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Fig. 10.
the default global node orientation (denoted by a node
with outgoing struts) is not reflective symmetric w.r.t. ¥
(pink dashed), hence symmetric meshing is not possible.
Rotating the global node orientation as indicated by the
blue arrow aligns one of its symmetry planes with ¥ and
enables symmetric results by mirroring.

For an exemplary 2d configuration (middle)

a strut s (two connected nodes) lying on X. We create
p in two steps: first, the strut direction d € Dl|y and
length | with the most similar tangent to S around the
harmonic center is selected and subsequently the strut
position is optimized to minimize its distance to SN,
this defines s and its end nodes. Then, the best fitting
panel p € Panels(s) is added as the first panel of Z.

4.3 Growing

We call nodes lying on X symmetry nodes. At any time
during growing, only two of the symmetry nodes are
part of the priority queue, namely the two “outer” nodes
having only one incident strut in the plane. The filling
procedure detailed in Section 3.2.1 relies on the halfedge
data structure of Z and is based on covering boundary
vertices to no longer lie on 0 Z. The symmetry nodes,
however, by definition always lie on 0 Z, calling for
a slightly modified boundary test to only consider the
halfspace defined by X. The first step when growing
around a popped symmetry node is to add and connect
the best fitting strut, lying in the symmetry plane, to
the node. To fill the gap arising between this strut and
the rest of Z growing is performed, similarly to above,
by adding panels to complete the (half-)ring around the
node, i.e., so that it no longer lies on the boundary (in
that halfspace).

5 EXPERIMENTS
5.1 Relative Weighting of Energies

We tested different coefficients « € [0..1] for the lin-
ear combinations of energies in Section 3.3. Figure 11
demonstrates the results on a hemisphere test object.
Naturally, the orientation error decreases with increasing
a, while the closeness error increases. Also, giving more
weight to the closeness error favors shorter edges (a finer
tessellation) than when only penalizing orientation er-
ror. Note that low values for « increase the risk for
bad/flipped configurations causing deadlocks (requiring
fixing cf. Section 3.6). Our choice of o = 2 is a good
trade-off, motivated by the observation that for higher
values of a the orientation error decreases only slowly
while the closeness error increases more rapidly.

Orientation Error

Closeness Error

a=3

2
0.0 0.5 10 fip =0 ©0° 45° 90°
Fig. 11. Experiment: linear combination of energies on
a hemisphere mesh. The errors are color-coded on the
input freeform surface on a scale from dark blue (lowest)
over green to red (highest). Here, the orientation error is
the angle deviation. The Zome mesh wireframe is shown
in gray. F' is the number of faces in Z. fix denotes the
number of deadlock resolves (fixes) were needed.

5.2 Choice of Starting Position

To determine an appropriate starting position for the
growing procedure we experimented with starting posi-
tions distributed at different distances from the bound-
ary. Figure 12 shows the CHILD object partitioned in
colored strips at different distances from the boundary.
In each of these strips growing was initialized at 5
different random positions and the time and number of
fixes was measured until growing was completed. The
graph on the right in Figure 12 shows the average time
and number of fixes per strip. The probability of good
values generally improves for positions closer to the
center of the object. Based on this observation, we start
growing from the harmonic center, a natural “middle-
position”, which enables minimal stretch of the growing
field and a more even growing speed along the front.

5.3 Choice of Node Orientation

The global node orientation potentially has an influence
on the resulting Zome meshes. However, the relative
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Fig. 12. Experiment: Starting position of the growing pro-
cedure. The lowest and most stable distribution of com-
putation times and required number of fixes is achieved
close to the “middle” of an object.

frequencies %{r,b,y} of red, blue and yellow struts in
the final Zome meshes shown in Table 1 are gener-
ally (except for the symmetry plane experiments on
MoAI) closely distributed around the actual availabil-
ity of the respective slot directions in a system node:
(%r, %b, %y) = (20%,48%,32%). This suggests an al-
ready a well-balanced utilization of the available direc-
tions in D and corresponds well to the general curvature
profiles of the input surfaces. Hence, the global node
orientation is only optimized when using symmetry
plane constraints and left to its (some) default orientation
otherwise, i.e., for free growing.

5.4 Choice of Symmetry Plane

When meshing with symmetry constraints we used
a Zometool plane of type 1 in all examples as this allows
for the highest directional resolution along the intersec-
tion curve between the input surface and the symmetry
plane. Experiments showed that a higher resolution in
the plane generally also leads to better results for the rest
of Z as it is less likely for bad decisions to arise along the
plane and be propagated further. It also leads to lower
computation times as pruning is more effective when
low-energy solutions can be found. Figure 13 shows
meshing results using planes of type 1, 2 and 3 on the
MOAI mask (cf. Table 1 for run-times).

6 RESULTS

We computed Zome meshes, from a number of different
freeform surfaces, on a standard i7 PC using OpenMP
parallellization. The results are summarized in Table
1 and the therein bold-marked objects are shown in
Figure 14. A real-life assembly of DOG’s head is shown
in Figure 1. The manual assembly took 5.5h. See the
project website http:/ /www.rwth-graphics.de/zometool
for more details and models.

The input to our method are disk topology surfaces,
hence, if closed, the mesh needs to be cut open corre-
spondingly. On standing objects (e.g. CHILD) it is natural

Fig. 13. Experiment: MOAI mask meshed using symmetry
planes of type 1, 2 and 3. A low directional resolution
(node slots) in the symmetry plane leads to bad approxi-
mation of the intersection curve SNX (black) and propa-
gation of errors into the interior of Z. High energy values
also cause longer computation times due to pruning being
less effective (cf. Table 1).

Model |Z| BA %r %b %y time mode fix
114 090 25 46 29 15m U/S1 0

472 134 28 45 27 18m U/S1 0

HOMER 1548 213 26 45 29 40m U/S1 0
5820 2.61 23 46 31 130m U/S1 1

880 197 24 41 35 76m A/S1 0

DUCK 797 2.01 20 43 37 208m A/F 0
1692 211 21 45 34 90m A/S1 1

1551 2.35 21 43 36 8lm A/F 0

TRAINST. 442 110 26 42 32 4m U/S1 0
1354 1.84 22 48 30 80m A/S1 0

SUZANNE 1300 167 20 47 33 195m A/F 3
2210 230 22 41 37 78m A/S1 0

MoOAT 2162 230 16 55 29 95m A/S2 0
2408 2.73 18 59 23 110m A/S3 0

456 13 24 38 38 5m A/F 0

TRADEFAIR gy 57 19 42 39 22m A/F 0
MAX PLANCK 1480 236 22 47 31 67m A/S 0
Doc 927 147 17 49 34 240m A/F 0
1516 1.69 21 46 33 241m A/F 0

CHILD 1849 2.08 22 45 33 139m A/F 0
BUNNY HEAD 1368 1.87 21 40 39 175m A/F 0

TABLE 1

Results of our approach. | Z | denotes the number of
faces of the resulting mesh and the second column the
ratio of quads to triangles. The three % columns give the

relativity of red, blue and yellow struts in the mesh.

“mode” is a tuple of initialization type (User-defined or
Automatic) and growing mode (F'ree or Symmetric). The
x in Sz denotes the used plane type. “fix” is the number

of deadlock repairs that were necessary.

to cut open the bottom, while for masks made for
hanging against a wall (e.g. SUZANNE) the back could be
opened. Note that, while an infinitesimal hole suffices in
theory, a heavily distorted growing field is more prone
to cause problems on the front. We assume “sufficiently
smooth” input surfaces and a target panel-size corre-
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Fig. 14. Resulting Zome meshes of different freeform surfaces. The TRAINSTATION object (non disk-topology) was

computed by temporarily filling the hole in the middle.

sponding reasonably well to the feature granularity of
the input, still, HOMER and DOG show that also very
coarse solutions and feature-rich inputs are possible.

While our method is completely deterministic, there is
a certain randomness or variance involved in the results
with regards to both the generated output geometry
as well as the run-time. This is because slightly vary-
ing initializations (e.g., starting position or target edge
length) can cause quite different local configurations at
another point during growing. While this is less critical
for the actual approximation quality of the output, since
segments are filled in an optimal manner regardless
of the actual segment configuration, the run-times can
vary strongly depending on the local configuration and
surface smoothness. The reason lies in poor pruning
performance in certain configurations together with the
used, structured filling strategy. When filling a segment
from “left” to “right” along the active strut, expecting
a low-energy solution, in each iteration the possible
panels are first sorted by descending energy values
and recursed accordingly. This makes the pruning less
effective if for example the optimal solution requires
high energy panels to the left.

Zometool enables a huge re-usability potential as only
9 different struts are involved. This paper presented
a method to enable efficient paneling of surfaces by
defining a restricted set of panels P. As this set is not
specialized for a single shape but applicable to any input,
it can be mass produced. However, the fixed scaling of
the struts and panels calls for sets of differently sized
panels depending on the scale of the application at hand
(e.g., building-sized architecture vs. toy-sized bunnies).
The measures in Figure 14 specify the sizes of the objects
using the standard Zometool elements. It is important to
note that the relative approximation error can always be
trivially reduced by simply scaling up the input object
S, which results in a finer Zome mesh Z (cf. Figure 15).
The absolute error depends on the lengths of the struts.

6.1 Quad-to-Triangle Ratio

The output meshes are in general quad-dominant with
a BA ratio of around 2. Due to the flexibility of triangles
to better handle different curvature configurations and
varying resolutions, this ratio decreases for feature-rich
inputs or when computing coarse outputs.

6.2 Features

Given the finite set of angles present in the Zometool sys-
tem, the sharp features common in technical objects
can in general not be represented. However, given an
appropriate panel resolution, details on smooth freeform
surfaces can be represented as shown in Figure 15 on
a series of HOMER models at different scales. Naturally,
the preservation of small features cannot be guaranteed
in practice (although theoretically representable), as cap-
turing them would require the growing process to place
nodes precisely at the respective feature, which is hard
to achieve in general due to the arbitrary distribution of
features and nature of the growing and starting position.

7 LIMITATIONS AND OUTLOOK

The proposed method still leaves room for improvement
and we have identified a number of open questions and
limitations, which we believe should be addressed in
future work.

7.1 Topology Optimization

A high distortion of the growing field front panels
intruding too much into neighboring regions can cause
ugly fold-over configurations. Such distortions are more
prone to arise in concave areas or around surface fea-
tures, e.g., back of SUZANNE’s chin. Instead of utiliz-
ing the, rather brute-force deadlock fixing procedure, it
could be possible to develop a local remeshing operator
by investigating the topological region of influence of
nodes located in the interior of a Zome mesh. If such an
operator can be found and pre-computed for different
neighborhood sizes even a kind of direct, Laplacian
modeling inspired, freeform Zometool modeling is imag-
inable.
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Fig. 15. Different scale quad-dominant Zometool meshings of a HOMER mask, having 0.1k, 0.5k, 1.5k and 6k faces.
The real-life heights of the models are ca. 0.7m, 1.4m, 2.6m and 5.5m.

7.2 Closed Surfaces of Higher Genus

We believe a generalization of the presented growing
approach to non-disk topologies to be very hard. Al-
though it is imaginable to timely identify colliding parts
of the front and applying the same exhaustive filling
(used for filling local segments above), to the enclosed
areas, this could ultimately mean computing an optimal
tessellation for the whole input, which is not tractable.
The presented approach starts the growing from the
center of a surface towards the boundary, which can
naturally lead to a frayed boundary of the Zome mesh.
However, if alternatively starting from the boundary
towards the middle one could have more control over
quality of the boundary, however, a closure problem
similar to that of closed surfaces would result. While [31]
presents an approach for closed surfaces based on locally,
incrementally updating an initial solution, it, does not
handle the case where one must be able to guarantee
that no intersections occur and that panels are planar.

7.3 Admissible Panels

The triangles and convex, planar quads used in this work
corresponded well to the harmonic growing strategy
and enabled efficient intersection tests. However, with
a limited set of directions and panels in the system
comes a limited fairness of the results. More detailed
evaluations of the obtainable fairness would be required
for architectural applications. Extending the set of panels
by introducing planar, convex n-gons should be straight
forward, but at the cost of further increasing the expo-
nentially growing branching possibilities of Algorithm 1.
A generalization to concave panels could be possible
but would require extra care in the prioritization. It is
unclear how to handle the intersection tests for non-
planar panels.

8 CONCLUSION

To the best of our knowledge, the approach presented in
this paper is the first attempt at rationalizing freeform
surface patches by a polygonal Zome mesh consisting

only of planar, convex panels. The devised front growing
strategy is guided by a harmonic field of arrival times,
designed to minimize the number of problematic cases
on the front, and the front itself is advanced by adding
locally optimal strips of Zometool panels. By a simple,
but effective, extension the method is also capable of
reproducing reflectional symmetries often found in man-
made characters and designs. To demonstrate the perfor-
mance of our method we computed Zometool meshes
for a wide range of input surfaces with different smooth-
ness and complexities. Although finding a solution is not
theoretically guaranteed, the rarely encountered prob-
lems were all solvable by our repair strategy.

The Zometool system has a huge potential for re-
usability and efficient realization in modern freeform
architecture. We hope our work can serve as a first step
towards extending the application area of Zometool to
a new class of recreational and architectural applications.
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