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Chapter 1 - Introduction

1.1 Background
A method for object and feature recognition is useful in many different areas.
most important application is perhaps simulations and other types of 3D-visua
tions where there is a need for determining location and properties of a large nu
of different objects.
Various terrain analysis problems could be solved such as drivability, where th
tection of flat areas could be used to determine whether the terrain is suitable for
ing vehicles, or possibly for landing-sites for helicopters.
Work has been done towards the design of a query-language for terrain-objects
feature-recognition is a vital part. If an efficient way of detecting objects can
found, this can be used to quickly create an index of possible objects in an area.
the object has been found some more precise method could be used to determ
details of the object. The maximum size of the objects that are of interest here
to a few hundred meters.
A very detailed high-resolution terrain model will be obtained by using an airbo
laser scanner. Identification of terrain objects in this vast data-set is difficult and
resource-heavy. To represent the data-set more efficiently a symbolic structur
scribed in [2]) has been defined on which this work will be based.

1.2 Objectives
In previous work [1] an automated process for finding long, thin terrain-objects u
a symbolic structure (the categories described in Section 1.4) has been devised
work was somewhat limited in that only one simple test-filter that finds ditches
developed.
The objective of this work is to determine if this method can be used to find o
types of terrain-objects, and possibly refine the filtering-process.

1.3 Laser Radar
The data used in this work was collected using an active sensor called a laser

The measurements were performed using a system called TopEyeTM, a topological
3
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survey system carried by a helicopter. The system uses the laser radar to meas
distance to the ground, and by using the known position of the helicopter (usin
GPS), a coordinate for the measured point can be computed. In addition, the sy
receives a reflectance-value which is the magnitude of the reflected laser-beam
this value will vary for different materials at the measured point.

1.4 Categories
Categories are one way to describe the terrain in a symbolic way. This is done b
titioning the topological data into quadratic tiles and for each tile matching the 
to a specific category. Each tile is approximated by either one plane or by two pla
in which case the category has one of the basic category-forms shown illustra
Figure 1.1. How this classification is done is described further in [3].

Figure 1.1: Basic category-forms

The direction of the inclinations and edges are limited to the points that can be
in Figure 1.2. Each category is described by the following properties:

• Inclination The average inclination of the tile described by one direction
pointing to the highest part of the tile.

• Orientation The edge that divides the tile into two planes is used to determ
the orientation. It is described by a start-point and an end-poin
The orientation can in certain cases represent an extreme po
which can be any of the points except the corner-points. If the
does not fit into one of the basic categories and could be descr
by only one plane, i.e. it has no edge, the orientation will have
value of zero.
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• State This value determines if the orientation is positive or negative
relation to the inclination of the tile. For example, out of the bas
forms in Figure 1.1, the categories 2, 3 and 4 are positive.

A flat category will have all values set to zero.
A more detailed description of the categories can be found in [1] and [2].

Figure 1.2: The sub-parts of a tile, their integer encoding and the allowed
inclination directions.
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Chapter 2 - Filter Algorithms
This chapter will describe the various algorithms that have been developed in 
work. A filter is defined by a set of algorithms that are applied to a data-set to 
only those structures that are matched by the specified parameters. The filter-pr
is divided into two main parts where the first is the matching of individual cross-
tion segments and the second is the connecting of these segments into object

2.1 Stage 1 - Finding segments
The basic idea is to use the categories to find the cross-section of the specific t
object. This cross-section will be referred to as a segment.
For instance, if a ditch is to be found, a category with a downward-slope followe
zero or more flat categories must be found first (depending on how broad the
is), followed by an upward-slope. This will result in a segment of two or more c
gories as can be seen in the first example in Figure 2.1. A ditch-segment could
be limited to one tile, in which case the category would have no inclination and a
ative edge as can be seen in the right-most example in Figure 2.1.

Figure 2.1: Some possible ditch-segments

If this is done for a large area, and a ditch exists, several ditch-segments w
found. However, several erroneous segments will also be found since this cros
tion will not only be found in a ditch. For example, a small hole in the ground co
possibly generate this type of segment.
How to deal with these incorrect segments is described in Section 2.2.

The filters are defined by specifying a “string” of tiles describing the feature tha
to be found. Each tile in this string is made up of a set of allowed categories.
Several categories of the same type can appear consecutively, which will be spe
with a minimum and maximum length of each character. Furthermore, a minim
7
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and maximum total length of the segment can be specified. See Chapter 3 on ho
is implemented.

When the string has been specified, it can be searched for in the data-set using
pattern-matching techniques. This search has to be carried out both horizontal
vertically to find all relevant patterns.

Often the filter-string will consist of three sub-segments: The first is the start-pat
which in the ditch-example will be categories representing a downward-slope.
second is the middle-pattern which could, for example, be made up of a flat cate
with a minimum length of zero (no middle segment) and a maximum length of
width of the ditch. The third is the end-pattern, which in our example is the categ
describing an upward-slope. Further discussions of different types of cross-se
can be found in Chapter 4.

The categories are not rotation invariant which means that if the search is to b
ried out horizontally from west to east, the categories representing a downward-
must have an inclination to the west.
The filter must be rotated 90 degrees when the search is to be carried out vert
Then, if the search is done north to south, the downward-slope will be a category
an inclination to the north.
The notion that only a horizontal and a vertical search are sufficient is discuss
[1].

2.2 Stage 2 - Connecting segments to objects
When the first stage of the filtering has been completed, a lot of segments have
found. Some of these segments are possibly part of the terrain object that is
searched for, and some are definitely not.
To find out which segments are part of an object, adjacent segments must be co
ed into one single terrain-object. Several methods of how to do this will be desc
in this part.
All connect-algorithms use restrictions of the objects’ width and height to determ
which objects should remain and which should be removed. The width is calcu
by taking the average width of all the segments in the object. The length is then
culated by simply dividing the total number of categories by the width. The result
be a reasonably good estimate of the total length of the object measured in num
8
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category tiles. If for example the filter will find an object with a total length of 5
and the tile-size is 2 meters the objects length measures in meters will be 5.5 x 2
meters.

2.2.1 Simple connect

The simplest method is to find all hits among the categories that touch each
forming a continuous object. A minimum number of categories in the object ca
specified to filter out small, irrelevant objects.

This can be implemented with a recursive algorithm. In the following example
search is started at coordinates x and y. The recursion will continue until a com
object is found. The recursion will stop if no filtered tile is found at the specified
ordinate so to be able to find all objects in the data-set this function has to be ap
to every tile to find the starting-point of each object. The function will return the s
of the object so that a decision can be made whether the object should be filte
not.

simple(x,y) {
 size=0
 if is_filtered_stage_1(x,y) and Check if the tile is part of a segment
    not is_filtered_stage2(x,y) then { found in stage 1 and not already

connected in this stage.
  size=1
  set_filtered_stage_2(x,y) Mark the tile as connected.
  size = size + simple(x+1,y) Continue searching to the east.
  size = size + simple(x-1,y) Continue searching to the west.
  size = size + simple(x,y-1) Continue searching to the north.
  size = size + simple(x,y+1) Continue searching to the south.
 }
 return size;
}

Figure 2.2: Illustration of the simple connect algorithm
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Figure 2.2 shows an example of the simple connect algorithm where a minimum
of 4 is used. Two separate objects are found which are represented by the shade

2.2.2 Connect segments

The second algorithm will connect adjacent segments. The search will first be
formed from top to bottom and only connect the adjacent segments that were
in the horizontal search in stage 1. Only segments directly beneath the previou
ment will be considered adjacent. Similarly, a search has to be made from left to
only connecting segments that were found in the vertical search in stage 1.
With this algorithm, error-tolerance can easily be implemented by instead of ha
the search when a missing segments is found, continue and keep track of how
segments are missing. The search could then be halted when the number of m
segments exceed a certain tolerance-value.

Figure 2.3: Illustration of the vertical segment-search

The algorithm for a vertical search of horizontal segments is illustrated in Figure
The white rectangles represent the detected object, and the shaded rectangle
jected segment. In this example a certain amount of error is permitted resulting i
4 being skipped and a new segment on line 5 being found directly below the seg
on line 3. The rejected segment is not part of the object since it is not below any
ment already found in the object. The result is one single object.
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2.2.3 Connect edges and inclinations

The two algorithms described above are not concerned with the underlying cate
structure since they only operate on information about the categories filtered o
stage 1. The following algorithm, however, will take into account the details of
categories that have been filtered.
This algorithm is similar to the simple algorithm described above in that it finds
jacent categories but with some added conditions of when to continue searchin
when to stop.
The idea is to follow the edges (and inclinations) to find which segments shou
part of the object. An inclination is seen as an edge where the direction is 90 de
from the inclination. In the case of a tile with both an inclination and an edge the e
takes precedence. In each step of the search process a check is made to make s
the current edge matches the previous edge. To expect an exact match of the e
in most cases unrealistic so a tolerance of +/- 45 degrees will be allowed. If the c
is successful, the direction this step will choose will be strictly based on where
edge is pointing (only one direction will be chosen unless there is an edge which
not divide the tile symmetrically, in which case there will be two directions depe
ing on the angle of the edge).
The case where the tile contains an edge will be illustrated in Figure 2.4 by a cate
with an edge from point “5” to point “8” (with directions as specified in Figure 1.

Figure 2.4: Illustration of how the edge-connect algorithm searches edges.
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When the search reaches this category a check is made about whether the
should stop here or continue. To determine further action, the direction in which
search reached this category is compared with the points of the edge. In this ex
the first point is “5” so we check if the direction this category was reached is “8”,
or “2”. “1” is 180 degrees opposite from “5”. “2” and “8” are 45 degrees next to “
(the tolerance discussed above). If that condition holds true then the searching
tinues at the category in the direction of point “8” (the other end of the edge).
thermore, the point opposite of the starting-point (“5”) is “1” and should also
searched so that the search has been performed with regards to the whole ed
not only in the direction of the end-point. In the illustration in Figure 2.4, the das
arrows point to the allowed direction of the previous search step, and the solid a
to the directions in which searching should continue. The same procedure w
used when starting with the other point of the edge so that if the previous directi
“3”, “4” or “5”, searching should continue in directions “4” and “5”.
A special case will happen when there is an edge as in Figure 2.5 in which cas
search will continue at the end-point of the edge as above and the point adjacen
furthest from the start-point.

Figure 2.5: Illustration of the special case of the edge-connect algorithm.

Similarly, the same procedure is used for inclinations (only where no edge ex
where the directions to follow will be 90 degrees from the inclination. This is ill
trated in Figure 2.6 using the same representation as above with the inclinatio
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resented by the thick arrows. There will be two cases here as well, one check
the “left” and one from the “right”.

Figure 2.6: Illustration of how the edge-connect algorithm searches inclinatio

Searching will also continue if the current category is part of the same segment
previous one.
This algorithm is well suited for implementation as a recursive algorithm, which
is the case in the experiment system in Chapter 3.

2.3 More operations
Some additional filter operations will be described in this part. These filters can
applied before or after the filtering in stage 2.

2.3.1 Logical AND

This filter will combine horizontal and vertical matches with a logical AND-oper
tion. Only those categories that are part of both a horizontal and a vertical seg
will remain after filtering. This is illustrated in Figure 2.7 where there are both h
zontal and vertical segments and the shaded tiles represents the result of this 
operation.
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and
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Figure 2.7: Illustration of the Logical AND algorithm

2.3.2 Rectangle

This filter will search the categories for rectangular objects with a specified width
height. An error tolerance is easily implemented so that a certain percentage
rectangle must match.
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Chapter 3 - The Experiment System
To evaluate and test the algorithms, a test-program has been written in Java [11]
program is able to display categories and apply filters specified in text-files.

3.1 The program
The Java-program that has been developed is more of a framework for experime
with different algorithms and filters than a finished end-product. The results of th
ters are only shown in the visualization window and can not be exported outsid
the program. Internally the different terrain-objects that are found are stored in a
structure which means that it is possible, without too much work, to dump this 
to an external file. The basic operation of the program can be seen as a flow-ch
Figure 3.1.

Figure 3.1: Basic operation of the Java-program

Specification

Statements
More Filter

End of Filter Specification

Visualize

Apply Filter
Algorithm

Load Category
Data

Parse Filter
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3.2 Category representation
A visual representation of the somewhat abstract categories has been devised
representation is shown in Figure 3.2. Inclination is represented by a green line p
ing upwards in the direction of the slope. The green line is replaced by a black a
in this document. Orientation is represented by a black or white line representin
edge. A positive state is indicated by drawing the orientation in white and negativ
black. The figure below also shows what a cross-section could possibly look like
is not something that is part of the program but only shown here to better unders
the categories).

Figure 3.2: The visual representation of 5 different categories with the cross-
section underneath.

3.3 Filter specifications
The filters are specified in a plain text-file that is parsed by the Java-program an
plied to the data. The filters are applied in the order they are specified in the fi
16
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Each segment will be searched for horizontally, after which all categories in th
ter-specification are rotated 90 degrees and searched for vertically, which mean
all filters have to be specified for a horizontal search, left to right.
All lengths and widths are specified in number of category-tiles, where each tile
by 2 meters.
Lines starting with the string// will be considered comments.

3.3.1 Segment

A filter-segment as has been described in Section 2.1 is started with abeginsegment
statement and is ended withendsegment. All text between these statements represe
the “string” that is to be searched for. An optional parameter for the segment isinvert
which will invert the entire segment, i.e. positive state will become negative state
This can, for instance, be used to quickly transform a ditch-filter into a ridge-f
and vice-versa.
As all segments will be searched for both vertically and horizontally, this can be o
ridden by the statementshorizontalandvertical to allow search in one specified di
rection.

3.3.2 Sub-segment

A segment can contain several sub-segments (or “characters”) surrounde
beginsubsegmentand endsubsegment. The beginsubsegmentstatement takes thre
parameters. The first two are required: minimum length and maximum length, w
is the number of consecutive categories that should match this sub-segment. Th
is the optional keywordexcludewhich means that this subsegment should not be p
of the final segment although it still has to match. The subsegment can also co
the statementmaxerrorsthat has one parameter that is the maximum number of
matched categories allowed. If this is not specified, no errors are allowed.

3.3.3 Category

The subsegment contains a set of allowed categories which are specified wi
statementsbegincategoryandendcategory. A category is specified with the state
mentsinclination, stateandorientationwhich can have several allowed values o
one line. The keywordnot is used to allow only the valuesnotspecified. The keyword
any will allow all possible values.
17
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3.3.4 Connect

After the segment-specifications, the post-processing algorithms can be spe
The statementconnectwill connect categories using the algorithm specified as
first parameter. Allowed algorithms areedge, simpleandsegment(see Section 2.2).
Parameters two to five are minimum/maximum length and minimum/maxim
width of the final object. These parameters are required, but by using a value
the check can be disabled. If the segment-algorithm is used, a maximum error (
ified in percent) can be set as an additional parameter.
The edge- and simple-algorithms are implemented as recursive algorithms w
could lead to problems if the recursion depth is too great although this should not
pen unless a filter is specified to find very large object in which case the resolu
of the tiles should be altered.
Objects that are not in a straight line and that change direction (i.e. a winding str
should be no problem for the edge-algorithm since it follows the direction of the
es and inclinations. The simple-algorithm ignores the directions as long as the
gories are adjacent. The segment algorithm first searches from top to bo
followed by a search from left to right. This means that the algorithm only han
objects that are laid out in a straight line so objects that changes direction an
curved will not be found.

3.3.5 Additional statements

The statementh-and-vwill use the logical-ANDalgorithm to combine horizontal and
vertical segments. This statement takes no parameters.
The statementfindrectanglewill find rectangles of a specified size. The first par
meter is the width, the second the height and the third the percentage of erro
lowed. Note that this algorithm will not find the best but the first matching rectan
searching from left to right, top to bottom. More than one rectangle can be foun
once a matching rectangle has been found, further searching will exclude that re
gular area.

3.3.6 Example

The following is a filter example that only contains one sub-segment which m
that the complete segment will have a possible length of 1 to 3 categories (the
mum and maximum length of the sub-segment). The filter is only made as an e
ple of how different statements are used and should not be seen as a filter tha
18
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find any specific terrain-structure. More filter-specifications can be found
Appendix A.

beginsegment Start the segment
  invert Invert the segment, in this case the real

inclinations searched for will be 2, 3 and 4
  beginsubsegment 1 3 Start a subsegment with a minimum length

of 1 and a maximum length of 3
    begincategory Start a category
        inclination 6 7 8 Allow inclinations 6,7 and 8
        state any Allow any state
        orientation not 14 15 16 Allow all orientations except 14, 15 and 16
    endcategory
  endsubsegment
endsegment
connect edge 10 -1 -1 -1 Connect categories using the edge-algorith

and a minimum length of 10

3.4 Test-data
The data used to test the filters have been taken from laser-radar flights over the
area in September 2000 and over Kvarn, northwest of Linköping in August 2000
available data were already sorted into files, each file covering an area of 100 b
meters, with the full data-set covering an area of 800 by 800 meters.
For each measured point there is an X, Y and Z coordinate that represents the
position. In addition to the coordinates, the reflectance value is stored in the raw
files. The reflectance is the amplitude of the reflected laser pulse but this value
used in this work, although a possible use for this is discussed in Section 5.1.3
The data was first run through a ground-segmentation algorithm to find the gr
only, i.e. removing all trees and houses. This was done using the method des
in [4] with a grid-size of 0.5 m which means that for each 100 by 100 square me
there would be 200 by 200 data-point. The resulting data was then categorised
scribed in [2], with each category being 2 by 2 meters resulting in a data-set of 5
50 categories for each square. This means that the data reduction rate is 5
3x200x200 = 25/1200 = 1/48.
19
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Chapter 4 - Results
This chapter will describe the different filters that have been developed. All fil
specifications can be found in Appendix A. The figures showing results of the fi
ing are screen-dumps from the Java-program. The zoomed-in images are 100 b
meters and contain the visualisation of all categories. The zoomed-out images a
by 800 meters and do not contain the details of the categories.

4.1 Ditch
This filter finds narrow ditches and is also very tolerant to changes in direction o
ditch. The specification contains three different segment-types:

• The first is a single-tile flat category with a negative edge (i.e. all orientatio
except extreme points).

• The second is a segment with a down-slope, flat and up-slope structure. Thi
finds segments that are part of a ditch that has a northeast-southwest orient
Figure 4.1 shows all possible categories for each sub-segment and since 
north-south (“37”) edge, as well as the inclinations “1” and “5” are part of t
start and end sub-segment, segments with a north-south direction will als
found.

• The third segment is similar to the second. The only difference is in the orie
tion which is northwest-southeast.

These three segments-types are sufficient to find ditches orientated in all direc
since the filters are also rotated 90 degrees.
The minimum width of a ditch-segment is one category-tile and the maximum w
is three category-tiles. Figure 4.2 shows the result of the segment-filter where
a few false-hit segments occur as well.
The segments are then connected using the connect-edge algorithm with a min
allowed length of 10 (which equals 10x2 = 20 meters). This will remove most of
smaller objects, most likely not to be ditches. The results of this algorithm can be
in Figure 4.3 where three ditches clearly can be seen. Two of these are in r
ditches beside a road, and the third is a small stream as can be seen in Figure 4
fortunately some possible ditches will be removed because of many missing
ments. This is most likely because the ditches aren’t deep enough.
21
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This filter can easily be inverted with theinvertkeyword. The result will be a narrow
ridge as shown in Figure 4.5.

Figure 4.1: Categories allowed in the ditch-segment that represents a north-e
south-west orientation, with the corresponding cross-section
beneath.

Figure 4.2: The ditch-filter with all filtered segments including false hits.
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t
Figure 4.3: The ditch filter with segments connected using the edge-connec
algorithm.

Figure 4.4: The small stream in real life.
23



FOI-R--0499--SE Chapter 4 - Results
Figure 4.5: Narrow ridges found by the inverted ditch-filter.
24
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4.2 Ridge
This filter is similar to the ditch filter, but the scale is changed to find larger structu
Compared to the ditch-filter, it is somewhat simplified since the more precise de
tion of categories is not needed for an object of this size. Only one segment is s
fied and the allowed categories are illustrated in Figure 4.6. The start-segment
up-slope with two to four category-tiles. The middle-segment consists of one to
category-tiles of any kind, and the end-segment is a down-slope with two to four
egory-tiles. The total segment length is limited to five to twelve category-tiles.
Finally, the connect-edge algorithm is applied with a minimum length of 50 tiles
a minimum width of 10 tiles. The final results can be seen in Figure 4.7.

Figure 4.6: Categories in the ridge-filter.

Figure 4.7: The result of the ridge-filter.

Any category
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4.3 Hill
This filter finds small round hills and uses a different approach in the descriptio
the filters.

Instead of using the cross-segment of a hill, this filter will find the round ed
around it. This is possible by looking for a more specific category-string. An id
hill will have categories like those in Figure 4.8. By searching for the segment
has the categories with inclinations “8”, “7” followed by “6”, the north edge of t
hill will be found. By doing similarly for all edges, an outline of the hill will appea
Post-processing for this filter is done by applying the simple-connect algorithm.
could be more refined by making sure that all four different edges are part of th
ject, but this has not been done in this work. Figure 4.9 will show a hill being dete
in the real data-set.
Since the segment-search is only done horizontally and vertically this technique
only work for this kind of round structure. If, for example, an oval hill is to be dete
ed with this method, only objects that are totally aligned horizontally and vertic
would be found. To be able to use this method with any type of object, the segm
search has to be done not only horizontally and vertically but in all directions.

Figure 4.8: An ideal categorisation of a hill.
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Figure 4.9: The results of the hill-filter.

Figure 4.10: The hill in real life.
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4.4 Pond
This filter will be able to find a little pond with a somewhat round shape. This is d
by looking at the cross-section, which ideally will look something like Figure 4.
Since a long flat segment is bound to have errors in it, a certain error tolerance
allowed. To ensure that the object is “closed” the cross-section has to be found
horizontally and vertically by using the post-processing filterh-and-v. The edge-
connection algorithm is then applied to allow a minimum length and width of 15
egories. The final result can be seen in Figure 4.11 and a photograph of the ac
pond in Figure 4.13.

Figure 4.11: The result of the pond-filter.
28
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Figure 4.12: The pond segment and cross-section.

Figure 4.13: The pond in real life.
29
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4.5 Flat
This is a very simple filter that will filter out all flat categories, i.e. categories with
inclination, no orientation and no state. The results can be seen in Figure 4.14 w
a lot of interesting terrain formations are present, most notably the roads and the
field to the east.

Figure 4.14: The flat categories (shown in grey) in the data-set in an area of 8
by 800 meters. The black rectangle is 100 by 100 meters and is 
result of the flat-area filter.

4.6 Flat-area
This filter will apply thefindrectangles-algorithm to the flat-filter. The size of the are
is 50 by 50 categories which equals 100 by 100 meters. An error tolerance of 
cent is allowed. Results can be seen in Figure 4.14. Note that since the groun
mentation algorithm has been applied to the data the ground could be covered
trees, so for this filter to applicable in any practical drivability application, no grou
segmentation should be done or the tiles must be classified with respect to the c
“open field” and “forest”.
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4.7 Road
This filter is capable of finding roads. The principle is to find the segments that s
and end with a category that is not flat, and with several flat categories in betw
The enclosing categories should not be part of the segment. This is done by usin
exclude parameter to thebeginsubsegment statement of the non-flat categories.

What will remain are segments with only flat categories. These segments are
nected by using the connect-segment algorithm. A minimum length of 10 is used
an error percentage of 20. The filter applied to the complete data-set is show
Figure 4.15. Several shorter road-parts can be seen in several places and ar
likely flat areas where houses were removed by the ground-segmentation. Sin
connect-segments algorithm does not effectively handle changes in direction,
parts of the road are missing, see also Section 5.1.2 for further discussions o
road-filter.

Figure 4.15: The results of the road-filter.
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Chapter 5 - Discussion
This chapter will discuss some of the problems, the algorithms, the results and
sible future improvements of the work.

5.1 Categories

5.1.1 Limitations

Since the categories are approximated by a maximum of two planes this could r
in the disappearance of certain features. For instance, a ditch located on the slo
a hill could be difficult to detect. If the slope is more dominant than the ditch, the
egories on the slope could take precedence over the categories representing th

5.1.2 Height

An additional parameter that has been subject to experiments is the height of th
egories. This parameter corresponds to the maximum distance between the h
and the lowest point of the category. This data is not a formal part of the categ
definition but is nonetheless present and has been experimented with. The mo
teresting use of this parameter is to consider categories below a minimum heig
flat categories. As the category algorithm is designed now, the minimum heigh
non-flat category is 0.2 meters. Because of the resolution of the original data
height in the categories are rounded off into one decimal. In all the filters descr
above, no filtering has been made in regards to the category-height, but this s
not be necessary since the filters are applied to a data-set that in most parts de
an area which is very flat. Making it more flat would be to loose a lot of detail. Wh
the filters were applied to another data-set, the Kvarn-area, which in most part
be classified as rough forest, the road-filter in particular did not perform very w
To solve this problem a pre-filter was applied that converts all categories that h
height less than 0.3 meters into a complete flat-category. Even the bumpy fo
roads were detected using this technique as can be seen in Figure 5.1
33
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Figure 5.1: Left: The standard road-filter applied to the Kvarn-area. Right: Th
categories with a height of less than 0.3 meters were converted to
categories before the filter was applied.

5.1.3 Improvements

Here, some possible enhancements of how the category-data is applied that ca
sibly help to improve the filtering technique, are presented. These improvem
needs to be thoroughly evaluated since this has not been done in this work.

• Angle The filters could be refined further by calculating the angle of t
inclinations.

• Intensity The road algorithm for example, could be greatly improved by
using the intensity information from the laser-radar data.

5.1.4 Used categories

Most of the information coded into the categories were used in the construction o
filters. The most useful part of the categories is the inclination which is used b
most all the filters. The orientation (edge) and state is mostly useful when lookin
smaller objects like the narrow ditches. A use for the extreme point (i.e. where
orientation is 11, 22, etc.) is yet to be found.
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5.1.5 Multi-resolution

The effects of reducing the resolution of the categories should be studied furth
this work only categories with a size of 2 by 2 meters have been used.

5.2 Algorithms

5.2.1 Edge-connect

Some ideas were rejected during the development of the algorithms. Especial
edge-connect algorithm was rewritten several times. The initial idea of the edge
nect algorithm was, for each segment, to calculate the direction of the entire seg
i.e. north, north-east, etc. The algorithm would then search in the direction of the
ment. This worked quite well but was very inefficient and too complex. The curr
method, which only takes into account the direction of each category, is less com
more efficient and thus yields better results.

5.2.2 Segment-search

The search-algorithm that in the first step of the filtering process finds the segm
was initially implemented in the simplest possible way:

• Search for the first category in the segment-string.

• Continue matching the rest of the string.

• Backtrack to after the first category if a mismatch is found.

A significant improvement was gained by using some ideas from [9] and [10].
improved algorithm works as follows:

• Search for the last category in the segment-string.

• Continue matching the rest of the string backwards.

• If a mismatch is found continue after the last category.

When this was implemented, a significant reduction in computation time
achieved.
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5.2.3 Fuzzy-matching

Fuzzy-matching by using theories from [6] and [7] were considered but eventu
rejected since the algorithms were not directly applicable to this work.

5.2.4 Efficiency

A simple evaluation of the algorithms efficiency can be made by measuring the
spent by the Java-program when applying the filters. The timings were done on
UltraSPARC-II 500 MHz and the filters were applied to the whole FOI-area
800x800 meters. The results can be seen in Table 5.1.

Table 5.1: The overall execution time (excluding loading of data) for some
different filters.

As could be expected, the more complex filters (e.g. the ditch) take more time
the simpler ones (e.g. the flat-filter). Thefindsquare-algorithm used by the Flat-Area
filter is very inefficient which results in a very long execution time.
A more detailed study shows that most of the execution time is spent in the first
i.e. the segment-matching algorithm. If any further optimizations are to be made
is where to concentrate the work.

5.3 Objects

5.3.1 Problems

With the methods used, some erroneous objects may theoretically be found be
no regards as to the context of the object is accounted for. For example, if ther
two ridges running in parallel, the area between them could possibly be interp
as a ditch. This could be solved by assigning a priority value to each filter and 

Filter Time (sec)
Ditch 10

Hill 4

Pond 4

Flat 3

Flat-Area 58

Road 4
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applying them in order. When an object is detected, remove it from the data-se
continue with the next filter that has a lower priority. This could mean that if the
ridges are detected prior to the ditches the problem in the above example cou
appear.

5.3.2 Object Properties

The filters will find the width and the length of the objects. The width is however
very exact. In most cases, the width will be larger than in reality since surroun
categories (for example, the down-slope and up-slope in the ditch) are not fully
of the object. A ditch, for example, could be detected as having a width of 2
down-slope and one up-slope) which means the ditch would be 2x2=4 meters
when the ditch in reality is only one meter wide. To overcome this problem a m
exact mathematical method may be applied directly to the found ditches, e.g. in
where the purpose is to determine whether the ditch is possible to cross by a c
type of vehicle.

5.3.3 Combination of objects

It should be possible to combine different types of filters to find other types of obje
A pass, for example, could be detected by finding a gap between two ridges o

5.3.4 Refine objects

Even though the algorithms are designed to handle certain errors or uncertaintie
complete object is not always found, either because of the limitations of the ca
ries or simply because of errors in the original data. This could be solved by loo
at adjacent objects and determining if they in fact are part of the same terrain fo
tion. This has not yet been done, and in case this work should continue this pro
should be given a high priority.
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Chapter 6 - Conclusion
This work has demonstrated that it is possible to find different kinds of objects
applying filters made up by the categories. Some refinement of the methods desc
in [1] has been made and a quite advanced framework for experimenting with d
ent filters has been designed and implemented.

Future work must include improvement of the filters and further types of terrain
jects should be possible to identify. Some further ideas for improvement have
suggested in Chapter 5, with the most important part being the refinement of ob
in Section 5.3.4.
By using the formal filter-specification which has been described in Section 3.3
possible to more adequately and correctly describe the terrain-objects which w
the foundation for further work on the development of a query-language.
By using this formalization for filter description it has been possible to demons
the use of the filters for determination of e.g. ditches, ridges, ponds, roads etc
believe that it is possible to develop further filter types for other types of terrain
tures.
Another application that will be subject to further research will be to refine the te
nique in order to also determine terrain driveability which is an important prob
that require more efficient techniques.
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Appendix A - Filter Specifications

A.1 Ditch
// Single tile, flat negative edge
beginsegment
//invert
  horizontal
  beginsubsegment 1 1
    begincategory
        inclination 0
        state 2
        orientation not 00 11 22 33 44 55 66 77 88
    endcategory
  endsubsegment
endsegment

//SOUTH-EAST
beginsegment
//invert
  beginsubsegment 1 1
    begincategory
      inclination 0
      state 1
      orientation 26 27 35 36 37 17 25 16
    endcategory
    begincategory
      inclination 4 5
      state any
      orientation any
    endcategory
  endsubsegment

  beginsubsegment 0 1
    begincategory
      inclination 0
      state 0 2
      orientation 0 26 27 35 36 37 17 25 16
    endcategory
  endsubsegment

  beginsubsegment 1 1
    begincategory
      inclination 0
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      state 1
      orientation 26 27 35 36 37 17 25 16
    endcategory
    begincategory
      inclination 1 8
      state any
      orientation any
    endcategory
  endsubsegment
endsegment

//SOUTH-WEST
beginsegment
//invert
  beginsubsegment 1 1
    begincategory
      inclination 0
      state 1
      orientation 13 37 38 47 48 57 58 14
    endcategory
    begincategory
      inclination 5 6
      state any
      orientation any
    endcategory
  endsubsegment

  beginsubsegment 0 1
    begincategory
      inclination 0
      state 0 2
      orientation 0 13 37 38 47 48 57 58 14
    endcategory
  endsubsegment

  beginsubsegment 1 1
    begincategory
      inclination 0
      state 1
      orientation 13 37 38 47 48 57 58 14
    endcategory
    begincategory
      inclination 1 2
      state any
      orientation any
    endcategory
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  endsubsegment
endsegment

connect edge 10 -1 -1 -1

A.2 Ridge
beginsegment 5 12
  beginsubsegment 2 4
    begincategory
      inclination 1 2 8
      state any
      orientation any
    endcategory
  endsubsegment

  beginsubsegment 1 4
    begincategory
      inclination any
      state any
      orientation any
    endcategory
  endsubsegment

  beginsubsegment 2 4
    begincategory
      inclination 4 5 6
      state any
      orientation any
    endcategory
  endsubsegment
endsegment
connect edge 50 -1 10 -1

A.3 Hill
beginsegment 5 12
  beginsubsegment 1 4
    begincategory
      inclination 2
      state any
      orientation any
    endcategory
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  endsubsegment

  beginsubsegment 1 4
    begincategory
      inclination 3
      state any
      orientation any
    endcategory
  endsubsegment

  beginsubsegment 1 4
    begincategory
      inclination 4
      state any
      orientation any
    endcategory
  endsubsegment
endsegment

beginsegment 5 12
  beginsubsegment 1 4
    begincategory
      inclination 8
      state any
      orientation any
    endcategory
  endsubsegment

  beginsubsegment 1 4
    begincategory
      inclination 7
      state any
      orientation any
    endcategory
  endsubsegment

  beginsubsegment 1 4
    begincategory
      inclination 6
      state any
      orientation any
    endcategory
  endsubsegment
endsegment

connect simple 5 -1 -1 -1
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A.4 Pond
beginsegment
  beginsubsegment 1 4
    begincategory
      inclination 4 5 6
      state any
      orientation any
    endcategory
  endsubsegment

  beginsubsegment 8 20
    maxerrors 2
    begincategory
      inclination 0
      state any
      orientation any
    endcategory
  endsubsegment

  beginsubsegment 1 4
    begincategory
      inclination 1 2 8
      state any
      orientation any
    endcategory
  endsubsegment
endsegment

h-and-v
connect edge 15 -1 15 -1

A.5 Flat
beginsegment
  beginsubsegment 1 1
    begincategory
        inclination 0
        state 0
        orientation 0
    endcategory
  endsubsegment
endsegment
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A.6 Flat-area
beginsegment
  beginsubsegment 1 1
    begincategory
        inclination 0
        state 0
        orientation 0
    endcategory
  endsubsegment
endsegment
findrectangle 50 50 6

A.7 Road
beginsegment
  beginsubsegment 1 1 exclude
    begincategory not
      inclination 0
      state 0
      orientation 0
    endcategory
  endsubsegment

  beginsubsegment 1 6
    begincategory
      inclination 0
      state 0
      orientation 0
    endcategory
  endsubsegment

  beginsubsegment 1 1 exclude
    begincategory not
      inclination 0
      state 0
      orientation 0
    endcategory
  endsubsegment
endsegment
connect segment 10 -1 -1 -1 20
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	Chapter 1 - Introduction
	1.1 Background
	A method for object and feature recognition is useful in many different areas. The most important...
	Various terrain analysis problems could be solved such as drivability, where the detection of fla...
	Work has been done towards the design of a query-language for terrain-objects where feature-recog...
	A very detailed high-resolution terrain model will be obtained by using an airborne laser scanner...

	1.2 Objectives
	In previous work [1] an automated process for finding long, thin terrain-objects using a symbolic...
	The objective of this work is to determine if this method can be used to find other types of terr...

	1.3 Laser Radar
	The data used in this work was collected using an active sensor called a laser radar. The measure...

	1.4 Categories
	Categories are one way to describe the terrain in a symbolic way. This is done by partitioning th...
	Figure 1.1: Basic category-forms
	The direction of the inclinations and edges are limited to the points that can be seen in Figure�...
	• Inclination The average inclination of the tile described by one direction pointing to the high...
	• Orientation The edge that divides the tile into two planes is used to determine the orientation...
	• State This value determines if the orientation is positive or negative in relation to the incli...

	A flat category will have all values set to zero.
	A more detailed description of the categories can be found in [1] and [2].

	Figure 1.2: The sub-parts of a tile, their integer encoding and the allowed inclination directions.


	Chapter 2 - Filter Algorithms
	This chapter will describe the various algorithms that have been developed in this work. A filter...
	2.1 Stage 1 - Finding segments
	The basic idea is to use the categories to find the cross-section of the specific terrain object....
	For instance, if a ditch is to be found, a category with a downward-slope followed by zero or mor...
	Figure 2.1: Some possible ditch-segments
	If this is done for a large area, and a ditch exists, several ditch-segments will be found. Howev...
	How to deal with these incorrect segments is described in Section�2.2.
	The filters are defined by specifying a “string” of tiles describing the feature that is to be fo...
	Several categories of the same type can appear consecutively, which will be specified with a mini...
	When the string has been specified, it can be searched for in the data-set using simple pattern-m...
	Often the filter-string will consist of three sub-segments: The first is the start-pattern, which...
	The categories are not rotation invariant which means that if the search is to be carried out hor...
	The filter must be rotated 90 degrees when the search is to be carried out vertically. Then, if t...
	The notion that only a horizontal and a vertical search are sufficient is discussed in [1].


	2.2 Stage 2 - Connecting segments to objects
	When the first stage of the filtering has been completed, a lot of segments have been found. Some...
	To find out which segments are part of an object, adjacent segments must be connected into one si...
	All connect-algorithms use restrictions of the objects’ width and height to determine which objec...
	2.2.1 Simple connect
	The simplest method is to find all hits among the categories that touch each other forming a cont...
	This can be implemented with a recursive algorithm. In the following example the search is starte...
	}
	Figure 2.2: Illustration of the simple connect algorithm
	Figure�2.2 shows an example of the simple connect algorithm where a minimum size of 4 is used. Tw...


	2.2.2 Connect segments
	The second algorithm will connect adjacent segments. The search will first be performed from top ...
	With this algorithm, error-tolerance can easily be implemented by instead of halting the search w...
	Figure 2.3: Illustration of the vertical segment-search
	The algorithm for a vertical search of horizontal segments is illustrated in Figure�2.3. The whit...


	2.2.3 Connect edges and inclinations
	The two algorithms described above are not concerned with the underlying category- structure sinc...
	This algorithm is similar to the simple algorithm described above in that it finds adjacent categ...
	The idea is to follow the edges (and inclinations) to find which segments should be part of the o...
	The case where the tile contains an edge will be illustrated in Figure�2.4 by a category with an ...
	Figure 2.4: Illustration of how the edge-connect algorithm searches edges.
	When the search reaches this category a check is made about whether the search should stop here o...
	A special case will happen when there is an edge as in Figure�2.5 in which case the search will c...

	Figure 2.5: Illustration of the special case of the edge-connect algorithm.
	Similarly, the same procedure is used for inclinations (only where no edge exists) where the dire...

	Figure 2.6: Illustration of how the edge-connect algorithm searches inclinations
	Searching will also continue if the current category is part of the same segment as the previous ...
	This algorithm is well suited for implementation as a recursive algorithm, which also is the case...



	2.3 More operations
	Some additional filter operations will be described in this part. These filters can be applied be...
	2.3.1 Logical AND
	This filter will combine horizontal and vertical matches with a logical AND-operation. Only those...
	Figure 2.7: Illustration of the Logical AND algorithm

	2.3.2 Rectangle
	This filter will search the categories for rectangular objects with a specified width and height....



	Chapter 3 - The Experiment System
	To evaluate and test the algorithms, a test-program has been written in Java [11]. This program i...
	3.1 The program
	The Java-program that has been developed is more of a framework for experimenting with different ...
	Figure 3.1: Basic operation of the Java-program

	3.2 Category representation
	A visual representation of the somewhat abstract categories has been devised. This representation...
	Figure 3.2: The visual representation of 5 different categories with the cross- section underneath.

	3.3 Filter specifications
	The filters are specified in a plain text-file that is parsed by the Java-program and applied to ...
	Each segment will be searched for horizontally, after which all categories in the filter-specific...
	All lengths and widths are specified in number of category-tiles, where each tile is 2 by 2 meters.
	Lines starting with the string // will be considered comments.
	3.3.1 Segment
	A filter-segment as has been described in Section�2.1 is started with a beginsegment statement an...
	As all segments will be searched for both vertically and horizontally, this can be overridden by ...

	3.3.2 Sub-segment
	A segment can contain several sub-segments (or “characters”) surrounded by beginsubsegment and en...

	3.3.3 Category
	The subsegment contains a set of allowed categories which are specified with the statements begin...

	3.3.4 Connect
	After the segment-specifications, the post-processing algorithms can be specified. The statement ...
	The edge- and simple-algorithms are implemented as recursive algorithms which could lead to probl...
	Objects that are not in a straight line and that change direction (i.e. a winding stream) should ...

	3.3.5 Additional statements
	The statement h-and-v will use the logical-AND algorithm to combine horizontal and vertical segme...
	The statement findrectangle will find rectangles of a specified size. The first para�meter is the...

	3.3.6 Example
	The following is a filter example that only contains one sub-segment which means that the complet...


	3.4 Test-data
	The data used to test the filters have been taken from laser-radar flights over the FOI- area in ...
	For each measured point there is an X, Y and Z coordinate that represents the global position. In...
	The data was first run through a ground-segmentation algorithm to find the ground only, i.e. remo...


	Chapter 4 - Results
	This chapter will describe the different filters that have been developed. All filter- specificat...
	4.1 Ditch
	This filter finds narrow ditches and is also very tolerant to changes in direction of the ditch. ...
	• The first is a single-tile flat category with a negative edge (i.e. all orientations except ext...
	• The second is a segment with a down-slope, flat and up-slope structure. This part finds segment...
	• The third segment is similar to the second. The only difference is in the orientation which is ...

	These three segments-types are sufficient to find ditches orientated in all directions since the ...
	The minimum width of a ditch-segment is one category-tile and the maximum width is three category...
	The segments are then connected using the connect-edge algorithm with a minimum allowed length of...
	This filter can easily be inverted with the invert keyword. The result will be a narrow ridge as ...
	Figure 4.1: Categories allowed in the ditch-segment that represents a north-east/ south-west orie...
	Figure 4.2: The ditch-filter with all filtered segments including false hits.
	Figure 4.3: The ditch filter with segments connected using the edge-connect algorithm.
	Figure 4.4: The small stream in real life.
	Figure 4.5: Narrow ridges found by the inverted ditch-filter.

	4.2 Ridge
	This filter is similar to the ditch filter, but the scale is changed to find larger structures. C...
	Figure 4.6: Categories in the ridge-filter.
	Figure 4.7: The result of the ridge-filter.

	4.3 Hill
	This filter finds small round hills and uses a different approach in the description of the filters.
	Instead of using the cross-segment of a hill, this filter will find the round edges around it. Th...
	Since the segment-search is only done horizontally and vertically this technique will only work f...
	Figure 4.8: An ideal categorisation of a hill.
	Figure 4.9: The results of the hill-filter.
	Figure 4.10: The hill in real life.

	4.4 Pond
	This filter will be able to find a little pond with a somewhat round shape. This is done by looki...
	Figure 4.11: The result of the pond-filter.
	Figure 4.12: The pond segment and cross-section.
	Figure 4.13: The pond in real life.

	4.5 Flat
	This is a very simple filter that will filter out all flat categories, i.e. categories with no in...
	Figure 4.14: The flat categories (shown in grey) in the data-set in an area of 800 by 800 meters....

	4.6 Flat-area
	This filter will apply the findrectangles-algorithm to the flat-filter. The size of the area is 5...

	4.7 Road
	This filter is capable of finding roads. The principle is to find the segments that start and end...
	What will remain are segments with only flat categories. These segments are connected by using th...
	Figure 4.15: The results of the road-filter.


	Chapter 5 - Discussion
	This chapter will discuss some of the problems, the algorithms, the results and possible future i...
	5.1 Categories
	5.1.1 Limitations
	Since the categories are approximated by a maximum of two planes this could result in the disappe...

	5.1.2 Height
	An additional parameter that has been subject to experiments is the height of the categories. Thi...
	Figure 5.1: Left: The standard road-filter applied to the Kvarn-area. Right: The categories with ...

	5.1.3 Improvements
	Here, some possible enhancements of how the category-data is applied that can possibly help to im...
	• Angle The filters could be refined further by calculating the angle of the inclinations.
	• Intensity The road algorithm for example, could be greatly improved by using the intensity info...


	5.1.4 Used categories
	Most of the information coded into the categories were used in the construction of the filters. T...

	5.1.5 Multi-resolution
	The effects of reducing the resolution of the categories should be studied further. In this work ...


	5.2 Algorithms
	5.2.1 Edge-connect
	Some ideas were rejected during the development of the algorithms. Especially the edge-connect al...

	5.2.2 Segment-search
	The search-algorithm that in the first step of the filtering process finds the segments was initi...
	• Search for the first category in the segment-string.
	• Continue matching the rest of the string.
	• Backtrack to after the first category if a mismatch is found.

	A significant improvement was gained by using some ideas from [9] and [10]. The improved algorith...
	• Search for the last category in the segment-string.
	• Continue matching the rest of the string backwards.
	• If a mismatch is found continue after the last category.

	When this was implemented, a significant reduction in computation time was achieved.

	5.2.3 Fuzzy-matching
	Fuzzy-matching by using theories from [6] and [7] were considered but eventually rejected since t...

	5.2.4 Efficiency
	A simple evaluation of the algorithms efficiency can be made by measuring the time spent by the J...
	Ditch
	10
	Hill
	4
	Pond
	4
	Flat
	3
	Flat-Area
	58
	Road
	4
	Table 5.1: The overall execution time (excluding loading of data) for some different filters.
	As could be expected, the more complex filters (e.g. the ditch) take more time than the simpler o...
	A more detailed study shows that most of the execution time is spent in the first part, i.e. the ...



	5.3 Objects
	5.3.1 Problems
	With the methods used, some erroneous objects may theoretically be found because no regards as to...

	5.3.2 Object Properties
	The filters will find the width and the length of the objects. The width is however not very exac...

	5.3.3 Combination of objects
	It should be possible to combine different types of filters to find other types of objects. A pas...

	5.3.4 Refine objects
	Even though the algorithms are designed to handle certain errors or uncertainties, the complete o...



	Chapter 6 - Conclusion
	This work has demonstrated that it is possible to find different kinds of objects by applying fil...
	Future work must include improvement of the filters and further types of terrain-objects should b...
	By using the formal filter-specification which has been described in Section�3.3 it is possible t...
	By using this formalization for filter description it has been possible to demonstrate the use of...
	Another application that will be subject to further research will be to refine the technique in o...
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