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Abstract:

A method is proposed for the understanding and reconstruction of raster images of paper-based
topographical maps. Topographical maps of mountainous regions can exhibit certain inherent
problems. Among these is the confluence of contour lines when spacing between the contours becomes
too confined for the resolution of the map. A method to automatically detect and resolve such junctions
in raster images is proposed and tested. In this method, contours are efficiently thinned as they are
extracted, without thinning cliff areas or other map symbols. This results in end points in the extracted
contour lines at the junction points. The Breakpoint Method is shown to be effective for resolving these
end points.
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ABSTRACT

A method is proposed for the understanding and reconstruction
of raster images of paper-based topographical maps. Topographical
maps of mountainous regions can exhibit certain inherent problems.
Among these is the confluence of contour lines when spacing between
the contours becomes too confined for the resolution of the map. A
method to automatically detect and resolve such junctions in raster
images is proposed and tested. In this method, contours are
efficiently thinned as they are extracted, without thinning cliff areas
or other map symbols. This results in end points in the extracted
contour lines at the junction points. The Breakpoint Method is shown
to be effective for resolving these end points.
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CHAPTER 1
INTRODUCTION

Motivation

The computer’s ability t6 rapidly retrieve and manipulate large quanti-
ties of data has spurred a svviﬁ growi:h in the field of computer aided cartog-
raphy. But to use computers to store and nianipulate geographical data, the
data must be in a form the computer can use; that is, digitized. Some modern
data acquisition techniques, e.g. remote sensing via satellite, may capture
data in a form ready for computer use [18]. Howéver, much of the geographi-
cal information currently available is in the form of paper based maps. This
has led to growing interest in techﬁques for digitizing these maps.

Digitization of paper based maps has traditionally been done manually
with the aid of a digitization tablet. Maps may store many types of informa-
tion, such as roads, buildings, property boundaries, population densities, »
vegetation cover, etc. A map is placed on the digitizing table, and the bound-
aries of these features are traced by hand using a stylus or a puck. The
digitizing hardware and software save the data in a vector format convenient
for computer processing.

Topographic;al maps are a common type of paper-based map. These
maps show elevation data in the form of contour lines. Contour maf;s contain
unusually massive amounts of data, making their digitization by traditional
~ means an expensive and time consuming process. Digitizing a typical con-
tour map by manually tracing all of its contour lines may consume from 40 to
more thaﬁ 400 tedious man-hours [5, 24]. Human error in these tracings is

also a recurring problem; loops that should close don’t, or do so with an over-
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'lap, leaving a tail on the end; lines may be inaccurately scanned, scanned

twice, or omitted.

A need has therefore been recognized for effective ways of automating -
the process of digitization and vectorization of contour lines from paper-based
maps. Three different approaches have been taken toward automating this
process.

The first method attempts to mechanically imitate the manual tracing
techniques. Special opto-mechanical line following hardware has been used
to trace the lines directly from paper-based maps [3]. This method has seen
only limited success.

A second approach uses scanning hardware to produce a raster image
of the map as an enc:l result [2]. This raster image is little more than a photo-
graph of the map in question, as there is no implied relationship between
pixels in the image; i.e. the coﬁtours are not extracted as individual entities.
Although initially inexpensive, this approach is unpopular because most
existing Computer Aided Cartography (CAC) software requires the data to be
in vector format, and can make little use of raster images [5, 13, 18].‘ An-
other problem with this method is that the storage requirements for a raster
image of é map will aiways be‘ greater than that of its vector representation
[5]. Considering the amounts of data in;rolved, a reduction in storage re- -
quirements is very desirable.

Most promising are methods involving raster-scamrlin,c_g,r with subse-
quent processing to vectorize the image. Many methods have been proposed
for extracting various shapes and features, but few can address problems

particular to the correct extraction of contour lines.
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Problems in Vectorization of Contour Lines

Most techniques for line extraction have concentrated on documents
with highly regular lines and structures. Examples of these are algorithms
for extracting lines from blueprints and engineering drafts [é,, 9, 12], and for
extracting buildings, roads, and certain ‘boundaries from map images [2, 6,
10, 11, 14, 16, 19, 22, 23, 24]. Lines in these drawings tend to be straight
and uniform, or composed of simple curves or dashed lines. These algorithms '
generally work by exploiting these known features of such lines. Unfortu-
nately, contour lines exhibit none of these regularities, taking shapes as
infinitely varied as the terrain being mapped.

It can further be proved that contour lines must follow certain strict’
laws not shared by other line structured data [17]. These laws include:

1) Contour lines cannot intersect.
2) Contour lines cannot end except on the edges of a map.

This causes special problems in the processing of topographical data,
particularly in regions of mountainous terrain such as Montana. As the
steepness of a mountain slope increases, the distance between contour lines

.on a map decreases. If the distance between contour line centers becomes
less than the thickness of the contour lines, then rule 1 above is necessarily
violated. Essentially, the contour lines will all run together into one large
line. These junctions have been termed Cliff Lines [17].

Map makers faced with these problems may take one of 3 options
when producing their paper-based maps. They first may increase the contour
inteﬁﬂ, thereby reducing the amount of data stored on the map (and subse-

quently its usefulness.) This is a poor solution at best, for in steeper terrain
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9
unmanageably large raster image files; yet too small a resolution can result
in broken lines or cliff linos, even from a paper based rﬁap that originally
exhibits none of these irregularities.
We are therefore resigned to expect violations of roles 1 and 2 in our
raster images of paper-based contour mai)s. A method is needed for extract- |

ing the contour lines in vector format from such an image.

Previous Research

Although much work has been done toward understanding raster
images of contour maps, previous works most often ignore the above men-
tioned problems of cliff lines or end points {2, 6, 12, 21]. When the existence
of such problems is acknowledged, the solution offered is usually restricted to
post-processing detection by human 1nspect10n and/or subsequent interactive
correction of the problems [3, 9, 5, 13, 15, 22, 23].

As well as being more time consuming, there may be instances .where
interactive post-processing may prove difficult. Virtually all attempts at |
understanding a raster image require some form of preprocessing. This
invariably includes the skeletonizing, or thinning of the image to lines of
pixel thickness. Not only are lines easier to work with than areas, but they
more accurately represent certain types of data. For example, in a digitized
image of a contour map, a given contour line may be several pixels thick,
when we know that the actual contour line should be only of point thickness.

Unfortunately, thinning is done as a preprocessihg step before any
attempt is made to understand the image. This can prove unsatisfactory for

contour line data, especially when cliff lines are involved. Critical data may
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CHAPTER 2
THE TWINS TRACING METHOD

Tracing Contour Lines

The problem of contour lines that end on raster images of contour
maps is addressed by Agui and Furukawa [1]. They present a method of
tracing contour lines by using twin tracing points on either side of a contour
line. Vectorization of a contour map is accomplished in two steps. First all
contour lines are extracted. Adjacency graphs are then formed and used to
reconstruct end points on the image.

Edge following techniques have been developed to trace along the
boundaries of a figure [8]. In these mefhods, a point on the boundary of a
figure rotates through its 8-neighbors to find the transition from background
to foreground pixels. This transition point is taken to be the next edge point
on the object. This process is repeated until the entire boundary of the image
is traced.

In the twins tracing method, tracing points are established on opposite
sides of a contour line. Both sides of the line are traced simultaneously by
these twin tracing points. One point rotates in a clockwise direction while its
twin rotates in a counter-clockwise direction. The twins are advanced in a
way which minimizes the distance between them. In this way the points can
advance in unison down opposite sides of the contour. This tracing continues
until one of three stopping conditions is met:

1) The twins collide, indicating the end of a contour line. This is

illustrated in Figure 11.
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13
Once all contours have been extracted, the image is thinned. Infor-
mation about each contour, such as type and coordinates of endpoints, is
stored. Resulting contours that have end points that lie within the image

boundaries then need to be reconstructed.

Contour Reconstruction using Adjacency Graphs

A method for tree representation of contour lines which relies on their
topological inclusion relations has been reported [7]. In this method, two
contour lines are said to be adjacent if a line (not necessarily straight) can be
drawn that connects the two contour lines and intersects no other contour
line. Unfortunately, this does not take into account contour lines that are
broken due to graphical error, etc. Two contour lines that are not adjacent
may be connected by a line that passes through such a broken contour line
without intersecting it.

Agui and Furukawa address this problem with a method involving the
absolute position of the contours to construct adjacency graphs for all con-
tours in the image. Their definition of adjacency refers to whether two lines
are “next to” each other, within certain parameters. Following is a summary
of the method they employ.

The basic idea of the algorithm is to scan the image row by row and
again column by column. During this scanning, a table is constructed stoﬁng
for each pair of contours how often the scan went directly from one contour to
the other. This table is then normalized, forming another table. Because of
“leaks” through broken-contours, it is possible for extraneous values to ap-
pear in the table, giving false adjacency relationships. By comparing the

values of the normalized table against some threshold, these extraneous
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values may be discarded. This results in a third table, which now holds
adjacency information about the contours. The following algorithm demon-
strates how this is accomplished. |

Suppose a figure with R rows and C columns has been traced, and the |
number of individual lines extracted is n. Further assume that each line is
assigned an individual number from 1 to n. A table Ci] @, _]= 1,2, .. n)is
constructed such that C,, contains a high value if line p is very adjacent to g,
and zero if there is no adjacency. Algorithm [A] below accomplishes this
task:
[A1] Initialize all elements of C, to zero.
[A2] Scan the first row of the image. Set a variable p to the number of the
first line encountered in the tracing.
[A3] Continue scanning, setting a variable g to thé number of the next en-
countered line. .
[A4] Increment the value of C,and C_. Setp =gq. Repeat from step [A3]
until the end of the row is reached.
[A5] Repeat steps [A2] - [A4] for rows 2 through R.
[A6] When all rows have been scanned, repeat steps [A2] - [A5] scanning

column by column, from column 1 through column C.

~ Consider Figure 14 to be a contour map that has_been proéessed
using the twin tracing method. The dashed lines in Figure 14 show the
counting for the adjacency relationship bétween lines A and B. The table Cij
resulting from application of algorithm A is shown in Table 1. A normalized

table C’, is formed by nomahzing' C,, as follows:
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20
be overcome when trying to reconstruct images based on this method. Con- |
sider Figure 23. Based on this graph, which contours should be joined? And

Which ends of the chosen contours?

" The solution offered by Agui and Furukawa is to connect the endpoints
that are closest, as long as the connecting line does not intersect the line
forming the root of the branch. Following is their algorithm for reconstruc-

tion of extracted contour lines based. on adjacency graphs:

[B1] Formatableti= (1,2, ..., n) of end points that lie within the bound-
aries of the image. |
[B2] Uéing algorithm [A], construct an adjacency grapil.
[B3] Examine the adjacency graph for branches. Store a list of all branches
that satisfy the conditions:
(B3-1) Atleast two branches from a given root must have endpoints
that are cut-oﬁ points.
(B3-2) A line connecting these cut-off points must not cross the root
line. |
[B4] Connect the cut-off points that are a minimum distance from each
other. Eliminate these points from ¢. Repeat from step [B2].
‘This algorithm proves ineﬁ'ecti\}e when many endpoiﬁts lie in close
proximity to each other. Furthermore, in cases such as Figures 16 and 18,
cut-off points do not show up in the corrisponding adjacency graphs. And in

Figure 21 a branch shows up where no cut-off points occur.
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Limitations of Adjacency Graphs

The adjacency graph method of reconstruction is effective for resolving
many situations involving cut-off points in a contour map. However, it is
quite sengitive to the paranieter theta; too large a value will result in missed
contours, while too small a value may result in joining wrong endpoints.
More importantly, the authors do not address or even mention the problem of
cliff lines. If such cliff lines could be extracted, they would produce adjacency
graphs similar the one in Figure 19. These are of the type that the adjacency
algorithm has the most trouble with. Moreover, the image is thinned before
any attempt is made at understal-lding the lines it contains. As mentioned in
the first chapter, this can lead to loss of data critical to later reconstruction.

The adjacency graph approach is also computationally expensive.
Creation of the adjacency graph requires multiple calculations on a large
two-dimensional array of real number, as well as two complete scannings of
the entire image. More importantly, a new adjacency graph must be con-
structed after each joining of two lines. The reason for this is illustrated in
Figures 24 - 27.

Figure 24 shows a contour map, and Figure 25 shows the adjacency
graph for this map. The information about the édjacency of line D is missed
by the algorithm. However, lines A and B have the closest endpoints. If -
these two are connected as in Figure 26, and the adjacency recalculated, a
graph showing the nevlv and more correct adjacency of line D results, as
showp in Figure 27.

Finally, if you caﬁ determine which lines enter a cliff, it is intuitive

that these are exactly the lines that must be joined together when recon- .
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structing the contour map. Yet the adjacency method makes no attempt to
extract or use this information. It may therefore consider incorrect contours
for reconstruction of such areas. |
It was decided that a variation of the twins tracing method could be
used to extract cliff lines. A list could be kept of all contour lines entering
and leaving a cliff. This list could then be consulted WI;en chooéing which

endpoints to reconnect.
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CHAPTER 3
THE MODIFIED TWINS TRACING METHOD

Isolation of Extracted Contours

A modification of the twins tracing algorithm is used to extract the
lines of the image. This method assumes that each pixel can be set to one of
a range of values, and that the initial image is composed of pixels of back-
ground and foreground values only.

It has been shown that for two points set a minimum distance from
each other on opposite sides of a line, the midpoint between the points gives
an accurate indication of the center of the line [é]. In the modified tracing
method, as the twins are advanced the pixels midway between them is calcu-
lated and set to a value n uniquely identifying the current line being ex-
tracted. These are taken to be pixels on the center of the line itself, i.e. the
skeleton of the line. In this way the contour lines are thinned on the fly at
the time of extraction.

As the edge point pixels are traced, they are set to a predetermined
value v indicating that they are now neither foreground nor background
values, but are edges of a line that has already been extracted. This in effect
isolates an extracted contour line from consideration in future scans.

The tracing continues as in the original method, with a linked list of
center points resulting. The tracing is stopped when one of the following
conditions is met:

1) The twins intersect one another, indicating an endpoint.

2) The twins return to their'original positions, indicating a closed

contour line.




26
3) The distance between the twins becomes greater than some thresh-
old, indicating intersection with another contour line or with some
" other map symbol.

4) The twins encounter a value other than foreground color or back-

ground color, indicating an intersection with a prevjodsly extracted

contour line.

When a stopping c(;ndition such as 3) or 4) above is encountered, the
twins are connected by a straight line of pixels of value n. This, in combina-
tion with the resetting of the values of the contour’s perimeter pixels, assures
the complete isolation of the contour. It also assures that the portion of the
perimeter of a cliff where a conitour line enters will have its pixels set to a
value that identifies that contour. The importance of this is demonstrated
later. |

Figure 28 shows an image of a contour map consisting of two contour
lines that intersect in a cliff. Foreground pixels have a value of 1. For clar-
ity, background pixels have been omitted. Figure 29 shows the image after
extraction o'f.the lines. In this case v has a value of 9. A value n of 2 or
higher uniquely identifies a pixel as belonging to an extracted contour line n.
As can be seen, ea;:h of the four extracted contours is completely isolated
from fhe rest of the image, being surrounded either by the pixels of value 9
which define its original edges, or by pixels which identify the contour.

Determination of Cliff Areas
As described above, the contour lines are thinned and isolated at the
time of tracing. Examination of Figure 29 shows that after the tracing step
the only foreground-valued pixels which would be exposed to subsequent
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'During the scanning of the cliffs, data is tabulated for each cliff en-
(countered‘. In particular, when a pixel that identifies an extracted contour is
encountered, its value is added to a list of extracted lines that enter this cliff.
This list of entering contours is kept in the order in which each value is en-
countered during the tracing. Assuming a-clockwise tracing, such a list for

Figure 31 may look like:

12,3,5,4}
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CHAPTER 4
RECONSTRUCTION OF CONTOUR LINES

After the contour andl cliff extraction from chapt'ef 3, we have a list of
contour ends, each of which must be connected to another contour in the list.
But how to connect them?

Consider again Figure 4 which shows a cliff and the contours that
enter it. Aﬁerv extraction of the contour lines, we are faced with deciding
which ends to reconnect. Figures5 - 8 show only some of the possibl‘e Ways of
connecting the contours which do not violate rules 1 and 2 for contour lines
as stated in Chapter 1.

Out of all the possibilities, most people will agree that Figuré 8 is most
likely to be the correct way of rejoining these contours. This is because the
directions of the connected endpoints in Figure 8 are more ﬁearly oppbsi-te

each other in direction than are the ones in the other images. The eye tends

- to connect such lines. This fact is exploited by the map makers who produce

such cliff areas, and is the criteria used in this paper for reconstruction of

these cliffs.

The_Breakpoint Concept

In mountainous terrain, there is a certain local similaﬁty between
contour lines that are in close proximity to each other. This similarity in-
cludes the concept of adjacency exploited by Agui and Furukawa [1]. Yet it
also includes features such as the shape, and hence the direction, of the
contours. This similarity is most pronounced in the areas of steepest terrain,

where one is most likely to encounter cliffs.
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Consider again Figure 4. Upon examination, we can intuitivély divide
the lines eritering the cliff into two groups; those coming in from the Bottom
and those coming in from the top. These groups have an equal number of
members. Furthermore, the members of each group are adjacent to each
other. This will almost always be the case, due to the local similarity de- _
scribed above [1].

The following properties have been demonstrated for general contour

lines entering a cliff [17]:

1. All contour lines that enter a cliff line from the {left, right} and leave

towards the {right, left} do so on a first-in-first-out basis.

2. If one contour line enters a cliff line from the left and leaves towards
the right and another contour line enters the cliff line from the right
and leaves towards the left, one contour line must both enter and leave

before the other contour line can enter.

Suppose we are given an ordered list of the contour lines one would
encounter in making a complete traverse of the edge of the boundary of the

cliff shown in Figure 4. Such a list may look like:
L =1{b,c,def g hijal

In traversing this list, we will come to a place where in going from one line to
another, one goes from the group of lines entering the cliff from the top to the

group entering from the bottom. I call this point the breakpoint. In the ex-
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ample given, this breakpoint comes between e and . The lines on either side
of this breakpgint, e and f, should be joined together. In examining the list
further, we find that if we take the pair of lines that immediately precede
and follow this pair in the list, d and g, we come to another pair which should

be connected. Proceeding in this manner, we can connect all pairs of con-

tours in the list: ¢ to A, b to i, and a to J.

Finding the BreakPoint

It has thus been established that in most cases a breakpoint exists in
an ordered list of lines entering a cliff, and tHat the correct way of rejoining
contour lines is likely to be to join the ends that are most nearly opposite
each other in direction. Thé breakpoint in a list should therefore be estab-
lished at the point where the largest change in endpoint direction occurs
when traversing the list.

The following algorithm is suggested for finding the breakpoint in an
ordered list L = {1, 2, 3, ..., n} of lines entering a cliff:

[C1] Set left breakpoint br = 1; right bpeakpoint bl = n; max = the magnitude
of the difference in direction between line 1 and line n.
[C2] Setleft pointer [ = 1; right pointer r = 2. If the magnitude of the differ-
ence in direction between lines / and r > max then set b/ =/ and br=r.
[C3] If r < n then increment r and [ and execute [C2].

At this point you have established the breakpoint as being between
lines b/ and br. Following is the algorithm for pairing up the correct end-

points.
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[D1] Connect lines b/ and br. Sef counter =1;

[D2] Increment br; decrement bl; if br > n set br = 1;if bl < 1 set bl = n;

[D3] If counter <n /2, go to [D1].

The combinatior_l of algorithms [C] and [D] will reconstruct the con-

tours that comprise the cliff.
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tionship of neighboring pixels, but also for the direction of endpoints of lines,
in which case these values may be real numbers instead of integers.

The algorithm used for advancing the left twin along the boundaries of a line

is as follows:

[E1] Set the previous direction to 7.

[E2] Starting at the neighboring pixel in the previous direction, keep rotat- -
ingin a counéér-clocksze direction until the 8-connected neighbor in the
direction you are pointing is a non-background pixel. This pixel marks the
transition from outside to inside the contour. Set the twin’s coordinates to
this new value, and set the previous direction to the direction from the twin’s
new position to the last background pixel'cilecked.

[E3] If you have returned to the position first occupied at the staﬁ of the
algorithm, or if you intersect with the other twin, or if the distance between
you and your twin becomes too great, then go on to [E4]. Otherwise; repeat
from [E2].

[E4] If you have not returned to the original starting place, then set the
coordinates of the right twin to the original coordinates of the left twin, set

the previous direction to 3, and repeat one more time from step [E2].

The algorithm for the right twin is symmetrical.

A problem exists in that the twin points might be established on the
same side of a line. This can happen at thé top of a curve in a coqtour, as
illustrated in Figure 33. This situation is checked for by advancing the twins |

a set number of times before the real tracing begins [1]. Since the twins '
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" by ¢l and tr to a pre-defined value indicating that this pixel has been visited.

Always advance either ¢r, £, or both, whichever will result in a minimum
distance between the two. At each move, find the pixel midway between ¢/
and ¢{r and set it to ¢c. Add this value to the end of a chain which defines the
extrécted contour. Continue until a stopping condition is reached. If the end
of the line was not fouﬁd, connect ¢/ to tr with a straight line, setting all
pixels on this line.equal to c.

[F'6] Set ¢l to the original location of {r and vice versa. Restart the tracing

one more time from [F4].

By this method, when a contour line is discovered, it is immediately
traced from the poigt of discovery to both of its endé before the scanning
continues. The line is both thinned and vectorized during this process. How-
ever, since the twins. can detect when they are entering a cliff, the thinning is
selective, and none of the cliff data is lost. The entire contour is also effec-
tively sealed 6&' during the tracing, and will not be considered When'encoun-
tered during subsequent scanning. |

If a foreground pixel is found when scanning for a line, and before
finding the next background pixel you then encounter a pixel other than a

foreground pixel or else come to the edge of the image, the points are aban-

doned and the scanning continues.

Scanning the Cliffs

After all contours have been scanned, all exposed foreground pixels are

assumed to be parts of cliffs. The image is scanned again to find these cliff
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areas. Once a cliff is found, its boundalry is .traced and the cliff is isolated
from further scanning in a manner similar to that used for contour lines.
When a pixel is encountered that belongs t/o an extracted contour line, that
contour line is added to the end of a list of contour lines that enter this cliff.
When the entire cliff perimeter is traced, the scanning continues. Again,
certain shapes and configurations may make a cliff invisible to a horizontal
scan, so the image is scanned twice, once top to bottom, then again left.to
right.

Any parts of the image which were not extracted as contour lines will
be extracted by the cliff scanning. This includes the cliffs theﬁselves, of
course, but also includes map symbols, short or broken lines, contour eleva-_
tion data, broken contour lines that were too short to be accepted by the
twins tracing algorithm, etc. These “cliffs” are handled by discarding any
cliff that was traced without encountering a contour line entering it. In a
practical implementation, pre-processing could discard many of these sym-
bols on the basis of original pixel color.

The perimeter of a given cliff will consist of exposed foreground pixels
and Contour Identification Pixels that were used to seal off the ends of the
contours that enter the cliff. Due to the nature of the scanning algorithm,
the cliff tracing algorithm always begins its trace on an exposed foreground
pixel. It then rotates through its 8-neighbor pixels to find the transition from
outside the cliff to inside, and hence the next pixel on the cliff perimeter.

The edge tracing algorithm is similar to the perimeter tracing used for
contour lines, except for two imﬁortant differences. First, any pixel value
less than n is considered to be outside the perimeter of the cliff area (i.e., are

“background” pixels), where n is the highest contour identification value used
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to mark extracted contours. This is because the outside border of the cliff is
éomposed not only of true background pixels, but of the ends of the already
extracted contour lines. |
The second way in which the tracing is different is that the cliff pe-

rimeter is sometimes considered to be four-connected instead of eight-con-
nected. Examination of Figure 30 shows why this is necessary. In this in-
stance, the interior of the cliff is eight-connected to the interior of the upper
left extracted contour line (line 2). If'the perimeter of the cliff was always
considered to be eight-connected, the edge tracing would “leak” through from
the perimeter of the cliff to the interior of this extracted contour line. How--
ever, four-connectivity would lose some of the detail of the cliff perimeter,
and may also result in missed contour 'identiﬁcatiog pixels.

This dilemma is handled as follows: the algorithm considers accepting -
a perimeter piiel in the direction of 2, 4, 6, or 8, only if the pixel in the direc-
tion immediately before and immediately after the pixel are not both back-
ground pixels. (Background being any pixel of value less than n, as ex-
plained above). For example, in Figure 34, if point p is the current edge
pixel, point b (direction 8) would only be considered if points a (direction‘ 7)
and c (direction 1) are not both background pixels. This allows the cliff pe-
rimeter to retain 1ts eight-connectivity without penetrating the extracted
contours. It also allows the scanning process to examine all 8 neighbors to
ensure encountering any contour identification pixels that border the perim-
eter.

‘Duri_ng the tracing, if a Contour Identification Pixel is encountered,

the algorithm checks to see if this contour has already been added to the list
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[G4] Begin tracing along the edges of the contour as follows: Examine every
eight-neighbor in a clockwise direction, starting with the pixel that was |
examined just prior to discovering the current edge pixel (QMch will neces-
sarily be a background pixel). When you encounter a foreground pixel that
passes the 4-8 connectivity test described above, set the current pigel to i,

add it to the end of a linked list which defines the perimeter of the cliff, and

make the nery’found pixel the current pixel. If during the tracing you see a

pixel whose original value indicates that it is part of an extracted contour
line, and this line is not in the list of lines for this contour, add this contour
line to the end of the list. Continue until you reach and process the original
s-tarting point. |

[G5] Repeat this proéess scanning column by column instead of row by row.

Reconstruction of Contour Lines

Once all contours and cliffs have been extracted, we have all of the
contours in vector format. We further haye a list of cliffs, each with a list of
contours that enter it. The cliffs in this list are then examined one by one,
and an attempt is made to connect the contour ends that enter the cliffs.

For a giveﬁ cliff, a count is made of the number of contours entering it.
If the count is not an even number, it is assumed that some kind of miss-
scanning occurred during the extraction of the contour lines. An example of
this is shown in Figure 35, where line b is actually two contour lines that -
form a sort of mini-cliff attached to the main cliff, yet are tin'n venough to fool

the tracing algorithm into thinking they are a single line.

If an even number of such miss-scannings occur for a given cliff, than the
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CHAPTER 6
RESULTS

Sample Images and Commentary

This chapter illustrates some of the results achieved from application
of the combined cliffs and adjacency algorithms. The sample images are
digitized from contour maps of mountainous areas in the vicinity of Montana
State University. Each image is 240 by 244 pixels. Figures 41 and 45 show |
the original digitized images. Figures 42 and 46 show the contours and cliffs ‘
extracted from these images. Figures 43 and 47 show the result of applying
the breakpoint algorithm. f‘igures 44 and 48 show the result of applying the
breakpoint algorithm in conjunction with the adjacency algorithm, which
gives us fhe ﬁnal reconstructions of the images.

In Figure 41 we see one major cliff area, as well as several endpoints.
More problems arisé when extracting the thicker lines, as they become too
wide in areas where sharp curves occur. This results in a series of trivial
cliffs on these lines when extracted, as is evident in Figure 42.

In Figure 43 we see that the cliff areas havé been successfully re-
solved, leaving only the endpoints. Most of the latter are resolved by the
adjacency method, giving Figure 44 for a final result.

In the resolved cliff area in the upper left quadrant of the image, it
appears that two of the three resulting contours still overlap. However, the
correct endpoints of all six original contours have indeed been joined, and the
resulting three contours are now stored in the computer as separate entities.

In Figure 45, we see a more complicated image. In addition to the

many cliff areas in the upper right side of the image, there is a section line
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running across the top of the image. This results in a series of small cliffs, as
can be seen in the upper left hand portion of Figure 46. In Figure 47 we
see that the cliff routine has resolved many of the cliff areas, but has missed
a few in the upper left hand corner. This is because many of the contours in
this area belong to more than one cliff, and the algorithm is not yet advanced
enough to handle this situation. It does recognize when this occurs, however,
and defers processing to the adjacency method.

The final result is shown in Figure 48. Although all problems associ-
ated with the section line have been resolved, there are still a number of
other endpoints that the adjacency method missed. In addition, there is an
incorrect joining of two contour lines in the upper right hand corner.

It should be noted that in this example, preprocessing could have
easily been used to remove the section line on the basis of color (assuming a
color scanner had been used). However, we would then need to rely totally
on the adjacency method to reconstruct the resulting endpoints.

In general, the breakpoint algorithm can correctly reconstruct simple
cliffs. In cases where the algorithm is not sure of a correct reconstruction,
(and in all cases of endpoints instead of cliffs), the decision is deferred to the
adjacency algorithm. If this too fails to find a reasonable solution, interactive
human input would be the next option. This is as of yet not implemented.

One problem not addressed by the breakpoint algoﬁfhm is that of
saddle contours in a cliff. Although these areas can lead to mistakes in
reconstruction, these mistakes are often not serious. In Figure 49 an ex-
ample of some saddle contours is shown, with the cliff area represented by
the dotted line. In this instance, the breakpoint might be found between

lines d and e, and the reconstructions might be made as shown in Figure 50.
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Processing Time

As the image only needs to be scaﬁned twice (c;nce horizontally and
once vertically) to extract all cliff information, and as this information in-
volves few floating point calculations, the cliﬁ' method of reconstruction re-
quires comparatively little compute time.

As mentioned in chapter 2 however, the adjacency graph method re-
quires two complete scannings of the image and subsequent processing andA
scanning of a two-dimensional array of floating point values for each pair of
lines connected. In the current implementation it takes approximately twice
as long as the cliffs method per contour line reconstructed .

Processing of the map in Figure 45 took 210 seconds on the target
;nachine. This time was partially distributed as follows:

Reading the image from disk: 17.1 seconds
Extracting the contour lines

using the Twins method: 11.1 seconds
Extracting the cliff areas: 3.2 seconds
Resolution of cliffs, involving

reconstruction of 25 lines: 30.5 seconds
Resolution of endpoints, involving

reconstruction of 12 lines: 66.7 seconds -

A further savings in time over the original method is realized by the modifica-
tion of the twins tracing method wherein the image is thinned during the
tracing process. Depending on the alternative thinning method chosen, this .

can amount to a substantial reduction in total process time.

















































