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Figure 16: By maintaining separate graphs for rods and wires,
we can use differing visibility weights and yield stresses based on
what materials are going to be used in fabrication. Our system can
wisely select which edges should be wires vs rods.
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Figure 17: 3D zoetropes are an old idea, but hiding supports for
flying objects is still challenging. We incorporate the centripetal
force due to spinning and hide supports behind a backflipping boy
zoetrope. See accompanying video at 3m35s.

For this example to be structurally stable both at rest and while
spinning, we first find the optimal set of rods for each frame under
gravity and then re-run the linear program on just these rods subject
to centripetal forces. The final rod thickness are the maximum over
the two solves. Incorporating more elaborate multi-load handling
(cf. [Fre04]) is left as future work.

5. Limitations & Future Work

Our rod model includes linearized tension, compression, and bend-
ing forces. Like many past methods, we do not handle the self-
weight of the rods by assuming that the force of gravity is much
larger than the force of the rods on themselves. This is a trivial
addition of gravity forces on each rod proportional to their length.
Ground structure methods may produce solutions where thickened
rods intersect; ours is no exception. Edges which nearly overlap
with each other appear in the original ground structure and there-
fore may be selected as rods in the solution. However, this has not
caused any fabrication problems in practice. Previous methods have
considered penalty terms or post-pressing to deal with intersecting
(e.g., [JTSW17]). Wire-wire intersections are extremely unlikely
due to the very thin nature of wires. Our visibility model considers
direct line of sight, but not other cues such as reflections or shad-
ows. Transparency of objects is not accounted for. Depending on
the setup of the scene, there may not be a solution invisible to ev-
ery viewpoint (e.g., Figure 18). Since we model physical validity as
a hard constraint, we are still able to find a solution, albeit a visible
one.
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Figure 18: In the case of a very wide viewpoint distribution and a
small or thin object, there will most likely be viewpoints from which
the supports are visible. The rightmost figure shows the scene from
a viewpoint on the outer 20% of the distribution.

The precise solution depends on the initial ground structure. In
general, denser ground structures produce higher quality solutions
— both in terms of total structure volume and hidden-ness — with
diminishing returns. Rod areas are directly proportional to stress
limits, so acurate fabrication relies on accurate (or at least conser-
vative) material measurement.

Our algorithm assumes that the input is a well-crafted scene to
begin with and leaves it perfectly as inputted. The creative design
process for these scenes is itself non-trivial. In the future, we are
interested in pursuing an interactive design tool which would pro-
vide hints to increase occlusion by applying simple transformations
(translations, rotations and scales) to the objects in the scene or
even provide automatic layout optimizations given the objects and
the viewpoints.

We model the problem of hidden supports as an efficient linear
program that leverages fast ray-casting from computer graphics.
We see an exciting future in combining techniques from render-
ing and geometry processing with structural optimization in archi-
tecture and engineering. We hope this combination of appearance-
driven design will be beneficial to scientific and artistic endeavours.
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Appendix: Matrix Form

Solvers like MOSEK [AA00] expect the problem to be provided
in matrix form. We spell out the coefficients of the relevant sparse
matrices implementing the linear program in Eq. 8.

For our pruned ground structure with m candidate edges con-
necting N vertices, introduce a unit-less sparse matrix C ∈ R3N×m

where:

C jl =


t̂i j if rod i j points toward x j

−t̂i j if rod i j points away from x j

0 otherwise.

(12)

Here, j is used to index the 3 rows that correspond to the vertex
x j and l is used to index the column for rod i j.
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Introduce a unit-less sparse matrix Q ∈ R3N×2m where

Q jl =


N̂i j if rod i j points toward x j

−N̂i j if rod i j points away from x j

0 otherwise.

(13)

Introduce a sparse unit-less selection matrix S ∈R3K×3N , where

Sk j =

{
I3 if vertex x j lies on object k
0 otherwise

(14)

Introduce a sparse cross-product matrix D ∈ R3K×3N with units
meters, where

Dk j =

{
[x j−xk]× if vertex x j lies on object k
0 otherwise

(15)

where

[d]× =

 0 −d3 d2
d3 0 −d1
−d2 d1 0

 ∈ R3×3 (16)

Finally, the full linear program in matrix form may be written

min
a,c,q

(`+λg′)
>a (17)

subject to
[

0 SC SQ
0 DC DQ

]a
c
q

=

[
m⊗g

0

]
(18)

and −σtal ≤ cl ≤ alσc,∀l (19)

and −σsal ≤ ql ≤ alσs,∀l. (20)

where g′l = g2
l , ∀l since the squared visibility is linear in the

cross-sectional areas of each rod.

m⊗ g denotes the Kronecker product of the m ∈ RK stacked
vector of object masses and the g ∈ R3×1 gravity vector.
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