VISIBLE HUMAN data set, where it can be seen which
parts are preserved in the context geometry. Another example
is shown in Fig. 1 for the EARTH MANTLE, where the rotated
view conveys where the free-floating cold slabs are placed
inside the mantle.

Screen-Space Masks: In context-preserving volume render-
ing [32], context is preserved around the structures of interest
to help anchoring them in their surrounding. Viola al. [38],
[39] proposed among others windowing functions, which have
also been employed by Ament et al. [8] to preserve some of
the geometry in front. Such windowing is easily added to our
optimization by masking the importance along the view ray in
Eq. (19) for selected pixels, which is demonstrated in Fig. 8.
In some cases, it may also be fruitful to remove more of the
context geometry, in order to show more of the region in which
the important structures are spatially embedded. For this, we
let the user interactively move a lens [40] via the mouse cursor
across the screen, which likewise modulates the importance
along the view ray.

World-Space Masks: In addition to the aforementioned
screen-space masks, we also allow the user to specify world-

grid mask window mask lens mask

Fig. 8. To provide occlusion depth cues, the importance can be masked in
view space to retain some of the context geometry in front of relevant parts
of the scene, here shown for three different masks.

without world-space mask with world-space mask
Fig. 9. Difference between the results obtained without and with a world-
space mask. On the left, the optimization without world-space mask reveals all
important structures in the volume. The location on Earth, however, is difficult
to see. On the right, we add a world-space mask to the level set propagation to
preserve the continental landmasses. While some of the important structures
are hidden, the position on the planet is much better visible.

space regions that remain unchanged by the level set opti-
mization. Effectively, the first term in Eq. (23) is disabled,
letting the optimized SDF ϕ(x, t) strive to remain close to
its base SDF ϕ0(x). Preserving key structures of the context
can be important to anchor the important volumetric structures
in the scene. For example, Fig. 9 shows how the continental
landmasses of the Earth are guaranteed to be preserved.
Without the world-space mask, the continents are fragmented
into small pieces, making them hardly recognizable. Of course,
preserving too much geometry introduces occlusions. The user
therefore has to choose carefully, which parts of the context
geometry are essential for scene understanding, and which
parts can optionally be removed to clear the view onto relevant
structures inside the volume. Visualizations of the used world-
space masks are provided in the supplemental material.

IV. RESULTS

To test the limits, stability, and utility of our visibility op-
timization, we apply the approach to a number of different
scenes. We refer to the supplemental material for separate
visualizations of the scalar fields, context geometries, masks,
and importance fields. In the following, we compare with other
approaches, conduct a user study, a parameter study, analyze
the convergence, the performance, and discuss limitations.

A. Comparison

In Fig. 10, we compare our approach with other methods. The
first column shows an extension of the maximum importance
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Fig. 10. Comparison with alternative visibility optimization techniques on four data sets. Unlike previous methods, our approach models the context geometry
implicitly via level sets, which allows for the modeling of a thickness that conveys shape information from shading (see the arrow markers).
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projection of Viola et al. [39], which retrieves the most
important point along the view ray and shows its color. While
originally developed for volume data, the extension to scenes
containing both volumes and surfaces is straightforward. The
technical modifications, for example to support shadows, are
explained in detail in the supplemental material. The second
and third column both utilize the extinction optimization of
Himmler and Günther [9] for the volume, but incorporate the
context geometry differently. The second column performs a
thresholding on the ĝ(x) field to cut away all geometry that
occludes important structures behind. The third column maps
the ĝ(x) via a linear transfer function to transparency, which
is similar to previous work on transparency modulation [40].
Finally, the fourth column shows our method.
The EARTH MANTLE simulation models the geothermal

activity between Earth’s crust and core. Over the course of
geological timescales (106 − 109 years), the mantle behaves
like a viscous fluid. Thereby, material of cold and dense nature
descends from the crust, while hot plumes emanate from the
Earth’s core [78]. In Fig. 10 (first row), the difference between
observed and radially averaged temperature is visualized,
which is called temperature anomaly. Here, cold slabs are
highlighted by mapping them to a high importance value. To
provide context an implicitly given Earth surface is added onto
which a geophysical texture is projected. Since the continental
land masses are preserved in our approach, the location on
Earth is easier to see. Note, however, that the Earth texture is
decorative and not part of the actual simulation. In the right
close-up, the thickness of the thin shell SDF can be seen,
which suggests that the volume is inside the surface. In the
other methods, it is ambiguous whether important volumetric
structures are inside the Earth’s surface or in front of it.
The ROTATING MIXER contains a turbulent fluid flow, in

which a rotating paddle stirs a liquid into motion. The fluid
is confined into a cylindrical container and the paddle is
mounted on a rod that descends into the volume from the
top. In Fig. 10 (second row), we highlight turbulent structures
by calculating the vorticity magnitude from the velocity [79].
Furthermore, the rendering of the cylindrical container and
the central rod provides additional context information. The
implicit context geometry is displaced by our optimization
to reveal structures with high vortical motion. The cut away
and the transparency modulation give visually similar results,
whereas the latter has a smoother transition between focus and
context, which can be seen in both close-ups. By a suitable
choice of λ, we can ensure that a little more cylinder geometry
gets removed, which reveals more of the volume around
the important structures, giving it more context. Further, the
preservation of the central rod gives a strong depth cue since
one of the vortices is shown to be behind the rod.
The VORTEX STREET contains a three-dimensional fluid flow

around an obstacle, which induces a periodic shedding of
vortices, resulting in a von-Kármán vortex street. The flow
was simulated by Camarri et al. [80] and was resampled
and made available by Tino Weinkauf [81]. In Fig. 10 (third
row), we visualize the vorticity magnitude using direct volume
rendering, which is likewise used as importance measure. To
provide context, we place two explicit streak surface triangle

meshes for which a thin shell SDF is precomputed using
Eq. (26). Due to the finite thickness of the thin shell SDF,
our method obtains a shaded border where the surface is
displaced. This provides a clear hint that the volume is behind
the streak surfaces. The other methods, on the other hand,
remain ambiguous about the spatial placement of the important
structures, as they could likewise be floating in front.
The VISIBLE HUMAN data set (version 2.0) [82] is a

renowned collection of high-resolution CT and MRI scans of
a male head and neck. For our visualization in Fig. 10 (fourth
row), we used the CT scan. The focus of our visualization is
the skull, while the isocontour of the skin serves as context
geometry. Naturally, the skin surrounds the bone structures,
impeding the view onto the cranial structure and other bone
structures of importance. With the maximum importance pro-
jection, the eye sockets are hardly visible. In our method,
the added ambient occlusion improves the depth perception,
especially for the eye sockets and the neck. We also optimize
the visibility from the light view, cf. Eq. (19), which leads
to the removal of the skin on the top of the head. This is
visible in the left close-up, which shows the transition between
context geometry and volume. The light view optimization
and the shading on the SDF boundary result in strong depth
cues that anchor the volume inside the context surface. Unlike
all other methods, our approach shows the space between the
jaw bone and the cheek skin. The ambient occlusion causes a
darkening of the jaw bone, which adds to a sense of depth. In
the future, further considerations of human perception could
help to improve the readability of the visualizations.

B. User Study

To assess the improvements in depth perception, we conducted
a user study with 11 participants, all having corrected-to-
normal color vision. All study partakers have 3 to 10 years of
experience in visual computing and have an academic back-
ground as PhD student or PostDoc in visualization, computer
vision, or computer graphics. Given 32 cropped views of our
data sets, which are included in the supplemental material, we
provided the statement that one marked point was closer to
the camera than another. On a Likert scale, the participants
were asked to rate how much the given picture conveyed this
impression. To avoid memorization effects, the images were
shown in a randomized order.

Summary: The aggregated results (mean and standard
deviation) are marked on a range from 1 (strongly dis-
agree) to 5 (strongly agree): Maximum importance projec-
tion [39] reached a score of 2.36 (±0.90). Extinction op-
timization [9] with cut away got a score of 2.33 (±0.88).
Extinction optimization [9] with transparency modulation ob-
tained 2.66 (±1.00). Our method achieved the highest score
with 3.99 (±0.73). To assess the significance of the results,
we performed a Friedman test and a Wilcoxon signed rank
test in the supplemental material. The Friedman test (α =
5%) showed a significant overall difference between methods
(p ≈ 2.6 × 10−5). To identify which pairs differed, we
performed Wilcoxon signed-rank tests for all method pairs
(critical value = 13 for n = 11, two-tailed). The results indicate
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Fig. 11. Parameter study for different choices for the weight λ, which determines how much the level set aims to return into its initial state ϕ0(x). If the
value is low, the level set is able to clear the view even onto less relevant structures, which may, however, result in too much removal of context geometry.
Increasing the weight λ leads to more context geometry being preserved. The first row shows the ROTATING MIXER and the second row shows the EARTH
MANTLE, both with thin shell context geometry.

that our method differs significantly from the others. The pair
of maximum importance projection and cut-away showed no
significant difference due to their similar operating principles.

Feedback from Participants: In our extension of the maxi-
mum importance projection [39], participants noted that hard
edges and strong shadows supported 3D perception. However,
the direct and indirect volume rendering appeared discon-
nected from each other. This was pointed out in particular for
the VORTEX STREET. The missing visual connection was like-
wise frequently pointed out for the extinction optimization [9]
in combination with cut aways. The binary cutout in the
surface was often perceived as a visible border between surface
and volume. Thus, the volume was often described as hovering
in front of the surface. Especially in the ROTATING MIXER,
the surface was mistaken with a background color due to
missing shading on the boundaries. Modulating transparency
to smoothly fade between surface and important volume parts
was generally considered visually more pleasant than the two
methods described previously. Some participants tended to
agree that blending supports the perception of depth order, as it
seemed to introduce a shaded border. However, the perceived
shading was considered implausible, as it was inconsistent
with the shading in other parts of the image. Due to the
depth ambiguities added by blending, the EARTH MANTLE felt
overwhelming and confusing for some users. One participant
described the visualization as ’a painting of some volume on a
surface’. In contrast to all other methods, our method conveyed
the impression of plasticity in the whole image, connecting
both direct and indirect volume rendering. The shaded borders
introduced by our approach were interpreted as a strong depth
cue and were used as indicator for rating the depth order.
Due to the small crop size, it was sometimes ambiguous
whether parts curved to the front or to the back. Nevertheless,
the plasticity helped disambiguate layers. Particularly in the

VISIBLE HUMAN data set, our method was the only approach
to visually convey that the skin surface encloses the skull.

C. Parameter Study

The time evolution of the level set is governed by the PDE
in Eq. (23), which contains a weight λ that determines how
much the level set strives to return into its initial state. In
Fig. 11, we show optimization results for different choices
of λ in two data sets. The parameter behaves intuitively: the
lower the λ value, the more occluding geometry is removed.
The higher the value, the less is the level set able to clear
the view onto relevant structures. The minimal required value
for λ is dependent on the thickness of the context geometry.
We observed that for the thin shell representation, λ could be
larger than for the filled surface representation, in which the
level set needs to travel a farther distance to clear the view.

D. Performance Measurements

The following performance measurements were conducted on
a workstation that is equipped with an AMD Ryzen 9 7950X
CPU and an NVIDIA RTX 4090 GPU at an image resolution
of 1024 × 1024. Table I lists the timings for all data sets,
where we present the timings for the different stages in both
16-bit and 32-bit floating point precision, the time required
for a single iteration of the redistancing process, the final
render time, and the memory consumption. We thereby list
the timings for the different multi-grid levels separately. The
column ’Grid Updates’ includes the calculation of the trans-
mittance TV , TL, accumulated importance GV , GL, ĝ, and the
energy derivatives. For low resolutions 16-bit is faster, while
the higher resolutions favor 32-bit precision. The extinction
optimization (’Ext. Opt.’) is generally faster for 32-bit, except
for the VISIBLE HUMAN, which did not fit into memory. The
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TABLE I
PERFORMANCE MEASUREMENTS FOR OUR METHOD. TIMINGS ARE PROVIDED FOR DIFFERENT RESOLUTIONS EMPLOYED BY OUR MULTI-GRID SOLVER.

WE ADDITIONALLY SHOW THE TRADEOFF BETWEEN PERFORMANCE AND MEMORY CONSUMPTION WHEN USING 16/32-BIT FLOATING POINT PRECISION.
THE ’REDIST.’ COLUMN REPORTS THE TIME REQUIRED FOR ONE ITERATION OF THE REDISTANCING PROCESS, AS OUTLINED IN EQ. (18). ALL

MEASUREMENTS WERE TAKEN WITH AN IMAGE RESOLUTION OF 1024× 1024. THE TIMINGS ARE EXPRESSED IN MILLISECONDS. NOTE THAT THE
VISIBLE HUMAN DATA SET DID NOT FIT INTO MEMORY AT 32-BIT FLOATING POINT PRECISION.

Data Set Volume Resolution Grid Updates Ext. Opt. SDF Opt. Redist. Rendering VRAM Usage
16-bit 32-bit 16-bit 32-bit 16/32-bit 16/32-bit 16-bit 32-bit 16-bit 32-bit

EARTH MANTLE

108× 108× 108 9.2 9.9 0.55 0.43 0.04 0.38 7.8 5.2

9.0 GB 15.8 GB216× 216× 216 33.3 33.4 3.6 2.8 0.20 0.89 7.4 5.3

432× 432× 432 190.1 162.8 24.6 19.5 0.62 2.9 8.4 6.4

ROTATING MIXER

65× 33× 65 6.9 6.5 0.16 0.13 0.02 0.09 4.7 3.0

5.3 GB 10.2 GB130× 66× 130 18.1 21.1 1.1 0.86 0.04 0.16 4.3 2.9

260× 132× 260 98.7 93.7 4.4 4.3 0.17 0.66 4.3 3.3

VORTEX STREET

96× 24× 36 7.4 9.5 0.15 0.15 0.02 0.09 4.5 2.9

7.7 GB 14.8 GB192× 96× 72 22.9 28.8 1.1 0.9 0.04 0.19 4.3 2.9

384× 192× 144 143.9 136.1 4.8 4.4 0.18 0.75 4.5 3.4

VISIBLE HUMAN

128× 115× 128 12.0 – 1.3 – 0.1 1.1 6.4 –

17.7 GB >24 GB256× 231× 256 57.8 – 8.0 – 0.5 2.6 6.5 –

512× 462× 512 400.2 – 75.2 – 1.8 14.4 7.0 –

SDF optimization (’SDF Opt.’) and the redistancing (’Redist.’)
are fast and independent of the floating point precision. The
runtime complexity of the redistancing is linear in the number
of redistancing iterations N , which we empirically set to at
most N = 64. We terminate early when the redistancing
residual falls below a mean square error (MSE) of 10−4. How
many iterations are required depends on the step size of the
level set evolution, as larger changes to ϕ require more work
to redistance the SDF. The ’Rendering’ step is faster when
using 32-bit. Naturally, the ’VRAM Usage’ is significantly
lowered with 16-bit floating point precision, making it possible
to optimize larger data sets. We refer to the supplemental
material for a visual comparison between results using 32-
bit and 16-bit floating point precision. There, the FLIP [83]
metric shows that the differences are negligible.

E. Discussion
Supported Surfaces: While implicit surfaces can always be

turned into isocontours of an SDF, not all explicit surface
geometries can be modeled implicitly with SDFs. The explicit
surface is required to be a closed manifold, i.e., there are
no self-intersections, no intersections with other surfaces, and
there are no holes in the surface. For imperfect surfaces, which
are not watertight, a heat-based SDF solver is available [84],
which could be used. As with the streak surfaces in Fig. 10,
it is, however, possible to compute a thin shell SDF for any
explicit geometry, including points, lines, and surfaces.

Perceptual Metrics: The importance-driven quality metric
we used for controlling the speed with which the level sets
evolve is not yet considering the human perception, such as the
dependence on the illumination and the contrast between fore-
ground and background. Incorporating perceptually-motivated
visual quality measures [6], [85], [86] and optimizing the
placement of the light source [87] for a better scene under-
standing would be interesting avenues for future work.

Large-Scale Volumes: Representing the context geometry
implicitly further increases the memory consumption of the
extinction optimization. For example, the explicit surface
representation in Fig. 10 is 6.2 MB in size, while the implicit
representation requires 40.5 MB. For general volume render-
ing, a number of output-sensitive methods exist that guide the
resource utilization in a ray-guided, visualization-driven, or
display-aware manner [2]. The incorporation of such memory
managements methods, as well as the use of narrow-band
level sets [88], or a problem-specific bit compression would
be interesting next steps to make the method more scalable.

V. CONCLUSIONS

Providing context in volume rendering is typically done in
one of two ways. Either the focus is an isocontour, around
which a semi-transparent direct volume rendering is added to
provide context. Or a direct volume rendering is the focus,
which allows for rich transfer functions, around which semi-
transparent surfaces are shown for context. Having too much
transparency in the scene inhibits the scene understanding, and
hence we proposed a context visualization that shows opaque
geometry. To avoid the occlusion of relevant information, we
modeled the context geometry implicitly and deformed it in a
normal flow to clear the view. Thus with this paper, we pro-
posed the first level set formulation [73] for the displacement
of implicit context geometry for visibility optimization, which
we combined with a view-dependent extinction optimization of
the volume [9]. With this, a visibility optimization of the direct
and indirect part of the visualization is performed concurrently.
To enable the optimization of the context geometry, we low-
ered the memory consumption of Himmler and Günther [9].
Further, we added ambient occlusion to offer more depth
cues. Following earlier works on context-preserving volume
rendering [32], [39], [40], we added interactive masks and
lenses such that the user can manually explore the context.
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For the future, it would be interesting to incorporate per-
ceptual quality metrics [6] and to optimize the placement of
the light source [87]. We currently require dense grids to
store view space and light space quantities, which could be
approximated instead [46]. To increase the frame rate, the
expensive volume extinction optimization [9] could be approx-
imated with existing smart visibility approaches [5]. Tuning
the parameters to have an unobtrusive transition between the
two would be an interesting problem.
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