
In many respects, a terrain model can be judged by whether it produces terrain which 'looks 
right' in spite of the theoretical model from which the terrain was simulated. Nevertheless, 
the calibration of the model for different types of terrain in different parts of the world 
should produce statistics of geomorphological as well as cartographic interest.

The simulation of terrain may have applications in future automated mapping systems. 
Where thematic information is being depicted, for example, the precise type of terrain shown 
as background information need not be strictly accurate, especially at small scales. In these 
cases, an automated cartographic system could call up synthetic terrain with specific charac 
teristics, rolling hills for example, and display them as relative topographic symbols. Alter 
natively, the system could provide synthetic landscapes for the development of context-free 
symbolization, which could then be transferred to a particular landscape or used to test the 
effectiveness of different representational methods. A distinct advantage of the scale-based 
model is that such systems could use the same model, regardless of the scale at which a par 
ticular map was to be produced.

Figure 1: Hillshaded Image of Bell Canyon 
DEM(120x 120 pixels)

Figure 2: Bell Canyon Reduced to the 
Significant Harmonics

Figure 3: Simulated Terrain, Using Nine Figure 4: Simulated Terrain, Using Six 
Harmonics, Fractal Dimension 2.42 Harmonics, Fractal Dimension 2.42
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ABSTRACT

Vector-based geographic information systems usually require annotation, such as 
a polygon number or attribute data, in a suitable location within a polygon. 
Traditional methods usually compute the polygon centroid, test the centroid for 
inclusion or exclusion, and select some alternative point when the centroid 
falls outside the polygon. Two problems are associated with this approach: 
(1) the text can be centered on the point, but may be placed in a visually 
awkward place, and (2) part of the text may fall outside the polygon and may 
overlap other polygon boundaries or other text labels. An algorithm is 
presented that circumvents both of these problems, by computing a number of 
horizontal candidate labelling rectangles (boxes) within a polygon from which a 
suitable selection can be made or from which one may conclude that the text 
label does not fit the polygon.

INTRODUCTION

The placement of feature annotation on maps is an important and difficult 
problem in automated cartography; it has been the subject of extensive research 
in recent years. In particular, the placement of labels in the vicinity of 
point features has been a subject of investigation as reported by Cromley 
(1986), Langran and Poiker (1986), and Mower (1986). However, two other types 
of problems also exist, namely, labelling of lines and polygons for which the 
applied methodology is still rather primitive in many systems. This paper will 
address the polygon labelling problem.

In a number of systems the polygon centroid (or a derivative) is used to locate 
a label within a polygon. As the centroid may fall outside the polygon, a 
fairly typical approach is to check this fact with a point-in-polygon method and 
then to shift the label to an arbitrary point inside the polygon. This method 
often leads to labels that appear in awkward locations and may partially overlap 
with the polygon boundary. The computed centroid is only a single point, 
whereas a label can best be represented by a minimum box bounding the text of 
the label. This minimum box must then be located such that (1) the box is 
wholly contained with the polygon, and (2) the box appears at a pleasing 
location. One may even want to repeat the text label at several locations when 
the polygon is large or complex.

The objective for this paper is to present a method for computing a number of 
candidate labelling boxes from which one or more suitable boxes may be selected. 
If no box can be found that is large enough to contain the label, one may then 
conclude that the label will not fit and some other placement action must be

* Publication authorized by the Director, U.S. Geological Survey.
** Work performed under U.S. Geological Survey contract 14-08-0001-20129.
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taken.

In a subsequent process one may select a number of labelling boxes from among 
the candidate boxes, taking into consideration the characteristics of the 
polygon and the label. This process will only be briefly discussed.

APPROACH

The basic idea is to first divide the polygon into horizontal strips, where 
each strip boundary line passes through a vertex, and then to place vertical 
line segments on the polygon boundary segments located within the strips from 
which the boxes can be created by "sweeping" over these vertical segments in a 
left-to-right direction.

The polygon is first divided into strips by "drawing" a horizontal line through 
each of its vertices, as shown in figure 1. For a polygon with N vertices,

3
J ' '/

'

S * 1 ^x
K

Figure 1.--A simple polygon wjth strips and vertical line segments.

this divides the plane into N+l strips, but the strips above and below the 
vertex points with maximum and minimum y coordinates are not of interest, so 
that N-l strips fully contain the polygon.

The polygon line segments are subdivided by the strips such that each strip has 
an even number of divided segments located within the strips. The subdivided 
line segments will be referred to as strip segments. There are two strip 
segments in a strip for simple (no islands) convex polygons, and a multiple of 
two for non-convex polygons or polygons with islands (complex polygons).

Within a strip, a vertical line called a vertical segment can be placed 
through each strip segment to guide the formation of the candidate boxes (see 
figure 1). A vertical segment can be placed anywhere between the vertex points 
of a strip segment, but the strip segment midpoint has been selected. Other 
choices are the innermost or outermost vertex of a strip segment. The objective 
is to compute a set of maximal boxes, such that each box cannot be expanded 
further in the horizontal and vertical directions without crossing the polygon 
boundary. The present method only approaches this condition because each 
vertical segment becomes a part of a box, which, because of the midpoint 
location of the segment, will be partially outside the polygon boundary. An 
alternative is to locate the vertical segments at the innermost vertex of the 
strip segment; this guarantees that each box will be wholly inside the polygon, 
but some boxes will have zero area, so the space within the polygon will not be 
used as efficiently. Experience has shown that with the density at which 
natural resource applications polygons are usually digitized, the midpoint 
choice produces boxes that may have little "corners" outside the polygon. But 
in most cases, because the text box is usually smaller than the candidate 
labelling box, this is never graphically revealed.
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The left and right boundaries of a box are formed by lines coincident with a 
left and right vertical segment, hereafter referred to as the left defining 
segment (LDS) and right defining segment (RDS). The bottom and top 
boundaries of the box are coincident with the respective lower and upper strip 
boundaries of the lowest and highest strip still contained within the box.

For instance, the box shown in figure 2 is constructed with left and right

Figure 2.—Simple polygon with sample box.

boundaries through vertical segments 5 and 10, and with the bottom and top 
boundaries coinciding with the lower and upper boundaries of strips 6 and 2. In 
general, a box is denoted as: box(left, right, hot, top), where left and 
right are the vertical segment numbers of the LDS and RDS and hot and 
top are the bottom and top strip numbers.

After the polygon has been divided into strips and the vertical segments have 
been generated, the vertical segments are sorted from left to right by 
increasing x coordinate. A vertical segment number is then assigned which is 
the sequence number in this sorted order.

Each vertical segment has an associated strip number s(i), where i is the 
vertical segment number in sorted order, and / = 1, . . . ,n. The 
x coordinate of a vertical segment is denoted by x(i). The vertical 
segments in a strip can be ordered from left to right as consecutive left and 
right pairs. In the left-to-right scan, only one pair is active in a strip at a 
time; a pair becomes inactive as soon as the right segment has been processed. 
Denote the left segment of this active pair by l(s) and the right segment by 
r(s). Then the following conditions hold for a maximal box: 
boxmax(left, right, hot, top):

Pie ft: x(left) is max(x(l(s))), s=bot,...,top 

Fright: x(nght) is min(x(r(s))), s=bot,...,top

From these two conditions, two resultant conditions for the top and bottom of 
the box can be derived, knowing that Pleft and Fright must be violated in 
the strips directly above and below the box, otherwise the box could be extended 
in these directions:

Flop: x(l(top-I)) > x(l(top)) or x(r(top-l)) < x(r(top)) 

Pbot: x(l(bot+l)) > x(l(bot)) or x(r(bot+l)) < x(r(bot))

Another important condition is that the LDS and RDS of the box must coincide 
with the box boundary and therefore the following condition holds:

Pine : bot<_ s(left)_< top and hot <_s( right) _<_ top
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The approach taken for constructing a set of maximal boxes from the polygon is 
based on the above five conditions.

Each left vertical segment is potentially the LDS of one or more boxes. 
Condition Pleft states that the LDS has the largest x coordinate of all 
active left vertical segments in the strip range of the box; therefore only 
segments to the left of the LDS can influence the vertical range of the box, 
left vertical segments to the right have no bearing on it whatsoever. This 
suggests sorting the vertical segments by x coordinate and processing them in 
sorted order. Each segment can then be entered into a working array in which 
the boxes are created, and can be processed against other segments already 
entered to determine the range of the box for which it is the LDS.

The working array may consist of a number of rows and columns, each row 
corresponding to a strip in the polygon, and the columns representing left, 
right, bottom, and top elements for boxes that are being generated. The working 
array row corresponding to a strip will be referred to as the strip entry. 
Defining segments are entered into the working array at the strip entry of the 
strip in which they occur. Finished boxes in the working array may be inspected 
for selection immediately after they are generated or they may be saved in an 
output array for later processing.

Conditions Ptop and Pbot suggest how to determine the bottom and top limits 
of a box. The idea is to probe upwards and downwards until strips are 
encountered that violate Pleft and Fright. In the downward direction 
Pleft becomes invalid when x(l(bot+l)) > x(l(bot)). But since the violating 
segment has an x coordinate greater than that of the LDS it cannot as yet 
have been entered into the working array. And since the strips for a box are 
adjacent, it suffices to scan downward in the working array until an unused 
strip entry is encountered. The number of the strip before the empty entry then 
is recorded in the bottom column for the working array strip entry of the LDS. 
The same procedure is followed for the top. A set of adjacent active working 
array entries between two unused entries at the top and bottom will be referred 
to as a cluster.

When processing vertical segments by sorted x coordinate, Fright implies 
that each encountered right segment automatically becomes the RDS for one or 
more boxes. The problem is to determine the boxes that are terminated by the 
segment. Conditions Ptop and Pbot hold for all working array entries in the 
cluster because of the left segment conditions x(l(top-l)) > x(l(top)) and 
x(l(bot+l)) > x(l(bot)). However, the 'RDS must also be on the box boundary. 
Therefore, subject to Pine, all unfinished boxes in the cluster can be 
terminated by the RDS and be turned into completed boxes. Not all entries in 
the cluster may qualify.

The next problem is to consider which cluster entries that have produced boxes 
with the current RDS can live on in the left-to-right scan to produce more 
boxes, and how their top and bottom limits should be adjusted. Certainly the 
strip entry for the RDS must be terminated because the minimum right segment 
has been encountered. However, the other entries (satisfying Pine) can 
continue if the top and bottom limits are adjusted. The strip entry for the 
RDS can therefore be reverted to the unused condition so that the cluster is 
either reduced by one strip (if the RDS strip is at the bottom or the top of 
the cluster) or the cluster is split into two parts. Considering the right 
segment conditions x(r(top-l)) < x(r(top)) and x(r(bot+l)) < x(r(bot)) of 
Ptop and Pbot, these can now be interpreted to mean that the strip of the 
RDS becomes bot+1 as well as top-1 for the other boxes in the new clusters 
(assuming without loss of generality that the RDS splits the cluster into two 
new clusters.) This means that the top and bottom columns for the entries in 
the working array for the new clusters must be adjusted to reflect these new
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limits.

The overall problem of generating candidate labelling boxes can be efficiently 
separated into two problems: (1) to compute the vertical segments, given the 
polygon definition, and (2) to compute the boxes from the vertical segments.

In the next section, the approach for computing the vertical segments will be 
discussed, but, because of space limitations, an algorithm will not be 
presented. Instead the emphasis of this paper will be on the precise algorithm 
for computing the boxes, which follows thereafter.

COMPUTING THE VERTICAL SEGMENTS

The approach used for computing the vertical segments has been to use a 
line-sweep approach (see, for instance, Sedgewick, 1983, chapter 24). The 
vertices are sorted on the y coordinate to divide the space into strips. Each 
y coordinate is then processed in turn, and its associated line segment number 
is either entered or deleted from an "active list" of line segments. With each 
y, a new strip is defined, of which the lower limit is set to the upper limit 
of the previous strip, and for which the new y becomes the upper limit. Line 
segments in the active band are then clipped against these limits and the x 
coordinates of the midpoints of the clipped segments are computed and entered 
into a list, together with the strip number in which they occur.

If the y coordinate following the current y coordinate is greater than the 
previous y coordinate in the polygon boundary, the line is removed from the 
active list. If this is not the case, the line segment is recorded in the list.

When the line sweep is completed, the list of strip numbers of the strip segment 
midpoints representing the vertical segments, is sorted by the x coordinate. 
This sorted list is then input to the algorithm discussed in the next section.

COMPUTING THE LABELLING BOXES

The algorithm for computing the boxes will be explained through a stepwise 
refinement process. The objective is to arrive at a fully developed procedure 
presented in Pascal. In the initial step there is only the procedure heading 
and ending, together with a characterization of as yet undefined code in the 
middle. The characterization will be presented as a Pascal comment in {} 
brackets. At each step this characterization will be further refined, but the 
entire set of derived code will not be repeated at each step; only the local 
expansion will be presented. The entire algorithm is then given at the end of 
the section.

The procedure is entered with a list of strip numbers for the vertical segments, 
which are in sorted order. This is the only input required for this algorithm, 
given that the output boxes are defined in terms of the LDS and RDS, and 
upper and lower strip numbers. Thus, the following code is first proposed:

Step 1

procedure boxes(strip: intarray; n:integer; 
var w: workarray; var box: boxarray); 

var i, s, b, t, m, nr: integer; 
begin
(produce the boxes} 
end;

boxarray is a type of an array of records, each record with four fields: 
left, right, hot, and top. The working array is w, while box is the
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array that will contain the boxes on output. The working array is initially 
filled with zeros, and has a valid wfOJ record. These records will be 
referred to as entries as before, where each entry has a left, right, hot, 
and top element (the record fields).

Although, for reasons of clarity, the procedure has an output array containing 
the finished boxes, one might instead inspect them on the fly. With this 
approach other information, such as the y coordinates of the upper and lower 
strip limits, and the x coordinates of the LDS and RDS must be imported to 
the procedure.

The process of producing the boxes is driven by the sorted vertical segments. 
For each segment the strip number of that segment, s, is an important 
variable. The working array entry corresponding to s will be referred to as 
the current entry. The following refinement is therefore made:

Step 2 (produce the boxes}

for i:= 1 to n do 
begin
s:= strip[i];
{process a vertical segment}
end;

To process a vertical segment, two necessary actions must be taken. First, 
within the working array, the limits of the affected cluster must be 
established. Second, it must be decided whether the vertical segment is an 
LDS or an RDS, and appropriate action must be taken in each case. This 
leads to step 3:

Step 3 {process a vertical segment}

{establish cluster limits} 
if w[s].left = 0 then

begin
{process LDS}
end 

else
begin
{process RDS}
end; 

end;

The LDS or RDS decision is made by checking the current entry. Since the 
LDS must come before the RDS, it suffices to check whether the left element 
of the current entry is empty (zero).

To understand how the cluster limits can best be determined, it is first 
necessary to know how the LDS is processed, which is shown in the following 
step:

Step 4 {process LDS}

w[s].left:= i; w[s].right:= 0; w[s].bot:= b; w[s].top:= t;

This step entails that the left element is set to the vertical strip number /, 
that the right side of the potential box is as yet unknown (0), and that the 
bottom and top are set equal to the cluster limits, b and /. It is 
necessary to assign 0 to the right element, even though w is initialized 
to 0, because entries may be recycled in concave and complex polygons.
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To find the cluster limits, the simplest idea is to scan the working array from 
the current entry in the upward and downward direction until empty entries are 
encountered. There is a better method, however, that makes use of information 
already entered in the cluster for previous segments. A cluster grows with new 
working array entries, which either begin a new cluster or are added to the top 
or bottom of an existing one . Consider the latter situation for the moment.

Four cases arise: new bottom and top for the current entry must be found, and 
for each it must be considered whether the current entry is at the top or the 
bottom of the existing cluster. If the new entry is at the the bottom, at 
position 5, then the new bottom is known: wfsj.bot = wfs-lj.bot+l (strip 
numbers increase towards the bottom of the polygon). To find out whether the 
entry is at the bottom, one needs only to decrement the entry number, and see 
whether this entry is empty. If not, the current entry is at the top of the 
cluster.

If the current entry is at the bottom, wfs-lj.top should contain the top of 
the cluster as established for some earlier state, not necessarily the previous 
state, depending on whether entries were made at the top or bottom of the 
cluster. In this case visiting wfwfs-1 J.topJ.top should yield a better 
estimate of the current top. However, this entry could point to itself, because 
the first entry for a cluster is necessarily confined to the strip for which it 
applies. Therefore, to make progress the next entry up (w[\v[s-l].top-lJ.top) 
needs to be inspected. This progression is further pursued until the current 
top is reached.

This process can be illustrated with the following snapshot of the working array 
for one of the states related to figure 1

j 1 r b t

1 | 0 0 0 0 where: j = working array
2 | 5 0 6 2 <-- top entry
3|2033 1 = left
4 | 3 0 4 3 cluster r = right
5 I 4 0 6 3 b = bottom
6 I 1 0 6 6 <-- bot t = top
7 | 0 0 0 0 <-- current entry 
8|0000

where vertical segment 6 must be entered, which lies in strip 7. As 
w[7J.Ieft = 0, it must be a left segment, and also since wfSJ.left = 0 the 
entry occurs at the bottom of the cluster. Therefore w[7].bot:= w[6].bot+l, 
and the as yet incomplete working array entry 7 is set to: 607 0. To 
determine the top entry note that w[6].top = 6, and therefore points to 
itself. However, w[w[6].top-lJ.top = 3, and thus progress is made. But again 
w[3].top = 3, pointing to itself, so that w[w[3].top-lJ.top - 2 needs to be 
inspected. This entry again points to itself, but decrementing by 1 points 
into an empty entry, so that the top of the cluster has been found. The 
complete entry for strip 7 becomes 6072.

This leads to the following code for finding the top and bottom limits of the 
cluster for the current entry:
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Step 5 {establish cluster limits}

b:=s+l;
while (w[b].left>0) do b:=w[b].bot+l;
b:=b-l; t:=s-l;
while (w[t].left>0) do t:=w[t].top-l;
t:=t+l;

It can easily be verified that the loops of step 5 will yield b=s and t=s 
when a new cluster is established in an empty part of the working array.

The remainder of the algorithm is dedicated to processing the RDS. On 
encountering a right segment, the following actions need to be performed:

Step 6 {process RDS}

for m:=t to b do 
begin 
if (w[m].bot<=s) and (s<=w[m].top) then

begin
{insert right limit}
{output finished box}
{update working array entry}
end; 

end;

Each action must be performed for each of the working array entries within the 
cluster. Therefore, all actions are nested within a loop going from the top to 
the bottom of the cluster as established in the previous step. The test 
directly following the loop header enforces the right segment condition of 
Pine. A design consideration at this point is whether the test may be better 
combined with the do loop in a "while do" loop. This option was not chosen 
considering the fact that the bottom entries in the cluster monotically increase 
(monotonic meaning a positive or zero step increment) away from the beginning 
original starting entry of the cluster in both the bottom and the top direction, 
while similarly the top entries decrease. Therefore, there may be more than one 
window where Pine holds. Coping with these window limits would seem much more 
complex than performing a single test within the loop.

Inserting the right limit for the boxes to be generated from the cluster is 
simply a matter of inserting the RDS number in the right slot of the working 
array:

Step 7 {insert right limit} 

w[m].right:=i;

With this insertion, the box is complete and can be output in a form depending 
on further processing to be performed on the box. It may be inspected for size 
or some related criterion immediately, or it may be stored in an output array 
for later processing. For the purpose of this paper it will simply be stored in 
an output array:

Step 8 {output finished box} 

nb:=nb+l; box[nb]:=w[m];

The final step for each working entry in the cluster is to update the status of 
each entry. For the current entry, corresponding to the strip number of the 
RDS, the box has been completed, and hence the entry can be recycled for the
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next box. The entry (m = s) is therefore marked empty by setting 
w[m].left:=0.

For working array entries above and below the current entry, conditions Ptop 
and Pbot must now be enforced, because the strip of the RDS now becomes the 
strip at top-1 and bot+1 for the right segment conditions of Ptop and 
Pbot. Since top and hot in both conditions equal the current strip 
number, for strips above 5 (s>m) s = bot+1, therefore hot = s-1, so that 
wfmj.bot must be set to s-1. Similarly, for strips below wfmj.top must be 
updated to s+1. In step 9, therefore different actions are taken, depending 
on whether the entry indicated by the loop index is above, below, or at the 
current entry:

Step 9 {update working array entry)

if s>m then
begin w[m].top:=s+l; w[m].right:=0; end; 

if s=m then w[m].left:=0; 
if s<m then

begin w[m].bot:=s-l; w[m].right:=0; end;

This completes the stepwise development. Some overall improvements for 
efficiency can be made. Note that the RDS can be entered directly into the 
output array so that the working array actually does not need a right element. 
This results in the following algorithm, where workarray only has left, 
hot, and top, but outarray has all four elements:

Boxes Algorithm

procedure boxes(strip: intarray; n:integer; 
var w: workarray; var box: outarray); 

var i, s, b, t, m, nb: integer; 
begin
for i:=l to n do 

begin
s:=strip[i]; b:=s+l;
while(w[b].left>0) do b:=w[b].bot+l; 
b:=b-l; t:=s-l;
while(w[t].left>0) do t:=w[t].top-l; 
t:=t+l; 
if w[s].left=0 then

begin w[s].left:=i; w[s].bot:=b; w[s].top:=t;end 
else 

begin
for m:=t to b do 

begin
if (w[m].bot<=s) and (s<=w[m].top) then 

begin nb:=nb+l; box[nb].left:=w[m].left; 
box[nb].right:=i; box[nb].bot:=w[m].bot; 
box[nb].top:=w[m].top; 
if s>m then w[m].top:=s+l; 
if s=m then w[m].left:=0; 
if s<m then w[m].bot:=s-l; 

end; 
end; 

end; 
end; 

end;
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NUMBER OF BOXES GENERATED

For practical usage of the algorithm, it is important to have some notion of the 
number of boxes that are generated as a function of the number of polygon 
vertices. Each box must be inspected as to its suitability to contain a label, 
and therefore the total number of boxes must be reasonable.

Each box is generated from within the cluster loop, which is nested within the 
vertical line segment loop. The number of boxes generated thus depends on the 
number of vertical segments, as well as the extent of the cluster for each line 
segment. Both of these factors depend on the geometry of the polygon. For a 
convex polygon in which there are no duplicate y coordinates (each y 
generates a unique strip boundary), the number of strips is TV-7 and the number 
of vertical segments is 2N-2. The left segments build up a cluster with N-l 
entries. The right segments generate boxes. With each RDS only as many boxes 
as the size of the cluster can be generated, but the number is restricted 
because of the Pine test right after the beginning of the cluster loop, where 
the influence of this test is determined by the geometry of the polygon. With 
each RDS, the size of the cluster is decreased by one so that for the first 
right segment at most N-l boxes can be generated, for the second TV-2, etc., 
establishing an upper limit for convex polygons without islands of 
(N-l)(N-2)/2, from which it may be concluded that for convex polygons the 
number of boxes is O(N ).

For concave and complex polygons, the strips may contain a total of O(N ) 
vertical segments (Preparata and Shamos, 1985). This upper limit is approached 
in polygons with O(N) spikes, each of which would behave similarly to a convex 
polygon from which one may conclude that a total of O(N ) boxes may be 
generated.

However, the average-case behavior of the algorithm is of more practical 
interest than the above worst-case complexity. But average-case complexity is a 
function of the spatial distribution of the vertices and is therefore nearly 
intractable.

Instead, an analysis was performed on 341 reasonably complex soils polygons with 
a minimum number of 4, an average number of 77, and a maximum number of 513 
vertices. A maximum number of 84,536 boxes for a single polygon was generated 
for a polygon with 429 vertices, yielding a ratio of number of boxes/N 
of 0.46. A maximum ratio of 0.74 was obtained for a polygon with 42 vertices 
and a minimum ratio of 0.06 for a polygon with 44 vertices. The average ratio 
was 0.19.

A least-squares fit for the data in the test data set was obtained for the model 
y = a(x ) where y is the number of boxes and x the number of vertices, 
with a resultant correlation coefficient of 0.98 and estimates for a and b of 
0.18 and 1.99, respectively. Scatter plots of the residuals did not reveal any 
remaining trends.

Figure 3 shows a portion of the test data, with labels placed with the 
algorithm, where the lines in the label respectively represent the polygon 
number, the number of vertices, the number of strips, the number of vertical 
line segments, and the number of boxes. Labels that did not fit were replaced 
with the polygon number, placed within a small rectangle.
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Figure 3.-Portion of test data set with label lines representing polygon 
number, number of vertices, number of strips, number of vertical line segments 
and number of boxes generated.

One problem with the algorithm is the potentially large number of boxes that may 
be generated. Several solutions can be suggested. Unusually large polygons may 
be weeded" to reduce the number of vertices. An alternative is to halt the box 
generation process when a sufficient number of boxes has been inspected A 
third solution is to divide the polygon recursively into smaller polygons, which 
can be processsed using existing array sizes.

PERFORMANCE

The performance of the algorithm is closely related to the number of boxes 
generated. Time for the main loop is proportional to the number of vertical 
segments. For each left segment the cluster limits must be found. Because 
previous top and bottom information is used, not all cluster entries have to be 
inspected. Therefore, processing for a left segment is certainly O(N2 ) 
for convex and O(N^) for other types of polygons, because of the arguments 
used for the upper limits of the number of boxes. For each right segment the 
cluster limits are established, and then the cluster is scanned from top to 
bottom. An alternative arrangement would be to replace the top-to-bottom 
cluster loop with two loops scanning out from the current entry, while testing 
for the cluster limits. This would dispense with finding the cluster limits 
beforehand with the while do loops. This approach was tried for the test data 
set, and timings were performed, but no difference in performance could be 
detecteo!. In both cases however, performance for the right segment would also 
be O(N ) and O(N^) for the two types of polygons, so that these 
limits also represent the worst-case complexity for the entire polygon.

Storage for the algorithm is the working array which must have as many entries 
as the number of strips (+1) so that basic storage is O(N). Although the 
algorithm as presented stores the completed boxes in an output array, storing
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the completed boxes may not be practical, given the large number of boxes that 
may be generated. Therefore, since output storage is not a requirement because 
boxes may be inspected immediately, storage for the algorithm is O(N).

SELECTING LABELLING BOXES

The algorithm may produce a large number of candidate labelling boxes from which 
only one or a few need to be selected to actually place the label. If only one 
box is to be considered, one might select the box with the maximum area. Each 
box, as it is generated, can then be inspected for area, and if the current box 
is larger than the previous largest box, it becomes the largest box, and so on. 
However, a much better visual result is obtained when the height-width ratio of 
the box somehow matches the height-width ratio of the minimum bounding rectangle 
of the block of text to be placed. Therefore, to select a better box, one may 
search for the maximum of a function of both total area and the aspect ratios of 
the label and the box. The following function has provided good results, and 
was used for figure 3:

- \(rl-rb)\ 0.4 
f(a, rl, rb) = a e

where a is the area of the box, rl is the height/width ratio of the label, 
and rb is the corresponding ratio for the box under consideration. This 
function modulates area according to the differences of the aspect ratios.

More complex strategies are in order for placing multiple labels. The number of 
labels might be determined based on the total area of the polygon, the 
area-perimeter ratio of the polygon as an index of the sinuosity of the polygon, 
the size and aspect of the label, etc. An additional problem with multiple 
labels is that the distance between labels probably should be optimized as 
balanced against the size of the selected boxes leading to the consideration of 
mathematical programming techniques.
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ABSTRACT

Mathematical optimization algorithms have previously been 
shown to provide a solution to some map label placement 
problems. This article discusses computational and carto 
graphic difficulties encountered and solved while imple 
menting such techniques in commercial map label placement 
software. The solution of the optimization problem, the 
automation of label overplot detection, and the representa 
tion of deleted labels in the manner best suited to assist 
human intervention are discussed.

Despite remaining questions about the best way to Implement 
this type of computer program, our work has shown that 
mathematical optimization techniques are an excellent 
method for performing map label placement. This conclusion 
is based on experience resolving labeling problems on maps 
compiled from typical data encountered in oil and gas 
exploration activities.

INTRODUCTION

Most algorithms designed for the placement of map labels 
around point symbols are characterized by sophisticated 
data structures and complex, rule-following logic (Hirsch 
1982; Ahn and Freeman 1983; Ahn 1984; Basoglu 1984; 
Pfefferkorn, et al. 1985; Langran and Poiker 1986; and 
Mower 1986). In fact, these algorithms are attempts to 
solve a specific type of combinatorial optimization problem 
by heuristic or artifical intelligence procedures. Because 
artificial intelligence is not used to solve combinatorial 
optimization problems in non-cartographic applications, we 
have investigated alternate methods for solving the map 
label placement problem. Our work has produced a computer 
program which is suitable for production mapping. Our pro 
gram solves the underlying optimization problem directly.

The optimization model for label placement was originally 
exploited by Cromley (1985), who developed an overplot 
resolution algorithm for point symbol labels based on a 
linear programming relaxation procedure and interactive 
detection of overplots. Its use was extended by Cromley 
(1986) and by Zoraster (1986), who have both used integer 
programming technigues along with automated detection of 
label overplots.

This paper provides a review of the optimization model for 
label placement, compares this type of algorithm to other 
placement algorithms, and discusses various implementation 
problems.
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THE OVERPLOT RESOLUTION ALGORITHM

Simple label overplotting problems can be resolved without 
sophisticated algorithms. An advantage of using an opti 
mization algorithm for this purpose is that it can resolve 
extremely complex problems efficiently. The only require 
ment is that there be a finite number of label placement 
options for each label. A prioritized set of options is 
shown in Figure 1 by numbers placed around a map symbol 
(X). Given such a placement priority for each label, the 
best label placement for a large number of labels can be 
found by use of integer programming.

3 1 2 
5 X 4 
867

Figure 1. Possible Label Position Options 

Linear Programming and Integer Programming

Linear programming is a mathematical optimization technique 
used to minimize (or maximize) the value of a linear objec 
tive function subject to linear constraints on the values 
that can be assumed by problem variables (Chvatal 1983). 
Given an N element vector c, an M by N matrix A, and an M 
element vector b, the standard linear programming problem 
is to choose the N elements of the vector x to maximize

T c i x,

subject to the constraints 

A x £ b.

Integer programming problems are linear programming probl 
ems with the added constraint that the elements of x must 
be integer. 0-1 integer programming problems require that 
the elements of x be either 0 or 1. Our overplot resolu 
tion program uses 0-1 integer programming to resolve over- 
plot problems.

Many linear programming algorithm implementations are 
available in the form of software subroutine libraries. 
Only a few of these implementations handle integer or 0-1 
variables efficiently. This difficulty is discussed in 
more detail later in this paper.

The Overplot Problem Formulated As a 0-1 Integer Pro 
gramming Problem

Assume that each of the K labels on a map can be placed in 
one of Nfc possible positions, one of which corresponds to 
deletion from the map. In the mathematical formulation of 
the overplot resolution problem, each position for label k 
will correspond to a single variable Xi,^ (i = 1,2,...,^) 
which can take on the values of 0 or 1. Only one variable 
corresponding to each label is allowed to be 1. This 
restriction is enforced by the following constraints:
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£ X lfk = 1 k=1,2,...,K. (1)
i

If an overplot is possible between the i-th label position 
for label k, and the j-th label position for label m, then 
the following constraint needs to be enforced:

Xi,k + *j»m 1 1- ( 2 )

Each position for each label will have a penalty Wj, k asso 
ciated with its use. Normally the optical position will 
have a penalty of 0 and other positions will have positive 
penalties proportional to the difficulty caused by attempt 
ing to associate a well label in that position with its 
correct symbol. The penalty associated with deletion of a 
label from the map will be the largest penalty. Our goal 
is to attempt to minimize the total penalty represented by

£ I W i»k X lfk . (3) 
i k 

subject to the constraint sets (1) and (2) .

ALGORITHM IMPLEMENTATION

Three major concerns in the implementation of any map 
design software are program speed, the quality of the out 
put, and the ease with which the resuIts can be edited by a 
cartographer. For this label overplot program, speed is 
affected primarily by the algorithm used to detect over- 
plots and the algorithm used to solve the optimization 
problem. The quality of the output is primarily affected 
by how close the integer programming algorithm can approach 
an optimal solution to the integer programming problem. 
The handling of labels deleted from the input map is the 
most important factor affecting final map editing. Each of 
these concerns is addressed in the following paragraphs.

Overplot Detection

To detect overploting efficiently, label placement data 
must be partitioned or sorted. Cromley (1986) has sug 
gested a referencing label positions to a Thiessen diagram 
based on the map symbols, but we have found that less 
sophisticated label locating schemes are cost effective for 
our application. We have used a simple sweep algorithm in 
which the labels, map symbols, and line segments are first 
sorted according to their X coordinates and then subject to 
a hierarchy of tests to detect actual overplots between 
items whose projections on the map X-axis overlap.

We have implemented a sequence of tests which allow most 
potential conflicts to be eliminated from consideration 
quickly. Intelligent programming strategies then make each 
required interference check simple. For example, when 
checking for the intersection between an arbitarily ori 
ented label and a point symbol, the point symbol's position 
is rotated and normalized with respect to the orientation 
and center of the label, so that the interference check 
requires measuring only the magnitudes of each of the coor 
dinates of the point symbol in the new coordinate system.
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Practical Integer Programming Algorithms

Integer programming problems are generally difficult to 
solve. For large problems it is often impossible to obtain 
a feasible solution that is close to the optimal solution 
using general purpose software. Special technigues based 
on the structure of the constraints and on the structure of 
the objective function, along with careful problem formula 
tion are reguired to solve such large problems (Oohnson et 
al. 1985). A map label placement problem with hundreds or 
thousands of labels and hundreds of constraints creates a 
large integer programming problem. Most of the computer 
time reguired by our program is spent solving the integer 
programming problem.

Fortunately, the structure of the overplot resolution prob 
lem can be exploited to obtain efficient solutions. The 
optimisation algorithm we use has been developed speci 
fically to solve this map labeling problem. Our solution 
technigue uses Lagrangian relaxation of the interference 
constraints which are included in the objective function 
subject to multiplication by a vector of Lagrangian 
weights. Using matrix notation, the problem we solve is

min: wTx - dT[ 1-Ax ] 

subject to: Px = 1 

Ax <^ 1

along with the 0-1 restriction on the elements of x and the 
restriction d _> 0. The eguality constraints are simply the 
set (1) written in matrix format, and the ineguality con 
straints are the pairwise conflict constraints (2 ) , again 
written in matrix format. The elements of the vector d are 
the Lagrangian weights and are approximations to the dual 
variables of a linear programming relaxation of the origi 
nal integer programming problem.

The Lagrangian weights are adjusted in an iterative manner 
according to the "subgradient optimization" method (Held, 
et al. 1974-). When using this algorithm, the penalties 
for label variables corresponding to unsatisfied label 
interference constraints are increased at each iteration, 
while the penalties for label variables corresponding to 
constraints that are not binding are decreased. The amount 
of change is reduced periodically in a manner that guaran 
tees algorithm convergence. On most maps this algorithm 
produces what appears to be very close to an optimal label 
placment. We have encountered no maps for which this algo 
rithm does not produce at least a reasonable answer. Of 
course a map which is very densely labeled may reguire many 
label deletions to produce a solution.

Many other algorithms exist to solve integer programming 
problems. We have not seriously investigated the wide 
range of solution technigues available. Research to deter 
mine the best algorithm for this particular problem would 
be very useful.
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Deleted Labels

The optimization algorithm performs the majority of work 
required to resolve label overplotting, but many maps will 
benefit from interactive editing to complete the label 
placement process. One type of data required during an 
editing session is information about exactly which labels 
have been deleted in order to obtain a solution. Two obvi 
ous graphical methods for recording this information are 
available. Deleted labels may be written to a distinct 
graphic layer of the output picture file or to a digital 
copy of the original input from which all other labels have 
been removed. Writing the labels to a distinct layer on 
the output picture is most useful if the program user has 
access to a color graphic device. Since many users of our 
software work on monochrome terminals, we have chosen to 
write the deleted labels, along with their associated sym 
bols, to a second picture.

Better solutions to the problem of handling deleted labels 
might involve the automatic creation of insert maps at a 
larger map scale or the display of all deleted labels in a 
table outside the map border. The labels in the table 
could be referenced to their true positions on the map by a 
special class of symbols used to replace those symbols 
corresponding to deleted labels. Implementation of either 
of these options would require much work.

ADVANTAGES OF OPTIMIZATION APPROACH TO LABEL PLACEMENT

Most previous algorithms designed to solve the point label 
placement problem have not made use of mathematical optimi 
zation algorithms, but there is nothing in the reported 
problem formulations which precludes the use of this type 
of solution. Combinatorial algorithms described in the 
literature of mathematical optimization make as much use of 
mathematical techniques as is practical; these include 
algorithms designed for business planning, transporation 
analysis, personnel assignment, the allocation of military 
resources, and many other applications. In each of these 
domains heuristic techniques are used only when math 
ematical techniques fail because mathematical techniques 
produce better solutions. We believe that computer pro 
grams based primarily on optimization algorithms will out 
perform algorithms based on heuristics or artificial intel 
ligence in this application as well.

There are at least two other significant reasons to favor 
the use of mathematical optimization algorithms to place 
map labels. First, mathematical optimization algorithms 
are easily implemented in procedural languages. Although 
there has been much talk about object oriented languages 
such as LISP or PROLOGUE for cartographic applications, 
most mapping systems are still coded in languages such as 
FORTRAN or C. Because cartographic problems often are 
mathematical in structure, procedural languages will con 
tinue to be used for the implementation of many carto 
graphic programs. The program we have developed for map 
label placement is coded in FORTRAN 77.
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Second, this type of algorithm has been proven using our 
computer program on many complex maps created by the oil 
and gas industry. To our knowledge, none of the other 
technigues previously presented in the cartographic liter 
ature as solutions to this problem have actually been used 
in production mapping. Figures 2 and 3 show label place 
ments before and after overplot resolution for a small map 
with 4-0 point symbol labels. Similar guality results have 
been obtained on much larger data sets. For example, prob 
lems with over 2100 point symbol labels and over 1600 label 
conflicts have been executed on a VAX 750 in less than 1 
CPU hour.

CONCLUSIONS

The optimization model for map label placement provides a 
practical solution to an important problem in automated 
cartography. Its usefulness has been proven in the com 
pilation of maps with thousands of point feature labels and 
hundreds of label conflicts.

There are several unresolved technical problems in the 
implementation of this type of algorithm. Research to com 
pare different ways of solving the optimization problem 
would be very useful. Also, better methods for displaying 
information about labels deleted from a map and methods to 
assist the interactive editing of the map created by this 
type of algorithm need to be investigated.
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Figure 2. Point Symbol Labels With Overplottinq
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Figure 3. Point Symbol Labels With Overplots Resolved
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ABSTRACT

One of the fundamental stages of the map design process is that of 
assigning and positioning representative symbols on a map. This is 
achieved in most computer cartography systems by user selection of the 
symbols, followed by the positioning of those symbols on the features 
nominated. If the symbols interfere with each other at all, the user 
must intervene. This user intervention is most undesirable because the 
changes made may have undesirable repercussions for the rest of the map; 
thus the process of change can become iterative and therefore time 
consuming. The objective of the research reported here is to automate 
this element of the design stage. Where points or lines overlap with 
each other or with others of the same type, three possible solutions may 
be recognised: re-symbolisation, re-location, and generalisation. The 
main area of research to date has been in the development and 
implementation of algorithms that apply cartographic license 
(clarification of information by localised small movements of features). 
The simplest problem occurs when points are not confined by any other 
map feature. This paper illustrates the progressive complexity of 
algorithms required as the solution becomes constrained by the 
increasing proximity of other features and argues the need for a 
solution that optimally clarifys such local conflicts whilst 'blending' 
with the map as a whole.

INTRODUCTION

The Need For Automated Map Design
The techniques for transferring spatial data into computers 
(digitisation) and methods of accessing data (via geographical 
information systems- CIS) are becoming increasingly advanced (Green et 
al. 1985). This is in response to growing demands for efficient 
methods of handling the ever increasing volumes of spatial data. 
Parallelling this demand, A.I. techniques are being introduced at the 
data storage level, in the form of knowledged based CIS -KBGIS (Smith 
and Pazner 1984; Peuquet 1984). KBGIS have arisen directly from a real 
need to store and interrogate data efficiently, in a format that enables 
fast access to both raster and vector data. However these systems make 
no decisions on how the data is used and reveal limited information 
about the data.

The main component missing from the computer mapping environment is a 
system to control the design stage. This design role is normally 
performed by the cartographer (in consultation with the user), indeed 
'nowhere in any production process do the needs of the users influence 
the nature of the product more than in the design stage' (Page and 
Wilson. 1978, p!57). But with increased ease of access, the design
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stage is being carried out by scientists and general users with little 
or no cartographic skill. With easy manipulation and selection of 
symbols, unwittingly patterns in the data are often either enhanced or 
suppressed, enabling the creation of 'cartographic monstrosities with 
unprecedented ease' (Monmonier 1984, p389).

Potential Solutions
It is argued that the ideal solution to this problem is a computer 
system that mimics the role of the human cartographic expert. The 
advantage is that it would enable researchers with no cartographic 
skills to display field data in a variety of ways using optimal spatial 
designs (Mackaness et al. 1985).

In order for a system to mimic a human, ideally it must have equivalent 
human attributes: these include cartographic knowledge, a method of 
articulating that knowledge, and an ability to reason. Such mimicry is 
possible using artificial intelligence (A.I) techniques to construct an 
expert system. Expert Systems have been extensively reviewed in 
specialist literature (for example, Barr and Feigenbaum, 1982) and have 
been shown to be of interesting potential in design (Rl), diagnosis 
(MYCIN), and prognosis (PROSPECTOR).

Present research is concerned with developing a system for one aspect of 
computer-aided cartography - namely evaluating and resolving spatial 
conflicts in map design. As discussed below, the problems are 
sufficiently complex that heuristic knowledge based methods may be the 
only way of resolving some of the central problems in this process.

PROBLEMS IN AUTOMATING MAP DESIGN

The process of cartographic design is a complex, interactive process 
between the user and the cartographer (see Morrison, 1980). It will 
depend amongst other things, on the requirements and knowledge of the 
user, and the facilities and experience of the cartographer. The 
complex process of map design can be considered under five headings.

1. Gather from the user, information such as data to be displayed, map 
type, and map use.

2. To make decisions on levels of generalisation such as the acceptable 
levels of visual clutter and which base data to include.

3. Symbols can be assigned depending on the data categories to be 
mapped.

4. The spatial conflicts must be identified and resolved. This can be 
achieved by various means: generalisation, change of symbols and/or 
their size and/or relocation.

5. The final stage of the expert system would be to evaluate the map by 
measuring it's effectiveness.
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FUNCTION 
REQUIRED

REASON FOR 
INVESTIGATION

POTENTIAL 
PROBLEM

POSSIBLE 
SOLUTIONS

l)ls a point 
on a line?

Points must not 
be obscured by 
lines.

2)ls a point Points must not 
in polygon? be obscured by 

polygon symbol.

3)For any two 
lines, how 
much segment 
overlap 
is there?

SYMBOL 
MASK SIZE TYPE MOVEMENT

MOVEMENT SIZE SYMBOL

Contiguous lines 
can obscure 
information.

4)For any points, are Points must not 
they clustered? obscure one another.

GENERALISE SIZE EXPAND

5)Number of and 
distance between 
points in cluster.

6)Identify optimum 
centroid of 
cluster.

If large number then 
spatial separation 
method must not be used.

To spread points 
without destroying local 
spatial integrity.

7)With area of polygon and FMA used to evaluate
number of occurrences, complexity of maps,
calculate free map area, and use of symbols.

FEATURE CODE

FMA
NO. OF OCCURENCES
MEAN Fc SIZE CFMA/occ.)

100
19

Figure 1 Evaluative Functions, Problems and Solutions

The central difficulty of automating the map design process is in 
quantifying these tasks, which are presently performed by the 
cartographer. This is essentially a cartographic problem, not a 
computer one. This contribution is a start in that direction and is 
based around a discussion of algorithms for identifying and resolving 
spatial conflicts.
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ALGORITHM DEVELOPMENT OF EVALUATIVE TECHNIQUES

Optimising the design of a map includes aspects such as balance, 
clarity, and contrast. These aspects are governed by factors such as 
scale, content, and the size of the finished product. Techniques are 
required to evaluate the data spatially in order to determine the nature 
of the conflict, and having considered the possible solutions, to 
resolve that conflict. Figure 1 shows some types of evaluating 
techniques required. It demonstrates the type of conflict they will 
detect and shows possible solutions to the conflicts, from which an 
expert system might choose the optimum, given the constraints relating 
to those offending elements.

It is worth stressing that any conflict in a map is essentially a 
spatial problem. A monochrome example will be used to demonstrate this: 
let us suppose a map contains areas symbolised using the same tone area 
fill as a point symbol, such that any symbol falling within that area 
will be indistinguishable. A conflict will only occur if there are 
point symbols that must be represented within those areas. Otherwise 
there is no conflict.

Conflicts can also occur when there is a change of scale. Suppose a 
large pictorial symbol (a flag on a pole) is used to show the holes on a 
golf course. If the golf complex is large (or the number of holes few) 
then the use of pictorial symbols is satisfactory. If however there are 
a group of holes clustered together, or the map is produced at a smaller 
size then spatial conflicts will occur. Two facts should be apparent 
from the above illustrations; the first is that the database containing 
the information must be based on spatial proximity; no one item can be 
changed without due consideration of its impact on the rest of the map. 
Secondly, in order for an optimum solution to a conflict to be found, 
any one point (line or polygon) must 'know' about its local environment 
and what other data lie in its immediate vicinity (it's property list).

Spatial Proximity Data Base (SPDB)
Most cartographic data are digitised and stored in vector format. A 
great deal of research has been done on storing such information in such 
a form as to enable fast retrieval (specified according to area or 
feature - fc) from an efficient and compact storage space. The CIS 
requirements for a design, where the system (not the user) must identify 
the conflict, are however quite different.

The format and accuracy of both the data, and the database determine (to 
a large degree) the efficiency and ability of a system to determine and 
resolve spatial conflict. The structure of the database must enable the 
system to efficiently determine both the property list of any one 
feature, and the proposed symbol that will be used to represent that 
feature. A database based on spatial proximity was investigated by 
Matsuyama and coworkers (1984). The system must first search the 
database for spatial conflicts, and identify the components of each 
conflict. Identification of those components would not just include 
measuring the Euclidean distance between each, but also parameters such 
as the degree of enclosure (the amount by which a group of features are 
enclosed by a line).

A cluster analysis program has been written which uses least squares as 
a measure of distance between cases and average linkage to estimate the 
position of groups of cases in relation to other groups or individual 
cases (see Mather, 1976). The least squares method gives a Euclidean

712



distance by finding the square root of the sum of the squares of the 
difference between the variable scores (x, y) of each pair of symbols. 
Average linkage has been selected as a reasonable method of clustering, 
because it attributes importance to the group rather than to extreme 
individuals. The program determines which items are clustered, how they 
are clustered (number of cases at each cluster level) and records 
clusters containing 'offending' points, where 'offending' is defined as 
points which are within a minimum distance of their neighbour. The 
array of points in Figure 2 are analysed and the results are pictorially 
shown in Figures 3. Figure 4 shows the 'spatial dendrogram' generated 
by the cluster analysis program. Such a 'tree' can be envisaged as 
diagramatically representing the database; as one moves down the tree, 
the system can automatically identify clusters, their components and 
proximity.

Points 2 and 3 are 0.22 apart with 2 points in the cluster at level 1.
Points 10 and 11 are 0.28 apart with 2 points in the cluster at level 2.
Points 2 and 4 are 0.36 apart with 3 points in the cluster at level 3.
Points 6 and 7 are 0.45 apart with 2 points in the cluster at level 4.

4 offenders recorded.

Number of symbols: 20 
Number of variables: 2

Cluster Analysis Tree Diagram 

Dendrogram of the distance similarity matrix -NNA.DAT

1 ——————!

2 -! !

3

4

10 --!

11 — !

5 ___..

6 — — — i — i
H

7 ——-!

R -----

9 _____

12 -----

13 ———-

14 ——_-

15 -----

16 ———-

17 ———-

18 ———-

19 ——--

Figure 4 Output from the cluster analysis algorithm
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Figure 2 Randomly generated points

2 4 8 X

Figure 3 Clustering levels derived from cluster analysis algorithm
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Proportional Radial Enlargement
As previously identified, there are a number of possible methods for 
resolving the problem of clustered data (Figure 1). One of those 
methods is to locally separate the points. It is not possible to 
separate the data by considering pairs of points, since the solution by 
movement of one pair, may infringe on adjoining data. Thus cluster 
analysis is used to determine how many points make up the clustered 
data. Any algorithm used to resolve clusters must satisfy the following 
objectives:

1. Their local spatial relationship much be preserved. Within the 
group of clustered points, the relative position of a point in 
relation to any other point must remain the same.

2. Whilst clarifying such information, the points must be moved a 
minimum distance in order to conserve spatial integrity. The amount 
of movement is determined by the initial proximity of points, and 
the size of the intended symbol.

One method that maintains 'shape' is proportional radial enlargement; 
this involves selecting a centre and moving all the points away from the 
centre a distance, d, such that d is proportional to the original 
distance from the centre to that point. Where no other infringing data 
exist, the centre can be taken as the centroid of all the points (having 
equal 'mass' or importance). The centroid, by definition will 
automatically gravitate towards the most dense part of the cluster, thus 
moving the majority of points the least amount. The shape of the group 
is preserved regardless of the position of the centre of radial 
enlargement (law of similar triangles). Figure 5 shows three such 
enlargements, each with different centres of enlargement. In Figure 5a 
the centre is the centroid of the points. Figure 5b shows another group 
of expanded points. Again the centre is taken as the centroid of the 
group. Some of the points now lie on the other side of the line. This 
is cartographically unacceptable; one solution is to alter the position 
of the centre. This could be done by altering the 'masses' of selected 
points, which would effectively change the position of the centroid.

O
o o 

o + o •
00 O
o «o o

CaD
+ Centroid
o Initial position of point 
• New location

(C)

Figure 5 Radial Enlargement of Groups of points.

In all these cases the positions relative to each other are not
compromised. There are however worst case situations where this
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solution is not appropriate (see figure 6), and 
(such as generalisation) must be considered.

alternative solutions

Figure 6 Worst Case

In a situation where spatial integrity was not important, (for example 
in a map showing train or bus routes) a high amount of total movement 
would be acceptable. In a map where spatial integrity was crucial then 
alternative methods must be used to clarify the data, such as a change 
of scale.

However when proportional radial enlargement is used, there is a loss of 
spatial integrity between the localised clustered features and the rest 
of the map (global features). One method used that is a compromise 
between the conservation of local spatial integrity and global/local 
blending is to use Gaussian distributions (optimally fitted to each 
expansion of points) to determine the ratio of movement. Thus the ratio 
of movement gradually decays towards the fringes of the cluster. Figure 
7 compares two expansions. Figure 7a is a radial enlargement by a fixed 
factor of enlargement k, such that the distance of movement is 
proportional to the original distance from the centroid to the point. 
In Figure 7b the Gaussian decay curve is used to determine the value k, 
which decays to 0 as the distance from the centroid tends to infinity.

•O

/ (a) ' Cb)
Figure 7 Proportional and Gaussian Radial Enlargements

Map Evaluation
At all stages there would be a need to evaluate the success of the 
design. Various parameters must be measured such as the total amount of 
movement of objects, changes in base data and re-symbolisation. The 
thresholds of these parameters will depend on map type, audience (those 
who will use the map) and size of finished product, and on the spatial 
properties of the data (for example symbols used to show an even 
distribution may not be appropriate for showing a clustered

716



distribution). If the thresholds are exceeded, then an expert system 
might be used to decide on one or some of the factors that can be 
altered to reduce the threshold. These various alternatives include the 
reduction of symbol size and/or base data, and generalisation.

CONCLUSION

A human cartographer must first be able to identify conflicts in map 
design, and have at his disposal methods of resolving those conflicts. 
An essential prerequisite for a cartographic expert system must be 
equivalent methods for identifying and resolving spatial conflicts.

It is apparent that the solution to any spatial conflict involves first 
identifying the amount and types of data that lie in the immediate 
vicinity. Methods for efficiently searching the database for conflicts 
will depend on the format of the database. Only once the components of 
the conflicts have been identified can an optimum choice be made from 
the 'possible solutions' (see Figure 1).

The approach outlined in this paper differs from other attempts to 
automate map design in that it views the problem of map complexity as a 
whole, not as a set of sequential design stages. No cartographer makes 
a map by selecting the data, symbolising, placing, adding text and 
finally drawing the key; rather they modify their decisions during the 
design, both at the global level (in deciding the maximum acceptable 
information content) and at a local level (where information is obscured 
because it is clustered together). If expert systems are to draw maps 
(and not just technical drawings) then they must have the equivalent 
cartographic senses; eyes with which to discern, knowledge with which to 
make decisions, and an inference system that enables it to change 
decisions during the design phase.

If a quantitative model can be developed that can optimally resolve 
clusters of points, it should be feasible to extend the method to 
include the similar types of problems found in line labelling and text 
placement situations. Further research is required specifically to 
algorithmically determine the degree of contiguity between lines (the 
amount of overlap), and calculate a value for the degree of enclosure. 
Alternative methods for resolving worst case clusters must also be 
identified (see figure 6).
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CALCULATING BISECTOR SKELETONS 
USING A THIESSEN DATA STRUCTURE

Robert G. Cromley 
University of Connecticut 
Storrs, Connecticut 06268

ABSTRACT

An important construct for analyzing the shape and structure 
of a polygon in Euclidean space is its bisector skeleton. A 
bisector skeleton partitions the area of a polygon into sub- 
polygons that are closer to one edge of the polygon or its 
internal linear extension than to any other one. While bi 
sector skeletons are unique in their form and application, 
their cartographic elements are topologically equivalent to 
those of a Thiessen diagram. Consequently, procedures for 
calculating Thiessen diagrams may be adopted for calculating 
bisector skeletons, just as Thiessen procedures can be 
applisd to the problem of Delaunay triangulation. This 
paper presents an algorithm for constructing bisector skele 
tons using a triangle data structure and the form of a pro 
cedure for identifying Thiessen diagrams within a convex 
boundary.

INTRODUCTION

An important class of cartographic problems is related to 
the partitioning of space based on proximity criteria. One 
proximity problem given a known point distribution, is to 
delineate the set of points on a surface that is closer to 
one known center than to any other points. This problem of 
constructing a Thiessen diagram has many applications in 
economic geography, quantitative techniques, and cartography. 
Another proximity problem is that of constructing the bi 
sector skeleton of a given polygon. Bisector skeletons 
partition the internal area of a polygon into subpolygons 
that are closer to one edge of the polygon or its internal 
linear extension than to any other edge and its extension 
(Brassel, Heller, and Jones, 1984). The inclusion of 
internal edge extensions in its definition distinguishes 
bisector skeletons from earlier continuous skeletons 
(Montanari, 1969) and gives them their strictly linear 
appearance (see Fig. 1) . It should be noted that while 
Thiessen polygons are convex, bisector polygons may be 
either convex or concave (again see Fig. 1) .

Algorithms for analytically delineating Thiessen polygons 
have received more attention (Rhynsburger, 1973; Shamos, 
1977; Brassel and Reif, 1979) than the newer developed 
problem of constructing bisector skeletons. Recently, an 
algorithm for identifying and storing a Thiessen diagram 
.within a convex boundary has been proposed based on a 
triangulation data structure (Crcmley and Grogan, 1985). 
The purpose here is to apply the design of this procedure
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to the problem of calculating bisector skeletons after 
showing the topological equivalence of respective carto 
graphic elements of each diagram.

Figure 1. A Bisector Skeleton

CONCEPTUAL BACKGROUND

There is a clear analogy between the components of the 
bisector skeleton problem and identifying a Thiessen dia 
gram within a convex boundary. For the Thiessen problem, 
a set of n points is given in a plane bounded by s convex 
polygon defined by a set of m edges. Each edge of the bound 
ing polygon is a line segment connecting two boundary ver 
tices; thus, the polygon is alternatively referenced by m 
vertices (Cromley and Grogan, 1985). It is assumed that the 
bounding vertices are sequentially numbered in a clockwise 
-direction so that the Thiessen diagram is always to the 
right as one moves around polygon boundary. For the bisector 
problem a polygon composed of n edges is given in a plane. 
Each edge of the polygon is a line segment connecting two 
boundary vertices; again the polygon is alternatively refer 
enced by these n vertices. It is also assumed that the 
polygon's vertices are sequentially numbered such that as 
one moves from vertex to vertex, the area of the polygon 
lies to the right of the connecting edge.

The set of n points are used in the Thiessen problem to 
generate convex polygons that are nearer to one point or
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Thiessen centroid than to any other centroid. Likewise, the 
set of n edges of a polygon are used in the bisector skele 
ton problem to delineate subpolygons within the given poly- 
eon that are closer to one edge or its interior extension 
than to any o.ther edge or its corresponding extension. 
Given an identical function within the context of the rer- 
sr>ective problem, each Thiessen centroid, C^, is equivalent 
to each polygon edge, P^.

The problem of identifying a corresponding polygon for each 
centroid is equivalent to finding a set of p points that 
are equidistant and closest to three centroids (Fig. 2); 
these points are called Thiessen vertices. Similarly, a 
skeleton vertex is a point equidistant and closest to three 
polygon edges or their interior linear extension (Fig. 3) 
(Brassel et al, 1984). Thiessen vertices and skeleton ver 
tices are also equivalent as they represent junctions along 
the perimeter of local polygons where the generating cen 
troids (polygon edges) change neighboring centroids (edges). 
Additionally, each Thiessen vertex that lies on the convex 
bounding polygon is called a boundary Thiessen vertex while 
the others are known as interior Thiessen vertices. 
Similarly, skeleton vertices will either lie in the interior 
of the polygon or on its boundary; in the latter case, the 
set of boundary skeleton vertices is identical to the orig 
inal set of n polygon vertices.

C2

Figure 2. A Thiessen Vertex and Its Nearest Centroids

Finally, a Thiessen edge, E•, is defined as the locus of 
points equidistant and closest to two centroids. A Thiessen 
edge will connect two Thiessen vertices that share two 
nearest centroids. Thiessen edges connecting two boundary 
Thiessen vertices are known as boundary Thiessen edges. 
For a bisector skeleton, a skeleton edge, S^, is the locus 
of all points equidistant and closest to two polygon edges.
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Figure 3. A Skeleton Vertex and Its Nearest Edges

Skeleton edges will connact skeleton vertices that share 
two closest polygon edges. Therefore, skeleton edges that 
connect two boundary skeleton vertices are also called 
boundary skeleton edges . In this case , the set of these 
boundary skeleton edges is the same as the set of polygon 
edges; in other terms, a polygon edge in the bisector skele 
ton problem is equivalent to two different elements in a 
Thiessen diagram with a convex boundary: a Thiessen centroid 
and a boundary Thiessen edge.

Additionally, one centroid is called a Thiessen neighbor of 
another centroid if the two centroids 1 polygons cobound the 
same Thiessen edge. It should be noted that some edges may 
connect two unique vertices that have the same cartographic 
location which gives the visual impression that one vertex 
has more than three nearest centroids and that some centroids 
share only a common vertex rather than an edge . However , 
only the centroids sharing the zero length edge are neigh 
bors of each other (Cromley and Grogan , 1985). All eentroids 
with a boundary Thiessen edge are neighbors of an imaginary 
background centroid, C +T. Analogously, one polygon adge 
is a skeleton neighbor of another if the respective subpoly- 
gons share a common skeleton edge. By definition, each 
polygon edge will be a skeleton neighbor of an imaginary 
background edge ,

It is important to enumerate ea <h Thiessen (skeleton) vertex 
and edge as an exact number of them exist as a function of 
the number of centroids (polygon edges) . Cromley and Grogan 
have shown that a Thiessen diagram with n centroids will 
have 2(n-l) vertices and 3(n-l) edges. Similarly, a polygon 
with n edges will have 2(n-l) skeleton vertices and 3(n-l) 
skeleton edges . While it is unknown how many boundary 
Thiessen vertices there will be, it is always the oase that
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there are exactlv n boundary skeleton vertices and therefore 
n-2 interior skeleton vertices.

It is also important to enumerate each Thiessen or; skeleton 
vertex because respective vertex reference files can be con 
structed based on the topological relationships between ver 
tices and centroids (polygon edges). Because a Thiessen 
diagram is the dual of a Delaunay triangulation, a Thiessen 
data file is based on Elfick's triangle structure (Cromley 
and Grogan, 1985). Fach record of the file contains six 
entries corresponding to the neighborhood information of 
each unique vertex and two entries for its coordinates. 
The first three neighborhood values contain the references 
of the three adjoining vertices recorded in a counter 
clockwise order. The next three entries are the reference 
values of the corresponding centroid (polygon edge) whose 
generated polygon is the right-hand neighbor of the edge 
conri&cting the current vertex to an adjoining vertex. 
Thiessen or skeleton edges are not retained in this file as 
they are line segments connecting vertices and would be 
redundant informetion. Once all 2(n-l) records have been 
completed, a digital representation of a bisector skeleton 
or a Thiessen diagram is complete.

ALGORITHM DESIGN

Cromlev and Grogan have presented a two stage method for 
constructing the vertex reference file for a Thiessen dia 
gram. In the first stage, all Thiessen boundary vertices 
are enumerated by walking around the outline of the bounding 
polygon in a clockwise direction. As each boundary vertex 
is founds, its three centroid neighbors and the two adjoining 
vertex neighbors that are also boundary vertices are identi 
fied. Only the third vertex which is an interior vertex 
remains to be identified. In the second stage, the interior 
vertices are found by rnoving along the boundary of each 
individual Thiessen polygon in a clockwise manner. This 
process starts by first enumerating those Thiessen polygons 
that have a boundary Thiessen edge and then continues in an 
inward spiral until all polygons and vertices have been 
found. As the boundary of an individual polygon is dpir- 
pleted, its generating centroid is removed from the list of 
potential centroid neighbors for new vertices.

A similar procedure can be applied to the bisector skeleton 
problem. In this case, the first stage is trivial as the 
set of boundary skeleton vertices is the same as the given 
set of polygon vertices. The second stage is also less 
complicated as the spiral process terminates when the last 
subpolygon having a boundary skeleton edge is completed 
as there are no subpolygons in a bisector skeleton that are 
completely interior to the bounding polygon.

While the overall design of the bisector skeleton procedure 
is the same as a Thiessen procedure, there are many techni 
cal details that differ. First, the edge that partitions 
the subpolygons is formed by the bisactor of the angle 
between two polygon edges or their extensions rather than 
the perpendicular bisector between two centroids. Second,
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Brassel and Reifs circle test for finding centroids that 
are closer neighbors cannot be used. Instead, the third 
neighbor (a polygon edge in this case) for each interior 
vertex is found by sequentially testing each polygon edge in 
a clockwise order. A half-plane test is used to determine 
if the last vertex lies in the same half-plane as the edge 
being tested or in the half-plane of the current potential 
adfze. The current potential edge is updated whenever the 
vertex is in the half-plane of the new edge. Finally, as 
one proceeds around the boundary of each subpolygon, only 
those adges that are subsequent in the clockwise order 
of the last polygon edge neighbor need to be tested as 
DOtential neighbors for new interior vertices of the current 
subpolygon. This algorithm has been implemented in FORTRAN 
77 and used to construct Fig. 1.

SUMMARY

The algorithm presented here has shown that calculating 
bisector skeletons is analogous to that of calculating 
Thiessen diagrams. Although many cartographic entities 
have very different forms and functions, their digital 
form is often quite similar. This enables digital methods 
to be more integrated than their manual counterparts.
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AREA MATCHING IN RASTER MODE UPDATING

J.P. GRELOT, P. CHAMBON and F. MARCHE
Institut Geographique National

136 bis rue de Crenelle
75700 PARIS - FRANCE

ABSTRACT

Cartographic data bases updating is a real challenge for 
the maintenance of the homogeneity and reliability. The 
choice has to be made between interactive editing and 
automatic procedures. An attempt has been made by IGN 
France on the occasion of a land-use inventory updating. 
More precisely, the aim was to adjust a new delineation of 
land use areas to an old one. Digitization is performed in 
raster mode through a scanner. After skeletonization, 
control points are interactively identified in order to 
calculate a global transformation which is applied to the 
vectorized boundaries, and eliminates main distorsions due 
to variations in drawing materials. Then the boundaries 
are processed in raster mode in order to correct new lines 
which are exactly adjacent to old ones, or which define 
with an old line a micro-area. The results seem rather 
good but introduce local distorsions due to the very local 
approach of the process. To avoid such distorsions, we 
have to improve the software in using shape considerations 
in replacing very local operations by more regionalized 
operations. It is an interesting example of the successive 
or simultaneous use of several data structures to solve an 
updating problem.

INTRODUCTION

When a cartographic compilation is made to follow the 
evolution of a phenomenon, the updating process must be 
forecasted. Digital cartography allows us to make it 
easier, solving the problem of bad conservation of 
documents. However, in the case of a land use inventory, 
updating informations have to be collected carefully, 
because they cannot be combined directly with the device 
that will be used to produce the map : the file on the 
computer. Therefore, problems appear when trying to 
superimpose the updating files with the old ones, 
producing poor cartographic results, incompatible with the 
rules for representing the phenomenon and which do not 
have any real meaning. This problem of misregistration of 
digital areal information has been solved at IGN France 
for a project concerning a series of maps.

UPDATING A LAND USE INVENTORY

The area matching project began three years ago when we 
had to update a land use inventory known as "the French 
Littoral Inventory", which has been designed as a
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management tool with a periodical depiction of the area of 
interest (Grelot 1982). Let us have a few words about it. 
The aim is creating some objective data on the coastal 
area in order to help in leading a protection policy in 
this area. You may regard France as a Far-East country, 
but you also may know that its coastal area gathers about 
one tenth of the population and has a major touristic 
appeal for many European people coming there from cloudy 
and cold countries. The basic tool we designed is a land 
use digital map at 1:25 000 scale made from aerial 
photographs interpretation and from subsidiary data 
compiled by local 'administrations (Grelot and Chambon 
1986) .

We defined an initial coverage with about 400 000 polygons 
and the legend consisted in about thirty land-use 
categories which had been selected after a long discussion 
involving many people from local and governmental 
administrations as well as from technical organisations. 
However, with the availability of the initial map 
coverage, some people requested to re-define the legend. 
In some cases we could subdivide some categories and it 
was only a change in the attributes allocated to the 
polygons. But in many cases the result was a new set of 
polygons we had to substitute to the former one. And 
everyone knows that modifying boundaries is much more 
difficult than allocating attributes.

On this background makes the concern in terms of area 
matching easily understandable. We had to update the data 
files in two ways : the first one was due to real changes 
in the countryside during the five-year period and the 
second one was due to a new classification mainly in urban 
areas and also in agricultural areas. Because we had a 
huge number of polygons, we decided to use automated 
processes instead of interactive ones and we developped an 
area-matching facility.

However a major hypothesis was absolutely wrong. We 
thought that the main reason for distorsion during the 
drawing was graphic uncertaincy which we agreed upon 
because of the average size of polygons. In fact we had 
very bad misregistrations due to three main sources : (a) 
dimensional variations in the base map used as the 
background for drawing the boundaries, (b) poor drawing 
quality, and (c) graphic uncertaincy. In that respect a 
scale factor and some local processing were not sufficient 
for matching archived and up-to-date boundaries, and we 
had to design a new software package.

The main requirements for the matching package were :
(a) automated processing with only minor interactive tasks
and no editing;
(b) input and output data files in raster mode ;
(c) defining then computing local geometric distorsions ;
(d) preserving old boundaries ;
(e) local capture of up-dated boundaries;
(f) automatic re-allocation of land-use attributes.
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THE AREA MATCHING PROCESS

This process deals only with zonal information. These data 
constitute files in raster mode, made of homogeneous and 
connex zones where one or more attributes are given.

The initial data set is used as a reference and considered 
as geometrically exact. The updating document contains 
only the new information. The boundaries of the new closed 
areas are then hand-drawed and digitized on a drum 
scanner. The features are skeletonized and some editing is 
made on a graphic workstation in order to avoid errors due 
to digitization and to close every area. This file is then 
superimposed to the old state one, in raster mode, and the 
operator can see the quality of registration. Homologous 
points (20 to 30) are identified. The coordinates of this 
points are taken interactively in order to calculate a 
global deformation between the old and the new 
boundaries.

Here begins a series of functions which are processed 
automatically one after the other.

The global deformation is represented by a biquadratic 
polynom whose coefficients are computed by the least 
squares adjustement method. By applying this polynom to 
the new boundaries after vectorization, we make them fit 
the old ones, with the best accurary on the control 
points.

A check plot is made after this transformation showing :
a) the boundaries of the old areas.
b) the boundaries of the new areas (having changed between 
the two states).
c) the same boundaries as b), having undergone the 
deformation.

We can also see the position of the control points on this 
plot, made on a large format electrostatic colour plotter. 
That is where we can notice that the final boundaries are 
well fitted to the old ones near the control points. On 
the other hand, where fewer control points have been 
identified, a misregistration remains. But everywhere, 
this error is reduced to less than half a millimeter, 
though it could exceed two millimeters initially. If this 
is not the case, we have to take other control points an 
remake the process.

At this stage, we can see when superimposing the new and 
the old boundaries that only local errors are still 
present and are represented either by small areas (areas 
having a small surface) or by prolate areas (one or some 
pixels wide). These parasite zones do not have any real 
thematic significance and must be suppressed, the aim 
always being to keep the old boundaries when there is a 
conflict. These suppressions are made by a special 
software which has several effects :
a) It detects areas whose surface is less than one square 
millimeter, or which are less than 4 pixels (0,5 
millimeter) wide,
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b) an iterative algorithm forces the new boundaries to be 
just near the old ones (distance is exactly one pixel) 
along these micro-areas,
c) when such sticked boundaries are encountered, they are 
merged in favour of the old ones.

Another check plot is made at this stage which shows the 
final results ; on this plot where the areas are labelled, 
we can also identify corrections to be made, due to other 
reasons.

The whole process requires approximately 5 computing 
hours, and some additional time to check the plots. During 
this time, up-to-date attributes are interactively given 
to the new areas defined by the digitized boundaries (only 
those having changed since the old state). After the 
matching procedure, the old and the new boundaries are 
superimposed, defining new areas which all have a thematic 
significance. These new areas receive automatically the 
old and the new thematic attributes. That is where we stop 
the matching process, maps being made as for an usual 
work (Grelot and Chambon 1986).

ADVANTAGES AND DRAWBACKS OF THE METHOD

The matching procedure merges neighbour boundaries, i.e. 
made with adjacent pixels, and eliminates small linear 
areas which look like spaghettis with two parallel 
boundaries, one old and the other updated. The surface of 
such areas to be eliminated is less than a given threshold 
value.

Of course this automatic procedure is not perfect. The 
tolerance after the distorsion is about two to three 
pixels which means about a guarter millimetre. There may 
be some misinterpretations with linear features such as 
rivers and major roads and railroads. They are removed 
during the final editing stage.

You may have noticed that any ckecking is made from a 
graphic plot. In other words it means that only those 
defaults with graphic significance can be seen. In fact it 
is not realistic to display every file through small 
windows with a large zooming factor in order to detect any 
default. And we all know some defaults which do exist in 
raster boundaries after skeletonizing hand-drawn lines : 
there are some random waves and on the other hand some 
systematic smoothing upon angular shapes. The matching 
process is not responsible for them and does not try any 
improvement.

The matching process is perfomed on small areas with a 
pixel-by-pixel approach. Not only during the comparison 
stage, but also during the decision and drawing stages. 
And there is a need for a smarter solution in the area 
separating a to-be-changed from a to-be-kept boundary set. 
It means that the local approach induces defaults in lines 
because the lines are considered as sets of adjacent 
pixels and not as features with particular shapes. Those
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defaults are made of very short segments joining the old 
and the new locations of the two parts of a boundary : 
they do not create graphic troubles but they are logical 
errors in the depiction of lines.

Finally the procedure :
(a) adjusts the updating file to the old one through a 
smooth distorsion to reduce misregistrations to the order 
of magnitude of graphic uncertaincy ;
(b) matches the boundaries pixel by pixel ;
(c) increases some defaults of raster files such as random 
waves and smoothed angles.

I do not think that a vector-mode process would give 
better results. On the contrary I do consider that this 
process successfully combines vector-mode stages and 
raster-mode stages. It proves that the link between data 
structures and processes is more important than the link 
between structures and models, and how interesting is the 
capability for using several data structures in the very 
same data base depending on applications.

Let us have a come-back to look for improvements. First 
the graphic quality could be improved. A land-use pattern 
has not the same characterics as a geological one : it is 
more related to the land ownership and to parcels with 
straight boundaries and precise corners. There is a close 
connection between the geometric characteristics of a 
boundary and the nature of adjacent areas, in other words 
between geometric and semantic describers. As an 
application for our purpose we should look for algorithms 
enhancing the raw data set and getting more straight 
boundaries and sharper angles. I can add a comment : as 
this geometric processing is due to the very nature of 
areas, it can only be performed after attribute 
allocation.

Second point : the boundary patterns are not similar in 
the two files. It is evident because the second data set 
is only drawn for updating the first one, but it has to be 
reminded and it has some consequences. The main one is 
that we cannot select a set of points (for instance the 
nodes) within the updating file and look for the geometric 
distorsion which maximizes the correlation with a 
corresponding set of points from the old file. It also 
means that the result of the distorsion is very dependent 
upon the interactive selection of control points and of 
some bad effects of skeletonization. It would have been 
useful to get a network of fiducial marks displayed on 
both lineworks for automating and improving the 
mathematical distorsion.

Third point : a major quality achievement should be made 
when explicitly considering the shapes of features. This 
is not easy. It means that the local processing which now 
removes points should be replaced by only a comparison 
which determines a displacement to be applied on a 
boundary or an entire set of boundaries. There are some 
requirements for making this : for instance, the nodes and 
corners of polygons and some geometric characteristics of
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the shapes have to be known in order to avoid large 
modifications of shapes. The displacements have to be 
designed as a mechanical stress upon a solid network.

CONCLUSION

I think that these three points are the main directions 
for improving the area matching procedure. We have seen 
how fruitful is the capability for using several data 
structures during a particular process. We also have seen 
that local processing has to be complemented with a more 
global approach using the geometry of shapes.

These remarks may look pessimistic. Our process does not 
work as perfectly as we could expect, but it actually 
works. We use it for superimposing data sets on the same 
area related to the same kind of phenomenon such as a 
land-use updating or related to different matters such as 
land-use and soils.

A lot of interactive editing is replaced by an automatic 
process which efficiently eliminates noisy areas created 
when superimposing the data sets. And this was the 
purpose: any cartographic supenmposition or updating 
induces a lot of matching work, and the digital challenge 
is not performing the matching on editing workstations but 
automating it as much as possible.
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ABSTRACT

In 1983 and 1984, the Bureau of the Census developed a 
computer program to polygonize digital map data (organize 
linear feature information into polygons) and to validate 
the topological and geometric correctness of the nodes, 
chains and polygons. The program evolved from an earlier 
planar sweep program, and eliminated many of its geometric 
dependencies. The program runs in both an insertion and 
edit mode. In the insertion mode, the program is used to 
generate the elementary topological polygons for over 
50,000 maps covering nearly 3,000,000 square miles of the 
contiguous 48 states. This insertion process is a 
necessary component in the joint United States Geological 
Survey-Bureau of the Census project to produce the National 
Digital Cartographic Data Base. At critical points in the 
work flow, the edit mode is used to verify the underlying 
topological soundness of the file structure.

INTRODUCTION

The TOPOLY program evolved from an earlier planar sweep 
program and still retains some of its characteristics. A 
planar sweep program labels each unique polygon in a graph 
by visiting each node in the order it would be visited by a 
line sweeping across the graph [Nievergelt and Preparata, 
1982].

FIGURE 1 PLANAR SWEEP ALGORITHM ILLUSTRATED

731



When at a node, the algorithm will ensure that any new 
polygon labels placed upon the graph are consistent with 
existing labels previously applied. The planar sweep 
algorithm keeps track of the regions currently under this 
line and can also check for undiscovered intersections of 
the lines or resolve discontiguous parts of the graph 
(islands) that are uncovered as the line sweeps over the 
graph.

The TOPOLY program is more efficient with the Census Bureau 
file structure and needs no overhead for keeping track of 
the regions under the sweep line. Since intersection 
checks are done in a separate process at the Census Bureau, 
an intersection testing capability was not needed in the 
polygonization process. However, when the Census Bureau 
staff adopted the unordered choice of nodes on which to 
apply consistent polygon labels, they still needed 
processes to detect and resolve the disconnected complexes 
in the graph. The detection process fit with other polygon 
analyses being done. The resolution of the disconnected 
pieces became a new process. The program thus has four 
parts: the initial label placement on the sides of the 
chains; the analysis of the resulting polygons; the 
resolution of the discovered islands; and the modified 
Euler edit at the end of processing.

POLYGON LABELING

The insertion of polygon labels in the graph is a simple 
and fast process. All the nodes in the file are visited 
in whatever order they are stored in the file. The chains 
(1-cells) attached to them are collected and ordered by 
angle of emanation from the node; this ensures that the 
facing sides of adjacent chains are labeled consistently.

FIGURE 2 UMBRELLA EDIT 
COLLECTING CHAINS ABOUT A NODE
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If no label exists between the chains, a new label is 
created and inserted on both. If the labels are different, 
one of the labels is preserved and the other deleted. All 
chains having the deleted label are reassigned the 
preserved label. If the labels are already consistent, the 
next pair of chains is visited. These are the same rules 
applied in a planar sweep process. The important 
difference is that the nodes are visited independently of 
their position. Thus the program is called TOPOLY, for 
TOPOlogical POLYgonization.

The labeling process and the umbrella edit are equivalent. 
When running in edit mode, this section of the program 
reverts to an umbrella edit [White, 1984]. This edit 
examines the chains emanating from every node to ensure 
that the polygon labels on facing sides of the chains are 
consistent. For example, if angles of emanation of the 
chains increase when measured counter-clockwise, then the 
left polygon label on one chain should agree with the right 
polygon label on the next chain. Similarly, the left label 
on this next chain must agree with the right label on the 
subsequent chain. This edit treats each node as the hub 
of an umbrella and tries to ensure that the order of the 
emanating spokes (chains) is consistent with the labels of 
the area between them.

If this edit is done on every node of the graph, and each 
node is consistent, then the graph is guaranteed to be 
labeled consistently. However, this consistency of 
labeling does not guarantee a topologically sound file. 
The most obvious case of an unsound file would be the case 
where the entire file has the same polygon label. Assuming 
the graph has at least one cycle, then there must be more 
than one polygon. However, the umbrella edit will not 
detect two atomic polygons with the same label. It will 
detect the lack of consistency around individual nodes. 
Thus failure of the umbrella edits insures that the file is 
unsound, but passing it does not insure topological 
consistency.

POLYGON ANALYSIS

The major process in the polygon analysis phase is the 
Kirchoff routine. A Kirchoff analysis is done separately 
on each individual polygon in a file. The basic Kirchoff 
procedure counts the number of cycles and acycles in a set 
of chains [Prather, 1976]. In a complex graph, the number 
of independent cycles is a fixed number N. However, the N 
cycles themselves, i.e. the chains that constitute them, 
are not uniquely determined. In other words, there may be 
many sets of N independent cycles for a particular complex 
graph.
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FIGURE 3 SETS OF INDEPENDENT CYCLES 
OF A COMPLEX GRAPH

For a topologically sound polygon, the cycles themselves 
are determined uniquely. In fact, every boundary chain 
belongs to a cycle. Nonboundary (internal) chains do not 
form cycles. Additionally, all boundary cycles are 
independent. One and only one cycle may be recognized as 
the outer boundary of that polygon. Any other cycles will 
constitute "inner boundaries", i.e. the chains that 
surround a "hole" in the polygon.
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FIGURE 4 UNIQUE GENERATING CYCLES AND ACYCLES 
OF A TOPOLOGICALLY SOUND POLYGON

All of the chains with the same polygon label are submitted 
to a Kirchoff routine, and its analysis is the basis for 
confirming the integrity of the polygon. For example, 
internal (nonboundary) chains on a polygon are known from 
the fact that the left and right polygon labels for each of
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these internal (non-boundary) chains on a polygon are 
known from the fact that the left and right polygon for 
each of these chains are the same. Similarly, all boundary 
chains are known by the fact that the cobounding polygons 
have different labels. A Kirchoff routine analyzing this 
set of chains determines which chains form cycles and 
which are acyclic. All chains in the acycles are confirmed 
to be internal and all chains forming cycles are guaranteed 
to be boundary chains. The cycles are ordered, coordinates 
are extracted, and the information is sent to a routine 
that computes the area, perimeter, centroid, shape, and 
direction of traversal in one computation.

Orientation is used to identify inner and outer boundary 
cycles. The direction (either clockwise or counter 
clockwise) of the cycle is compared with the side on which 
the polygon lies. When walking around the outer boundary 
of a polygon in a clockwise fashion, then the polygon must 
be on the right side. Similarly, a counter-clockwise 
traversal around an inner boundary keeps the polygon on the 
right side. If the direction changes, then the sides 
reverse. Thus to walk counter-clockwise around an outer 
boundary, keep the polygon on the left. The cycles 
returned by a Kirchoff analysis are examined to ensure 
consistent labeling on a specific side. The direction of 
the cycles also is examined to insure that there is one and 
only one outer boundary and that the area it encompasses is 
greater than that of all inner boundaries.

Another modification of the Kirchoff routine counts the 
number of discontiguous components in the chains associated 
with each polygon. This normally will be one. However, 
some polygons may have more then one component. The number 
of separate components in the graph is summed to be used 
later for the modified Euler edit described below. Also, 
the disconnected parts created in the initial labeling are 
recognized for the following island resolution process.

ISLAND RESOLUTION

During the labeling process, disconnected components will 
acquire a separate set of polygon labels. Except for the 
outer regions of the separate components, these labels are 
valid polygons with an outer boundary and zero or more 
inner boundaries. These valid labels can be ignored for 
island resolution. However, the outer region of each 
component must be resolved to agree with the other 
components of the graph. The polygon labels that form the 
outer boundary of a component of the graph will form what 
Kirchoff recognizes as an inner boundary and will have no 
outer boundary. The region encompassed by this boundary is 
sometimes referred to as a "hole" or island in the main 
component. The largest of these islands is recognized as 
the outer region of the entire map. Recognizing and 
labeling this area as the "first polygon" in the file is a 
requirement of the joint agreement with the U.S. Geological 
Survey.
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Once this island is detected it is resolved to agree with 
the main component of the graph. If an intersection check 
has been performed already, then this island will fit 
entirely within a single polygon of the main component. 
The resolution itself is made by resolving a single point 
of the region to be within one polygon of the main 
component. This resolution is done starting with any 
polygon and chaining adjoining polygons to find the correct 
one. Wherever this point falls will have the entire outer 
boundary recoded to it. Island resolution is only 
necessary during the insertion mode. Its edit mode 
equivalent ensures that disconnected complexes are labeled 
to agree with the surrounding polygon. This is more 
convenient to do in the polygon analysis phase.

EULER EDIT

The final edit done on the file before the program 
terminates in both the insertion and the edit mode is a 
modified Euler edit. The Euler edit is based upon simple 
principles. If a single line chain is drawn and examined/ 
it is obvious that there is a single chain, two endpoints 
and one surrounding region. In this example, the number of 
nodes and regions equals the number of chains, plus two. 
The Euler Theorem states that this numerical relationship 
is always true for a connected set of chains on a plane. 
This may be illustrated by iterative chain building. When 
a new chain is joined to an existing network of chains, one 
endpoint must begin at an existing node. If the other end 
of the added chain goes to a node that already exists, it 
will create a new bounded polygon inside an existing 
polygon or in the outer region. If the other end of an 
added chain does not link up with an existing node, it 
creates a new endpoint.

FIGURE 5 OPTIONS FOR ADDING A CHAIN 
TO AN EXISITING CONNECTED NETWORK

Thus, after the basic relationships among the node counts, 
chain counts, and polygon counts are established, that 
relationship will remain constant as long as new chains are 
attached to the existing network of chains.
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However, a cartographic database need not have all chains 
connected. This leads to the necessity to modify the basic 
Euler formula. It is obvious that each disconnected 
network of chains will obey the basic Euler formula. 
However, in such a complex, the outer boundary of each 
disconnected network must be properly related to some 
region of another graph. Either the network will be 
entirely internal to one polygon of the other graph (its 
chains can not cross those of the other graph) or it will 
share in the outer region of that other graph. The basic 
Euler formula is modified to take this into account. The 
modified Euler formula is stated as, "the total number of 
nodes and polygons must equal the total number of discrete 
components in the graph plus the number of chains in the 
graph plus one."

The modified Euler edit can be used on any planar graph. 
Although it does not ensure overall accuracy of the file, 
it is a good test of consistency among the counts of 
nodes, chains and polygons of the file. A failure of the 
modified Euler test is a guarantee that the file is not 
topologically consistent. However, passing this edit is no 
guarantee that the file is sound. Compensating errors can 
still exist that would allow the counts to balance.

CONCLUSION

This program is used in the exchange of digital map files 
with the U.S. Geological Survey. The polygonizing of the 
files is one of the first processes done to a file when it 
is received. After the Census Bureau performs the internal 
updates to the file, the TOPOLY program is run in edit 
mode. In this mode, it is one of the last processes run 
before returning the updated files to the U.S. Geological 
Survey. To date, the program has been run on over half of 
the 50,000 7.5 minute quadrangles involved in building the 
National Digital Cartographic Data Base. The program has 
been converted successfully to run on the most recent TIGER 
file structure of the Census Bureau and it is anticipated 
to be run in the edit mode for years to come.
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ABSTRACT

Map input by manual digitizing no longer needs to be a multi-step process 
in which line gaps, overshoots, and topological coding errors are 
iteratively and painstakingly corrected. We have developed a "what you 
see is what you get" (WYSIWYG) approach to map digitizing that 
continuously displays on the computer screen a geometrically, corrected 
and topologically structured representation of a map. This approach is 
analogous to the WYSIWYG style of word processing where insertions and 
deletions automatically cause lines, paragraphs, and pages to be adjusted 
such that a document is always displayed in its final form.

INTRODUCTION

Instruction in landscape architecture at Harvard includes courses and 
studios in regional scale landscape planning and design. For many years 
this instruction has included computer analysis of landscape suitability and 
environmental impacts. A major component of these projects is the 
building of the geographic data base. In the past, students have laboriously 
hand encoded data for soil types, vegetation types, elevation values, water 
features, cultural features, and other kinds of information into a grid cell 
format for use by the computer analysis programs.

In recent years the Laboratory for Computer Graphics and Spatial 
Analysis has assisted these courses and studios by developing software and 
related procedures for digitizing, verifying, and grid encoding large area 
data bases. These procedures and programs have been used in studies of 
Yosemite National Park, Minute Man National Historical Park, White 
Mountain National Forest, and Acadia National Park.

739



Our experiences have refined our thinking about a number of issues in map 
input to computers (Corson-Rikert and White, 1985a). With the support of 
the American Farmland Trust we are continuing to develop software to 
further improve this process. There are a number of key features of this 
software.

"WHAT YOU SEE IS WHAT YOU GET"

When our Lab's Odyssey system was designed ten or more years ago 
(White, 1979; Chrisman, 1979; Morehouse and Broekhuysen, 1982), there 
was virtually no moderately priced hardware that supported rapidly 
refreshed medium resolution interactive graphic display. A typical 
digitizing configuration was a digitizing table and a storage tube connected 
to a mainframe, or a storage tube micro standing alone with a digitizing 
table. In 1986, however, there is now no hardware limitation to 
immediately displaying points digitized, or even displaying points about to 
be digitized with so-called rubberbanding. CAD programs have been 
doing this for years; map digitizing programs should do likewise where 
appropriate.

With high speed refreshing, edited changes to a computer map data base 
can also be displayed immediately. Lines can be deleted, points can be 
inserted into a line or deleted from a line, nodal points where lines meet 
can be moved with their connected segments, and even entire lines can be 
rubberbanded into a translated position. Rapid display speed also allows 
arbitrarily positioned rectangular windows into the data base to be selected 
and displayed immediately.

GEOMETRIC CORRECTION

The speed of modern processors also allows for rubberbanding of 
coordinates registered to a map base with a global linear transformation. 
Piecewise linear rubbersheeting could certainly be accomodated as well for 
rubberbanding. Editing subsequent to initial map input from a digitizing 
table can often be done better with a mouse, but it should be easy to switch 
between mouse and table. Mouse editing normally occurs in map space 
without control point registration.

Geometric snapping of incoming points to existing points is another feature 
of the CAD environment quite suitable for map digitizing. In particular, 
this capability helps avoid the perennial plague of line overshoots and 
undershoots. Snapping in CAD is often enhanced by a grid of markers 
showing the points to which all input will be snapped. In map digitizing it 
is more appropriate to accept an input point exactly as digitized unless it 
falls within the tolerance range of a previously entered point, in which case 
it is merged with the older point. As a visual aid, points can be displayed
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with tolerance circles such that it is immediately clear whether a 
rubberbanded point will merge or not.

In fact, the snapping tolerance applies to a line as well. If an incoming 
point lies within the tolerance distance of a line segment (between the 
endpoints), an intersection should be formed and the old segment broken 
into two collinear segments. It is also possible, though potentially a strain 
on computational resources, to compute all intersections of a newly entered 
line with a number of older lines it crosses and display the new structure 
relatively quickly.

The rank ordering of the positional accuracy of features commonly found 
on maps is well supported in the computer data base by this method of map 
input. Features are entered in the order of most accurate to least accurate 
such that the latter are always snapped to the former when they are in close 
proximity.

TOPOLOGICAL ENCODING

Topological structuring of line and polygon networks on maps is now the 
standardly accepted method for insuring consistency and completeness in a 
computer map data base. The details of the dual incidence technique of 
encoding topology can be computed immediately and transparently while 
digitizing is taking place. In practice the construction of 2-cell topology in 
real time requires considerable extra work as new polygons are created 
and old ones destroyed by the entering of new lines. However, no 
additional steps need be required if polygons are to be labeled or tagged, 
since the 2-cell topology can be created during that process.

Successful implementation of instantaneous node topology maintenance is 
dependent on the correct operation of snapping within a tolerance and 
intersection finding. In this way, the need for an analysis of proximate 
points before creating final nodes of intersection is eliminated. (The 
overlay analysis of two or more polygon networks will require this 
analysis, however.)

FEATURE LABELING

The "spaghetti and meatballs" method of polygon labeling implemented in 
Odyssey was a major improvement over the method of labeling the left and 
right side polygons of each line. In interactive feature labeling, entering 
"meatballs" (or centroids or label points) is still useful since the points can 
be saved as text or symbol locations. A method requiring less input, 
however, is to highlight each feature in succession and prompt for its label 
(or tag). This process can be driven automatically, with the order in which 
features are presented determined by input order or perhaps more
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intelligently by a spatially sorted order. Either this semi-automatic naming 
method or the pick and name method can be used with point, line, or areal 
features.

CONTEXT

Often one layer or theme of a multi-layered map data base can be useful 
when digitizing another, particularly when features on separate layers 
partially or fully coincide. Displaying existing layers while entering a new 
one, another technique borrowed from CAD, is straightforward. Feature 
snapping or alignment from one layer to another is also desirable but less 
easy to implement.

When the eventual use of a computer map data base is for raster-based 
analysis (terrain analysis, viewsheds, path finding), visualizing the raster 
structure in the context of the vector data base helps determine the 
appropriate density of information to capture in vector form.

SEARCH OPTIMIZATION

Searching for the proximity of a new point in a very large data base can 
take a very long time unless some kind of spatial indexing or hierarchical 
structuring of the data base is used. One simple method is to limit searches 
to features within the current window. This method is consistent with the 
WYSIWYG philosophy; windows will tend to have a relatively constant 
density of information and be centered about the work at hand. Of course, 
computing the active list of features for a small window in a very large data 
base will be time consuming in itself.

IMPLEMENTATION

The digitizing strategies argued here have been implemented on three 
computers: initially and only partially in Pascal on an IBM PC/AT with a 
PGA graphics board, then translated to C on an Apple Macintosh, and 
finally in C on a Harris MCX/3 running Unix. The program, called Roots, 
is being used to create a data base for Clarke County, Virginia, under the 
sponsorship of the American Farmland Trust. The data base will include 
soils and topography (input of which will be commercially scanned), 
transportation features, hydrographic features, wells and sinkholes, and 
property boundaries and derivatives thereof such as zoning and farms. 
Most analysis of the data base will be done by the Geographical Resources 
Analysis and Support System (GRASS) developed by the Construction 
Engineering Research Laboratory of the U.S. Army Corps of Engineers.
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CONCLUSION

For many years a major impediment to mapping and spatial analysis using 
computerized geographic data bases has been the exorbitant time and cost 
of entering map data into the computer. With the development of lower 
cost graphics hardware, integrated graphics operating systems on 
microcomputers, and improved algorithms for geometrical and 
topological processing of map data, this impediment is gradually being 
removed.
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ABSTRACT

Several automated techniques can be used in the cartographic change 
detection process to enhance productivity and accuracy, in support of 
geographic database maintenance. A series of experiments was 
performed to test the feasibility of using various change detection 
techniques in an automated cartographic production environment. 
Detected changes were flagged as feature updates to a geographic 
database. A hardware/software configuration testbed was constructed 
to simulate an automated production environment. Softcopy imagery 
and map/chart data were used to represent newly arrived source 
material. The geographic database was populated with cartographic 
feature vectors and attributes, henceforth referred to as 
Cartographic Feature Data (CFD). Production cartographers served as 
the experiment subjects to assure an operationally valid test 
sample. Results of the experiments are summarized on the following 
topics: Display Methods, Data Digitization, Image Manipulation, Zoom 
Factors, and Change Classification.

INTRODUCTION

Cartographic production agencies are rapidly incorporating softcopy 
technology to depart from the manual cartographic methods employed 
for years. An integral component of the softcopy movement is the 
digital cartographic feature database. The database is composed of 
geographically referenced and attributed feature data. It can be 
generated from a variety of sources including: maps/charts, imagery, 
reference graphics and textual sources. Feature data can be 
digitized and attributed to populate the database.

Once populated, changes to the digital database must be made as new 
source becomes available, in order to maintain the currency and 
accuracy of the database. The same types of sources used to populate 
the database can be exploited to maintain the geographic database. 
Raster scan digitizers provide a means to generate softcopy digital 
images of the hardcopy source material. The digital images can then 
be registered to a geographic frame of reference. Subsequently, the 
images may be displayed using methods that facilitate comparison with 
features in the geographic database. Anomalies can be identified and 
annotated in softcopy.

The softcopy concept described is the basis for the set of change 
detection experiments reported upon in this paper. The objective of 
the experiments was to test the feasibility of using various 
techniques to facilitate the change detection process in a softcopy 
environment. Analyst productivity and accuracy were also evaluated 
for given techniques. A description of the experiment design and
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implementation methodology and the experiment hardware/software 
configuration is presented. Each of the four change detection 
experiments are summarized to include: 1) a definition of the 
objectives; 2) the dependent and independent variables; 3) the 
experiment scenario; and 4) the results of the experiment.

EXPERIMENT DESIGN AND IMPLEMENTATION METHODOLOGY

Design of each of the four experiments began with determination of 
the independent variables to be manipulated and the dependent 
variables to be measured. A scenario was conceived which would 
support mensuration of data under the various states of manipulation. 
Using the scenario, data flow diagrams were developed to support the 
design activity and progress to implementation. A simple man-machine 
interface, which allowed option selection using hierarchical menus, 
was chosen for all of the experiments. This approach was selected to 
minimize: 1) the amount of time spent on implementation of the 
experiment software; 2) the amount of time required to orient the 
subjects; and 3) the influence of the man-machine interface on the 
outcome of the experiments.

EXPERIMENT WORKSTATION CONFIGURATION

The experiments were conducted on a workstation composed of the 
following hardware components: 1) VAX computer; 2) two high- 
resolution color image display monitors driven by a Gould IP-8500 
image processor; 3) VT 220 alphanumeric CRT terminal; and 4) 
trackball graphic data entry and pointing device. The workstation is 
illustrated in Figure 1.

• ALPHANUMERIC MONITOR WITH KEYBOARD

• TWO 1024 x 1024 IMAGE DISPLAY MONITORS

• TRACKBALL BOX WITH FUNCTION KEYS

Figure 1. The Experiment Workstation

Training Methodology
A Video Cassette Recorder (VCR) was used to train the experiment
subjects regarding the objectives of the experiments. In addition,
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the hardware and software components of the experiment configuration 
were explained in the training video. The subjects were briefed on 
the specific tasks required of them for each experiment. The use of 
video tapes for training provided commonality between the experiment 
subjects in terms of introducing the experiments to each of the 
subjects. The video tape training was supplemented with hands-on 
training for each subject. The hands-on training allowed the 
subjects to work at the workstation with a training set that was 
developed for each experiment.

EXPERIMENT #1: IMAGERY CHANGE DETECTION TECHNIQUES

This experiment focused on determining how well an analyst could 
detect changes between vectors, (representing the features of the 
cartographic feature database), and a softcopy raster digital image 
display of monochrome imagery.

The independent variables for this experiment were: 1) display 
method; and 2) availability of a cartographic feature filtering 
function. The dependent measures for this experiment were: 1) speed 
of change detection; 2) accuracy of change detection; 3) use of a 
zoom/scroll function; 4) use of an image enhancement function; and 5) 
use of a cartographic feature filtering function.

The scenario for the experiment was as follows. Each analyst was 
exposed to four complete images and then corresponding features, 
extracted from a cartographic feature database. The images were 
segmented into patches, in one-quarter increments. The analyst 
viewed each of the four image patches and the corresponding feature 
data, using one of four display methods per image. Access to zoom, 
scroll, cartographic feature filtering, image enhancement functions 
was permitted at all times during the experiment. As the analyst 
detected changes between the database and the raster image, he/she 
used an electronic grease pencil function to annotate the change. 
After the analyst examined all four patches of a single image, a new 
image was displayed using a different display method. The process 
cycled until the analyst had examined all four images.

The display methods used were: 1) Split Screen; 2) Side-by-Side; 3) 
Overlay Superposition Method #1; and 4) Overlay Superposition Method 
#2. Each of the four display methods are presented in Figure 2. It 
is important to note that although the two overlay superposition 
methods appear very similar, Method #1 presented a reduced-resolution 
overview image on the left monitor, while Method #2 presented an 
overview line graphic. Both images appearing on the left monitor had 
a graphic monocle indicating the area of coverage displayed in full- 
resolution on the right monitor.

EXPERIMENT #2: MAP/CHART CHANGE DETECTION TECHNIQUES

This experiment was identical to Experiment //I with the exception 
that the primary comparison source used was rasterized map/chart 
data. The use of rasterized map/chart source did not require the 
image enhancement capabilities, such as manipulation of the 
grayscale, which were provided in Experiment #1.

The objectives, dependent/independent variables, and the scenario 
were identical to Experiment #1. Reference the Experiment #1 
description for details.
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EXPERIMENT #3: THE EFFECT OF RESOLUTION ON 
MAP/CHART CHANGE DETECTION

The purpose of this experiment was to evaluate the effect that 
varying the resolution of softcopy map/chart data has on the accuracy 
and productivity of softcopy change detection. Experiment #3 built 
upon the results of the first two experiments by taking advantage of 
the findings that indicated Overlay Superposition Method #1 to be the 
optimal display technique.

The dependent variables for this experiment were: 1) image 
resolution; 2) map/chart image number; and 3) experience of the 
cartographer. The independent measures for the experiment were: 1) 
speed of change detection; 2) accuracy of change detection; 3) use of 
the zoom/scroll function; and 4) use of the display toggle functions.

The scenario for the experiment was as follows. Three map sections 
were raster-scan digitized at each of three resolutions: 256 
lines/inch, 384 lines/inch, and 512 lines/inch. These images were 
then displayed on the workstation using Overlay Superposition Method 
#1 along with the corresponding database features. Each subject 
viewed the three images at only one of the candidate resolutions. 
Viewing options to manipulate zoom/scroll, toggle various displays 
on/off, and filter the cartographic feature displays were available 
at all times. The analyst used the tools to perform change detection 
between the raster source and the database. The changes detected 
were marked as described in Experiments //I and #2. The presentation 
combinations of resolution and image number were varied to normalize 
"learning curve" phenomena that would skew the results.

EXPERIMENT #4: CHANGE APPLICABILITY

The Change Applicability experiment was designed to determine how 
identified feature changes impact the database from the perspective 
of product generation. Given the case where several products are 
produced from a single database, a change may not impact all of the 
products produced. Obviously, product scale is a major factor 
regarding applicability of change to a product. If a change can be 
codified to a fine level of attribution, a generic feature-to-product 
content look-up table can be created which determines product 
applicability of a change.

The independent variables manipulated in this experiment were: 1) 
source type (imagery or map/chart); 2) method of codification 
(automated or manual); and 3) level of subject cartographer's 
experience. The dependent measures were: 1) speed of change 
codification or applicability assessment; 2) accuracy of change 
codification or applicability assessment; and 3) use of image display 
manipulation tools (e.g., zoom/scroll, feature filter, and image 
enhancement).

The scenario was as follows: The experiment subjects were presented 
a mix of softcopy images that are map/chart and imagery based. 
Feature changes on the image were annotated with Minimum Bounding 
Rectangles (MBRs). The experiment was designed to resume where the 
other experiments ended. That is, changes had already been 
discovered and automated. Now the subject must determine the nature 
of the change and the impact that change has on a given set of 
cartographic products. Two separate groups were established to test 
two distinct techniques. The first group categorized the change and
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determined applicability aided by softcopy product specifications. 
The second group categorized the change using a generic attribute 
coding system that forced the subject to classify the change into a 
feature type. A look-up table was constructed that mapped feature 
types to products. Therefore, once the change was classified, the 
applicability to the given set of products was determined 
automatically by invoking the look-up table. The look-up table was 
constructed by extracting product-specification data and 
incorporating that data as the relation criteria.

EXPERIMENT RESULTS

The experiment results were based on the following: 
a. Statistical analysis of subject performance; 
b. Subject preference data from questionnaires; 
c. Experiment proctor observations.

Display Methods
The variance of performance noted for the display methods tested 
proved to be insignificant. That is, the variance for speed and 
accuracy between the four display methods was minimal. The raw 
scores for the Side-by-Side display method ranked slightly higher 
than the others; however the difference was less than the computed 
standard deviation. Given the small sample size (12 subjects for GDI 
and CD2) the insignificance of variance was not a surprise.

Thus, the recommendation to provide more than one display method is 
supported on the basis of analyst preference versus statistical 
results. Based on the data extracted from the experiment 
questionnaires and proctor observations, the following conclusion was 
formulated: "The individuality of each analyst is a significant 
factor in determining the most favored display method". For example, 
although the Overlay Method #1 proved to be the most preferred, a 
subset of analysts preferred the Side-by-Side method. It appeared 
that the optimum method of display was highly situation-dependent. 
Factors such as feature density, type of feature, and characteristics 
of the geographic area in which the change occurred, had a 
significant effect on the analysts' ability to discriminate changes. 
Therefore, it is recommended that more than one display method be 
provided to support softcopy change detection in a production 
system. This would provide flexibility and enhance user acceptance 
of a softcopy system.

Data Digitization
The 256 LPI resolution is the recommended resolution based on the 
experiment results. The Analysis of Variance (ANOVA) for total patch 
time provided the mean time expended by the analysts for each 
map/chart patch. The mean time for each resolution was calculated. 
The mean average time per image was calculated by multiplying the 384 
and 512 patch times by four (4) (there were four patches per 
image). The mean average image times for each resolution were as 
follows:

• 256 LPI: 24.2 minutes
• 384 LPI: 37.3 minutes
• 512 LPI: 40.1 minutes

As expected, the time expended per patch increased as the resolution
of the digital map/chart data increased. The analysts were required
to review four patches for the 384 and 512 LPI images. The 256 LPI
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image contained only one patch. Although the 512 resolution patches 
covered less geographic area than the lower resolutions, analysts did 
not spend a proportionately lesser amount of time on these patches. 
Each patch, regardless of resolution, was treated as an individual 
image, thus the total image time for the 512 resolution was largest.

As a result of time spent on each patch, the number of errors of 
commission and omission increased as the resolution increased. The 
number of changes not graded also increased; this was undoubtedly due 
to CFD misalignment which was more apparent at the higher 
resolutions.

Analyst preferences for the three resolutions were documented in the 
experiment questionnaires. The percentages of preference are as 
follows:

• 256 LPI: 4%
• 384 LPI: 44%
• 512 LPI: 52%

The majority of the analysts preferred the higher resolutions to 
support the requirements of the experiment. However, the timeline 
and accuracy data collected support the use of the lower resolution 
256 LPI for most products (to the 1:50,000 scale). Higher 
resolutions would be recommended for 1:24,000 scale products and 
smaller.

Image Manipulation
The experiment analysts were provided the following toggle
capabilities in the experiment:

• CFD Toggle (toggle vectoried CFD)
• Change Annotation Toggle (toggle MBRs)
• Map/Chart Base Toggle (toggle rasterized source)

Change Detection Experiments #1 and #2 tested the feasibility of 
using CFD toggle. It proved to be a valuable capability and is 
recommended for a production workstation. The subjects used CFD 
toggle as their primary change detection technique. Results of 
Change Detection Experiment #3 were consistent with Experiments #1 
and #2 for this option.

The experiment subjects used the CFD toggle capability to create a 
flicker effect by holding the toggle key down on the keyboard. The 
flicker effect of CFD over the rasterized base made it easier to 
compare the CFD with the base. The analysts used the CFD toggle ten 
times more than the other toggles. It was also noted that the 
experienced analysts used the CFD toggle much more than the 
inexperienced analysts. The results of this experiment reinforce the 
need to provide the CFD toggle capability in a production 
environment. The other toggles tested should be evaluated to 
determine the cost impact of providing these capabilities, weighed 
against the added enhancement of workstation tools.

Zoom Factors
The zoom and scroll factor capabilities were used extensively in the 
experiments. The use of the zoom capability was inversely 
proportionate to the resolution. That is, analysts examining the 256 
LPI resolution used the zoom capability twice as much as _t_he analysts 
who viewed 512 LPI resolution patches. In addition, analysts viewing
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the 384 LPI resolution patch used the zoom capability approximately 1 
1/2 times as much as those viewing the 512 LPI resolution patches 
(see Figure 3). This suggests that the analysts used the zoom 
capability to create a similar field-of-view image for all 
resolutions.

Eight zoom factors were provided to the experiment analysts for each 
resolution. It is noted that zoom factors one through five were used 
extensively during the experiments. The use of zoom factors six 
through eight was substantially less. This is due primarily to the 
fact that the quality of the rasterized graphic diminished at the 
higher zoom factors. The zoom function was implemented in hardware 
as a simple pixel replication. At zoom factors above five, a very 
strong aliasing effect occurred.

Given the heavy use of zoom capability, it is recommended that the 
capabilities be provided in a production environment. This 
recommendation is supported by the statistical analysis of subject 
performance and positive preference responses by the analysts.

Change Classification
The generic code assignment and look-up table based technique is the 
recommended technique for determining change applicability. The 
generic codes technique requires the analyst to classify the feature 
change and tag the change with the appropriate code. After the 
changes are coded, they are compared to a Change Applicability Matrix 
(CAM) that maps generic codes to applicable products.

The manual method tested required the analysts to review product- 
specification help files to aid in the determination of change 
applicability. In the experiment, a subset of five products was 
established. Timeline results of experiment subjects did not differ 
significantly. However, if the set of products was greater than five 
the analysts would have spent significantly more time using the 
product-specification method when contrasted with the generic code 
based method.

Accuracy, when contrasted with codification method, is the other 
important factor for change applicability. Change applicability 
cannot be performed accurately unless the changed feature is 
classified correctly. The experiment results indicated that the 
analysts which used the generic code method scored slightly higher 
than those who used the product-specification method.

In the product-specification method there are two possible sources of 
error. The first is the identification of the feature, and the 
second is the review of product-specifications to determine 
applicability. For the generic code method, the only source of error 
is changed feature identification. This assumes that the CAM can be 
validated to assure correct applicability.

The results of this experiment support the use of a generic coding 
method in terms of time and accuracy. In addition, the results 
emphasize the need to provide the tools necessary to assure correct 
feature identification.
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256 RESOLUTION
a)

ZOOMED (56.9%)

NOT ZOOMED (43.1%)

384 RESOLUTION
b)

ZOOMED (39.1%)

NOT ZOOMED (60.9%)

C)
512 RESOLUTION

ZOOMED (28.3%)

NOT ZOOMED (71.7%)

Figure 3. Zoom Usage
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521 National Center 
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ABSTRACT

Successful exchange of digital cartographic and geographic 
data is dependent upon many factors. Recent standards 
development activities have attempted to address some of 
these factors, including data exchange formats. The 
Standards Working Group of the Federal Interagency 
Coordinating Committee on Digital Cartography has developed 
a prototype spatial data exchange format. This format, the 
Federal Geographic Exchange Format (FGEF), is designed to 
be a Federal governmentwide standard for the exchange of 
digital cartographic data, geographic data, spatially 
referenced data and associated attribute data. To help 
determine its strengths and weaknesses, assess its feasi 
bility for use, and provide data for refinements and im 
provements, the format is being tested by a number of 
Federal agencies. Four levels of testing have been identi 
fied: (1) an agency tests the format for its ability to 
handle just its own data, (2) an agency develops capabili 
ties to handle all FGEF data types, (3) two agencies 
exchange selected data types, and (4) two agencies exchange 
files that test all data types. The testing of the proto 
type FGEF is expected to be completed in the spring of 
1987. This paper outlines the methodology used and reports 
on some preliminary testing results.

Publication authorized by the Director, U.S. Geological 
Survey.
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Abstract

An intelligent spatial data,base must be able to organize and store information 
from diverse sources. Aerial imagery, map, and terrain data must be merged with 
textual and collateral information. Future systems will integrate the results of 
automated analysis of remotely sensed imagery within the context of the spatial 
database. No single internal representation can efficiently provide for the variety 
of the needs and problems for these types of spatial databases. For example, in 
order to efficiently search large databases it is critical to be able to partition the 
search based on spatial decompositions, whether hierarchical, regular, or mixed. In 
this paper we discuss some recent work on integrating multiple spatial and factual 
data representations so as to capitalize on their inherent advantages for search, 
geometric computation, and maintenence of topological consistency.
1. Introduction

An intelligent spatial database must be able to organize and store information 
from diverse sources. Aerial imagery, map, and terrain data must be merged with 
textual and collateral information. Future systems will integrate the results of 
automated analysis of remotely sensed imagery within the context of the spatial 
database. No single internal representation can efficiently provide for the variety 
of the needs and problems for these types of spatial databases. For example, in 
order to efficiently search large databases it is critical to be able to partition the 
search based on spatial decompositions, whether hierarchical, regular, or mixed. 
However, the data structures used for such a decomposition, hierarchy trees, 
quadtrees, and k-d trees, are not particularly well suited to (for example) the 
maintenance of topological consistency. Arc-node, or segment-node 
representations have been developed for this purpose, but they introduce problems 
for spatial decomposition algorithms. Finally, neither addresses the problem of 
feature attribution, coupling semantic descriptions of the feature with its spatial 
component. Semantic networks or frame-based systems can be expected to 
compete with relational models in this area.

Thus, there are several dimensions along which one can choose appropriate data 
structures and representations. In this paper we describe some research results in 
integrating multiple data representations within the context of an experimental 
spatial database system, MAPS, developed at Carnegie Mellon University. The 
areas covered are:

• The use of a schema-based description that allows queries based on 
user-defined attributes as well as shape, size, and spatial relationships 
computed and maintained by the system.

• The maintenance of an arc-node feature representation for feature 
editing and display while maintaining a parallel entity-based spatial 
database in a hierarchical containment tree.

• Some comparisons of the relative properties and merits of various 
component databases for storage and retrieval of data in different 
representations.
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2. An Overview of MAPS
The MAPS spat.ia.i database ' '"' was developed between 1980-1984 supported 

by the DARPA Image Understanding Program as research into large-scale spatial 
databases and spatial knowledge representation. It is interesting tha,t this system 
has expanded from its original research goal of developing an interactive database 
for answering spatial queries into a component of several knowledge-based image 
understanding systems under development at Carnegie Mellon University. MAPS is 
a large-scale image/map database system for the Washington D.C. area that 
contains approximately 200 high resolution aerial images, a digital terrain 
database, and a variety of map databases from the Defense Mapping Agency 
(DMA). MAPS has been used as a component for an automated road 
finder/follower, a stereo verification module, and a knowledge-based system for 
interpreting airport scenes in aerial imager. In addition, MAPS has an interactive 
user query component that allows users to perform spatial queries using high 
resolution display of aerial imagery as an method for indexing into the spatial 
database. This capability to relate, over time, imagery at a variety of spatial 
resolutions to a spatial database forms a basis for a large variety of interpretation 
and analysis tasks such as change detection, model-based interpretation, and 
report generation.

MAP DATABASE IMAGE DATABASE

SCENE
DESCRIPTION
FILE

IMAGE <-> MAP 
CORRESPONDENCE

ACQUISITION 
PARAMETERS

MAP-GUIDED IMAGE SEGMENTATION 
AIRPORT SCENE INTERPRETATION 
STEREO IMAGE ANALYSIS 
COMPUTER IMAGE GENERATION I

APPLICATION PROGRAMS 
USING CONCEPTMAP INTERFACE

Figure 2-1: MAPS: System Overview

Figure 2-1 shows the system organization of MAPS. Four databases are 
maintained within MAPS: a digital terrain database, a map database, a landmark 
database, and an image database. A fifth database, CONCEPTMAP, consists of a 
schema-based representation for spatial entities and a set of procedural methods 
that provide a uniform interface to each of the four component databases for 
interactive users or application programs. It is this interface that allows us to 
represent and access image, map, terrain, and collateral data in a manner that best 
suits the intrinsic structure of the data. At the same time the CONCEPTMAP 
database provides uniform access to a variety of spatial data independent of the 
particular internal structure. This is in sharp contrast to methods proposed for 
uniform representation of image and cultural data such as raster data sets and
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regular decompositions such as quadtrees or k-d trees. In the following sections we 
touch on some interesting aspects of the CONCKPYMAP database. Figure 2-2 gives 
another view of the structure of spatial data within the MAPS system, that of the 
physical representation of data as stored in the component databases. There are 
currently four data representation types: semantic knowledge, geometrical and 
topological descriptions of spatial data, raster representation, and spatial 
hierarchies.

USAGE
. MAP-GUIDED IMAGE
SEGMENTATION 

. AIRPORT SCENE
INTERPRETATION
STEREO IMAGE ANALYSTS
COMPUTER IMAGE
GENERATION

STORAGE
DOMAIN SPECIFIC
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QUERY
ROLE ID
ROLE-GEOGRAPHIC
ID

USAGE

DEPTH LIMITING
SEARCH
BREADTH LIMITING
SEARCH

STORAGE

. SPATIAL HIERARCHY 

. WHOLE-PART
RELATION
SPATIAL
CONTAINMENT

USAGE
GEOMETRIC 
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DISTANCE 
LENGTH 
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ANALYSIS 

PROGRAMS
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. FEATURE 3D 
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DIGITAL 
ELEVATION 
MODELS

Figure 2-2: Data Representations In MAPS

A key point is that there is not a one-to-one mapping between the source or type of 
data and its representation methods within the MAPS system. For example, raster 
formats are used to store both digital image data as well as digital elevation models 
since this is the natural representation even though the access semantics for a two- 
dimensional image are different than for a three-dimensional DEM. The access 
functions associated with each datatype implicitely make use of information 
concerning properties of the raster such as sensor and camera models for image 
access and elevation cell size and ground coordinate when accessing elevation data. 
In the case of map features their coordinates can be stored as in either vector or 
arc-node formats, and relationships between features can be conputed in either 
representation. This flexability allows MAPS to provide flexible access to spatial 
entities using several independent methods. Thus, the location of a spatial entity 
can be retrieved via its intrinsic properties, as stored in the schema-based 
description, its relationships with other entities via a hierarchical containment 
tree, or via topological relations maintained within an arc-node representation.

As shown in Figure 2-2 there are many relationships between data that are 
explicitely stored within each representation. For example, the hierarchical 
containment tree is generated using the CONCEPTMAP schemata and their 
associated spatial data as stored in vector format. Once generated, the
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containment tree can be used to efficiently search our arc-node representation for 
features within an arbitrary area of interest using spatial decomposition based on 
the underlying structure of the area. It is the role of the CONCRPTMAP interface to 
support conversions between different representations and spatial data retrieval in 
a manner that hides the actual physical representation(s) of the underlying data. 
Given this organization application programs can be written which capitalize on 
the most efficient data access methods, and can use these representations as 
primitives to construct customized access and query mechanisms to support 
specific tasks. In the following Section we discuss the organization of the 
CONCIiPTMAP schema-based represention. This representation stores the 
semantics of ea,ch spatial entity as well as symbolic methods for access of the 
associated spatial data. In Section 4 we briefly discuss some experiments in 
representation of spatial data using vector and arc-node representations.
3. A Schema-Based Representation For Spatial Entities

The CONCRPTMAP database uses a schema-based representation for spatial 
entities. Using schemas (or frames) is a well understood AI methodology for 
representing knowledge. Such a representation can be combined within several 
problem-solving methods such as semantic networks, scripts or production systems 
to construct a problem-solving system 1'. Each entity in the CONCEPTMAP database 
is represented by one concept schema and at least one role schema. A concept can 
represent any spatial object and associates a name with a set of attributes stored in 
the concept and role schemata. Figure 3-1 gives definitions of the slot names for 
concept and role schemata. Figure 3-2 gives an partial list of the concepts in the 
MAPS WASHDC database.

GENERAL SCHEMA DEFINITION

SLOT VALUE
LIST OF SLOT VALUES
SYSTEM GENERATED IDENTIFIER

CONCEPT SCHEMA DEFINITION
CONCEPT-NAME
CONCEPT-ID
PRINCIPAL ROLE
LIST OF ROLE-IDS
LIST OF ROLE-PRINTNAMES

ROLE SCHEMA DEFINITION

ROLE-ID
ROLE-NAME
ROLE-SUBNAME
ROLE-CLASS
ROLE-TYPE
ROLE-DERIVATION
ROLE-MARK
LIST OF USER-DEFINED-SLOTS
LIST OF VALUES FOR

USER-DEFINED-SLOTS 
ROLE-GEOGRAPHICS-ID

SYSTEM GENERATED 
IDENTIFIERS

CONCEPT-ID

ROLE-ID

ROLE-GEOGRAPHICS-ID

INDEX INTO SPECIALIZED DATABASES

ROLE PRINT-NAMES 
LANDMARK

PROPERTY LIST 
GEOMETRIC QUERY LIST 
TEXT HISTORY 
HIERARCHICAL DECOMPOSITION

SPATIAL RELATIONSHIPS (MEMO 
2D SHAPE DESCRIPTION 
3D DESCRIPTION 
CONVEX HULL 
IMAGE SEGMENTATION 
IMAGE COVERAGE

FILES)

Figure 3-1: MAPS: Concept and Role Schemata Definitions
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CONCEPTl tidal basin
CONCFPT2 district of Columbia
CONCFPT3 northwest Washington
CONCEPTS mcimlldn reservoir
CONCEPTS southwest Washington
COHCEPT6 northeast Washington
CONCEPT? Virginia
CONCEPTS maryland
CONCEPT9 kennedy center
CONCEPT10 ellipse
CONCEPT11 Washington circle
CONCEPT12 state department
CONCEPT13 executive office building
CONCEPT14 white house
CONCEPT15 treasury building
CONCEPT16 department of commerce
CONCEPT17 arlington memorial bridge
CONCEPT18 rfk stadium
CONCEPT19 museum of history and technology
CONCEPT20 key bridge
CONCEP121 kutz bridge
CONCEPT22 george mason bridge
CONCEPT23 fort stanton reservoir

CONCEPT195
CONCFPT19C,
CONCI PT197
CONCEP1198
CONCEPT199
CONCEPT200
CONCF.PT201
CONCFPT202
CONCEPT203
CONCEPT204
CONCFPT205
CONCEPT206
CONCEPT207
CONCEPT208
CONCFPT209
CONCFPT210
CONCEPT211
CONCEPT212
CONCEPT213
CONCEPT214
CONCEPT215
CONCFPT216
CONCEPT217

1 enfant plaza
fui restal bu i Iding
east potomac park
folger library
senate office building
visitors center
capital hill park
capitol plaza park
mall ice rink
federal office building 6
natural history museum
federal aviation administration
freer gallery
smithsonian institution
george mason memorial bridge
group hospital building
lisner auditorium
doctors hospital
route 1
dulles airport
rock creek park
constitution pond
georgetown reservoir

Figure 3-2: Concepts from 'washdc' CONCEPTMAP Database [partial list]

There are three unique identifiers generated by the CONCEPTMAP system which 
allow for indirect access to additional factual properties of concept or role 
schemata.

• The concept-id is unique across all concepts in all CONCEPTMAP 
databases. That is, given a concept-id one can uniquely determine the 
name of the spatial entity.

• The role-id uniquely determines a role schema across all CONCEPTMAP 
databases.

• The role-geographics-id uniquely determines a collection of points, 
lines or polygons in vector notation. Each point is represented as 
< latitude,longitude,elevation >.

ROLES:
UNKNOWN 
BUILDING 
BRIDGE 
ROAD 
RESERVOIR 
AIRPORT 
RESIDENTIAL AREA 
INDUSTRIAL AREA 
UNIVERSITY 
PARKS 
SPORTS COMPLEX

ROLE-TYPES:
UNKNOWN 
PHYSICAL 
CONCEPTUAL 
AGGRE6RATE-PHYSICAL 
AGGREGRATE -CONCEPTUAL

ROLE-CLASS:

UNKNOWN GOVERNMENT 
INDUSTRIAL CULTURAL FEATURE 
RESIDENTIAL COMMERCIAL 
TRANSPORTATION RECREATIONAL 
NATURAL FEATURE EDUCATIONAL

ROLE-MARK:

UNKNOWN MODIFY-ROLE 
NONE NEW-3D 
GEO-QUERY HODIFY-3D 
TEMPLATE-QUERY MODI FY-NAMF-ROLE 
NEW-CONCEPT EXTRACT-FROM-DATABASE 
NEWROLE 
MODIFY-CONCEPT

ROLE-DERIVATION:

UNKNOWN 
HAND-SEGMENTATION 
MACHINE -SEGMENTATION 
TERMINAL-INTERACTION 
LANDMARK-DESCRIPTION 
DLMS-EXTERNAL 
UNKN-EXTERNAL

USER DEFINED SLOTS:

USER-DEFINED 'COMPOSITION' 
UNKNOWN STONE/BRICK 
SOIL COMPOSITION 
ASPHALT EARTHEN WORKS 
CONCRETE ROCK 
METAL

Figure 3-3: Conceptmap Database Dictionary: 
System and User Defined Attributes

As shown is Figure 3-1 these identifiers are also used to index into other 
components of the MAPS database. For example, the concept-id is used to search 
for landmark descriptions of measured ground control points used during the 
calculation of transform functions for image-to-map and map-to-image
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ROLE: BUILDING
UNKNOWN MEDICAL CENTER 
OFFICE BUILDING BOATHOUSE 
GOVFfiNMFNT BUILDING APARTMFNTS 
DORMITORY HOTF1./MOTEI 
CONCFRT HAI.l I1GHT MANUFACTURING 
MUSEUM GYMNASIUM 
PERFORMING ARTS COMPLEX HOSPITAL 
RAH ROAD STATION IIBRARY 
ADMINISTRATION CLASSROOMS 
MEMORIAL STUDENT UNION

ROLE: AIRPORT
UNKNOWN 
COMMFRCIAL 
MILITARY

ROLE: RESERVOIR
UNKNOWN 
DRINKING WATFR

ROLE: UNIVERSITY
UNKNOWN 
DORMITORIES 
ATHLETIC FACILITIFS 
UNTVFRSITY CAMPUS 
RESEARCH FACILITY 
ADMINSTRATION 
STUDENT CENTER 
CAFETERIA 
ADMISSION

ROLE: ROAD
UNKNOWN 
INTERSTATE HIGHWAY 
STREET 
AVENUE 
RURAL ROAD

TRAFFIC CIRCLE 
INTERSECTION 
INTRACITY HIGHWAY 
ACCESS ROAD

ROLE: BRIDGE

UNKNOWN 
RAILROAD 
PEDESTRIAN 
AUTOMOBILE

ROLE: SPORTS

UNKNOWN 
STADIUM 
BOAT MARINA 
ICE SKATING RINK

COMPLEX

OPEN AREA 
GDI F COURSE

ROLE: PARKS
UNKNOWN 
PLAYING FIELD 
OPEN AREA 
POND 
FORFSTED AREA

ZOO 
FORMAL GARDEN 
BLEACHERS 
SCULPTURE GARDEN

ROLE: POLITICAL
UNKNOWN 
STATE 
COUNTY 
CITY 
DISTRICT

ROLE: RESIDENTIAL AREA
UNKNOWN 
SINGLE FAMILY HOUSING 
APARTMENT COMPLEX 
MIXED HOUSING

Figure 3-4: Conceptmap Database Dictionary: 
Subrole Attributes

correspondence. The role-id is used as the basic entity when building a hierarchy 
tree decomposition. The role-geographics-id is used to acquire the unique 
geographic position for a role schema as well as for linkage into the MAPS image 
database and segmentation files generated by human interaction or machine 
segmentation. There are three reasons for this approach. First, it allows 
CONCEPTMAP to handle very large databases with a minimal amount of 
information resident in the application process. The identifiers provide a level of 
indirection to the actual data, which is stored in a variety of formats and may or 
may not be present for a large subset of the database. Second, we can achieve a 
great deal of flexibility and modularity in processes which communicate about 
spatial entities. Given the name of a CONCEPTMAP database, a concept-id or 
role-id uniquely determines the entity in question. This facilitates the construction 
of application programs with simple query structures, requiring a minimum of 
communication overhead. Finally, given this decoupling from the CONCEPTMAP 
database, each of the MAPS component databases, image database, terrain 
database, landmark database, and map database may be physically resident on a 
different workstation or mainframe.

There are three levels of attribution available to users within CONCEPTMAP:

• system-wide attributes:
• user-defined attributes:
• property-list attributes:

stored in role schema, 
stored in role schema, 
stored in property list database.

CONCEPTMAP allows users to define additional attributes, called user-defined, 
similar in function to the role-name and role-subname slots described above. 
Finally, property-list attributes can also be defined by the user and are capable of 
representing a variety of datatypes including 'strings', 'integers', 'double',and 'list' 
using a simple data structure based on lists of the following:

<'attribute-name' , 'attribute-value')
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Attributes of all three classes are interpreted by CONCEPTMAP using a database 
dictionary defined for each class type. CONCKPTMAP ran be easily configured for a 
particular application such as geology or forestry simply by developing an 
appropriate database dictionary. User-defined and property-list attributes can be 
defined dynamically by a user at an interactive session. Figure 3-3 gives a partial 
dictionary of the system-wide slots and representative values for a CONCEPTMAP 
databa.se. Figure 3-4 is a partial dictionary of role-subname values associated with 
role-name, values in Figure 3-3. A more complete description of the schema 
structure for the CONCEPTMAP database, and the generation of hierarchical 
containment trees and their use in spatial search can be found in .
4. Mixed Representatioiisfor Spatial Features

In this section we expand upon our description of Figure 2-2. We discuss the use 
of vector formats to represent individual spatial entities Avithin the MAPS system, 
the use of arc-node structures to maintain topological consistency among 
collections of entities organized as a CONCEPTMAP database, and the organization 
of spatial entities into a hierarchical containment tree for efficient spatial search. 
Finally we discuss some performance and sizing results in the context of two 
CONCEPTMAP databases.
4.1. Entity Based Vector Format

As described in Section 3 each entity in a CONCEPTMAP database is represented 
by one concept schema, and at least one role schema. Each role schema can define 
a point, line, or polygon represented by collections of 
•platitude,longitude,elevation > triples and given a system-wide unique identifier, 
role-geographic-id. The use of vector format on a per entity basis allows for simple 
per feature geometric tests and the incremental (independent) accumulation of 
spatial entities from a variety of sources. For example it is relatively easy to 
automatically convert external external databases to vector format or to allow for 
human delineation using graphics overlay and recovery of geographic position via 
image-to-map correspondence. Other issues such as the desire to partition large 
databases over multiple workstations raises the possibility of spatial entities being 
represented in several databases simultaneously. Further, hierarchical descriptions 
are created within the context of a particular database on a per entity basis. Thus, 
a representation for spatial data which treats each entity with maximal 
independence satisfies many of these requirements. However, it should be obvious 
that this independence assumption raises issues in the maintenence of topological 
consistency especially for entities with shared boundaries, inconsistencies that arise 
from errors in image-to-map correspondence and scale and accuracy mismatches. 
In the following section we briefly describe our attempts to reconsile these issues.
4.2. Topological Consistency Among Spatial Entities

While the role-geographic-id is used within a CONCEPTPMAP database to uniqely 
define a spatial entity, we have extended its use as a method to represent all 
features within a particular CONCEPTMAP database in arc-node format. The arc- 
node format used in MAPS is the Standard Linear Format, SLF, which has been 
defined and studied by Defense Map Agency (DMA) for possible use as an internal 
digital data exchange format. The version of SLF that is currently implemented 
within MAPS uses the DMA Feature File, DMAFF, to represent limited feature 
semantics on a per feature basis. One can view DMAFF as a dictionary of legal 
cartographic features and a set of attributes used to describe properties of those 
features. As is well known, arc-node and other related formats explicitely 
represent the topological characteristics of collections of features in terms of shared 
boundaries, points of intersection, and some limited ability to represent 
containment and holes. These topological relationships can be retrieved without 
further computation, but for complex databases may require tradeoffs between 
large internal working sets and linear search.

In order to use arc-node format to maintain topological consistency we must be 
able to convert collections of vector format CONCEPTMAP entities into an arc-node 
representation. We make use of geometric information already stored in the 
CONCEPTMAP database such as points of intersection and common coordinate 
points to create segments and nodes. Features are defined in terms of segments
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and the segment direction within each feature and are maintained consistent with 
their CONCICPTMAP database counterparts by use of the concepl-id, role-id, and 
role-geographics-id. Since many of the necessary spatial relationships are already 
computed in vector format and are stored in memo files in OONCEPTMAP the 
process is primarily one of generating of new nodes and segments based upon 
points of intersection between features. Thus, each role-geographic-id will 
generate one feature in arc-node format. In the case of partial overlap or 
ambiguous mismatches an arc-node editor is manually used to correct the 
topological relationships among the features. This interaction may cause the 
actual feature coodinates to be updated as in adjustment for slivers and gaps 
between adjacent features sharing a common boundary. Once the spatial data is 
converted and inconsistencies are removed we can regenerate the 
role-geographic-id database by traversing and enumerating the arc-node database 
on a per feature basis. Thus arc-node format is used to maintain topologically 
consistent collections of features that are stored and manipulated outside of the 
arc-node representation as independent entities.

An interesting extension to the use of arc-node format to maintain topologically 
consistent collections of features is in the assimilation of external databases stored 
in SLF format into the CONCIiPTMAP database representation. Figure 4-1 shows the 
process by which the DMAFF attribute data is used to generate slot values for 
CONCEPTMAP role schema, while the topological data is used to generate the 
corresponding spatial entities. The DMAFF attribute sets associated with each 
feature are automatically translated into concept and role schemata or property 
lists in CONCEPTMAP. As before coordinate conversion from arc-node to vector 
format is accomplished by expansion of the feature-segment-node representaion to 
the vector point list.

SLF DATABASE

NODE
D3 FILE

.
v ROLES

CONCEPTMAP DATABASE

Figure 4-1: Converting SLF To CONCEPTMAP Database

4.3. Measuring Database Complexity For Vector and Arc-Node Data
In this section we briefly describe an experiment to gather empirical data on 

storage requirements and representation complexity for spatial data stored as 
vectors on a per feature basis and as topologically consistent arc-node collections. 
We took two CONCEPTMAP databases, WASHDC and USA, having very different 
properties and investigated their representation in vector and arc-node formats. 
The WASHDC database was composed of over 300 spatial entities in the 
Washington D.C. area. It consists of features such as buildings, roads, bridges, 
neighborhoods, and political boundaries. The USA database consists of the 
boundaries of the 50 states in the U.S.. In some sense these databases are at 
extremes in terms of their topological and geometic properties. The WASHDC 
database contains large numbers of isolated features such as buildings and 
neighborhoods, large numbers of features with sparse intersections such as roads, 
and relatively small numbers of features with shared boundaries, primarily 
political and large natural features such as rivers. Most of the features were either
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lines or polygons with small number of vector points. The USA database consisted 
of polygons with large numbers of vectors points and many shared boundaries. 
Figure 4-2 shows some statistics for both databases in terms of number of 
segments, nodes, and points per feature.
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Figure 4-2: Database Complexity For WASHDC And USA Databases

We divided the USA database into six zones and compiled each into a separate 
arc-node representation. This was primarily to look for variations within the 
database. As a group there was rather good consistency when compared to the 
statistics for the WASHDC database. For each area in Figure 4-2, the USA zones and 
WASHDC, statistics were computered at three points. The first point shown in the 
row labeled vector was complexity of the original vector data. The second 
(converted] was computed after the conversion to arc-node format, and the third 
(corrected) was after automatic detection and interactive correction of topological 
problems such as slivers, gaps, or closure problems. For the USA database one can 
observe that the number of points, nodes, number of segments, number of points 
per segment, and number of points per node decreased in each of the six zones. In 
addition,, the percentage of points decreased more than the percentage of segments, 
and the percentage decrease in the number of segments was larger than decrease in 
the number of nodes. Figure 4-3 shows the number of points decreased more in the 
six regional zone data than in Washington D.C data. This is due to the large 
number of shared edges in the USA database. The number of segments and nodes 
decreased more in the Washington D.C. data set than in the regional data set since 
there were more occurances of slivers and gaps along shared boundaries which 
caused a large number of segments to be collapsed into a single segment.

762



seg : nodes: points
south west: 20.28 15.25 33.98
middle atlantic: 9.62 3.66 19.04
north west:
south :
mid west:
newengl and :

usa:

1.66
4.34

23.29
5.76

10.83

0.86 19.04
0.00 22.45
0.00 38.24
4.76 18.79

4.09 25.26

washdc: 27.92 19.92 12.21 

Figure 4-3: Percentage Reduction From Vector To Arc-Node Format

5. Conclusions
We have presented a brief description of the integration of multiple data 

representations within the MAPS system developed at Carnegie Mellon University. 
MAPS integrates schema-based representations of spatial knowledge, and multiple 
representations of spatial location using vector, arc-node, and hierarchical 
containment descriptions. We believe that the use of heterogenous representations 
tailored to particular data requirements or that capitalize on search or query 
efficiencies will be necessary if we are to reach our goal of intelligent spatial 
databases. Certainly this work is in sharp contrast with more homogeneous 
approaches such as regular decomposition (quadtree) and relational databases. 
There needs to be more testing and evaluation of prototype representation systems 
on realistic test databases as we attempt to design future spatial database systems.
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