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a b s t r a c t

This paper presents a new method for generating artworks that extends the classical anamorphic
archetype to use freeform reflective and refractive media and 3D surfaces instead of images. The
methodology uses a mix of raytracing and surface deformation techniques to determine the proper
deformation the object should undergo to be corrected by the optical tool once viewed by the observer
in a specific location. Our approach also includes an optimization process that modifies the point
of view and the location of the target image to avoid unwanted optical effects or occlusions. We
successfully tested our technique on several practical examples and employed it to produce actual
artworks.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

The word anamorphosis derives from the Greek ,
which translates as ‘‘ transform ’’. A simple way to understand
anamorphosis is to imagine your shadow cast from the sun and
how this shadow might look when it is compressed or elongated
at different times of the day, as depicted in Fig. 3. This projection
of your shadow onto the ground exemplifies (oblique) anamor-
phosis. In this specific case, the viewer can correct the distorted
shadows by moving to a specific point of view. Several artists
used this principle to produce a target image through an optical
distortion [1]. Arguably, one of the most famous examples is by
Hans Holbein, the younger, with his painting ‘‘The Ambassador’s’’
(1553), which hangs in the London National Gallery.

Anamorphic art can be classified into two distinct groups;
Oblique and catoptric. In catoptric anamorphosis, the image is re-
constituted via the reflective surface. Common examples include
placing a conical or cylindrical mirror on top of the drawing or
painting to transform a flat distorted image into an undistorted
image. Contrary to oblique anamorphosis, the corrected image
can be viewed from many different angles rather than a fixed
perspective as in the case of oblique anamorphosis. An intriguing
historical example of catoptric anamorphosis is its use to conceal
an image like the ‘secret’ Catoptric anamorphic image of Prince
Charles Edward Stuart painted on a wooden board to serve drinks
(see Fig. 4). When a mirrored cylindrical drinking cup was placed
correctly on the tray, the drinker could then toast to the exiled
Prince and the Stuart family. The controversial image would be
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obscured without the mirrored cylinder, keeping the secret safe.
In the context of art, oblique anamorphosis has been extensively
explored both in painting, sculpture, and installation. Yung Hee
Jo [2] and Jonty Hurwitz [3] have extended anamorphosis to
sculpture rather than 2D images.

This paper presents a novel computational framework to gen-
eralize anamorphosis to create sculptures that interact with free-
form mirrors or refractive objects such as those made of glass or
water. Given a target sculpture and a set of refraction or reflective
media, we simulate how the light interacts with the media using
a raytracing technique to derive the target position of each vertex
of the deformed sculpture such that the viewer will perceive the
correct image from a given point of view. We implemented a
framework that includes some interactive tools that allow the
user to verify the result in real-time, optimize the sculpture’s
position automatically and modulate some parameters to fine-
tune the installation to its final setup, ready for production. We
initially verified the accuracy of the produced sculpture by simu-
lating the final effect with available commercial software, then
we fabricated tangible sculptures and exhibited them publicly
in art prizes or at major art fair events. One artwork has been
selected as a finalist for the prestigious Wynne Prize 2023 and
exhibited at the art gallery of NSW [4]. Before then, our artwork
was selected for exhibition at Sydney Contemporary 2022 [5],
Fisher’s Ghost Art Award 2022 [6], and North Sydney Art Prize [7].
One intriguing byproduct of our installation is that when we
employed concave mirrors, the produced reflection is perceived
in front of the mirror, creating a holographic effect.

2. Previous work

In the last decade, a significant amount of effort has been
focused on using computational design and 3D printing to create
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Fig. 1. An example of anamorphic sculpture using refractive objects.

alternative/artistic representations of 3D objects [8]. Some of
these techniques include perspective distortions of 3D objects [9]
or animations [10], including non-linear ray tracing [11]. Some
artistic approaches composes multiple views [12]. Other tech-
nologies deform images to mimic the artist’s style [13]. This
section will first focus on technologies applied in the creation
of anamorphic sculptures. Then we will also provide a quick
overview of the technologies that exploit light refraction and
shadow effects.

2.1. Anamorphic modeling

Since the first anamorphic illustration by Leonardo da Vinci
in the Codex Atlanticus [14], anamorphism has raised signifi-
cant interest in art. Generating an anamorphic drawing by hand
is an arduous and error-prone process as it requires the artist
to draw, thinking of the final optical effect from a different
point of view. Hence, anamorphic art has remained confined
for centuries to a few examples. Some papers formalized the
anamorphosis from a mathematical point of view [15]. However,
thanks to the advent of digital tools to manipulate images and
3D shapes, anamorphism has become more accessible. One of
the first techniques to compute anamorphic distortion of images
uses cylindrical mirrors [16]. Raytracing [17] is used to simu-
late the interaction of the light with simple mirrored geometric
primitives and projects the color on each pixel of the final image.
Anamorphic images have also been generated on large curved
walls by placing modular elements using industrial robots [18].
Some studies [19] analyzed the perceptual problems relative to
the viewer’s position for Plane Geometric Anamorphosis.

Another class of methods employed anamorphism to deform
3D shapes such that the deformation vanishes when the shape is
observed from a certain point of view [20]. A similar effect can be
obtained by using continuous smooth deformation tools defined
over the volume [21]. Appearance Mimicking surfaces [22] opti-
mize the compression of surface normals to fit a certain volume
such that they are perceived correctly from a given point of
view. Anamorphism can also be used to create 3D rationalization
of surfaces that generates Escher-like impossible figures when
seen from a specific viewpoint [23]. To our knowledge, the first
approach that included mirror and 3D shapes is the approach

Fig. 2. Examples of anamorphic sculptures using free-form mirrors: Left: The

correct images; Right: the deformed sculpture as seen from a different point of

view.

Fig. 3. A simple sketch to illustrate anamorphosis. The shape of the shadow

changes with respect to the position of the light source.

proposed by Francesco de Comité in 2011 [24]. However, such
an approach is limited to regular geometric primitives, such as
spheres. The approach was extended in 2015 to work also with
images [25]. A more recent method proposes a general computa-
tional framework for mirror cup and saucer art design [26]. An
input shape is printed on a deformed surface so the user can
observe the corrected reflection when a mirror cup is placed in a
predefined spot.

To our knowledge, our framework is the first one that has been
designed to work with free-form 3D shapes and also allows to use
of both reflective and refractive materials. Furthermore, none of
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Fig. 4. The ‘secret’ Catoptric anamorphic image of Prince Charles Edward Stuart.

the previous methods offers advanced control and functionality
to the artist like the tool we present in this paper.

2.2. Playing with lights and shadows

Beyond anamorphosis, there is a long list of methods in com-
puter graphics that employ light and shadows as the fabrication
domains. Low reliefs are the most common example of this strat-
egy put into practice. Low reliefs are height fields that, when
lit, convince the viewer to perceive a complex 3D shape. They
are an effective and durable method of depicting a 3D shape in
a nearly 2D space. When it comes to manufacturing, low-reliefs
offer the advantage of significantly reducing production costs,
as they can be created using subtractive 2D milling techniques.
High-reliefs are similar but relax the condition of having a height
field keeping part of the original full 3D sculpting volume and
allowing overhangs [27].

The current advancement in fabrication technologies allows
for predicting and controlling how objects interact with lights.
Additive manufacturing allows for precise and local control of
the material employed in the fabrication process. Therefore it is
possible to design optical effects by smoothly varying the optical
properties within the volume. Refraction can be controlled by tes-
sellating flat panels using a vocabulary of sticks made of acrylate
resin [28]. The idea is that each stick will refract the light in a
specific direction so that composing them in a specific manner
makes it possible to control the final optical effect. A similar
approach uses multi-material 3D printing to fabricate arbitrary
surfaces with embedded optical fibres [29]. Each fibre is printed
using materials with different refraction indexes, low refraction
outside and high refraction inside. This technology forces the light
to follow complex curved paths, transforming the object’s surface
into a custom-shaped display. The Magic Lens [30] facilitates
the revelation of multiple images from different points of view.
Another class of techniques optimizes the shape of transparent
objects to produce a given image on a flat surface when the light
hits them. These techniques require high precision milling pro-
cesses that can be employed to fabricate either reflective micro
facets [31] or to modify refractive objects [32–35] to concentrate
light and control caustics projected on flat surfaces.

Shadows are another media that is employed to create evoca-
tive effects. Shadow Art [36] is a technique to retrieve a single
3D shape capable of projecting multiple silhouettes when illumi-
nated from different directions. A more sophisticated approach

Fig. 5. A diagram illustrating our anamorphic modeling approach: the sculpture

is deformed such that each point stays in the target position expressed by the

reflected ray and the distance d.

allows the generation of perforated lampshades that focus the
light along with predefined patterns and project target images on
flat surfaces [37]. Recent works use cables and rods to provide
interesting effects like levitating objects [38] or complex tenseg-
rities [39]. However, these works rely on significantly different
physical backgrounds to the proposed method.

3. Anamorphic deformation

We designed a system to create anamorphic sculptures in a
general setup allowing the user to employ free-form reflecting
surfaces, refractive objects or their combination. Our system re-
quires as input all the elements involved in the optical effect, the
point of view of the observer and the desired sculpture visualiza-
tion. Then, it will output the position and the deformation of the
sculpture that will produce the desired rendering when observed
from the predefined point of view. Each of the involved entities
can be either reflective or refractive.

To understand the main idea of our approach, let us refer to
the 2D diagram in Fig. 5. That simple setup includes a sculpture
S, a single curved reflective surface M and the observer position
v. The main task of our deformation procedure is to derive for
each point px ∈ S the deformed 3D position p′

x such that p′

x will
be reflected over M along the direction that connects v to the
original position of px.

To produce the desired visual effect, It is sufficient to place px
along the reflected direction. However, to obtain the correct shad-
ing of the visualized image, we should respect the local position
of each point with the surrounding ones. A simple solution is to
compute the distance d between a point on the target shape and
its reflection point, then use this distance to place the deformed
point over its reflected ray as shown in Fig. 5. There are infinite
solutions that place the mesh’s vertices along the reflected rays.
To explore and choose one solution, we allow the user to control
two parameters that we will explain in detail in Section 3.2.

We use a similar approach for refractive objects. In such a
case, instead of computing the reflection line, we simulate the
refraction using the well-known Snells Law. Snell’s Law calculates
the change in light direction as it moves between two media with
varying refractive indexes. It is based on the difference in velocity
of light propagation in the media. That effect is used in many
commercial ray tracer engines. Snell’s law states that, for a given
pair of media, the ratio of the sines of the angle of incidence α0

and angle of refraction α1 is equal to the ratio between refractive
indices (n1/n0) of the two media:

sinα0

sinα1

=
n1

n0

(1)

212



L. Pratt, A. Johnston and N. Pietroni Computers & Graphics 114 (2023) 210–218

Fig. 6. A diagram illustrating our anamorphic modeling approach works with

refractive media: Similarly to the case of the reflective surface each point is

moved to the target position by simulating the light transportation. However in

this case the sculpture will be placed beyond the refractive media.

Fig. 7. A simple schema illustrating the Snell law modeling the propagation of

the light through refractive media.

If we know the refractive indices n0 and n1, we can use Eq. (1)
to compute how the light change direction when it enters and
exit from the media. While Fig. 7 shows how the directions rotate
in 2D, for the 3D case, we need also to define a rotation axis. In
3D, the rotation axis is orthogonal to the plane formed between
the direction of the ray and the surface normal.

Similarly to the case of the reflective media, we compute the
distance d from the first occurring intersection and the target
position. We then position the target position along the last ray
exiting from the refractive media at distance d (see Fig. 6).

While this strategy ensures, in theory, a correct visualization,
the final physical optical effect can still suffer from some global
artifacts like undesired reflections or self-occlusions. We will
explain these effects in Sections 3.3–3.5. To cope with these
artifacts, we provide two parameters to tune the distance of the
sculpture from the optical media while keeping its local propor-
tion correctly. Alternatively, these artifacts can be corrected by
slightly changing the position of the viewer. We will explain these
parameters in Section 3.2 and an automatic procedure to alleviate
some of these artifacts in Section 3.6.1.

3.1. General setup

The proposed approach can be extended directly to a setup
that combines multiple reflective or refractive objects. In that
case, we need to trace a ray from the viewpoint, looking towards
each vertex of the visualized sculpture. Then, we simulate how
this ray of light moves between the optical elements of the scene

Fig. 8. The two parameters δ > 0 and µ > 0 allows to control the distance of

the sculpture to the mirror and its size.

utilizing the optical properties of the materials involved (reflec-
tion and refraction). Then move the vertex along the last reflected
or refracted ray, using the distance from the first intersection to
the target sculpture position.

3.2. Control parameters

We offer the artist several degrees of freedom to control the
final result. First, we can tune the position and orientation of both
the observer and the target geometry. However, if we utilize very
curved mirrors or complex refractive objects, the final deforma-
tion might deliver large surfaces, and the fabrication cost can be
prohibitive. Also, the position of the final sculpture might not fit
into the predefined workspace. To produce a correct visualization,
we need each vertex of the deformed sculpture (i) to be aligned
with the computed final ray and (ii) to locally preserve the shape
to ensure a proper rendering. Hence, we can move each vertex
along their rays and preserve both (i) and (ii) if we are able to
move them coherently. We implemented a simple solution that
consists of two parameters: the first one, δ > 0, controls the
minimal distance of the sculpture to the ray emerging from last
interaction with a mirror or a lens, and the second µ > 0 scales
linearly all the distances of the points along the rays (within the
interval between the minimal and the maximal distance). This
way, the user can control the final size of the sculpture to match
the physical constraints involved in the fabrication process (see
Fig. 8). We set δ as a fraction of the diagonal of the bounding box
of the input sculpture. Values between 0.5 and 1 usually work
well in practice, while we set µ to 1 by default.

3.3. Undesired reflections

While the system ensures that a vertex will appear precisely
in the right spot when rendered from the specified point of view,
the same vertex might also be visible in a different location. This
undesired effect might interfere with the intended visual impact
that an artist would like to construct. While this effect cannot
occur in the presence of convex mirrors (currently employed in
anamorphic art), it becomes a common artifact when we use
concave mirrors or freeform refractive objects.

The effect is shown in Fig. 9. We can test if this artifact
is present by raytracing with the target sculpture from the
observer’s point. To speed up the ray tracing process, for each
optical media visible by the spectator, we derive a simple UV map
as the screen coordinates of each vertex. We regularly sample the
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Fig. 9. Double rendering artifact generated by one point on the deformed

sculpture that is reflected in two positions at the same time.

surface in screen space and we trace one ray for each sample,

emanating from the view position and looking towards the sam-

pled points. In this first step, we derive the target image by only

considering the samples in correspondence with target image.

Similarly, we produce the real-world image by physically-based

ray-tracing the scene using all the samples in the entire surface

of the optical medias. In this step we consider all the bounces

produced by the light transportation. Then we can compare the

two images to understand the accuracy of the created effect. No-

tice that to make the comparison effective and easy to compute,

we store, for each pixel, the index of the visualized face. We

then compare the index of faces produced by the two ray tracing

operations (the one that must be visualized with the one that is

produced by the final ray trace). This is a more robust and simple

strategy than comparing directly the produced pixel colors.

3.4. Self occlusions

Even if the computed deformation produces the correct target

image on the optical media, the final visual effect might not be

visible to the observer since the deformed sculpture can impede

it. This effect is visible in Fig. 10.a. This artifact might be pretty

common when using mirrors. Indeed mirrors end up placing

the deformed sculpture between the observer and the reflected

image. In particular, if the mirror is convex, the final deformation

will enlarge the reconstructed sculpture. These two factors, the

positioning and the magnification, might frequently introduce

these occlusion artifacts. Notice the traditional anamorphic sculp-

tures employing cylindrical mirrors suffer from this artifact in

most cases.

There is another possible way the sculpture can be not visible

as a whole. The deformed sculpture is deformed in a way such

that it occludes itself, making some part of its surface not visible.

We illustrate this effect in Fig. 10.b. If we use the classical funny

mirror switching from convex to concave regions, it is almost

impossible to avoid this artifact. The sculpture can be placed very

close to the mirror, but it will occlude the reflection generating

the other occlusion artifacts we explained above. Generally, ev-

ery mirror switching from concave to convex might induce this

artifact if the target sculpture also spans across these different

regions.

Fig. 10. (a) The sculpture occludes the point of view so the observer cannot

see the effect on the mirror; (b) For complex mirror shape, with changes of

concavity, the sculpture can self occlude.

Fig. 11. (a) Different paths artifact on a mirrored object; (b) Different paths

artifact on a refractive object.
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3.5. Different propagation paths

It is possible that a pair of points that are close on the original
surface will end up in very far apart places in deformed sculpture.
This undesired effect might result in unexpected deformation in
the final mesh, causing artifacts in the final rendering. A discon-
tinuity in the ray-traced paths might occur both in the reflective
and refractive case. For example, if we are using a concave mirror,
then some paths can bounce multiple times on the same mirror
before reaching the observer, while others bounce only once (see
Fig. 11.a). If we use a refractive media, a traced ray might hit the
surface at a critical angle; hence, the ray will bounce as reflected
and scatter within the refractive media multiple times before it
exits (see Fig. 11.b). This effect is inevitable for specific configu-
rations in the real world using physically fabricated sculptures.
However, we can detect the discontinuities and optimize the
position of the sculpture to avoid them.

3.6. Optimization

We briefly introduced three sources of artifacts that might
happen in our general anamorphic modeling pipeline, the Un-

desired reflections, Self occlusions and Different propagation paths.
Unfortunately it is difficult to predict these events and sometimes
even impossible to avoid in practice. For example, every mirror
shape that exhibits changes in concavity will tend to produce
unwanted reflections. Also, these effects are difficult to foresee
due to a complex physical phenomenon that is difficult to dif-
ferentiate and optimize directly. However, we can adjust the
parameters iteratively to minimize these artifacts. To eliminate
or mitigate these optical artifacts, we can explore the space of
the possible degrees of freedom offered by our setup. The main
scope of this optimization step is to minimize these artifacts
while introducing as few as possible impacts in the final optical
effect.

The most practical choice is to vary the parameters δ and µ

since they keep the target effect intact without changing the final
intent of the visualized figure. Unfortunately, we must limit these
two parameters for practical reasons. Indeed large values of δ

and µ can produce massive sculptures, which might significantly
impact the production cost. Contrarily, a small δ can make the
final sculpture too small and challenging to print at a given
accuracy. Similarly, a small µ might introduce unwanted optical
effects because we will reduce the variation of normals over the
original surface. As a consequence, the rendering of the final
sculpture will be perceived as significantly flatter than expected.

3.6.1. Automatic parameters exploration

In most simple cases, a quick manual tuning of these two
parameters is usually sufficient to fix the issues (see Fig. 12).
Unfortunately, we might need to adjust other parameters in the
most complex cases. We can change the position and orientation
of the viewpoint, as well we can apply all possible rigid trans-
formations to the target sculpture and the optical media. Given
the highly non-linear nature of the problem and the number
of degrees of freedom involved, it is impossible to derive the
globally optimal set of parameters in a closed-form. Hence we
opted for an iterative gradient descent formulation.

For a given view position, we produce a ray-traced buffer
containing the portion of the surface of the optical media that
is visible by the spectator. Based on that rendering, we can count
the number of pixels in the rendered image that corresponds to
optical artifacts and write the energy Eartifacts that we need to
minimize as follows:

Eartifacts = w0Rpix + w1Opix + w2Ppix (2)

Fig. 12. Different δ and µ parameters can converge to different sculptures while

the final optical effect remain the same.

Fig. 13. Auto optimization: the system slightly changed the position where the

view of the observer was occluded by the sculpture (left) and obtained a valid

configuration (right).

Where Rpix is the number of pixels producing double reflections,

Opix is the number of pixels having self occlusions and Ppix is

the number of pixels producing a different path from the most

common one. For practical purposes, we tolerate double reflec-

tions more than self-occlusion and different paths since they still

allow the complete visualization of the target image. Hence it is

sufficient to set up a weight w0 much smaller than w1 and w2.

Our optimization procedure performs an iterative search in the

space of parameters and updates the current state with the best-

explored solution. We first start by exploring nearby values of δ

and µ since they do not modify the target visualized image. Every

time we test a parameter, we ray-trace the scene and derive the

test value of Eartifacts. If we find a solution that reduces the energy,

we update δ and µ with the new values and continue iterating;

otherwise, we start exploring the solutions that move the camera

or the target object. We then sample nearby translation and ro-

tations along the three axis and we iterate with our optimization

procedure until it is not possible to further reduce the energy. The

effect of this optimization step is visible in Fig. 13.

Notice that we explicitly omitted freeform deformation on

the optical media as this will require the technology for accu-

rately fabricating glass or mirrored objects. Despite theoretically

possible, it requires expensive machining, i.e. 6DOF degree CNC

milling. We decided first to fabricate the media and then 3D scan

it to get its digital representation. This way, we can accurately

represent the physical optical objects used in the scene.
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Fig. 14. A screenshot of our interactive editor.

Fig. 15. Two example of undesired reflection artifacts in the final optical effect.

To capture the attention of the artist, we report the undesired artifacts in red.

4. Implementation

We integrated our methods into an interactive application
that allows the artist to preview the final effect of the produced
sculpture, tune the parameters and adjust the result until they
achieve the desired effect. We implemented our method in c++
using the vcg library (the same used to implement meshlab [40])
and LibIgl [41]. The system enables users to manipulate the view
position and movement of the sculpture in real-time (see Fig. 14).
Additionally, users have control over all parameters governing
the final deformations, such as δ > 0 and µ > 0, and can
quickly visualize the resulting changes. The system also outputs
the final size of the sculpture (using a bounding box) and the local
arrangement of all the entities in the installation. This feature
allows the artist to perceive the space and physical feasibility of
the final installation.

Every time a modification occurs, the system uses our raytrac-
ing procedure to update the deformed mesh and the produced re-
flected image in the optical media. We report any artifacts arising
in the final optical effect (undesired reflections, self-occlusions
or different propagation paths) using a different color in the
rendered image to trigger the artist’s attention (see Fig. 15).

Ray tracer. As previously discussed in Section 3, to compute the
final deformation, we need to displace the mesh vertices along
the direction of the last reflected ray. We interpolate the normals
over the surface from vertices using barycentric coordinates. This
simple strategy provides us with smooth varying bouncing di-
rections over the surface. Unfortunately, since we compute the
distance d (used to displace the vertex of the final deformed
surface) by intersecting rays with the triangulated surfaces, then
the distance values will variate linearly within each triangle and
might have abrupt changes across different triangles. To cope
with this artifact, we took inspiration from the approach used by

Fig. 16. Our hydro-forming tool.

Garland and colleagues [42] to approximate a surface for quadric
edge collapse decimation. We first initialize a quadric for each
vertex. Each quadric expresses the distance to a plane passing
on the vertex and oriented along its normal. Quadrics can be
summed and averaged to simultaneously represent the distance
to multiple planes. Given an intersection of a ray with a triangular
face, we express the intersection point using barycentric coordi-
nates. Then we use such weights to average the three quadrics on
the face’s vertices. This strategy provides a function representing
a weighted distance to a set of planes. Then, as [42], we compute
the point that minimizes this distance function and use it as the
new intersection point. This simple strategy makes the system
more invariant to different input triangulation.

4.1. Fabrication

One of the main difficulties in realizing anamorphic sculptures
is fabricating accurate freeform mirrored surfaces. We used lost
wax casting and manually polished freeform mirrored surfaces,
like the saddle surface shown in Fig. 2. To create large reflecting
surfaces, we used Hydroforming, a popular technique employed
in the 1940s to manufacture smooth metal surfaces. We devel-
oped a hydroforming tool to inflate stainless steel into a dome.
Stainless steel was an ideal material for this project because it is
durable and can be mirror polished. Fig. 16 shows a picture of our
first hydroforming tool capable of generating curved mirrors up
to 1 meter in diameter. After fabricating our mirrors, we acquire
a digital model for our experiments using standard 3D scanning
technology.

5. Results

We used our method to produce several anamorphic sculp-
tures as shown in Figs. 2, 18, 17 and 1. The final rendering of
the sculpture in the mirror looks as intended, while the final
sculpture is highly deformed and almost unrecognizable (see
Fig. 2). One of the most delicate and challenging tasks was to
polish the mirror without introducing artifacts over the surface.
Although we did our best, the final surface was not perfect, and
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Fig. 17. The final installation at the art Gallery of New South Wales (left) and the deformed skull before the final assembly (right) realized in bronze.

Fig. 18. A distorted sculpture (left) that is correctly visualized through a jar of

water (right). Notice the high distortion in the area of the head caused by the

high refraction effect happening on the side of the jar. This effect is correctly

rendered in the final sculpture.

we are planning perhaps to improve our finishing skills for the
future.

In Fig. 1 we experimented with our technique using two glass
spheres. Interestingly the hands point outwards where they are
not reflected in the spheres, creating a nice final effect. Fig. 18
shows a sculpture that uses a glass vase filled with water. Finally,
in Fig. 17 we show an installation with a mirrored concave dome
of 1000 mm and a bronze sculpture of a skull to be reflected in
it. Surprisingly the concave mirror creates an holographic effect
that is quite impressive to be visualized on such a large scale:
the observer perceives the reflected image as positioned in front
of the mirror.

6. Conclusions

We proposed a new technology to extend anamorphosis in the
art to exploit the recent advancements in ray tracing and additive
manufacturing. While previous technologies could only utilize
simple geometric primitives (cylinders or cones), our technology
can work with many complex surfaces. We also showed how our
technology could utilize either reflective or refractive objects. To
our knowledge, the use of refractive media in anamorphosis is
entirely new.

We employed our technology to fabricate innovative sculp-
tures and exhibited them at prestigious international art events.
We analyzed the intrinsic limitations depending on the physics
of light transport in the paper. Unfortunately, we cannot avoid
such restrictions entirely. Still, we can partially mitigate them by
optimizing the parameters that define the entire scene, such as
the position of the viewer, or of the sculpture, or of other factors

determining the resulting deformation. One exciting direction
to overcome some of the current limitations is to optimize the
reflecting/refracting media’s shape. However, this will require
the ability to accurately fabricate reflective or refractive shapes
from a digital shape representation. Another interesting future
direction to explore is discovering new ways to maximize the
deformation of the final sculpture, eventually including details in
non-visible areas. This might increase the surprise of the viewer
to observe the difference between the manufactured object and
its reflection in the mirror. An additional area for improvement
is to broaden the scope of the simulation to account for the
stereoscopic impact of an individual’s perspective. Currently, our
computations rely solely on a monocular viewpoint, which is a
useful estimation but not entirely precise. So, although the pro-
duced effect is correct, the computation could be more accurate.
Furthermore, we observed that the viewer must be at a specific
distance from the optical media to achieve proper focus, whether
the effects are refractive or reflective. A more comprehensive
examination of the optimal focal distance may require more
precise modeling of the viewer.
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