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Abstract Digital terrain models can be created by gathering a set of measurements from geometric objects. For
various reasons, these models may be incomplete such
that fail to meet the requirements defined by their potential applications.
In this work, we develop a novel multiresolution approach to repair the voids commonly found in digital
elevation models (DEM). We use the overall shape and
structure of the surrounding terrain to build a smooth
patch for the void. Then, using a multiresolution obtaining from reverse Chaikin subdivision, we extract the low
scale characteristics from the surrounding terrain and apply them to the smooth patch. The results demonstrate
that our approach is effective at synthesizing models with
realistic characteristics.
Keywords Multiresolution · Terrain · Void Patching ·
Context Sensitive

1 Introduction
In this paper we introduce a novel technique for patching
digital elevation models. Digital elevation models (DEM)
are used for terrain representation. DEM data is usually
gathered through an automatic sampling of the elevation. The automated gathering process sometimes fails
to obtain the elevation data in some areas. We refer to
these incomplete areas as voids.
DEMs are common digital models used for terrain
representation. They consist of an evenly spaced two dimensional grid of values where each value represents the
elevation of the terrain at that location. One of the main
reasons for their ubiquity is due to their simple structure
which requires less storage than other model types.
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This work provides a novel context sensitive method
for patching the voids found in DEMs. Specifically, we
patch the DEMs provided by the Shuttle Radar Topography Mission (SRTM), flown in February 2000 [22]. The
goal is to produce a patch with structure and characteristics similar to the surrounding terrain. An intuitive
approach is to analyze the samples surrounding the void
and find those that will provide the most useful information. To determine the usefulness of a real sample, we
define relevance as: the closer a real sample is to the void
the more relevant it is. Relevance is central to this work
and will shape many of the algorithms discussed in this
paper.
Our method consists of three steps. First, we must
identify each void. Second, we use the overall shape and
structure of the surrounding terrain to build a smooth
patch for the void. Third, using a multiresolution representation, we extract the low scale characteristics from
the surrounding terrain and apply them to the smooth
patch.
In the rest of this paper we will cover the approach
in more detail. After a brief overview of related work in
the Section 2, we discuss data format in Section 3. We
then discuss the method in detail in Section 4. Finally,
we provide a discussion of the results and draw some
conclusions in Section 5.

2 Related Work
In the computer graphics area, the general inconsistencies in automatically scanned data pose an ubiquitous
problem for data processing [8]. Due to the varied nature of the data and the voids contained therein, the
approaches are also significantly varied. Methods on repairing voids by smooth patches have been proposed for
polyhedron[2], 3D surfaces[10] and 3D meshes [20,18].
Image completion and texture inpainting are two methods that focus on patching the missing portions of images
that can occur if the image is damaged or some large
foreground object has been removed. The surrounding
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Fig. 1 The left figure illustrates a void. The right figure illustrates the results of our method.

areas of the image are used as training for the inpainting methods, followed by a filling phase that attempts
to plausibly patch the missing areas [11,16]. Extensions
to these techniques include using inpainting methods on
surface models [23].
Over the past decade, researchers have had significant interest in texture synthesis and texture transfer.
In texture synthesis, the methods vary from a pyramidalgorithms [5] to Markov random fields [13, 25]. Additional techniques use patch based sampling, [17], and
some are real time approaches, [25, 17]. Improvements
have been made in domain specific areas, [1] and further
improvements are made in [26].
Texture transfer uses two sample input images and
produces a new image that contains similar features to
both input textures. Typically, one of the input images
provides the texture and the other provides the features
for the output image. Approaches to texture transfer and
texture synthesis include Wang tiles, [9], image quilting
[12], and image analogies [15].
Digital elevation model may be treated as either a
3D mesh or a 2D texture. However, converting it to a
mesh makes it unnecessarily complicated. In addition,
the nature and the structure of digital elevation model
is different from images or texture. For example, each
location in DEM contains a single floating point value
while images can contain multiple integer values depending on their type. More importantly, the low-scale characteristics of terrain are different from texture images.
Therefore, treating DEM as a 2D texture and using texture synthesizing methods does not necessarily produce
suitable result for DEM [6].

3 Data Format and Initial Observations
The DEM structure is similar to a regular tensor product
surface and allows us to define a simple parameterization
of the grid. Usually, it is defined using the two dimensional uv parametric space. The two parameters for the
space are denoted with u and v which correspond to the
rows and columns of the data.
In general, there are many ways to parameterize a
2D heightmap. The approach described above is popular
because the u curves are independent of the v curves. For
our purposes, independence is not necessary. The u and
v parameters can be described as directions in which to
traverse the terrain: they denote the rows and columns.
Traversing the terrain using the two diagonal directions
will give us two new ways to traverse the terrain (Figure 2(c), 2 (d)) Using these two new directions, we can
define an alternative parameterization of the DEM. The
new directions are denoted by the w and t parameters
respectively (Figure 2(c), 2(d)). Rather, both w and t
represent alternative directions in which the characteristics of the surrounding terrain can be captured.

3.1 Observations and General Approach

We approach this problem using the well known divide
and conquer method. The first partitioning of the problem are the curve sets for the four parameter directions,
each of which can be considered apart from the others.
Additionally, each curve set can be further divided into
each of the individual curves that compose the set. Considering each curve individually allows us to operate in a
There are several works for Terrain synthesizing based 1D parametric set which greatly simplifies the approach.
on DEM [7, 14]. However, to the best of our knowledge, Therefore, as an initial exploration of the problem, we
there are no other void patching methods that are di- will provide patching methods that individually solves
rectly based on DEM and make use of its structure. In curves.
The set of solutions for a curve set represent an interaddition, our method is context sensitive: it uses the terrain surrounding the void as a guide for creating the mediate, but complete, solution for that set. After each
patch. In contrast to other model-repair methods, our of the intermediate solutions for the curve sets are built,
method uses a multiresolution representation to provide they are combined into a final solution. The combination
the characteristics for its patches. Thus the novelty of uses a heuristic that prefers samples from solutions that
our approach lies in both the use of the DEM structure are the most relevant to the missing sample. Experimenand the use of contextual, multiresolution characteristics tal results show that finding characteristics separately for
for patching the void.
each curve in a void does not produce the best results.
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Fig. 2 Illustration of the (a) u curve set for a 4x4 heightmap.
(b) and the v curve set for a 4x4 heightmap. (c) and the w
curve set for a 4x4 heightmap. (d) and the t curve set for a
4x4 heightmap.

Consequently, we extend the method to find, extract and
apply the characteristics to the entire void.

4 Methodology
In this section, we cover our approach for patching the
voids found in the SRTM data set. First, we will provide a high level summary of the pipeline. Then we will
provide the necessary details of the algorithms that were
used. In the case of the characteristics algorithms, we
will describe two options that were explored. In the first
approach, the characteristics are found individually for
each curve in the void. For the final approach, the characteristics are found at once in a single step.
To start, each of the voids in the area are identified.
For each void, a smooth patch is built using the overall
directions of the surrounding area. Then, the characteristics from the surrounding area are extracted and applied
to the smooth patch. In some cases, a number of intermediate solutions are built in this manner. For these cases
a heuristic is provided that combines the solutions such
that the most relevant results are preferred.
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In this work we have used multiresolution filters of reverse Chaikin subdivision.
Terrain can be considered to be a tensor-product surface. Subsequently we can apply the reverse subdivision
filters to columns, rows or patches of the terrain as in
[19]. Denote the terrain at resolution level k as Ijk , and
the corresponding details as Djk . A common approach
to multiresolution notation is to use a matrix notation
where A, B, P , and Q represent the multiresolution operations as follows. The decomposition operations are
denoted as: I k−1 = Ak I k , Dk−1 = Bk I k . These operations result in a coarse representation I k−1 and the
corresponding details of the terrain Dk−1 .
Finally, the reconstruction of the terrain is defined as:
I k = Pk I k−1 + Qk Dk−1 . The terrain obtained through
the reconstruction process is an exact copy of the original
terrain.
4.2 Building The Patch: Curve Case
To provide a solution for an individual curve, the following steps are taken:
1. The boundary of each of the voids is identified (Section 4.3),
2. Using this boundary as a guide, the area surrounding
each void is analyzed for its overall direction and a
general patch is built to cover the void (Section 4.4),
3. Characteristics of the area surrounding each void are
then extracted and applied to the general patch (Section 4.4.1).

Fig. 3 Illustration demonstrating the boundaries of a void,
µσ+1 , µ and the length of the void: δ.

4.1 Reverse Subdivision
Conventionally, wavelets are employed to obtain an efficient and compact representation of the original data
[21]. Samavati and Bartels introduced a method for multiresolution curve representation [4] that has local multiresolution filters produced from subdivision methods.

Fig. 4 Illustration of the local terrain direction.
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void (Figure 4): τσ = µσ−1 − µσ−2 , and τ = µ+2 − µ+1
This choice provides us with the local direction of the
terrain near to the edge of the void. In many cases, this

Fig. 5 Illustration of the terrain direction looking in an area
the same size as the void.

(a)

(b)

(c)

Fig. 7 (a) An example void. (b) Smooth patch for the u
curves using the initial calculation of the nearby terrain direction. (c) Smooth patch for the u curves using the larger
area for calculating the nearby terrain direction.
Fig. 6 Illustration of providing a smooth patch using a Hermite curve.

4.3 Finding the Voids: Curve Case
The SRTM data format explicitly marks each missing
sample which makes finding voids along a curve straightforward. A search is performed from the beginning of
each curve until it finds the first missing sample µσ (Figure 3). The end of the void can be found by continuing
the search from: µσ+1 until the next non-missing sample
µ+1 is found. The last missing sample µ is marked and
the search for the next void continues along the curve
from µ+2 . It is easy to see that the search visits each
sample on a curve only once and results in a linear run
time method.

local direction is too sensitive to small changes in the
terrain (Figure 7). We would rather have the general
direction of the terrain at the edge of the void. A possible approach is to use reverse subdivision to reduce the
resolution of the surrounding terrain and use its coarse
representation. Another approach is to calculate the tangent using a larger area of the surrounding terrain. Either
approach will provide a more accurate indication of the
general direction of the terrain and will be less sensitive
to small changes (Figure 5). In our implementation we
use an area that is the same size as the void (Figure 5).
This provides us with a better indication of the change
in terrain height for areas which are the same size to the
void. Let the length of the curve be δ = (µ − µσ ) + 1.
The tangents on either side of the void can then be found
using: τσ = µσ−1 − µσ−(δ−1) , and τ = µ+δ+1 − µ+1 .

4.4 Creating a Smooth Patch: Curve Case
In this step, we create a smooth patch using the general direction of the surrounding terrain. Hermite curves
are used to create the patch because they have the same
level of continuity G1 as the Chaikin reverse subdivision
(quadratic B-splines) [19, 3] that are used for the characteristic extraction. We will generate a single Hermite
curve to fill the void. The edges of the surrounding terrain µσ−1 and µ+1 are used for the starting and ending
points in the Hermite calculation. The last items needed
for the Hermite calculation are the tangents at either
side of the terrain (Figure 6).
4.4.1 Capturing the Terrain Structure: Curve Case
To produce a patch that closely resembles the surrounding terrain, the direction of the terrain close to the void
should be considered. In the curve case, the data on either side of the void will give us the best representation of
the direction. An initial idea is to find the tangent of the
terrain using the two samples closest to the edge of the

4.5 Capturing and Applying Characteristics: Curve
Case
The final step in the patching process involves finding
and applying characteristics to the void. There are two
interesting steps of this method and we shall cover each
in turn. First, we discuss how and where the characteristics are found. Second, we discuss how to apply the
characteristics to the patch.
A sub-curve from either side of the void is chosen
to provide relevant characteristics. These two sub-curves
have the same size as the void and are denoted at resolution level k using: µkσ and µk . Using reverse subdivision
for curves, we capture the detail vectors from each of
side of the void: σ Dk−1 , and  Dk−1 . Experimental results showed that no more than four levels were needed
for most voids encountered in the SRTM dataset, and
usually only three are needed. Using the notation from
Section 4.1, the extracted characteristics
σ i σ i at σresolution
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each of the voids. Next, we search the area surrounding
the void to find the area that is the best representation
of the terrain. Finally, we extract and apply the details
using the approach described in Section 4.1 for image
based reverse subdivision. The following sections contain
the necessary descriptions of the steps for this case.
Fig. 8 The source and destination of the extracted characteristics for the mirrored interpolation method.

We now have two sets of characteristics that are near
to the void. Before applying the characteristics to the
patch, the two sets must be combined in a way that maximizes their relevance to the void. The solution should
ensure that the most relevance is given to the characteristics extracted from the curve closest to the respective
void edges. In order to ensure a smooth transition between the characteristics on the curve near to the edge of
the void and the characteristics on the edge of the patch,
a mirroring technique is also employed when combining
the characteristics. The technique results in the following characteristic combination at resolution i where m is
the index of the last entry in both details vectors:
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This final set of characteristics is used to replace all detail
vectors in the smooth patch (Figure 8). Essentially, this
involves reducing the resolution of the smooth patch, and
replacing each level of characteristics with those from
Equation 1.

(a)

(b)

(c)

(d)

Fig. 9 (a) Heightmap as a connected graph, the dotted circles represent missing samples. (b) A void as a connected
component of the graph and (c) its axis aligned bounding box
and the vectors used to calculate the normals of the area. (d)
The eight possible search directions due to the u, v, w, and t
parameter directions.

4.6 Patching the Void Using Several Directions

4.7 Finding the Voids

Our experimental results show that applying the characteristics on an individual curve basis is not sufficient.
The resulting patches tend to be more smooth than the
surrounding terrain. In addition, there is a visible regularity that is introduced with the characteristics. A simple explanation is that the detail vectors found on an
individual curve basis may not be compatible. That is,
we found that blending the detail vectors from different
areas can result in a smoothing of the high frequency
information that is present. For these reasons, we investigated extracting characteristics for the entire void from
the same 2D area of the terrain, rather than from individual curves. Note that, for this section, we will assume
that a smooth patch for the void has already been generated using Hermite curves.
The high-level approach is very similar to the curve
case. First, we use a graph traversal algorithm to identify

A heightmap can be represented as a graph where each
sample is a vertex of the graph and is directly connected
to the samples above, below, to the left and to the right
of itself (Figure 9(a)). Using this representation, we can
perform a breadth-first graph traversal to identify the
missing samples of each void as a connected component
(Figure 9(b)). In order to find the first missing sample for
each void we iterate over the samples in the heightmap.
This sample is given to the graph traversal algorithm
which uses it as a starting point.
During the graph traversal, an axis aligned bounding box is created such that it marks the boundaries
for each void (Figure 9(c)). It is important to note that
the bounding box will not necessarily have dimensions
suitable for the reverse subdivision approach [19]. We
calculate a target width and height that are suitable
for reverse subdivision using the same approach as in
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[19]. Then, we make a new bounding box that has the
same center as the original box but with a slightly larger
width and height. In the following sections we use the
new bounding box for both the search and the characteristics extraction.

4.8 Finding the Characteristics
After the boundary for a void has been determined, we
find a nearby area that contains the most relevant characteristics for the void. In the 2D case, finding the most
relevant information is more challenging than the 1D
case as there are more than two directions in which to
search. If we consider each of the parameter directions
that we use for the curve case, we have eight possible directions in which to search (Figure 9(d)). Each of these
areas represents data that is equally relevant to the void,
so we must make a choice of which one to use.
To determine which of the candidate areas is most
suitable for the void, we use two criteria. The first is that
any of the search areas may contain voids making it less
suitable. So we count the number of missing samples in
that area and use the area with the least missing samples.
In some cases, there will be multiple candidate areas that
have the minimum number of missing samples. In this
situation we prefer the candidate areas that are the same
type of terrain as the area surrounding the void. For
example, if the void is on the side of a hill, we would
like to extract characteristics from the side of a nearby
hill. We use a simple geometric comparison to find the
best match from the candidate areas. First, we calculate
an approximate normal vector for the area that contains
the void. Then, we also calculate an approximate normal
vector for each of the candidate areas. An approximation
of the normal can be calculated using the cross product
the two vectors that run diagonally across the bounding
box (Figure 9(c)). These normal vectors provide us with
the general orientation for each candidate area. We then
compare the normals of the candidate areas with the
normal for area surrounding the void. The candidate area
that has the minimum angle between its normal and that
of the void is chosen.
In our experimental results, this normal comparison
criteria has proven very effective. However, there are
other measurements of terrain, such as local curvature,
which might be considered as a criteria for selecting the
most compatible candidate area. We leave the exploration of further measures for a future work.

4.9 Applying the Characteristics
At this point, we know the bounding of the void and we
have an area chosen which will provide the characteristics for the patch. We then use image based reverse subdivision [19] to extract the coarse approximation from

(a)

(b)

(c)

(d)

Fig. 10 (a) An example void. (b) Results after patching the
void without feathering of the edges with void outline. (c)
Results after patching the void with feathering of the edges
with void outline. (d) Results after patching the void with
feathering of the edges.

the smooth patch, the details from the target area and
combine them to produce the final patch.
The final patch is a rectangular area that fully encompasses the void. However, we should be careful to only
use the samples from the patch that are missing in the
original void. In addition, there are some cases where the
normals at the edges of the void do not match up with
the normals at the edges of the patch. The mismatching
normals result in a visible discontinuity along the edge
of the patched terrain (Figure 10(b)). To minimize these
effects, we use a feathering technique for samples on the
edge of the void: for each newly generated sample, we
first check to see if there is a real sample within a small
neighborhood of the point. If there is, an average of the
new sample and the surrounding real samples is used (see
Figure 10(c) for the effect of this feathering). If there is
none, then we use the patched sample unchanged.

4.10 Combining Multiple Solutions and Relevance
Recall from Section 3.1 that we build four intermediate solutions: one for each of the curve directions u, v, w
and t. Therefore, we have four possible solutions for each
missing sample: one from each curve direction. In the final patch, we can only place one value into the missing
sample and we should provide a value that best represents the surrounding terrain. Therefore we combine each
of our solutions using a weighted averaging that prefers
n
X
the more relevant solutions: µf inal =
αi µi where µi
i=1
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(a)

(b)

Fig. 11 (a) Pie chart showing distances from real data for
a the intermediate solutions for u, v, w, and t curve sets. (b)
Pie chart showing the inverse weightings that are associated
with the intermediate solutions from u, v, w, and t. Note
how the weighting heavily weights the sample that is closest
to real data.

represents the solution from curve direction i, and αi is
the weighting for that solution. We only use four terrain
directions in this work, however, this equation is general and can be applied for n directions. In addition, the
n
X
combination should be affine:
αi = 1.
i=1

In order to provide the best solution for each missing
sample, we should prefer the more relevant solution. For
each missing sample, assume that we are given a set of
intermediate solutions for each curve direction is needed
[µ1 , µ2 , . . . , µn ]. In addition we can find the distance between each missing sample and its closest real sample
along that curve direction: [d1 , d2 , . . . , dn ]. Then, we den
X
fine the total distance as δ =
di . Using the original
i=1

distances and the total distance, we can define a set of
inverse ratios, [r1 , r2 , . . . , rn ] as ri = dδi , and a new total
n
X
as: ∆ =
ri . From this, we can easily normalize these
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not be able to notice the areas that have been patched.
The method described provides a smooth patch for voids
by analyzing the surrounding terrain in eight directions.
In addition, we described a technique that can extract
the high-frequency terrain characteristics from the surrounding terrain and apply them to the smooth patch.
Testing the realism of the patches is achieved by viewing the patches. We present the results of five tests on
terrain that varies in both the general steepness and overall characteristics. They range from relatively flat areas
to mountainous areas (Figure 12)). In all of these cases,
the patches that are produced are an excellent match for
the surrounding terrain. The areas of the void are undetectable without the aid of the photos that show the
voids.
Statistical measures of terrain are typically related to
synthesis methods. As we discussed, in our method the
patches are generated in such a way that the variations
from the base curve follow the same measures as the
surrounding terrain. Therefore, our method inherently
uses basic statistical plausibility to fill the voids, however
we also solve the issue of visual artifacts. In addition,
visual artifacts may not affect statistical evaluation of
the patch but are detrimental to visual quality. Thus, the
visual inspection process provides the main validation of
our patches.
Terrain does not have C 1 continuity and therefore
may have large features in small areas. We cannot reproduce these features in areas where there is no evidence
of the feature in the surrounding terrain. However, to
provide a validation of our work, we have created an artificial void in an area of terrain where we have complete
data. This allows us to compare our synthetic results
with the real terrain to determine if our patch is indeed
realistic, see Figure 13. The patches in both illustrations
have characteristics that fit with the surrounding terrain
and fit with the original data for the void.

i=1

ratios thereby defining weights for each of the solution
values as: αi = r∆i .
As a demonstration of the weighting, consider the
pie charts in Figure 11. The chart on the left shows the
distances between a missing sample and its closest real
sample for each curve direction: the largest portion represents the sample that is the least relevant. Conversely,
the chart on the left shows the weightings that we have
calculated: the largest portion represents the sample that
is the most relevant.

5 Conclusions and Experimental Results
In this paper we have presented a novel framework for
fixing the voids found in DEMs. The goal is to produce
a patch that fits with the surrounding terrain. That is,
when presented with the patched terrain, a viewer should
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