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Abstract: A DTM (Digital Terrain Model) contains spatial
elevation data of the terrain in a digital format and can find
multiple applications in the planning and creation of physical
models such as civil and mining engineering structures. A
fundamental issue of dense DTMs is data compression.
Compressing a DTM decreases the storage space and makes
possible faster access to the data as well as faster transmission.
In this context, this work relates to the performance of scan
patterns or space filling curves as applied to 16-bit DTM
representations. These patterns are appropriate for describing
terrain models in 1D while preserving the integrity of the
elevation data they represent. In particular, this paper outlines
the use of the so called space-filling curves for DTM
compression.

The basic process of using 1D space filling curves for
representing DTMs has previously been described but the
application of the Peano-Hilbert (PH) fractal curve is the
extension detailed here. The PH curve defines a continuous 1D
scan that traverses through every height of a DTM exactly
once, resulting in a representation that offers an improved
neighbour height similarity.

The increased similarity allows for better results in terms of
DTM coding/decoding times and compression ratios if
compared, for instance, to existing digital image formats used
to characterize DTMs. This is demonstrated by the results of a
number of tests based on DTMs of various terrain
characteristics and complexity (i.e.DTM entropy).

I. INTRODUCTION

The term DTM was originally devised in 1958 by Miller
and LaFlamme. Since then, the subject has evolved
extensively and is currently a prevalent area of activity in
surveying, geology, geophysics, civil and mining
engineering and other disciplines in the earth sciences
(Maune, 2007).

Some of the main applications of DTMs are:

1. Visualisation of the terrain.
Computation  of  gravity = measurements
(gravimetric studies, physical geodesy).

3. Terrain analyses in  Cartography and
Morphology.

4. Rectification of airborne or satellite photos.

5. Extraction of terrain parameters such as

water/flood models and,
6. Ground deformation measurements, monitoring
and analysis.

The role of digital terrain data capture has been enhanced
reflecting recent developments in airborne and spaceborne
remote sensing. This includes laser and synthetic aperture
radar systems together with the development of the Global
Positioning System (GPS) for ground data survey (Floriani
et al., 2014). Analysis, data filtering and compression of
these data sources are an essential part of DTM processing
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(Florinski, 2011). With this in mind, the reviewed digital
terrain modelling scheme shown in Figure 1 is discussed
with emphasis on developments in DTM compression
schemes.

A DTM is mostly related to a raster data type (opposed to
a vector data type), stored usually as a rectangular equally-
spaced grid of varied spatial resolutions. The accuracy of a
DTM depends on the accuracy of its source data. In fact,
two DTMs produced from the same data will not contain the
same information if their resolution, processing and
sampling strategies are different (Fujisada, 2012).

When the sampling of the data point is conducted on the
basis of a regular grid, the density must be high enough to
accurately portray the smallest terrain features present in the
area being modelled. If the density of data collected is high
and equally distributed in all areas of the model, an
excessive redundancy of data may occur with the
consequent increase of memory requirements for data
storage and transmission time. Of course, memory space
may be regarded as no longer crucial, since the price for
data storage has decreased steadily in recent years (at
present less than $50 per Terabyte).

However, more noteworthy are system dependent
constraints, like bandwidth and CPU speed. Time is
fundamental for Internet and real-time applications. The
largest holdup in modern computers is the transfer of data in
the data busses amid primary and secondary memories and
processors (central and graphic processors). Transferring
large volumes of data using external communication (cables
or wireless interfaces) is even more significant. Processors
are at times so fast that the time span for transmitting and
decoding data may be quicker than transmitting non-coded
data.

Since DTMs are usually displayed and processed by way
of digital image formats; they can be read, exported and/or
imported directly by a scientific application supporting that
format. Nonetheless, very few image formats are appropriate
for representing a DTM with sufficient accuracy and
resolution. Indeed, an important consideration for the use of
a DTM representation and compression is the floating-point
nature of the height values (Ruzikova and Inspektor, 2015).
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Figure 1 - Digital Terrain Models may be compressed prior to storage and
transmission.

These values are usually converted to integers, thus
requiring formats that can handle sufficiently large bit-
depths to properly represent vertical data. Examples of these
formats include variants and/or extensions of the JPEG
compression algorithm (i.e. JPEG-LS, JPEG2000). TIFF
and PNG image formats have also been utilised for this
purpose (Russ, 2011).

In general, these formats apply conventional linear scans
for coding and decoding elevation data. The simplest
conventional scan representation of a 2D array is a row
and/or column concatenation. This scanning method,
however, suffers from two major drawbacks: it only exploits
the elevations correlation in one direction (horizontal or
vertical) and secondly, it is spatially disruptive since
elevations belonging to a contiguous DTM section are
scattered throughout the resulting 1D array. Therefore, a
raster-scan will result in a long structure of abrupt elevation
differences in the 1D representation, thus requiring more
bits of memory.

In order to attenuate this problem, a number of alternative
scan patterns may be explored (see Figure 2). The purpose
of such an approach is to search for optimal correlations in
the resulting 1D sequence of elevation values which, as
mentioned in the ensuing section, can be used for purposes
of compression and/or coding/decoding efficiency of a
particular DTM (Heidelberg, 2011).
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Figure 2 - Some alternative scanning patterns for IDDTM representation
and description.

II. ONE-DIMENSIONAL DTMs

A 1D DTM requires a suitable scan that takes into
account its own terrain characteristics. A suitable DTM 1D
representation can be obtained by use of specific space
filling curves such as those derived from the Peano curve
named after their discoverer Giuseppe Peano (Sagan, 1997).

The particular Peano curve considered in this paper is the
Peano-Hilbert (PH) fractal curve shown in Figure 3. As
indicated in Figure 3a, this curve can be generated
recursively, with only a few simple construction rules.
Specifically, an n-th order PH curve provides a systematic
and logical ordering of the elements in a 2-by-2 array.
Figure 3b shows a 4-th order PH curve, which can be
expanded, for example, to scan an 8-by-8 array (Ansari,
1994).

An important characteristic of space-filling curves like
the PH curve is that they provide a spatially non-disruptive
mapping. The intricate structure of this curve incorporates
local spatial associations to the extent possible using alD
description. Of course, a curve cannot have the same degree
of spatial association as the 2D plane. Yet, this 1D mapping
alternative has proven to be more efficient when compared
to more common but spatially disruptive scans as row-
concatenation or other equivalent variants.
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Figure 3 - Expansions of the Peano-Hilbert (PH) curve.

Space-filling curves such as the PH curve are often
referred to as fractals. Strictly speaking, this is only true in
the limiting case when the order n of the curve approaches
infinity. For example, in the limit, the PH curve has a
"dimension" of 2.0, i.e., "filling" a continuous 2D space.
This "curve", is therefore a true fractal since by
Mandelbrot's definition, its Hausdorff dimension will
exceed its topological dimension (Schleicher, 2007).

In order to motivate the application of space-filling scans
to DTMs, an example is presented. Figure 4 shows a raster
based DTM digitized to 512-by-512 elevation points and, in
this instance, quantized to 8 bits (0-255 elevation values).
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The raster was mapped to a 1D array using the scan patterns
shown in Figure 2 (i.e. S1-S8) and by way of a 9-th order
PH curve. All scans consisted of 262,144 points, 262,143
segments and a total unit length of 512. The computations of
this proof of concept exercise were carried out using
Matlab2014 (www.mathworks.com).

The scan pattern S1-S8 are referred to respectively
ascross, spiral forward, horizontal, snake horizontal, snake
horizontal, snake vertical, angle, zig-zag, spiral backward.
The files generated by applying these scanning paths were
then used to calculate path efficiency parameters such as the
Activity Measure (AM), the Average Run Length measure
(ARL) and the Sum of Difference measure (SD) and the
related standard deviations(STD).The paths which provided
high efficiency in terms of AM, ARL and SD are noted.

Figure 4 - A 512x512 DTM of various terrain characteristics.

These measures determine the optimal scanning paths
that may lead to an ideal data compression as proposed by
Nandakishore (2004). The AM relates to the number of
transitions in the scan. If the number of transitions is low
then the redundancy of the elevation value is high. ARL is a
statistical analysis of the occurrences of each length; it
calculates the ratio of the number of occurrences of a
particular length for a repeating pattern to the length of the
sequence. This value should be high. The SD should be low
because it determines the dependence between current
elevation values with neighbouring elevations.

TABLE 8 : SCANNING PATH EFFICIENCY RESULTS FROM THE DTM IN FIGURE

4.SEE ALSO FIGURE 2 FOR THE PARTICULAR SCAN PATTERNS S(I). PH IS THE
PEANO-HILBERT SCAN PATTERN.

SCAN AM ARL SD STD of SD
S1 9737851 2.23 3457378 28
S2 9737740 2.25 3450678 24
S3 9737180 2.47 3449678 24
S4 9737030 2.54 3448178 23
S5 9736690 2.65 3447678 21
Sé6 9736320 2.68 3445678 20
S7 9735520 2.73 3444778 16
S8 9735090 2.83 3442978 15
PH 9734950 3.31 3434678 12

Based on these parameters the better scanning path is
identified. From Table 1 it can be established that the PH
scanning path would provide maximum data compression
for the DTM in Figure 4 as it is the path with the highest
efficiency in terms of the tested measures. In other words
the results in Table 1 show that the PH scan has the lowest
AM and SD (including the lowest SD) and the higher ARL.

III. TESTS

In this section, three raster-based DTMs (see Figure 5)
were considered and tested using the PH scan shown in
Figure 2. The purpose of these additional tests was to
determine whether a 1D approach was better or at least
comparable to standard 2D lossless compression processes
used by standard image formats (refer to the introduction
section).

While one of the foremost (and often only) difficulties in
DTM coding methods is that of compression proficiency
(compression ratio), it is not the only assessment considered
here. Attention is also given to the decompression time. All
computations were carried out using Matlab2014 on an Intel
PC with 2.83 GHz and 3.00 GB of RAM, under a Windows
7 operating system.

As per Figure 5, the three DTMs had dissimilar
geographic topographies with height differences ranging
between 10 and 1000 m. This selection was based on the
continuity of the terrain, their distinctiveness in geo-
morphological form and the terrain complexity as defined
by their entropy. Entropy refers to a quantity which defines
the "business' of the elevation data, that is, the amount of
data which must be coded for by a compression process.

DTMs of high entropy such as those containing abrupt
topography are wusually associated to having high
compression ratios. On the other hand, low entropy values
are characterised by gentle variations of elevations (i.e. flat
terrains) and can be compressed to relatively low
compression ratios. Hence, as shown in Figure 5, the DTM
referred to as peaks is the most topographically complex and
will have a higher entropy as compared to hills and valleys
data sets.

The raw data sets for these tests originated from points
scattered in 3D and stored in .csv files as x, y, z non-
uniformly spaced vectors. The average size of these .csv
files (.zip compressed) was 30 Mb and the average number
of X, y, z points per DTM was about 4 million.

The DTMs were created by fitting/interpolating the data
of the x, y, z points, to determine the height value (Z) that
would exist at the intersection of a regularly spaced XY
grid. The three DTMs generated by the interpolation process
always passed through the original data points and were
created using Matlab2014 using bilinear interpolation.

This interpolation method was preferred because of the
compact distribution of the X, y, z points. Bilinear
interpolation is most effective when the source data is
similarly scattered over the selected grid area (Lebeck,
2014). Also, the method does not extrapolate elevation
values outside those of the source data. Reasonably small
RMSE (Root Mean Square Errors) were generated for the
three data sets considered in this section, that is, +/-0.05 m.,
+/-0.03 m and +/-0.04 m. for, hills, peaks and valleys
respectively.
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These figures were computed upon subtracting the
elevations at each original x, y position from those produced
by the constructed DTMs at the corresponding locations.
Each DTM covered an area of 4 km® and for compression
purposes the height information in all DTMs was rounded to
the first decimal point for a grid resolution of 1m.

The floating-point data was transformed to integer to
guarantee compatibility with the standard image formats. As
the conversion to integer by simple truncation results in a
loss of information (i.e. the information content after the
decimal place will be lost), the floating-point height values
were multiplied by a factor of 10 (i.e. a height of 789.5
became 7895).The DTMs were then transformed to the
image formats selected for the tests (i.e. TIFF, JPEG2000,
JPEG-LS and PNG) with each image format capable of
managing a bit-depth of 16 bits/elevation.

All the DTMs images required a memory of 7.8 Mb as
bit-map. Table 2 compares the lossless compression
efficiency of the proposed PH process, JPEG-LS, JPEG
2000, TIFF (LZW compressed) and PNG. For JPEG 2000
the reversible DWT filter, referred to as JPEG 2000R was
used. In the case of JPEG-LS the default selections were
chosen (Gamito, 2004). The LZW compression protocol was
applied to the TIFF images whereas the maximum
compression setting was considered for the PNG files (Russ,
2011). The PH process was based on the DPCM
compression coding process.

DPCM is a fundamental form of predictive image coding
and compression. As the name infers, the difference
between heights is the quantity that is coded. The DPCM
operates on the entire DTM, elevation by elevation. As a
first step, the first elevation in the upper left corner remains
unchanged; it is coded exactly as its original elevation.

The process moved to the second elevation value on the
scan line. The preceding elevation is subtracted from the
current elevation. The result of the subtraction is the new
coded value for the second elevation in the DTM. The
process continues until the entire DTM is (or section of the
DTM) is coded accordingly (Pracko, 2007).

From Table 2, in all cases the best performance is
obtained by the proposed 1D approach process although the
PNG provides competitive compression ratios. The
compression ratio shown for the peaks data set for the case
of the PH scan in Table 1 (i.e. 14.1) was simply determined
by dividing 7.8 Mb by the memory requirement needed to
store the same image (i.e. 7.8Mb/1.7Mb= 7.1). The same
process was used to determine the remaining figures in
Table 2. The PH process on average gave the best
compression results, thus demonstrating that as far as
lossless compression is concerned, the PH scan can
efficiently deal with various types of terrain.

One notable exception to the general trend is the valleys
image, which contains mostly areas of continuous/gentle
elevation levels and gradients. For this type of DTM, all
methods yielded similar results as expected, with the PH
scan path producing a slightly better compression ratio.
Overall, the worst compression results are given by
representing the DTM using the TIFF (LZW compressed)
raster image.

Table 3 shows the decompression performance times. The
time results are relatively similar, and they show that the PH
curve, in addition to providing (on average) the best
compression ratios, is also the fastest to be decompressed

and therefore of relatively low decompression execution
time. The PNG decompression process required longer
decoding execution time. Although not shown in the above
results the PH and PNG compression/decompression times
were asymmetrical as the coding time was approximately
25% faster than the decoding (i.e. decompression time).

HILLS (ENTROPY =6.13)

VALLEYS (ENTROPY = 6.33)

PEAKS (ENTROPY = 7.16)

Figure 5 - 16-bit elevation images of the test sites (2000%) and their relative
entropies. From the top: hills, valleys and peaks respectively. Elevations
vary between 10 and 1000 metres.
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TABLE 9: COMPARISON OF LOSSLESS COMPRESSION RATIOS FOR VARIOUS
IMAGES FORMAT REPRESENTATIONS OF A DTM AND THE PH PROCESS.

image | TIFF(LZW) | JPEG2000 | JPEG-LS | PNG | PH
peaks 3.6 4.5 5.3 5.8 7.1
hills 4.2 5.3 5.5 62 |79
valley 7.5 7.0 7.1 78 79

TABLE 10: LOSSLESS DECOMPRESSION EXECUTION TIMES (SECONDS) FOR
THE IMAGE FORMATS USED IN THE TESTS AND FOR THE PH AS PER THE
MATLAB2014 CLOCK FUNCTION.

IMAGE | TIFF(LZW) | JPEG2000 | JPEG-LS | PNG | PH
peaks 3.8 3.2 3.0 2.8 2.5
hills 3.0 2.7 2.9 23 |22
valleys 1.3 1.2 1.9 1.1 1.1

Due to the lossless nature of the image compression
process used in these tests there was no need to evaluate a
post-compression accuracy of the DTMs as the integrity was
unaltered by the process. It may also be added that the
compression ratios given in Table 2 are only indicative of
what lossless compression ratios may be expected from 16-
bit grid-based DTMs of different terrain features.

IV.CONCLUSIONS

Digital Terrain Models can be depicted as raster images
where each elevation sample is translated to a grey-scale
‘pixel’ value. However, since digital image formats are
originally designed for the compression of natural images
and not terrains, their parameters need to be modified prior
to their application to elevation data.

In this paper different image formats and a particular
scanning process were applied to floating point DTMs
representing a variety of terrain features. The purpose was to
determine whether the application of the PH curve would
produce comparable or better results in terms of DTM
compression efficiency and decompression execution
timesas compared to the compression and/or decompression
protocols of 16-bit image formats used to represent DTMs.
The 1D approach offered by the PH scan was generally
found to be adequate and in most cases superior. Also, an
important advantage of this PH space-filling scan for DTM
representation and compression was the computational
efficacy and the relative fast implementation.

Preliminary studies, some of which were outlined in this
work, show stimulating possibilities for DTM 1D coding in
general. The authors are currently reviewing the usefulness
of the PH curve and other space-filling fractal curves using
data compression techniques different from the DPCM. One
aspect of this pursuit is to find optimally coherent 1D
mappings of a 2D space. It is envisaged that this work may
stimulate further research into other distinctive DTM
applications of space-filling curves to DTMs representation.

It may be concluded that a 1D scan method is able to
convert a difficult to compress 2D signal into an easier to
compress one. Although several scan based method have
been proposed in the literature, this area of expertise is still
insufficiently explored. This is perhaps due to the additional
complexity of determining which scan performs the best
given a particular set of elevation data. At any rate, scan
patterns are adaptable and may offer a network-friendly and
lossless compression scheme that can be cross-platform
compatible.
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