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Classifying and Comparing Spatial Relations of
Computerized Maps for Feature Matching
Applications

Alan Saalfeld

Abstract: Modern computerized maps either
contain digital information on spatial rela-
tions, such as adjacency relations, shape, net-
work patterns, and measures of position and
distance of features, or they permit derivation
of that information from the feature data that
they do contain. Such spatial attributes lend
themselves to computerized statistical analy-
sis much like any other data. Comparative
data analysis of spatial relations is possible
when two map files are known to cover the
same area. In this case, spatial characteristics
alone may be used to establish linkages be-
tween many of the feature records of the two
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files. This paper presents examples of some
spatial measures of distance and local config-
uration that were used to develop an auto-
mated feature matching system at the U.S.
Bureau of the Census. For a particular sample
pair of maps, global summaries and spatial
depictions of distance and configuration mea-
sures are presented; and some additional uses
for the measures are suggested.
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tion; automated cartography; feature match-
ing; record linkage; configuration; conflation;
spider function.

1. Introduction

1.1. Background

Conflation is the consolidation or merging of

two map representations of the same region into
a third composite conflated map. Recently the
U.S. Bureau of the Census has begun consoli-
dating or conflating pairs of digital (comput-
erized) map files of the same region to measure
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and improve the quality of the bureau’s digital
maps. A second set of digital maps for the entire
country is being provided by the United States
Geological Survey (USGS) for the U.S. Bureau
of the Census to use with its own metropolitan
map files for comparative updating of both sets
of maps. The second set of USGS digital maps
was created by mechanically scanning line draw-
ings of road and water networks and thus con-
tains only spatial information about line seg-
ments and their intersections. It does not contain
any name or attribute information. Thus, only
comparisons involving line segments, their loca-
tions and locations of their intersections, and
derived spatial measures are possible. All of the
work in this paper, therefore, treats a map as
nothing more than a plane line graph or net-
work.

In the past, measures of similarity and differ-
ences of linear features of maps, primarily of
paper maps, were not quantitative or even fully
quantifiable; and this limitation made the com-
parative analysis of maps quite subjective and
nonnumerical. Often differences and discrepan-
cies were merely noted or listed; and there was
no readily understood measure of map similar-
ity. The digital map file, on the other hand, is by
its very nature considerably more amenable to
numerical analysis, and its format invites com-
puter analysis.

1.2. Scope of this paper

Now it is not only feasible and informative to
quantify and analyze individual linear feature
similarities and differences; it is also useful to
develop concrete numerical measures and
graphic displays of regional and global similarity
to establish statistically that two maps, or spe-
cific significant regions within the two maps, are
piece by piece the same. A challenging problem
is to find a local or regional numerical signature
that can be used to block or group together
feature records to limit or localize a search for
matches. Finding such a blocking algorithm, typ-
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ically a critical component to any record linkage
system, is currently the principal obstacle to fully
automating the feature record matching sub-
system of the conflation system.

The aim of this paper is to present some initial
attempts at quantifying map similarities and dif-
ferences when the maps consist exclusively of
spatial information. The paper outlines ap-
proaches to analysis of those differences and
similarities; it does not contain extensive empir-
ical justification for those approaches. This last
constraint is due in part to the limited available
data. Although the Bureau of the Census will
eventually have to conflate over 5 500 map pairs
(each map covering approximately 50 square
miles), only three such map pairs were made
available for this research. While the results of
the initial quantification measures are encourag-
ing in the few examples to which they have been
applied, it is necessary to note that the measures
themselves are only a few of many possible mea-
sures; and the observations based on three map
sets illustrate the potential for, rather than
prove, the measures’ effectiveness.

2. Conflation and Automated Feature Matching

A cartographer, in order to compile two maps of
the same region and produce a third new map,
uses numerous visual clues and cues to match
features of one map to features of the other; and,
when he/she is convinced of a match, he/she
extracts a single common feature from the two
maps. After a cartographer has matched fea-
tures on the two maps, a statistical analysis of the
numerical properties of the matched and un-
matched features may be performed. The result-
ing analysis yields information on the numerical
characteristics of the cartographer’s matching
operation or matching algorithm. The resulting
analysis, in turn, may be used to develop a rule-
based system and to drive an automatic statisti-
cal matching procedure, which can then repli-
cate the cartographer’s results and, thus, auto-
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mate the map conflation process. Due to the
need for uniform processing and the large num-
ber of map files to be processed, the final pro-
duction system for computerized matching and
merging of two map files should be as fully auto-
mated as possible.

At the U.S. Bureau of the Census, to assess
various rules for matching, a semi-automatic in-
teractive color graphics prototype conflation
system has been implemented on a Tektronix
4125B Workstation (Lynch and Saalfeld (1985)).
A computer operator uses the system to manip-
ulate map images and to classify street intersec-
tions and street segments as matches or non-
matches.

The system is semi-automatic in that it has
been programmed to initiate the feature-match-
ing detection of a cartographer by applying vari-
ous matching criteria and then prompting the
operator with its findings. The position and con-
figuration characteristics of the map features be-
ing compared serve as criteria. After the com-
puter locates a likely match based on the
matching criteria, the operator needs only to
verify or reject the proposed match. The use of
color to distinguish between the two maps and to
distinguish features that have already been clas-
sified as matches or nonmatches has also facil-
itated operator decision-making procedures.
After matches have been confirmed, fast rub-
ber-sheeting” algorithms are used to align the
maps, thereby permitting effective immediate
visual verification of matching decisions. The
most valuable element of the color graphics and
image alignment approach has been the ease and

? Rubber-sheeting refers to transformations of the
plane or rectangular subregion that preserve topolog-
ical invariants. Piecewise linear homeomorphisms are
elementary instances of topology-preserving or rub-
ber-sheeting transformations.

accuracy of assessing whether or not a match was
made correctly. The currently used matching
and alignment procedure is iterative; with each
iteration, it brings more and more matched fea-
ture pairs into exact alignment, moves match-
able pairs closer and closer together, and moves
pairs which do not match farther and farther
apart (Saalfeld (1985)).

3. Differences Within and Between Maps
3.1. Measures of feature position or location

This study of map similarities and differences
focuses on street intersections and their config-
uration and location. Intersection locations are
stored by their coordinates; and as one would
expect, the intersections are not clustered in
space, but are fairly evenly distributed in the
plane, as shown in Fig. 1B.

The average Euclidean distance from any in-
tersection to its nearest neighbor intersection on
the same map is large compared to the average
amount of local distortion on different maps;
and this fact makes an image alignment ap-
proach effective.

Distortion is most easily analyzed through
overlay techniques. Alignment may be achieved
through elementary transformations called rub-
ber-sheeting functions that relocate key points
of one or both maps on top of corresponding
points and move other points of the maps pro-
portionately. The tranformations used in the
Census Bureau system are piecewise linear
homeomorphic (PLH) functions defined on a
triangulation of the map space or spaces (Griffin
and White (1985)).

Others have used smooth functions such as
bivariate quintics, again defined on triangula-
tions, (Lupien and Moreland (1987)) for their
rubber-sheeting alignment.



Fig. 1A. USGS map of part of Fort Myers, FL

*
N * * x *
x o« x % ox X x * . .
*
* * * *
*
* * * * *
* . .
x " *
* * * *
« ox X x
*
* * *
* %
* % * x
*
* * x ow * x x x x kX *
* *
* *
x * w * * *
*  x * L A A ] *
* * x % * *
* * o« * x P
* *

Fig. 1B. Street intersection point distribution for the same map as in Fig. 1A
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Fig. 2B. Matched and aligned sections of the same area

Figures 2A and 2B suggest that a good initial
alignment achieved with PLH transformations
can bring nearly all matchable pairs into proxim-
ity. The proximity condition is so strong that

being a nearest street intersection on the other
map almost becomes a necessary (but not suffi-
cient) condition for intersection matchability.
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Exploratory ‘studies of distortion (Lupienand ~ between maps to produce distortion surfaces
Moreland (1987)) have displayed as elevation  such as the following:
the displacement in each coordinate direction

Fig. 3A. 50 link distortion surface for X coordinate*

Fig. 3B. 50 link distortion surface for Y coordinate*

*Figures 3A and 3B reproduced with authors’ permission.

Available rubber-sheeting techniques have no  for example, would reflect the overall scale dif-
difficulty aligning maps of different scales and  ference in each of the respective coordinates.
orientations. Distortion surfaces measure the  Orientation change has a similarly predictable
amount of movement required for that align-  and detectable effect on the distortion surfaces.
ment. The mean slope of each distortion surface,
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In general error theory, two types of false
classifications may occur. A map feature may be
labelled incorrectly as having a match when in-
deed it does not (false positive); or a feature may
be judged incorrectly not to match any feature
when it has a true pairing (false negative). In
matching theory a third type of error occurs
when a feature is judged correctly to have a
match, but the wrong correspondent is judged to
be the matching element. This type of error is
called mismatch. The iterative matching proce-
dure used with the conflation system identifies
new matches at each stage and does not label
nonmatches as such until the final stage. False
negatives are a residual and do not present a
problem at an intermediate iteration. False posi-
tive errors and mismatches are less desirable and

less managable than false negatives because they
may precipitate additional errors at subsequent
iterations, and at no point in the iteration proce-
dure is there an unmatching capability for cor-
recting false positives and mismatches.

The Euclidean distance between potential
matches after initial alignment is an excellent
measure for controlling both mismatch and false
negative errors. For one particular test map of
Fort Myers, FL, Table 1 shows the distribution of
instances of distance ranges from matchable
points (points for which a match was found and
visually verified) on the Census map to their
matched or paired points on the USGS map
(column 2), and from the same matchable points
on the Census map to their nearest nonmatching
neighbors on the USGS map (column 3).

Table 1. Distribution of distances from matchable points to their
matches and nearest nonmatches (after initial PLH alignment*)

Distance Number of matchable Number of matchable
range points whose matching points whose nearest
(meters) pair is within range nonmatch is within range
0- 5 162 -
5- 10 359 -
10- 15 272 4
15- 20 132 8
20- 25 70 14
25- 30 19 25
30- 40 13 54
40- 50 3 90
50- 60 2 227
60— 70 - 302
70- 80 1 134
80-100 — 86
100-200 1 82
200-400 - 8
400 and above — -
All distances 1034 1034
Mean distance Range Standard deviation
To matching point 11.45 112.25 7.75
To nearest nonmatch 66.68 278.89 28.55

*PLH alignment uses 32 local alignments and 66 triangles.
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The initial alignment used to produce Table 1
was accomplished through hardware and soft-
ware image manipulation of Census and USGS
maps. First the Census map was subdivided into
32 equal-sized rectangular pieces. Each rectan-
gular piece could be moved anywhere on the
screen by the operator. Using the entire USGS
map as background, the operator positioned
each small census rectangle to produce the best
possible visual alignment near each small rect-
angle’s centroid. The movement that had been

1 =

Fig. 4A. Fraction of
matchable points

0.25-

whose matching point
is within the indicated
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required to position the 32 centroids was re-
corded and averaged locally (using PLH func-
tions on a triangulation of the Census map) to
rubber-sheet the Census map and recompute all
of its coordinates (Saalfeld (1985)).

The cumulative relative frequencies shown in
Figures 4A and 4B, which summarize Table 1,
support the idea that, after initial map align-
ment, nearest neighbor pairs are excellent candi-

dates for matching.

50 100 150

distance of the point 0
0
1
0.75-
0.5
Fig. 4B. Fraction of
matchable points 0.25—
whose nearest non-
matching point is within ]
the indicated distance
of the point o

50 100 150
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Nearness alone will not suffice for matching.
Nonetheless, distance tolerances may be used
for estimating both mismatch and false negative
error types and reducing the one type or the
other. In the Fort Myers map, for example, if the
threshold for matching is set at 20 meters, (that
is, no matches are accepted unless the candidate
pairs are within 20 meters of each other), then
the measured probability of omitting a match
(false negative) is 11%, and the probability of
mismatching a matchable point is 1%. By
decreasing the threshold, mismatches may be
reduced further. However, the increase in false
negatives will require additional iterations of the
file processing; and the threshold may even need
to be relaxed in the final iterations to detect all
matches.

3.2. Measures of configuration

The remainder of this paper focuses on other
match criteria tests to supplement nearest neigh-
bor tests. To facilitate quantitative comparisons
of intersection patterns, the configurations are
assigned numerical summary values and are
grouped according to those values. The coding
scheme reflects similarities of patterns through
the assignment of nearly equal summary values
when the intersection configurations themselves
are nearly identical (Rosen and Saalfeld (1985)).
These additional criteria utilize the following
numerical measures of local configuration.

3.2.1. The degree of an intersection

The number of streets emanating from an inter-
section is called the degree of the intersection.
The degree provides a good measure on which to
match intersections if it is unique or locally
unique (e.g., the only intersection in the neigh-
borhood with seven streets coming into it.)

3.2.2. The spider function of an intersection
The street pattern at an intersection (that is, the
emanating rays) has infinitely many possibilities

for street directions. To simplify the possibilities,
the number of directions was reduced to eight
sectors. The eight sectors correspond to 45° pie
slices centered upon the principal directions of
north, northeast, east, southeast, south, south-
west, west, and northwest. The eight sectors in
counter-clockwise order are assigned consecu-
tive bit positions (from right to left) in an eight-
bit binary number, and the bit for a given sector
is changed from “0” to “1” if and only if there is a
street in that sector. The resulting number has
been named descriptively the spider function of
the intersection. With this function, an integer
between 1and 281 describes the street pattern of
the intersection. The binary number 01010101
(which is the decimal 85 and hexadecimal 55)
represents the typical four-street north—south—
east—west intersection, for example. The street
pattern is assumed to have at most one street in
each of the eight sectors. (If more than one street
occurs in any sector, the spider function may be
given a special value or it may simply ignore the
extra street. Limited experience suggests that
ignoring the extra street will not adversely affect
our matching procedure since (1) two streets in
the same sector are very rare, and (2) matching is
allowed if street configurations are only similar —
e.g., “off by one” — and not identical.) Inter-
section patterns whose difference is a power of
two are usually “close” in one of two geometric
senses: either one pattern is missing a single
street, but agrees everywhere else; or else one
street is shifted, off by a single sector. By com-
paring the degree of an intersection as well as the
spider function, the U.S. Bureau of the Census
has developed several simple measures of near-
ness of configuration.

The representation of the spider function val-
ue as a hexadecimal (base 16) integer has addi-
tional nice properties.

1. The spider function value is always a two-digit
number.

2. Each digit describes the street directional be-
havior in a four-sector band constituting a semi-
circular region.
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3. A digit K in the second (units) position de-
scribes the same configuration as the same digit
K would describe in the first (sixteens) position
except for a rotation of 180° (see Fig. 5).

4. The configuration with hexadecimal digits
NM is the 180° rotation of the configuration with
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hexadecimal representation MN, the number
with digits M and N transposed.
5. Numbers with repeated digits KK and only
those numbers have all streets continuing
straight through the intersection.

14 2 3 4 5 6 -7
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1. 2 3 4 5 6 1

©
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8 9 A B <€ D -E -F

8- 9 A B C D- E- F

Fig. 5. Hexadecimal and sector patterns for spider function

3.3. Summary statistics on global configuration

3.3.1. Spider function tables

A frequency distribution of spider function val-
ues for a map may be organized in a sixteen-by-
sixteen table whose columns correspond to sec-
ond (units) digit values and whose rows corre-
spond to first (or sixteens) digit possibilities in
the hexadecimal representation. In a highly ur-
banized area, for example, the frequency of the
hexadecimal representing the
north—east—south—west intersections, would be
very large, and could help distinguish between
urban and other areas. More generally, the fre-
quency table establishes a kind of signature for

number 55,

the street network; and parts of the table, such as
the diagonal, have special meaning. (The princi-

pal diagonal of the table is comprised precisely
of those intersections all of whose streets con-
tinue straight through the intersection.)

Two tables (one for the USGS map and one
for the Census map) showing the distribution of
spider function values for all map intersections
for the 25 square mile Fort Myers area are given
below. Such tables can orient an initial explora-
tory data analysis of intersection patterns of the
area. After viewing the tables, one may display,
in the plane, all of those intersection points hav-
ing a particular spider value (or a range of relat-
ed spider values) and then proceed to apply pat-
tern recognition techniques to the pattern, as is
illustrated below.

-
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4 1 2 3 4 5 6 -7 8 9 -A B € -D -E -F
Ofo 36 7 2 3829 2 - 5 2 1 1 5 6 1 =
1-135 23 1 19 28 280 11 =~ 16 2 = 2 = = =
29 3 4 & 1 9 10 - 4 9 1 1 - 1 =
3 13 4 - 10 2 - = - e e e - - -
4128 22 4 14 22 315 12 = 18 7 - 6 4 - =
5140 273 10 -304225 3 = 10 3 = = = = - =
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&8 - 1 2 313 2 - 3 1021 = 3 = = =
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Al2 2 10 - 10 - 2 =29 3 - - - - -
Bf1 = = = = = - - - - - - =4 - - =
Cl4 1 2 =11 = =« = 4 = 2 e = = = =
Dl5 1 1 - 2 = = = 1 = 43 = = = = =
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Table 2A. Spider function distribution for USGS intersections

0 -1 -2 -3 4 5 6 7 89 -A-B C D -E-F
0-] - 93 22 - 8 16 = = 21 1 1 = = 6 = =
1-178 23 4 10 818 4 - = 11 1 - - 2 = -
214 2 5 4 412 7 - 1 1 6 2 3 = = 1
3| - 3 1 6 2 = = = e e o = & - =
4177 10 5 9 31204 13 1 5 21 5 1 14 1 - =
5-110179 10 3204154 4 = 13 5 1 = = « = =
6/3 6 3 =10 7 3 = - 5 = 1 = - =
72l- 2 2 1 - = 1 - 4 o 4 o 4 - - -
8112 1 2 1 3 8 2 - 2 1 17 = g = = =
912 1310 - 14 2 - =281 2 = = = = =
Al2 5 8 - 8 1 = =25 3 12 = 4 - = =
B-| 4 - - e e e e e e e = e e e o
Cl2 = 5 = 14 = = = 5 = = « 1 = = =
D-] 7 = = = - o o e e & e e e - -
E-l]1 &« « = - - ® ® e 1 @ @ @ @ =
F-le o o o o o o o o e @ = @ = = =

Table 2B. Spider function distribution for Census intersections
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As an illustration of exploratory analysis that
can be applied to the above tables, notice that
the total number of intersections for the USGS
map is far greater than the total for the Census
map. This difference is due to the greater extent
or coverage of the USGS map. The Census map
merely covers a subregion of the USGS map.
Nevertheless, cell percentages are very similar,
indicating that the distribution of intersections
by configuration types is the same. Moreover,
the anomaly of having fewer “55” or north—
south—east—west intersections than any type of
“T” intersection: 15, 51, 45, and 54, is apparent
in both tables. The prevalence of “T” intersec-
tions in the Fort Myers area is due to frequent
water inlets that result in numerous natural road
barriers. It is indeed a signature or identifying
characteristic for the area.

Since the occurrences are linked to spatial
position, the tables shown above could further
be decomposed according to subareas or sub-
regions of the map. Although the total number
of entries would decrease, the entries present
would then reflect more accurately local charac-
teristics of the chosen subarea of the street net-
work.

3.3.2. Spider displays as point patterns

After the spider function tables are compiled,
one may choose to display as point patterns only
those intersections whose occurrences in the spi-
der function tables are judged extraordinary.
One may look at rare occurrences such as the
unique “6C” intersection appearing on both
maps; or one may draw all “15 T” intersections to
try to determine why they are so frequent. The
second option is illustrated in the figures below
as a filtering operation. In the first set of figures
the entire range of spider function values in a
subregion are plotted in their intersection loca-
tions. In the other sets only those intersections
with particular spider function values are
plotted.

Journal of Official Statistics
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Fig. 6A. All spider function values in a subarea of USGS map
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54 45 54 51 15 514545 51 45 15
5145 54 4515 51 15 51 45 15 45
45 15 51 15
4
15 45 45 15 s a5 545
15 15 54
51 15
5454 54 15
45 45 4545 45
51 15 51 54  4%4 54
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Fig. 6B. Spider values in same subarea of Census map
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By looking only at “T” intersections in the area,
Figures 7A and 7B, (and using knowledge that
each “T” value corresponds to a single direction

failing to “go through” — for instance “15” does
not go through to the west or left), one may
almost visualize the barriers (in this case known

to be water inlets). A vertical string of “15’s” just
to the right of a vertical string of “51’s” clearly
flank one such inlet! A horizontal string of “54’s”
sitting above a similar string of “45’s” clearly
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flank a horizontal inlet.

54 15 51 15
51 15 51 45 15
54 15
45 15 51 15
15 45 15
54 15
54 54 15 15
51 454
54 45 15 51 54 54 54 54 54 54
51 15
4545 45 54 54 15
54 15 51 45 45 4545 4545 45 5445
51 15 51
51 545 45 54454 5454
Fig. 7A. Intersections of USGS map with hexadecimal values {15, 51, 45, 54} (T’s)
4545 45 464185 45 45 15 54 15 51 15 51 15
54 504184 54 15 04 51 15
484 45 504 3P 15 514545 51 45 15
21
45 42 45 41 45
Bam CeTn o e 3‘*
49 50
A9 m 15405 01 45 15 50 14 14 5014 505450:
6A 15 4085 54 484
88 58 48 15
A8 444 o5 90 51 55 15
50 5454 54 15
88 gA 1 405 45 55 45484@5 04
51 15" 51 55 54 454 54 %¥p 04
54 54 " 2;241 4545 15 51 54 54 55 54 54 55 54 15
51 15 42 a5 15
45 4554 45 54 54 15 5105 4115
8? 54 55 55 15 51 45 45 4%45 45 45 55 45 544504
4054 1551 54 54 55 15 51 55 55 55
55 55 5445 6C45 4C

Fig. 7B. Intersections of Census map with hexadecimal values {15, 51, 45, 54} (T’s)
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A second filtering operation to reduce one’s  amenable to standard pattern recognition
view to only a single class of intersections techniques.
(“15’s”) produces a set of figures even more

15 15

15 15
15

15 15
15 15

15
15 15

15
15

15
15
15

Fig. 8A. Intersections of USGS map with value = 15

15 15 15 15
15 15
15 15 15
15 15
15 15
1° 15 15
15
15
15 15
15 15
5 15
15
15 15

Fig. 8B. Intersections of Census map with value = 15
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Although condensing the network informa-
tion at an intersection to a single number inevi-
tably causes some loss of information, the result-
ing patterns lend themselves to many standard
pattern recognition and analysis techniques. The
pattern distributions need to be viewed not only
in terms of statistical error measurements, but
also in terms of geometric relations of similarity
and dependence shared by subsets of the spider
function values. Two spider function values re-
present similar intersections patterns, for in-
stance, if one value is twice the other or if their
difference is a power of two. Likewise, values
occurring at opposite ends of the same line seg-
ment must exhibit clear geometric dependence
reflected in one of their digits. Only exploratory
work has been undertaken to study geometric
implications of spider function value distribu-
tions (Rosen and Saalfeld (1985)).

4. Conclusions

An analysis of distances between matching and
nonmatching map features indicates that near-
ness measures can and should play a key role in
automated map matching routines. A further
link between computer cartography and spatial
statistical analysis is provided by an integer-
valued function defined on map intersection
points. Preliminary exploratory work to study
properties of this function has begun with limit-
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ed data resources; and the approach used in that
work has been outlined and illustrated here. The
next stage in the research will involve the appli-
cation of image analysis and pattern recognition
techniques to attempt fully automated map
matching.
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