Reported is an experimental technique that has been developed for
retrieving, by geometrical means, information related to city maps.

This paper emphasizes the analysis needed to translate a retrieval
guery into relationships among points, vectors, and polygons. An
tllustration of the technique is given.

INTERACTIVE GRAPHICS IN DATA PROCESSING
Geometric relationships for retrieval of

geographic information
by J. D. Jacobsen

This paper discusses a package of subroutines, written in FORTRAN
v and executed under the 1BM sysTEM/360 Operating System
(0s/360), that is designed to process geometric graphics data. The
subroutines permit certain relationships to be determined between
any two of the following geometric figures: points, vectors, convex
or nonconvex polygons, and circles. The intended use of these
programs is the retrieval of information indexed with geographic
coordinate data.

After briefly mentioning the application for which the sub-
routines are primarily intended, the package design principles are
discussed. The logic associated with several of the subroutines
is explained in detail. The explanations are supplemented by an
illustrative example of geographic information retrieval.

The subroutine package has application in the design of urban
management information systems that use geographically oriented
data. In systems of this type, a master file, or data base, is struc-
tured to include such file elements as streets, street intersection
points, zoning districts (plus facts about them) in terms of a co-
ordinate system. Geographic fact information may include, for
example, block and parcel data, population and health statistics,
traffic density, law enforcement, and planning and land use data.
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Typically, system users—public works, public safety, transporta-
tion—seek information contained within an area of interest that is
described to the system in coordinate form, as an input query. For
example, an urban planner! might wish to select from a central
data file all street intersection records (represented by a single pair
of z-y coordinates) falling within a specified area that has a non-
convex polygon shape. Using this data base, such questions as the
following could be answered:

® What are the property values, by type of land use, of parcels to
be displaced by a proposed highway?
What roads require resurfacing in a given geographic area?
What is the school population within one-half mile of proposed
sites for new school construction?
How many police radio calls were received from a given area?

Retrieval objectives

Experience in military information retrieval suggests the usefulness
of geographic search operators. One such system, using an ‘“‘over-
lapping polygon technique” wherein the geometric shape repre-
senting the area of interest is required to be convex, has proved to
be adequate for the applications for which it was designed.

However, with the increasing interest in urban management
and planning, it is desirable to include areas of interest that assume
a nonconvex shape (police beats, school districts, proposed road-
building, etc.). Thus, more general graphic processing techniques
are needed. In response to this need, an experimental project was
undertaken that produced the subroutines to be described.

These subroutines serve a retrieval funetion by determining
whether a record from a data file belongs to a specified geographic
area of interest. It should be understood that the subroutines do
not contain a complete query processing capability, i.e., the ability
to select or reject records by logically combining data fields speci-
fied by the input query. The only query parameters needed by the
subroutines are the coordinates of the area of interest.

Since the areas of interest are generally small, the earth is as-
sumed to be locally flat, and ideally the geographic portion of the
file data record is oriented to a Cartesian coordinate system. There-
fore, no provision need be made for the subroutines to transform
from one coordinate system to another. If transformations are
necessary, they are included in the user program. The Cartesian
coordinate system allows the user to describe his area of interest by
means of z-y coordinate data. Moreover, he may enter polygon
coordinates in either clockwise or counter-clockwise fashion, al-
though he must enter them in order.

Because programming takes the form of subroutines, array
names and coordinate counts are transmitted through an argument
list in the calling sequence. Also appearing in this list is a parameter
that serves as an output status code. The parameter is assigned a
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value by the subroutine and represents the relationship existing  Figure1 Point-polygon relationships
between the file element and the query polygon. This code can
then be interpreted by the calling program.

For example, an urban planner might wish to select all street
intersection records from a central data file (geographically repre-
sented by a single pair of z-y coordinates) falling within a specified
area of interest that graphically assumes the shape of a nonconvex
polygon. The executed subroutine is named the point-polygon sub-
routine (PoINTP). Its function is to determine whether a single point
lies inside, outside, on a vertex, or on a polygon side. The deter-
mined status is returned to the calling program by assigning to a
calling sequence parameter the value 1, 2, 3, or 4, as shown in
Figure 1. In this manner, any status determined by the subroutine
can be interpreted as an inclusion or a rejection by the calling
program.

Figure 2 Determining an interior
or exterior point

Analysis and design

The following is a discussion of the analysis used in designing some
of the subroutines.?:® Presented is a solution to the “point noncon-
vex-polygon problem” and the resulting point-polygon subroutine
(poiNTP). Also outlined is the basic mathematics involved in deter-
mining the required relationships between two straight-line vectors,
which result in the vector-vector subroutine (vectv). Finally, a
practical application of these two subroutines is presented in order
to explain the vector-polygon subroutine (vecTp), which recognizes
various relationships between a vector and a polygon.

A technique for determining whether a single point lies ingide
or outside a polygon is explained as follows. Construct a point P and
a polygon as shown in Figure 2. Extend a line from the point
indefinitely in any direction. If this line intersects an odd number
of polygon sides, the point is inside the polygon. If the line inter-

sects an even number of polygon sides, the point is outside the

polygon. This technique is implemented in the PoiNTP subroutine E

by performing an axis translation and by letting point I’ be the

origin of the translated coordinate system. The positive y axis in <P x

-

Figure 3 POINTP subroutine
geometry

y

Figure 3 becomes the extended line.

Counting the number of polygon sides crossing the positive y
axis is done by simple comparisons of the signs of the polygon-side
end-point coordinates. Coordinates of the two end points falling in
adjacent quadrants above the r axis indicate a crossing of the
positive y axis as shown in Figure 4A. The positive y axis is a con-
venient choice because one of the cases that can arise is where

polygon side coordinates lie in opposite quadrants. In that case,
the y intercept \ \
— <y2 - yl)x W x
h 2 — 1/
must be computed to determine whether the positive y or negative C
y axis is crossed as shown in Figure 4B.
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Figure 4 Counting polygon-side crossings
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Figure 5 Vector-vector relationships
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Figure 4C illustrates the remaining axis-intercept conditions
that must be recognized by the subroutine PoiNTP. Vectors 1 and
2 intersect the positive y axis, whereas vectors 3 and 4 do not.
Furthermore, if the polygon vector interseets the origin P, the
point lies on the vector. If the vector head coincides with the origin,
the point is at the vertex.

A subroutine is needed to determine the various relationships
between vectors and polygons. The vector-vector subroutine
(VECTV) serves this purpose by recognizing relationships between
two vectors which, in the practical case, would be a street from a
data file (F) and a polygon vector (query vector Q).
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From Figure 5 it can be seen that the conditions that must be
recognized basically involve intersections, superimposition, and
end-to-end contact. (It is understood that the Q and F vectors
could be directed oppositely to those shown in the figure.) The logic
of vECTV takes advantage of the fact that in many cases there is no
contact between the file vector and a vector from the query poly-
gon. Therefore, intersection, parallelism, colinearity, and super-
imposition are looked for in that order. Since we are interested in
the intersection of two line segments, we can represent them in
parametric form and solve the resulting equations simultaneously.*
Thus,

[x:l=|:xz xl:”: t :l where 0<i¢<1
) Y2 4 LI — ¢
[w:l:[“z “l:l[ p ] where 0<p <1
2 Vo Uy l—p

For intersection to oceur, there must exist a f and po such that
0 < (&, po) < 1, and, when these values are substituted into the
above,

HEM

yd Lz

Therefore,

l: to :I _ l:xg — I U — u2:|_1 [ul - xl:]
Do Yo — Y1 V1 — V2 U1 — Y1

whenever the inverse exists.
Simplifying the above,

=Ll L

so that the problem of solving for ¢, po reduces to D = ad — cb,
where D is the determinant. Finally,

i di_ bf

)]

po = af ” ce

Figure 6 graphically illustrates the effect of the caleulations £ and

po. If the determinant D equals zero, the two vectors are parallel.
The next step, then, is to determine if the vectors are colinear,

and if so, whether they are superimposed. To test for colinearity, a

veetor cross product is formed as follows:

VCP = (y1 — v)(us — w1) — (21 — w)(v2 — 01)

If VCP = 0, then the vectors are colinear; if VCP 5 0, then the
vectors are not colinear. Figure 7A 1illustrates the case where two
vectors are not colinear and Figure 7B where they are colinear.
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Figure 6 Graphic representation of t; and p,
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Figure 7 Vector colinearity test
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Where the vectors are colinear, a test is made for superimposition
by solving for p; and p,, the parametrizations of (2, y1) and (a2, ¥2)
in terms of (w1, v1) and (us, v»), respectively.?® Thus,

(x5, i) = palug, vr) + (1 — pa) (g, 2) fors = 1,2
If u; # ug, as shown in Figure 7B, then
pi = Ly Z Up forz
Uy — U
Otherwise, v; % v, and
Yi — V2

; = forz
s V1 — Vs
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Both p; and p, must be evaluated to distinguish between the nine
cases illustrated in Figure 5. Figure 7B shows superimposition,
since 0 < p; < 1. For superimposition to occur,

O<imUp UpNp)l <1

Once it is established that there is some contact between the
two vectors, a coordinate list is set up. This list is a four-word array
whose name and number of entries appear in the vecTv calling se-
quence and contains either the coordinates of intersection, the
coordinates involved in superimposition, or the coordinates of end-
to-end contact.

The previously described subroutines PoINTP (point-polygon)
and vecTv (vector-vector) are now used to recognize various rela-
tionships existing between vectors and polygons. A vector may
partially be included in a polygon under three conditions: (1)
at least one vector point must be inside the polygon (as determined
by poINTP), or (2) both points must be inside and the vector inter-
sects the polygon, or (3) both points are outside the polygon and
the vector intersects the polygon (as determined by vectv). If both
points are inside the polygon and the vector does not interseet any
polygon sides, then the vector is totally included in the polygon.
(Vector-polygon relationships are illustrated in Figure 8.)

The subroutine logic is organized as follows. First, both vector
end points are investigated to determine the combination of point-
polygon relationships that exists. These relationships are shown
systematically in the point-polygon status matrix in Table 1.
The status matrix elements are pointers to segments of subroutine
logic executed after the polygon is processed against the vector,
which is done to look for intersections, superimpositions, etc.

Thus, when the relationship of one vector endpoint with respect
to the polygon is established, we can refer to the PoINTP output that
reflects this relationship as ¢ and similarly for the other endpoint j.
Then, the point-polygon status matrix element (2, 7) in Table 1 is
the program pointer assigned. For example, the element 9 [matrix
element (7, j) = (2, 2)] in the status matrix serves as a pointer to
the subroutine segment to be executed when both vector end points
are found to be outside the polygon. The segment is executed after
processing the polygon against the vector.

Table 1 Point-polygon status matrix

POINTP POINTP Output (j)

Output
7) 2 Out 3 On vertex | 4 On line

1In 4 5

2 Out 9 12 15

3 On vertex 12 16 20

4 On line 15 20 25
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Relating a vector to a polygon
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As a vector is investigated by the vEcTv subroutine to deter-
mine its relationship to each polygon vector, the vEcTP subroutine
records the VECTV output (fransmitted through the calling sequence
output parameter) by assigning a truth value to a corresponding
FORTRAN 1v logical variable. These logical variables are given in
Table 2, and some of them are shown in Figure 10. In Table 2, for
example, if a vector intersects a polygon vector at its initial point, a
truth value is assigned to the logical variable IB.

[P Y
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Table 2 FORTRAN 1V logical variables for a vector and a polygon vector

Vector

Polygon vector
Extends beyond | Extends beyond both
either initial or inatial and termi-
Wholly contained terminal point of | nal points of poly-
Intersects Touches in polygon vector polygon vector gon vector

Between initial and
terminal points M ™™

At initial point 1B TB

At terminal point IF TF

Superimposition

Whenever an intersection is encountered, processing terminates
because the vector lies partially inside the polygon. If no inter-
sections are found and if polygon processing ends, then the sub-
routine segment represented by the appropriate status matrix
element (z, 7) is selected. Each subroutine segment is designed to
interpret the results of the polygon processing phase by logically
interrogating and combining the results to produce the types of
vector-polygon relations required. Ior example, Figure 9 shows
three of a number of possible relations that might exist between a
vector and a polygon. In Iigures 9A and 9B, the poinTP subroutine
determines that both vector end points are outside the polygon.
In these cases, the status matrix indiecs (¢, j) would have the values
(2, 2). Processing the polygon against the vector yields no inter-
sections. However, the logical variables IF, 83, and IB are “true”
for IMigure 9A, and IF and IB are “true” for Ifigure 9B.

The status matrix indices (2, 2) are used to select subroutine
segment 9, the logic of which is as follows. If 83 is “true,” the sub-
routine output parameter reflecting the vector-polygon relationship
is assigned the value 6, as shown in Figure 8, and control is returned
to the user program. Otherwise, if IB is “true,” the output pa-
rameter is assigned the value 3, indicated in Figure 8, and control
returns to the user program. If neither S3 nor IB is true, then there
is no contact between the vector and the polygon. In this case, the
value 2 from Figure 8 is assigned to the output parameter, and
control returns to the user program.

If both of the vector end points coincide with the vertices of the
polygon, as shown in Figure 9C, then a different segment of sub-
routine logic is executed (number 16 in the status matrix in Table
1) providing no intersections were encountered in processing the
vector against the polygon. During this processing, the coordinates
of the two points labeled IB and TI are placed in a list. Thus, in-
clusion or superimposition is determined by (1) averaging the
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coordinates of IB and TF and (2) using the point-polygon program
to determine whether the average (point P) is inside or outside the
polygon.

Geographic information retrieval

Since the motivation for our work is to develop methods for process-
ing geographically oriented data, a brief illustration is given here.
(Other applications and subroutine testing are discussed in greater
detail elsewhere.®) The example is a public-works query for which
a listing is produced of streets within an area of a city bounded by
a polygon. The data base consists of a street file and a land-parcel
file in the city of Alexandria, Virginia. This data base is linked to
city maps through a digitizing and file expanding process. An z-y
coordinate reader was used to digitize the coordinates that identify
streets and to inititate punching the coordinates into cards. The
cards were used to insert the coordinates into the street file.
Data files are stored on an 1BM 2314 direct-access storage device.
File manipulation is effected through 1BM 1050 remote terminals
and sYSTEM/360 operating under o0s/360 and a generalized file
maintenance, retrieval, and formatting program called FASTER.

A digital representation of the polygon area of interest enters
the computer via the remote terminal and an z-y digitizer. A
number that represents a preprogrammed query type (creating a
listing of streets, in our example) is also entered by the digitizer
through the 1050. (Query input data are displayed on a typewriter
terminal, while the output is produced by both typewriter and an
IBM 1403 printer.)

Test results demonstrate the feasibility of applying the geo-
metric graphic subroutines to geographic information retrieval.
Figure 10, in our example, shows the query area superimposed on
a section of the Alexandria city map, and Figure 11 is the output
street listing corresponding to our example query polygon. Street
identifications are given by numbers rather than by street
names. For example, the designation S-3290-1600 refers to street
file S, Mt. Vernon Avenue (3290), and to the lowest street address
(1600) in the block desired.

Concluding remarks

This discussion has sought to strike a balance between comprehen-
siveness and detail in the exposition of mathematical and program-
ming methods for processing geometric graphics data. Therefore, it
seemed necessary to omit discussions of several techniques and
subroutines that have also been worked out.

Work described in this paper could benefit those engaged in or
contemplating the design of urban management information sys-
tems geared to a geographically oriented data base. The experi-
mental programming system deseribed in this paper is evolving to
meet and anticipate requirements of those seeking urban improve-
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Figure 11  Street listing for query polygon

CITY CF ALEXANDRIA PAGE QOCT
PuUbLIC WCRKS—TRAFFIC
AREA
STREET METE YR LF LAST TYPE GF RIG wY WIDTH wlUTH LGTH SURFACE gASE TYPE MEDIAN TYPE
o CNST CNS YR RESUF  RESRENG WINDTH PAVMT BTCRE BLCK TYPE

$-027C-0LQ0 CITy 28 84 4C 20 24 B77T PLANY MIX CRAVEL J MEDTAN
$-027C-C150 UMK UNPAVEU N/ A » MEDLAN
$-027C-0200 CITY 33 72 5 UNPAVED GRAVEL MEDIAN

$-02706-0303 CITY 23 72 UNPAVEY GRAVEL MFECIAN

$-~317C6-0300 CITY PLANT . LCCC  PCRTLE CEMENT GOOD NG MFDIAN
$-329C-16CC  CIIY PLANT GOCC PORTLD CEMENT € GODOD NOMEDTAN
§-329C¢~1700 CITY PLANT X GOCL  PORTLND  CEMENT GOUER  NO MFDIAN
$-329C-180C CITY PLANT FAIR  PORTLC CEMENT GCON NG MEDIAN
$~325GC-19¢0 CITy PLANT ™ GLECL PORTLE  CEMENT GNOD NG MEDIAN
$-329C-2000 CITY 3 PLARNT LOLEC  PURTLD  CEMENT GOUL NGO MEDIAN
$-329C-21Cc  CITY . PLANT MIx GOCL  PURTLD  CEMENT GO0 NO MEOIAN
$~4125-CCCQ  UNK UNPAVED N/A N/A N/A ND MEDIAN
$-5526-C1C0 UMK & PLANT Mix 2 PORTLEL  CEMENT GOUL  NO MEDIAN

§-5520-C200 UNPAVED CRAVEL FAIR  NO MEOTAN

5-552¢-C3G0 UNPAVED CRAVEL g FAIR 1 MEOTAN

ments by applying systems engineering techniques to management,
planning, and administrative functions.
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