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Abstract. We present a novel method for 3D reconstruction of urban
scenes extending a recently introduced heightmap model. Our model has
several advantages for 3D modeling of urban scenes: it naturally en-
forces vertical surfaces, has no holes, leads to an efficient algorithm, and
is compact in size. We remove the major limitation of the heightmap by
enabling modeling of overhanging structures. Our method is based on an
an n-layer heightmap with each layer representing a surface between full
and empty space. The configuration of layers can be computed optimally
using a dynamic programming method. Our cost function is derived from
probabilistic occupancy, and incorporates the Bayesian Information Cri-
terion (BIC) for selecting the number of layers to use at each pixel. 3D
surface models are extracted from the heightmap. We show results from
a variety of datasets including Internet photo collections. Our method
runs on the GPU and the complete system processes video at 13 Hz.

1 Introduction

Automatic large-scale 3D reconstruction of urban environments is a very active
research topic with broad applications including 3D maps like Google Earth
and Microsoft Bing Maps, civil planning, and entertainment. Recent approaches
have used LiDAR scans, video, or photographs, acquired either from ground,
aerial, or satellite platforms [TJ2J3I[405]. In this work, we focus on reconstructions
from street-level video, which has higher resolution than aerial data, and video
cameras are significantly less expensive than active sensors like LiDAR.

To process in a reasonable time, computational efficiency must be considered
when modeling wide-area urban environments such as entire cities, since millions
of frames of video are required for even a small town [3]. Even if a (cloud) com-
puting cluster is used, efficiency is of great concern since usage of such systems
is billed according to processing time. In addition to computational efficiency,
the models need to be compact in order to efficiently store, transmit, and render
them.

Gallup et al. [6] introduced a method, which uses a heightmap representa-
tion to model urban scenes. See Figure [l for an example. The method takes
depthmaps as input and fits a heightmap to a volume of occupancy votes. In
contrast to other volumetric methods [7], the heightmap model has several ad-
vantages. First, it enforces that walls and facades are strictly flat and vertical,
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Sample Input Images
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Fig. 1. Our system uses a heightmap model for 3D reconstruction. Images courtesy of
Gallup et al.[6].
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Fig. 2. Examples of n-layer heightmaps

since they appear as discontinuities in the heightmap. Second, the heightmap
represents a continuous surface and does not allow for holes. Third, because
the height estimate is supported by the entire vertical column, no regulariza-
tion is necessary, leading to a highly parallel and efficient computation. Fourth,
heightmaps can be stored and transmitted efficiently using depthmap coding
algorithms.

However, the major limitation of the method is the inability to model over-
hanging structures. Thus awnings, eves, balconies, doorways, and arches are
either filled in or missed entirely. While some loss of detail is to be expected in
exchange for a robust and compact representation, this is a major weakness.

In this paper we adopt the heightmap approach and improve upon it in the
following ways: First we introduce a multi-layer representation to handle over-
hanging structures. Second, the cost function for heightmap estimation is derived
from probability. We address the overhanging structure problem by extending
the method of [6] to an n-layer heightmap. Each layer represents a surface be-
tween full and empty space. Some examples are shown in Figure[2l The positions
of the n layers at each heightmap pixel can be computed optimally using dy-
namic programming. We also include the Bayesian Information Criterion (BIC)
as a model selection penalty to use additional layers only when necessary. In [6],
the cost function for heightmap estimation was defined in an ad-hoc manner. We
show how this cost function can be derived from probabilities. This derivation
also allows us to incorporate the BIC in a principled way.
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As in [6], our method also runs on the GPU, and the complete system can
process video at 13 Hz. We have demonstrate our approach on several chal-
lenging street-side video sequences. Results show a clear improvement over [6],
particularly on overhanging structures and trees.

Another data source for urban 3D reconstruction is images downloaded from
photo sharing websites such as Flickr. In this case data acquisition is free but is
subject to the interests of the website community, and thus datasets are usually
limited to popular tourist locations. Camera poses can be computed using tech-
niques such as Snavely et al. [§] and the more recent methods of [9I0]. Dense
stereo and surface modeling were achieved by Goesele et al. [I1] and recently
by Furukawa et al. [I2]. We apply our extended heightmap approach to 3D re-
construction from community photo collections as well. Our approach is much
simpler and faster, and yet results are surprisingly good.

2 Related Work

Recent approaches employ simplified geometries to gain robustness [T3/TIT4UT5].
Cornelis et al.[I3] produce compact 3D street models using a ruled surface model.
Similar to the heightmap model, this assumes that walls and facades are verti-
cal. Furukawa et al.[I4] presented a Manhattan-world model for stereo, where
all surfaces have one of three orthogonal surface normals. Sinha et al.[I5] em-
ploy a general piecewise-planar model, and Gallup et al.[6] uses a more general
piecewise-planar model that can also handle non-planar objects. Our approach
uses a simplified geometry and is far more general than [I3J15], and more effi-
cient and compact than [I4J6]. It effectively models buildings and terrain, but
also naturally models cars, pedestrians, lamp posts, bushes, and trees.

In our approach we use the probability occupancy grid of the scene from the
robotics literature [T6JT7]. The occupancy of each voxel is computed by bayesian
inference, and our derivation is similar to that of Guan et al.[I8]. We model the
measurement distribution as a combination of normal and uniform distrubutions
in order to better handle outliers. Robustness to outliers is critical since our input
measurements are stereo depthmaps.

Dense 3D reconstruction for photo collections has first been explored by Goe-
sele et al.[TT] and by Furukawa et al.[T9]. Images on the web come from a variety
of uncontrolled settings, which violate many of the assumptions of stereo such
as brightness constancy. Goesele et al. and Furukawa et al. take great care to
select only the most compatible images, starting from points of high certainty
and growing outward. Our approach on the other hand relies on the robustness
of the heightmap model and results in a much simpler and faster algorithm.

Merrell et al. [20] proposed a depthmap fusion from video employing the tem-
poral redundancy of the depth computed for each frame. It obtains a consensus
surface by enforcing visibility constraints. The proposed heightmap fusion in con-
trast does not require a confidence measure due to the benefits of the vertical
column regularization.
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3 Method

The proposed n-layer heightmap generalizes the single layer heightmap. A single
layer heightmap defines a surface, which is the transition from occupied space
to empty space. In an n layer heightmap, each layer defines a transition from
full to empty or vice versa. The number of layers needed to reconstruct a scene
can be determined with a vertical line test. For any vertical line, the number
of surfaces that the line intersects is the number of layers in the scene. In our
approach, the user must give the number of layers beforehand, although model
selection may determine that fewer layers are sufficient.

The input to our method is a set of images with corresponding camera poses
and their depthmaps. The depth measurements from each camera are used
to determine the occupancy likelihood of each point in space, and an n-layer
heightmap is fit. Using a heightmap for ground-based measurements has the ad-
vantage that the estimated parameter, height, is perpendicular to the dominant
direction of measurement noise. This is ideal for urban reconstruction where
vertical walls are of particular interest.

We will now present our novel method for reconstructing scenes using an
n-layer heightmap. This method consists of the following steps:

— Layout the volume of interest.

Construct the probabilistic occupancy grid over the volume.
Compute the n-layer heightmap.

Extract mesh and generate texture maps.

The volume of interest for heightmap computation is defined by its position,
orientation, size, and resolution. Heightmap computation assumes the vertical
direction is known, which can be extracted from the images itself. Besides that
constraint, the volume of interest can be defined arbitrarily. For processing large
datasets like video of an entire street, it makes sense to define several volumes of
interest and process them independently. For video, a frame is chosen as refer-
ence, and the volume of interest is defined with respect to the camera’s coordinate
system for that frame. Reference frames are chosen at irregular intervals where
the spacing is determined by overlap with the previous volume. Our video data
also contains GPS measurements, so the camera path is geo-registered, and the
vertical direction is known. For photo collections, the vertical direction can be
found using a heuristic derived from photography practices. Most photographers
will tilt the camera, but not allow it to roll. In other words, the x axis of the
camera stays perpendicular to gravity. This heuristic can be used to compute
the vertical direction as a homogeneous least squares problem as shown in [21].
The size and resolution of the volume are given as user parameters.

The next step is to compute the probabilistic occupancy grid over the volume
of interest. Since the heightmap layers will be computed independently for each
vertical column of the volume, the occupancy grid does not need to be fully
stored. Only each column must be stored temporarily, which keeps the memory
requirement low. We will first derive the occupancy likelihood for each voxel
independently. Voxel occupancy is in fact not independent since it must obey the
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layer constraint, and we will later show how to compute the layers for a column
of voxels using dynamic programming. The variables used in our derivation are
summarized as follows:

— Op: a binary random variable representing the occupancy of voxel p.

— Zp =21 ...Zy: depth measurements along rays intersecting p from cameras
1...k

— Zmin, Zmaz: depth range of the scene.

o: depth measurement uncertainty (standard deviation).

S: depth of surface hypothesis.

— L, =1y...1l,: configuration of layers at point = in the heightmap. I; is the
vertical position of layer 1.

For simplicity we have assumed that all depth measurements have the same
uncertainty o although this is not a requirement.

We will now derive the likelihood for O,. We will drop the subscript p until
multiple voxels are considered for dynamic programming.

P(0]2) o P(2|0)P(0) (1)
P(zl0)= [ P(z0) (2)
i=1...k

Equation 2 states our assumption that the measurements are independent. We
use the occupancy prior P(O) to slightly bias the volume to be empty above
the camera center and full below. This helps to prevent rooftops extending into
empty space since the cameras don’t observe them from the ground.

To determine P(Z;|0) we will follow [18] and introduce a helper variable S
which is a candidate surface along the measurement ray. The depth measurement
can then be formulated with respect to S.

P(zi0) = [ P(z]s.0)P(s10)as 3)

N(S, : if inliner
P(Zi]$,0) = P(Zi]5) = {Z/l((zm,:)zzy;m) 7. if outlier (4)
= pN(S, o)z, + (1 — p)U(Zmins Zmaz)] z; (5)

The measurement model is a mixture of a normal distribution A and uniform
distribution ¢ to handle outliers. A|z is the disribution’s density function evalu-
ated at Z. p is the inlier ratio, which is a given parameter. P(S|O) is the surface
formation model defined as follows where ¢ — 0 and 2, is the depth of the voxel.

1/(Zmaz — Zmin) it S<z,—e¢
P(S|10) =< (1 —2zp/(2maz — Zmin) /€ i 2p—€< S <z, (6)
0 it S >z,
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This model states that the surface must be in front of the occupied voxel, but
not behind it. We will also need the measurement likelihood given that the voxel
is empty, which we will denote by —O. The derivation is the same, replacing O
with =0, except the surface formation model is

P(S|_'O) = 1/(Zmaz - Zmin)~ (7)

We will now define our n-layer model and show how to recover it with dynamic
programming. We will derive the likelihood of L, which is the layer configuration
at pixel z in the heightmap. This pixel contains a vertical column of voxels, which
we will denote as O; where 7 is the height of the voxel ranging from 0 to m.

P(L|Z) x P(Z|L)P(L) (8)
ll 1 12 1 m
P(Z|L) = H P(z|0:) [[ P(21-0:)... [ P(21-0:). (9)
=l i=ln
ll—l lg 1 m

— [ P©o [T P-00)... T P(-00. (10)
=0

=l i=ly

Note that the measurement likelihoods alternate between the full condition
P(Z|0;) and the empty condition P(Z|-0;) as dictated by the layer constraint.
Also note that the number of layers is assumed to be odd, giving the final product
the empty condition. This is true for outdoor urban scenes. For indoor scenes,
an even number of layers could be used.

We will now define our cost function C' by taking the negative log-likelihood
of P(L|Z), which will simplify the dynamic programming solution.

l1—1

C =—In P(ZIL)P(L)= - _ (In P(Z|0;) + In P(0;)) (11)
=0
la—1

= (In P(Z|=0y) +In P(=03)) ... (12)

i:ll
To simplify the sums over the layers we will define the following;:

b

I ==Y (In P(Z|0:) + In P(0;)) (13)
:ba
I ==Y (In P(Z|=0:) + In P(=0;)). (14)

The sums 18 (vesp. I) for all b can be precomputed making it easy to compute
I =18 — 157 (vesp. I).
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We can now write our cost function recursively in terms of Cj which is the
cost only up to layer k.

_ [+ G () if odd(k)
Cr(l) = {]ll, + Cr_1(I') if even(k) (1)
I' = argmin Cy—1 (1) (16)
U<
Co(l)=0 {an

The original cost function is then C' = C,(m) where n is the number of layers
and m is the number of voxels in the vertical column.

The layer configuration that minimizes C' can be computed with dynamic pro-
gramming. In order for this to be true, the problem must exhibit optimal sub-
structure and overlapping subproblems [22]. The problem has optimal substruc-
ture because of the independence between non-adjacent layers, i.e. an optimal
configuration of layers 1...7—1 will still be optimal regardless of the position of
layer i. (As in Cf, we consider only the voxels below the layer.) The overlapping
subproblems occur since computing the optimal position of any layer greater
than ¢ requires computing the optimial configuration of layers 1...4. Therefore,
the optimal configuration can be solved with dynamic programming. The re-
cursive formulation in Equation lends easily to the table method, and the
solution can extracted by backtracking.

Many parts of the heightmap will not need all n layers. The extra layers will
be free to fit the noise in the measurements. To avoid this, we incorporate the
Bayesian Information Criterion (BIC).

1
Cpic = —In P(Z|L)P(L) + 271 In|Z,| (18)

|Z.| is the number of measurements interacting with the heightmap pixel 2. The
first part of the equation is exactly C' and the second part adds a penalty of
In |Z,| for every layer in the model. We can add this penalty into our recursive
formulation by adding in |Z,| at each layer unless the layer position is the same
as the preceding layer.

(ﬁmm:{M+Ckﬂq+ﬂuw%mwﬂimmw

I+ Cor () + TU £ V) M0 | Z| if even(k) (19)

Thus model selection is performed by prefering layers to collapse unless there is
sufficient evidence to support them. The table required to solve the problem is
of size m X n, and the sum variables are of size m. Therefore the algorithm takes
O(mn) time and space per heightmap pixel, and the whole heightmap takes
O(whmn) time and O(wh + mn) space.

4 Results

We have tested our n-layer heightmap method on street-level video datasets and
photo collections downloaded from the web. For the video datasets, the camera
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Fig. 3. Original photos and depthmaps computed from Internet photo collections

poses and depthmaps were computed with the real-time system of Pollefeys
et al.[3]. To compute the camera poses for the photo collections, we used the
method of Li et al.[9]. The output of their approach also gives a clustering of the
images which can be used to select compatible views for stereo. We computed a
depthmap for each photograph by selecting the 20 views in the same cluster with
the most matched and triangulated SIFT points in common. Stereo is performed
on the GPU using a simple NCC planesweep. Results are shown in Figure Bl

From these inputs we used our n-layer heightmap system to obtain a 3D
reconstruction in the form of a texture-mapped 3D polygonal mesh. Texture
mapping the mesh is a non-trivial problem, however, we did not focus on this
in our method. We have used a simple method to reconstruct the appearance
at each point on the surface. Each point is projected into all cameras, a 3-
channel intensity histogram is constructed. The histogram votes are weighted
by a guassian function of the difference between the measured depth and the
heightmap model’s depth, which helps to remove the influence of occluders. The
final color is the per-channel median and is easily obtained from the histograms.

Figure [ shows the improvement gained by using multiple layers in the
heightmap. Overhanging structures are recovered while the clean and compact
nature of the reconstruction is preserved. Figures [0l show the results of the re-
constructions from video. Figures [l show the results of the reconstructions from
photo collections.

Our system can process video at 13.33 Hz. Computing a 3-layer 100x100
heightmap with 100 height levels from 48 depthmaps takes only 69 ms to on the
GPU. The other steps are not as fast as we did not focus as much on optimizing
them. Converting the heightmap into a mesh takes 609 ms, and generating tex-
ture maps takes 1.57 seconds. The total time for processing a heightmap is 2.25
seconds. However, heightmaps only need to be computed about every 30 frames
of video. (All frames are used for depthmaps.) Therefore our system can process
video at 13.33 frames per second. Reconstructing photo collections is more

Fig. 4. 1-layer and 3-layer reconstructions
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Original

Fig. 6. 3D reconstructions from internet photo collections

challenging. Each scene takes 20-30 minutes, and most of that time is spent
computing NCC stereo.

5 Conclusion

We proposed a novel n-layer heightmap depthmap fusion providing a natural
way to enforce vertical facades while providing advantageous structure sepa-
ration. The main advantage of the proposed approach is the generality of the
modeled geometry. The regularization along the vertical direction allows the
heightmap fusion to effectively suppress depth estimation noise. Our fusion is
computationally efficient providing real-time computation. We demonstrated the
proposed method on several challenging datasets downloaded from the Internet.
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