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Figure 1: Reconstruction of the fandisk model. Orange color signifies completed surface parts. (a) The input point-cloud with
holes (b) Final result (c) Result without the connectivity enforcement algorithm of Sec. 5. The disconnected primitive highlighted
in red cuts off part of the model. (d) Close-up views of result without consistent edge labels and final result (see Sec. 7)

Abstract

We consider the problem of reconstruction from incomplete point-clouds. To find a closed mesh the reconstruction
is guided by a set of primitive shapes which has been detected on the input point-cloud (e.g. planes, cylinders etc.).
With this guidance we not only continue the surrounding structure into the holes but also synthesize plausible edges
and corners from the primitives’ intersections. To this end we give a surface energy functional that incorporates
the primitive shapes in a guiding vector field. The discretized functional can be minimized with an efficient graph-
cut algorithm. A novel greedy optimization strategy is proposed to minimize the functional under the constraint
that surface parts corresponding to a given primitive must be connected. From the primitive shapes our method
can also reconstruct an idealized model that is suitable for use in a CAD system.

Categories and Subject Descriptors (according to ACM CCS): Computer Graphics [1.3.5]: Curve, surface, solid, and

object representations—

1. Introduction

Even despite considerable effort, data obtained with range
scanners or stereo capture usually suffers from occluded or
defective portions of objects that either could not be per-
ceived during acquisition or have adverse material proper-
ties that hinder the scanning device. Nonetheless, a complete
surface representation without holes is usually desired, and
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sometimes even required, for further processing or render-
ing. Therefore reconstruction algorithms must not only be
able to recover the surface parts that have been captured, but
must also synthesize plausible geometry in hole areas.

Previous work either uses general smoothness assump-
tions to derive the completing surface parts or relies on a
database of suitable example cases from which a completing
surface can be retrieved. We argue that for a large class of ob-
jects encountered in man-made environments, surface char-
acteristics are well represented by a set of primitive shapes
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(planes, spheres, cylinders, cones and tori). Besides global
shape, these primitives also capture local surface differential
properties. Moreover, their intersections naturally describe
the structure of edges (see Fig. 1 and 2).

Thus, in this work we propose to exploit the information
given by a set of shape primitives that has been detected on
the input surface to automatically infer a closed reconstruc-
tion of an incomplete 3D model. The primitive shapes can
be extended into the empty regions and serve as a guidance
for hole-filling. Our algorithm differs from previous work in
several important aspects:

e By using the primitive shapes as guidance for hole-filling,
we find plausible completions that continue the geometric
structure around the missing area. We can not only extend
existing edges into the hole, but also derive the location of
novel edges and corners in the synthesized surface from
the primitives’ intersections.

e Apart from filling of missing areas, our method also al-
lows to use the guidance of primitive shapes to reconstruct
a mesh that adheres to the primitives everywhere, i.e. not
only in the holes. This results in an idealized noise free re-
construction that is composed only of the primitives and
ignores fine surface detail (e.g. engravings). Such a recon-
struction is suitable for processing in a CAD environment.

e Additionally our algorithm can also faithfully recover sur-
face parts not approximated by primitives. Even fine de-
tails in the areas of the surface that are approximated by
primitives can be recovered, while at the same time prim-
itives do guide the completion of holes.

Our novel algorithm is based on an energy minimization
approach that allows us to infer missing geometry from a set
of surrounding primitives and reconstruct a closed, idealized
3D-model. In detail, our paper makes the following technical
contributions:

e We derive a surface energy functional that incorporates
the guidance given by the shape primitives. We propose
a discretization that allows the application of an efficient
graph-cut optimization algorithm.

e We give a novel greedy optimization strategy to minimize
the above functional under the constraint that surface parts
corresponding to a given primitive must be connected.
This enables us to handle multiple holes in complex 3D
models (see Fig. 1 (c)).

e We show that our method allows extraction of an ideal-
ized surface with sharp features. To this end we give an
algorithm that resolves ambiguities arising from smooth
transitions between primitives (see Fig. 1 (d)).

The proposed method is able to handle an arbitrary num-
ber of primitives that may have arbitrarily complex intersec-
tions which, to the best of our knowledge, was impossible
previously. Finally, our method can also easily be adapted
to the special conditions for completion of range-images or
height-fields.

2. Previous work

The problem of hole-filling has been regarded from several
different perspectives in previous work. Closely related to
our setting is work on surface reconstruction and completion
as well as the completion of range images. In the following
the most relevant previous approaches from each area will
be shortly reviewed.

Surface reconstruction involving fitted primitives
has long been the standard in reverse engineering (see
[BMVO01]) but has also been considered in the graphics com-
munity [HDD*94] [JWB*06] [JKS08] [GSH*07]. While
these methods usually support the reconstruction of sharp
features at the intersection of primitives, they do not provide
any means to infer larger regions of missing geometry from
the information contained in the shapes.

Our method uses energy functionals similar to the general
purpose reconstruction methods of Kazhdan et al. [KBHO06],
Hornung and Kobbelt [HK06] as well as Lempitsky and
Boykov [LBO7]. However, compared to their approaches,
our method is the first to incorporate information from fitted
primitives and to explicitly address the problem of surface
completion.

Surface completion is traditionally part of surface
reconstruction algorithms (see e.g. [CL96]), but has also
received research attention in its own right. Most meth-
ods have been inspired by image inpainting approaches
[BSCB00] [DCOYO03] and can be attributed to one of
two directions of research: (1) Methods based on level-
set PDEs [DMGLO02] [VCBS03] and energy minimiza-
tion [CDD*04] (2) Example-based approaches [SACO04]
[PMW™*08] [WO02]. Methods in the first class focus on
inferring smooth geometry in missing areas that also has
smooth transitions to the existing surface parts. Therefore
they cannot model the sharp features resulting from inter-
sections of shape primitives. Moreover these methods can-
not guarantee that for instance a hole in a cylindrical surface
is also completed with the respective cylindrical geometry.
The second class of methods is based on discovering (self-
)similarity and regularity in or between models in order to in-
fer the missing information from other fully captured surface
parts. While example-based completion can achieve highly
plausible reconstructions, it very much depends on the exis-
tence of suitable surface parts fitting into the missing area.

Podolak et al. [PRO5] used a graph-cut based approach
to resolve topological ambiguities of completing surfaces
in 3D. In contrast to our approach no structural constraints
other than smoothness can be imposed.

Mesh repair  algorithms [Ju0O4] [Lie03] [BPKOS] are
able to fill small gaps in the input models but lack the capa-
bilities to handle larger missing pieces and cannot propagate
structure therein.

Range image completion has been studied by Fisher
and colleagues in [SDFO1] and [CLF02]. Similarly in spirit
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Figure 2: (a) A hole is indicated by the orange area. (b)
Planar primitives in the vicinity are extended. (c) Intersec-
tion define the completed surface. Bottom row: The effect of
the connectivity constraint. (d) Primitives are color coded.
(e) The desired reconstruction contains a completed circle.
(f) If connectivity of the primitives is not enforced another
reconstruction that cuts off the circle is also possible.

to our approach, albeit limited to 2D, missing regions are
filled by continuation of primitive shapes that reach a hole’s
boundary. However, only cases of two severed boundary
edges are handled. Jia et al. propose a tensor voting approach
to range image completion in [JT04]. Even though some dis-
continuities are preserved, intersections of surfaces are not
explicitly handled.

3. Shape primitive guided completion

Given a point-cloud with oriented normals representing the
potentially incomplete surface S, we seek to reconstruct
a closed surface S that propagates the geometric structure
of the original surface into the missing areas. Our idea is
to represent this structure by a set of shape primitives P =
{Py,...,P,} that has been detected on the incomplete sur-
face S, see Fig. 2. Shape primitives are given as implicit
surfaces (planes, spheres, cylinders, cones and tori) of pos-
sibly infinite extent. Using this definition of structure, the
completion problem can be put as follows: Find a suitable
watertight surface S that approximates S and at any loca-
tion adheres to at least one of the primitives P; € P. We may
later relax this condition if there exist areas of the input sur-
face that cannot be represented by primitive shapes.

Since primitives are implicit surfaces of possibly infinite
extent, it is possible that a primitive P; is used to complete
the surface in multiple disconnected regions that are far away
from each other or dissimilar to the parts of S0 originally
approximated by P;. As demonstrated in the bottom row of
Fig. 2 this can lead to undesirable completions or shortcuts.
We therefore further require that all parts of the surface S
following a primitive P; should be connected.

While it is relatively easy to locally extend individual
primitives into a hole region, intersections of multiple prim-
itives can be highly complex and reconstruction becomes
non-trivial. See Fig. 7 for an illustrating case where several
planar primitives need to be intersected to form a complex
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rooftop geometry that has several sharp edge features. Our
solution handles such complex intersections of an arbitrary
number of primitives and gives plausible results.

In summary there are two characteristics that make up our
primitive guided reconstruction: Primitive adherence makes
the reconstructed surface follow the input primitives (see
Sec. 4). Adherence is always in effect in hole areas, but sur-
face parts that cannot be represented by primitive shapes at
all as well as fine details can be handled using a traditional
reconstruction method as outlined in Sec. 6. Primitive con-
nectivity ensures that surface parts corresponding to a single
primitive form a connected subset of the reconstructed sur-
face (see Sec. 5) which, as argued above, is necessary for
plausible reconstructions in case of multiple holes.

3.1. Shape detection

Before our algorithm can be applied, a set of shape primi-
tives needs to be detected on the input surface. In our im-
plementation we decompose the input point-cloud using the
RANSAC-based approach of Schnabel et al. [SWKO07], but
methods as suggested by Cohen-Steiner et al. [CSADO04] or
Wu and Kobbelt [WKO5] would be applicable as well. An
advantage of the employed method is its robustness with re-
spect to noise in both positions and normals as demonstrated
in the original paper. Even though the shape detection re-
quires normal information, the correctness of normals close
to sharp edges is not critical for the estimation of shape prim-
itives. In our reconstruction, sharp features are deduced from
the robustly fitted primitives directly, without relying on po-
tentially noisy and incorrect normal information.

The shape detection provides us with an oriented set of
primitive shapes P; € P where each primitive P; is associated
to a single connected support area S; C P; that corresponds to
the region of S 0 approximated by P;. While in practice shape
primitives P; approximate the original surface only up to a
predefined tolerance, for the sake of simplicity the following
discussion assumes that the surface S° is given as the union
of the support sets, i.e. 8% =5,US,U...US,. Thus we also
have §; C 8. We postpone the discussion of how details
within the tolerance threshold and parts of the surface not
covered by primitives can also be considered to Sec. 6.

4. Primitive adherence

In this section, we propose an energy functional that assigns
any given closed surface S a cost according to how well the
surface adheres to the given set of shape primitives P. By
minimizing this cost over the set of all closed surfaces we
obtain a reconstruction S that is guided by P and satisfies
the primitive adherence condition. For now we will disre-
gard the connectivity condition and postpone the discussion
of enforcing connectivity to Sec. 5.

We define the cost E of S by measuring the surface area
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Figure 3: The effect of different configurations on the energy
term — [(H((n|v))dA (see text).

E, of S. To reward primitive adherence we do not take into
account the area E), of those surface parts that coincide with
a primitive. A third term E. avoids ambiguities in the solu-
tion and enforces the approximation of the original surface
S°. Thus, denoting the surface normal of S by n, the func-
tional responsible for primitive adherence that we want to
minimize can be written as

E(S) = E(S) — Ep(S) + Ec(S)
:/ dA—/ H((nW))dATE(S) (1)
S S

where v : R? — R? is a vector field derived from the shape
primitives’ normals and H denotes the Heaviside function

1 x>0

H(x) = { 0 otherwise 2)
Since the first term E, in Eq. (1) is simply the surface area,
minimizing E in the absence of, or far away from, primitive
shapes results in a surface of minimal area.

Concerning the vector field v in the second term E,, we
compute for each primitive P; the normal field np, : R} >R}
which vanishes everywhere except on the surface of P;. We
define v as the sum over the normal fields np, of all primi-
tives. The idea behind this definition is illustrated in the left
of Fig. 3. As shown in the figure, the vector field v (shown in
black) is non-zero only on the shape primitives. Moreover,
the term H((n|v)) evaluates to 1 iff the orientation of the
surface normal field n (shown in green) and v coincide. For
the configuration shown on the left of the figure both criteria
are met. In this case, the second term cancels the area term
resulting in zero cost. The sum of the terms increases if the
surface does not follow the primitive shapes (yellow on the
right) or if surface normal and vector field are not consis-
tently oriented (red surface). Thus, minimizing the second
term in the above energy aligns the surface with primitive
shapes and enforces the correct orientation of S.

Even though the first two terms of the cost function en-
force adherence to the primitive shapes P;, there are usually
multiple minima, including the trivial empty surface. There-
fore, the third term E. of the function E is used to impose
additional inside and outside constraints given by two sets
Cin C R? and Cour C R3. As a closed surface S divides the
space into a well defined inside S;, and outside Sous (see
Fig. 4(b)) and we require Cy;, .} to be contained in the in-
side/outside Sy, 4} respectively. The actual choice of the

sets Cin o) 1s derived from the original surface S° and de-
tailed in Sec. 4.2. The third term in the cost function which

integrates over all violated constraints is given by
Ee(S) = / MV + AV 3)
C[n \SM Couz \Sou/

where A is a constant that must be chosen sufficiently large
to avoid constraint violations, i.e. larger than the area of the
reconstructed surface.

4.1. Discrete global minimization

While the cost function E enables an adequate formalization
of the surface completion problem as sketched in Sec. 3, the
multitude and structure of its local minima hinders an effi-
cient global minimization by variational methods. To enable
an efficient global optimization, we pursue an approach sim-
ilar to Kolmogorov and Boykov [KBO0S5] and formulate the
surface completion problem defined in the previous section
as a cut on a discrete volumetric graph. Fast graph-cut meth-
ods can then be used to compute a globally optimal solution
in polynomial time.

We start by defining a volumetric graph G = (V, ) where
the set of vertices V consists of all voxels in a regular 3D-
grid that bounds the input surface % In addition, V contains
a special source vertex s and a sink vertex ¢. The edges in £
connect each grid node v; j; to its 26 neighbors in the grid.
The definition of the volumetric graph is illustrated in Fig. 4
(a) for a 2D example.

On the edges of this graph we define a capacity function
E, that assigns each directed edge a cost. This function £ can
be regarded as a discrete counterpart to the continuous cost
function E in the previous section. Given the graph G and the
discrete cost function £, an optimal partition of the vertices
into two sets Sj;, and Sour - the cut - is computed by mini-
mizing the costs of all edges from S;, to Sour subject to the
constraints s € S, and t € S,,,. With a suitable choice of the
cost function £, the discrete solution to the surface comple-
tion problem is then implicitly defined by the cut (S, Sour)
(see Fig. 4 (b)).

Corresponding to the three terms of the continuous cost
function E, we define the discrete edge costs assignment F
as the sum of three functions

E:Ea_Ep+Ec (4)

that constitute discrete measures of surface area, primitive
adherence and constraint violations respectively. For the area
costs E, we resort to the weighting scheme given in [BK03]
which provably converges to the continuous area term for a
growing number of grid neighbors connected to each voxel.

To define a discrete analog of the second term in Eq. (1),
for each directed edge e € £ the set of intersecting primitives
is computed. If the orientation of any intersecting primitive
P; is consistent with the direction of e, we set £p(e) to Eq(e)
so that it cancels the area term’s contribution (see Fig. 4(b)).
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(a) (b)

Figure 4: (a) Graph construction and cost assignment: The
colored edges intersect a primitive and match its orientation.
On these edges E,, is set to cancel their area costs. (b) High
costs result, if a cut does not follow primitives or fails to
match their orientation (flashes mark edges with high costs).

Formally, we set

Eple) = Eq(e)  aP;intersects e and (np|e) >0
prA=S 0 otherwise

where np, denotes the normal of P; at the intersection point.
This choice of £, does indeed mimic the behavior of the sec-
ond term in the continuous formulation (1) in the following
sense: For a cut (Sin,Souw) as shown in Figure 4 high cost
results at edges, that are not intersected by any primitive or
if the orientation of primitive and cut does not match. There-
fore, a cut minimizing £, (e) adheres to shape primitives and
the orientation of the resulting surface S matches that of the
followed primitives.

Just as in the continuous case we need to add a third term
E, to enforce certain inside and outside constraints derived
from the input surface S0 In the discrete setting, we assume
that C;, and C,,s are given as sets of vertices corresponding
to voxels in the inside and outside respectively. In analogy to
the continuous case E. should be large if either C;,, C S, or
Cour C Sowr 1s violated. As by definition of the graph cut we
have s € S, andr € Sy it is sufficient to add edges with high
costs connecting s to vertices in Cj,, and likewise edged con-
necting vertices in Coy to t. More precisely, the cost function
E, is defined to zero on all but these extra edges to which
it assigns the high constant cost A (in practice the maximal
representable value of the employed data type is a viable
choice). A violation of e.g. an inside constraint v € Cj;,, will
therefore result in a cut through this extra edge and thus in
high overall costs. In the following section we will discuss
the actual choice of the sets C;, and Copyy .

The above discrete formulation of surface completion is
closely related to the cut metric of Kolmogorov and Boykov
[KBO5] who proved for the 2D case that all functionals rep-
resentable by cut metrics are of the form in Eq. (1). Although
the construction used in the proof generalizes to 3D, there
are some ambiguities in the choice of the edge cost assign-
ment. Therefore the choice of an optimal edge assignment is
not clear, in particular if sharp features at primitive intersec-
tions are to be preserved. The discrete formulation presented
here is directly adapted to primitive shapes and thus circum-
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(b)

Figure 5: Edge connectivity and edge/primitive correspon-
dence. Cut-edges are depicted in red. (a) The cut-edges con-
nected to edge e are highlighted. (b) Cut-edge f is inter-
sected by both primitives. If h is part of the original support
S(l) of Py and the cost of g had previously been increased, it
is now reset because it is connected to h, see Sec. 5.

vents this problem. Moreover, it establishes an explicit edge
to shape correspondence which is crucial for enforcing the
connectivity constraint described in Sec. 5.

In general, a drawback of the volumetric approach is the
huge memory demand of the 3D-grid graph. However, re-
cently Lempitsky and Boykov [LBO7] proposed a hierar-
chical graph-cut approach that guarantees global optimality
while operating only on a banded subset of the volume. Their
technique is also applicable in our setting and we use it for
completion of large models.

4.2. Placement of inside and outside constraints

So far, the original support of primitives has not been con-
sidered in the definition of £. We therefore propose a simple
scheme to derive constraints Cj, and Cyys from the support
sets S; of all primitives. In case of a single oriented primitive
P;, we start by computing the set of all directed edges E,,
that intersect the support S; of P;. We only consider those
edges that run from the inside of P; to the outside, i.e. that
match the orientation of P;. Then a natural choice for the in-
side constraints Cj;,, consists of the set of voxels from which
an edge in Eg, emanates. Appropriate outside constraints can
be defined in a similar fashion.

In the general case, defining inside and outside constraints
in this way can lead to contradictions at primitive intersec-
tions. We therefore add a vertex v with an emanating edge
in Eg, to Cj, only if it is not contained in Eg; for any other
primitive P;.

5. Primitive connectivity

The above algorithm does not enforce connectivity of the
areas S; C S corresponding to primitive P;. However, as out-
lined in Sec. 3 and illustrated in Figures 2 and 1 this is often
crucial. From the shape detection we do have a connected
region S? e 8 for each primitive P; where it is supported
by the original surface. Thus we require the following: The
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area S; corresponding to P; in the reconstructed surface S is
a connected superset of S?.

Unfortunately this connectivity constraint cannot be for-
mulated as a graph-cut problem, see e.g. the work of Kol-
mogorov and Zabin [KZ04] who give a good characteriza-
tion of functions minimizable by graph-cuts. Instead, in or-
der to find the global optimum an involved combinatorial
optimization is necessary which quickly becomes infeasi-
ble with a growing number of shape primitives. We there-
fore suggest a less complex but nonetheless effective itera-
tive greedy optimization scheme.

This iterative optimization makes use of the graph struc-
ture described in the previous section. After the graph-cut,
the reconstructed surface is implicitly defined by the set of
cut-edges, i.e. all halfedges running from Sj, to Sour. Since
our graph construction provides an explicit edge/primitive
correspondence, we can use the cut-edges to determine con-
nectivity on the surface and to efficiently identify correspon-
dence between surface parts and primitives. In fact we treat
each cut-edge as a representative for a small local patch
in the reconstructed surface. For each cut-edge we identify
the set of intersecting shape primitives in order to establish
surface/primitive correspondence, i.e. if a cut-edge is inter-
sected by primitive P; the respective surface patch is part
of §;, see Fig. 5 (b). We say two edges are connected (and
therefore also their respective surface patches) if they share
a common node in the graph, see Fig. 5 (a). With these defi-
nitions the connectivity condition can be restated as follows:
The cut-edges corresponding to primitive P; must form a
connected superset of the cut-edges intersected by S?. We
call any cut-edge corresponding to P; that does not belong to
this connected set a violating edge.

The basic idea of our connectivity enforcing algorithm is
in each iteration to greedily set the cost of all violating cut-
edges equal to the cost given by £,. Then the graph-cut is
re-run with the increased cost on the violating edges. This
means that the newly reconstructed surface will avoid the
now costly edges and prefer cheaper edges corresponding
to other primitives. In order to remedy some of the greedy
decisions of earlier iterations, the cost of graph edges whose
cost had previously increased but are now connected to non-
violating cut-edges is reset in each iteration, see Fig. 5 (b).
The procedure is repeated until the set of cut-edges does not
change between iterations.

In summary, the iterative optimization consists of the fol-
lowing main steps: (1) Compute the reconstruction using the
graph-cut algorithm (2) Detect violations of the connectivity
constraint by inspection of the cut edges. Since S; must con-
tain S? the non-violating edges can be identified by a graph
traversal visiting all cut-edges connected to S,Q. (3) Increase
cost of violating edges in the graph and reset cost of revali-
dated edges (4) Reiterate until the set of cut-edges converges.
Although convergence cannot be guaranteed in general, we

found that in practice all of our test cases converged in less
than fifteen iterations.

6. Reconstruction of detail

In the previous sections we have presented an algorithm that
uses guidance from primitives for hole-filling and gives an
idealized reconstruction of the input surface that adheres to
the primitives everywhere. Such a reconstruction is often
useful if the model is to be used in CAD systems or if the
input data was corrupted by many outliers and noise. How-
ever, high quality scans may contain valuable detail geom-
etry, e.g. engravings, or models may contain parts that can-
not by approximated by primitives at all, e.g. a small statue
mounted on a wall. Depending on the application it may be
desirable to recover these features as well and in this section
we outline how we can seamlessly combine our primitive
based reconstruction with the one given by Lempitsky and
Boykov [LBO07] to this end.

Lempitsky and Boykov define a smooth vector field u
from a set of input points with oriented normals (please see
the original paper for details). In our setting we can either
use the entire point-cloud for computation of u or, if we are
certain that the input model is in principle well represented
by primitives, we can use only the points associated to the
primitives and ignore any remaining points as noise and out-
liers. Thus, given the vector field u the detail preserving re-
construction functional is stated as follows:

E(S) =Eu(S) —Ep(S) — AEW(S) 5)
where E,; and E) are as in Eq. (1) and
E(S) = [ (nlu)da ©)

In contrast to E,, we can apply the divergence theorem to Eq.
(6) because u is smooth, such that

Eu(S) = /S div(u)dv @
Note that we no longer include the E(S) from Eq. (1) since
adherence to the original surface is now ensured by the term
E.(S). Except for the missing in/out constraints, the graph
construction of Sec. 4.1 remains unchanged. However addi-
tionally, div(u) is evaluated on the grid nodes and depending
on the sign s- or ¢-links are added with a cost proportional to
the divergence, please refer to [KBOS5] for details.

7. Surface extraction

After application of the algorithms of the previous sections,
all voxels have been classified as either inside or outside
and the final task is to extract the resulting surface mesh.
Of course it is possible to extract a mesh using the standard
marching cubes algorithm [LC87], but this would not faith-
fully recover the shape primitives and does not capture any
sharp features at the intersections. Instead, we can exploit the
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Figure 6: [llustration of the different cases for the smooth-
ness term 'V in eq. (8). Left: Ve g is of type (2) and will give
the distance between the primitives along edge e, while Vg j,
is of type (3) and gives the distance between the intersections
of 8. Right: Ve ¢ is of type (3) and evaluates to zero because
the primitives intersect within the cube face.

tight coupling between cut-edges and primitives discussed
in the previous sections to employ the extended marching
cubes algorithm of Kobbelt et al. [KBSSO01] for recovery of
shape primitives as well as sharp features.

In order to recover sharp features, the extended marching
cubes requires for each cube edge intersected by the surface
not only the point of intersection but also the surface normal
at that position. This information is easily obtained in our
setting: If a cut-edge is labeled with a shape primitive P; then
the point of intersection as well as the normal are computed
using P;. If a cut-edge is not associated with any primitive
then the midpoint of the edge is taken as intersection point
and the normal is ignored.

However, it can happen that a single cut-edge is labeled
with two or more primitives, see e.g. Fig. 5. This is usually
the case near primitive intersections or locations where prim-
itives come close to each other, see also Fig. 1. These situa-
tions need to be disambiguated in order to achieve high qual-
ity results. For the disambiguation only the cut-edges that
will actually be inspected by the extended marching cubes
algorithm need to be considered, i.e. only the axis aligned
edges of the cubes and no diagonals. We will denote this set
of cube edges by £:. We will also need a neighborhood rela-
tion A/ C & x & between the edges in £ which is different
from the one defined in Sec. 5 as this time the diagonal edges
are missing. In the following, two edges in & are said to be
neighbors if they are adjacent to a common cube face.

7.1. Consistent edge labeling

Our algorithm for derivation of consistent edge labels is
based on the following observation: Neighboring edges
should have different primitive labels only if the two prim-
itives come very close or intersect in the space between the
edges. Otherwise continuation of a primitive should be pre-
ferred. Such label dependent neighbor relations lead to a
well studied class of energy functions of the following typeJr

1 Interestingly, the discretization in Sec. 4.1 can also be interpreted
as a realization of such a functional, but the motivation from a geo-
metric point of view is much more intuitive. See [KB05] and [KZ04]
for an in-depth discussion of the relationship.
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(a) (b) ©) (d)

Figure 7: (a) Height field with missing area. (b) Planar
primitives are detected on the ridges (c) Our result (d) Com-
pletion result obtained by [JT04]

(see [SZS*08] for a survey):
Clt) =Y De(fe)+ Y, Veg(fe:fe) ®)

ecé. e,geN

where & is a set of sites, in our case the set of edges in-
troduced above. f is a labeling of the sites, i.e. a mapping
from & to P. Thus, f assigns each edge a primitive from P.
D.(fe) is a data cost term that specifies the cost of assigning
label f. to edge e and is used to restrict the set of possi-
ble labels for the edge e. Ve ; measures the cost of assigning
the labels fe, fg to the adjacent edges e, g and is respon-
sible for ensuring the above conditions on shape changes
between edges. The term D, (i) vanishes if e is among the
set of edges associated to primitive P;, otherwise we set
D, (i) = 0. Ve g(i, j) vanishes if i = j, otherwise we distin-
guish the following cases (see also Fig. 6):

(1) One of the labels is invalid for the respective edge, i.e.
e ¢ S;or g ¢ S;. In this situation the cost of Ve ¢ is meaning-
less as the data term D, will be infinite and we simply set
Ve g to zero.

(2) Both labels are valid on both edges. If shapes are ap-
proximately tangent, the cost should be lowest at the point
where both primitives are closest to each other. If the shapes
intersect within the cube we let V, ¢ vanish, otherwise we let

Ve,g (i, j) = min(||le (i) = L (/) s () =L (DID) (9

where I, (i) denotes the point of intersection of e and P;. See
Fig. 6 on the left.

(3) One edge is valid for both labels while the other can
only be assigned one of the labels. Here the same arguments
hold as in case (2) and V. vanishes if the primitives in-
tersect, otherwise we let Veg(i, j) = ||I;(i) — I(j)|| where
h € {e, g} is the edge intersected by both primitives. See Fig.
6 on the right.

We use the graph-cut based algorithm of Boykov et al.
[BVZO01] for optimization of Eq. (8). While this method is
quite efficient, performance can be increased by optimizing
connected component of ambiguous edges separately.

8. Height-fields

Our algorithm can directly be applied to geometry derived
from height-fields, but the generated completion might not
be representable as the graph of a function over the ground.
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Figure 8: Completion of the carter model. Orange color
signifies completed surface parts. Top row: Our final re-
sult with sharp features. Middle row: The input point-cloud
with holes. Primitive types are colored as follows: plane/red,
sphere/yellow, cylinder/green, cone/purple, grey/torus. Bot-
tom row: The result with the algorithm of [LBO7].

To ensure this we extend the graph-cut construction given in
Sec. 4.1. We only need to prevent cuts that produce switches
from outside to inside in direction of the z-axis. To this
end it suffices to add maximal weight to each directed edge
(Vi jh>Vi jh—1) connecting a node with its neighbor below.
This follows from the graph rules given in [KZ04], a similar
construction was also used by Rubinstein et al. [RSA08].

For completion of height-fields we also allow the detec-
tion of primitives on depth discontinuities by insertion of ad-
ditional point samples on the surfaces implicitly spanned by
these discontinuities. Shapes on depth discontinuities will al-
low propagation of the discontinuities into the empty region
during hole-filling (see e.g. Fig. 10).

9. Experimental results

To illustrate the ability of our method to handle complex in-
tersections of primitives we show a synthetic example of an
incomplete height field in Fig. 7. The result of the range-
image completion method proposed by Jia and Tang [JT04]

(a) (b) ()
()

Figure 9: Completion of the master cylinder. (a)-(d): The fi-
nal result using the detail reconstruction of Sec. 6 (e)-(f): In-
put point-cloud. Areas corresponding to different primitives
rendered in random colors.

(e) ®

is contrasted to the one of our approach. Our method pro-
duces a plausible result even in this complex case, while the
other algorithm fails to reconstruct any sharp features and
does not prolong the planar surface parts of the height-field.

Another synthetic example is given in Fig. 1. We man-
ually removed several parts of the fandisk point-cloud and
applied our algorithm. In this Figure, the effects of both the
connectivity enforcing as well as the consistent edge label-
ing can be observed. In (c) the reconstruction result without
connectivity enforcement is depicted. On the right side of the
model a part of the surface has been cut off by a disconnected
primitive. Our iterative connectivity enforcement algorithm
successfully increases the cost of the violating surface parts
and arrives at the final solution shown in (b). A part of the
fandisk where a cylinder and a plane are almost tangential is
shown in (d). Without the consistent edge labeling the tran-
sition between the primitives appears bumpy in the recon-
struction ((d) left). This is because the edges considered in
the marching cubes algorithm are associated arbitrarily with
one of the two shapes. Our edge labeling method on the other
hand finds a smooth transition ((d) right).

Results for a real-world case are shown in Fig. 8. Nine
range scans of the carter model were registered into an in-
complete point-cloud. 38 shape primitives were detected on
this point-cloud (see second row). In the final reconstruc-
tion shown in the first row all holes were successfully filled
using the shape primitives. Sharp features were faithfully re-
covered on the entire model. For comparison we also show
in the bottom row the result obtained with our implemen-
tation of the algorithm of Lempitsky and Boykov [LBO7],
which fills holes with minimal surfaces but does not use any
shape primitive guidance. While the algorithm reconstructs
a watertight surface, several holes are closed in an undesired

(© 2008 The Author(s)
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Figure 10: Removal of defective and undesired data from an
aerial heightfield (highlighted in orange). Our algorithm in-
fers missing features such as dormers or walls by propagat-
ing surrounding structure represented as primitive shapes.

Figure 11: Reconstruction of the oil-pump from 9 scans.
Top: Final result. Bottom from left to right: Input point-
cloud. Input point-cloud colored by primitives. Final result.

manner. Clearly, our method strongly benefits from the ad-
ditional guidance provided by the primitives and is therefore
able to find the correct reconstruction.

To demonstrate a reconstruction using the detail preserv-
ing variant of our method given in Sec. 6 we have applied
our algorithm to the master cylinder model depicted in Fig.
9. This model contains many elements that cannot, or only
very roughly, be approximated by shape primitives, e.g. the
engraved writing. However the holes contained in the input
model are well suited for completion with primitives. As can
be seen in the images, small detail is well preserved on the
original surface while at the same time the holes are plausi-
bly filled using the primitive information.

A case of height field completion is given in Fig. 10. We
manually removed occluding vegetation and defective eleva-
tion data from this aerial reconstruction. The missing geom-
etry of the houses and floor were successfully reconstructed.
The roof gable and the dormer were correctly inferred from
the surrounding primitives.

In Fig. 11 we show a reconstruction result from 9 scans of
the oil-pump model. The point-cloud has several large holes
and is decomposed into 171 primitives. With the guidance

(© 2008 The Author(s)
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model Ts |P| T, \4

fandisk 027 | 22 | 1:11 | 193x113x199
carter 5.4 38 1:54 | 181x199x167
master cylinder | 5.9 60 | 5:40 | 389x349x398
house 6.5 51 8:13 | 509x381x201
oil-pump 18.6 | 171 | 9:29 | 317x265x265

Table 1: Timings for shape detection in seconds (Ts), num-
ber of detected primitives (|P|), timings for reconstruction
in minutes (T;), virtual size of volume (|V|)

of the primitives our algorithm finds a very plausible com-
pletion despite the significant amount of missing geometry.
However, some limitations of our approach become appar-
ent as well. In the marked area of the top right image our
algorithm cannot follow the cylindrical shape of the protrud-
ing element because no primitive could be detected in the
region. On the other side of the model this is not the case
and the protrusion is handled correctly. Since our method has
no concept of symmetry it cannot deduce the correct recon-
struction from the information on the opposite side. Also tiny
artifacts may occur at primitive boundaries if primitives are
slightly misaligned and resulting gaps are filled with mini-
mal surfaces (see e.g. backside of oil-pump in accompany-
ing video). This could be alleviated by applying a refitting
algorithm as suggested in [JKSO0S8].

Finally, we give some timings of our method in Tab. 1. We
also give the size of the virtual grid used for the graph-cut.
Although the worst-case complexity is cubic with respect to
the grid resolution, the actual amount of allocated nodes is
however far less than the full grid since we use only a banded
subset of the volume. On our examples we observed band
sizes between only 10% and 15% of the actual grid size
and decreasing fractions for higher resolutions. In general
the choice of grid resolution is not critical as long as voxels
are small enough to separate between inside and outside ar-
eas of the volume. The precision of the reconstructed surface
is hardly affected by the voxel resolution since mesh vertices
are positioned exactly on the primitives. Primitive intersec-
tions are faithfully recovered due to the extended marching
cubes algorithm.

10. Conclusion

‘We have proposed a novel method for reconstruction of 3D-
models that is guided by a set of primitive shapes and uses
this guidance to complete missing parts of the input geom-
etry. We have shown that our algorithm performs well on
various involved examples with many holes on which pre-
vious methods fail to deliver correct results. While we cur-
rently employ only a small set of implicit surfaces, which
is nonetheless sufficient in many cases, our method could
also be extended to more complex primitives such as e.g.
NURBS. However, regardless of the nature of the primitives,
our algorithm is always limited to reconstructions deducible
from the set of primitives that have been detected in the
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vicinity of the holes and in the future we plan to research
a combination of our approach with methods based on self-
similarity such as symmetry detection or texture synthesis,
which should enable the completion of a whole new class of
challenging scenarios.
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