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I. INETRODOUCTION

bigital map data, line drawings, and region adijacency
graphs are all instances of spatial data that 1is usually
organized in a discrete structural form as opposed to the
iconic form of the gray tone or color image. Such
structural organizations can be derived by hand gathered
data or by segmenting an image, associating attributes with
the imaqge segments; and determinirg relationships betwveen
Segmenis. In this paper we are not concerned with +the
origin or geperation of the spatial information. We are
concerned with the representation éf the spatial informa*ion

once it is created and the kinds of interactions we may wish

+0 have with it.

We pose our interaction as a sequence of gnestions and
conmmands. FWe may wish to know whether a railroad yard is in
the imaqge that +the spatial information was exﬁracted'from.
ﬁe_might ask where the induétrial areas are or whether tﬂere
is any evidence'that a brush area between a forest and an
urban area has ever been burned. We may wish +*c¢ find the
biggest body of water within twenty miles of 'a particular
city. ¥e may ask the system to construct a regiomn
consisting of all the ir:igated croplard in a certain state
or *o construct a road network 1including all the roads that
go through a given city. Or, we mey simply indicate that a
region's area has changed and then specify the pew boundary

of the region.
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Wkether +the form of interaction is a guestion or a
coamand, finding the answer, nodifying or returning the
required region {s) or line(s) or point* {s) iuvolves searching
“the data structure for one or more objects or distances that
satisfy the conditions of the guery. e will focus
attention on those interactions, that Tegquire the execution
of procedures that rely heavily on  the structural
representation of the spatial information. ¥e will no+
concern ourselves at this time with the problem cf efficient

geome*ric and distance algorithnms.

‘We consider maps to be a visual representation of
spatial data. We call the formal organizational s+tructure

by wbkich we may represent spvatial da*a in <he computer a

spatial data structure. In this paper we give a definition
of spatiai déta structure and some exanmples illustyrating its
use in raster format data, in vector forpat data, in
procedures which do region editing, and in procedures which
make spatial references. The structure is rich, flexible,
and efficient enough to logically store any of the spatial
information in maps, lirne drawings, region adjacency graphs,

and o*her geographic entities that we migkt desire to

represent.

In Section II we define the spatial data structure,
give some specific examples which illuStrate the use of the
structure %o represent spatial information, and show how the

geocgraphic data structures unsed by other researchers can be



accomodated by the spatial data Structure., In Section III
ve discuss +he ~manipulation of a spatial da%tabase for
answering gueries, In Section IV we discuss the

mathematical nature of spatial data matching problenms.

II. 2 Spatial Data Structure

The basic kinds of data found in paps are peints, lines
and areas. This data can be stored in many forms; gria
cells, lists of points, lists of line segments, and polygons
are common examples, The best storage representation
depends on the algofithms that need +to access it.
Unfortunately, if éveryone uses a restricted data structure
specifically tied to one application, very little sharing or
unifying of software or data can take‘ place. :ﬁ this
~Section we define a general s?atial data structure thaﬁ can
be efficiently used to represent any spatialr or relational

data.

Definition of the Spatial Data Structure

An aftomr is a unit of data *hat will not be further
broken down. Integers and character strings are common

examples of atoms. An attribute-valune table 3/V is a set of

‘pairs-A/v = {(a,vV) | 2 is an attribute and v is the value
associated with attribu*e d}=  Both a and v may ke atoms or
nore complex structures. For example, in an attribute-value

table associated with a structure tepresenting a person, the
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attribute AGE wouléd have a numeric value, and +he
attribute MOTHER might have ag i+sg value a structure

representing another person.

A spatial data struc*ure D is a set D = {Rl,au.,RK}
of relations. Fach relation RX has a dirension ¥k and a
sequence of domain sets S{1,X) ,.=a,S5 (KK k) That 1is for
each k = 1,...,K, 7Dk g S({l,ky X ... ¥ S(¥k,k). The

elements of +he dopain Sets may be atoms or spatial data

Structures. Since the spatial data structure is defined in

terms of relations whose elements may themselves he spatial

data structures, we call it a Iecursive structure. This
indicates 1) that the spatial data Structure is defined

with a recursive definition {and not that *+he informatior
stored in i+t is infinitely recursive), and 2} that i+t will
often be possible +o describe operations on the s*ructure by

simple recursive algorithes,

A spatial data structure Tepresents a geographic

entity.. The entity might be as simple as a point or as
complex as a whole DAp. An entity has global Eroperties,
compopent parts, and related geogravhice entities. Eackh

spatial data structuré.will have cne distinguished binary

relation containing the global properties of the entity +that

.the Stiructure represents. The distinguished relation is an

attribute-value tahle and will generally be referred +o as

the 2,V relation. ‘When a geographic entity is made up of

“~

parts, we may need to know how the parts are organized. Or,

wve may wish to store a list of other geographkic entities



that are in 3 particular relation +o the one we are
describing, Such a list is §ust a unary relaticn, and the

interrelationships aNCNng parts are h-ary relations.

For example, we may represent the state of Virgiria by
a spatial data Structuyre, In_ this case, +he AsV relation
wvould contain global attributes of the rstate sSuch as
population, area, boundary, major crop, and so on. The
values of nost of these attributes {population, area, major
Crop) -are atoms. The value of the boundary a<tribute is a

spatial data structure defiring the boundary.

Cne obvious division of the State is into counties. A
lis* of counties could be included as one of the Telations,
or 1t @might be npore valuable +to store +the counties in a

region adjacency ‘Lelation, a binary relation associating

each region {County) with €very other region (county) that
neighbors it, Counties, of course, would alsoc be

Tepresented by spatial data Structures.

Some othe:' geographic entities +hat are related +o a
state are . its highways, railroads, lakes, rivers, and
mountains. Some of these entities will be wholly contained
in the state ang others will cross its boundaries. One way
to represent +this Phenomenon is to use a birary relation
where the first elerent of each pair is a geograrhic entity,
and the second elepent is a code indicating whether the

entity is wholly contained in the state. The Spatial data
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struétu:es -épresenting the geographic entities themselves
would contain nore specific information about their
locations. Figure 1 illustrates a simplified spatial data
structure containing an atiribute-valpe table, a county
adjacency relation, and a lakes relation for the stat+te of

Virginia.

Comparison to O*rher Geographic Da+ta Structures

One of  +he earlier and successful geographic
informa<ion Systems is Tomlinson's Canadian Geographic
Information Systen {Temlinson, 1957; Switzer 1975y, This
System includes suckh features as a command language, an
assessment language, _the'possibilityl of overlaying naps,
interactive graphics, and input from a drunm scanner or an Y-
Y digitizer. In this systen, regiorns are represented by
polygons. Twoe files of déta are nsed: the image data set
wvhich contains the line Segments that define +he polygons
and the descriptive daté set - which contains +the user-
assigned identifiers, centroid, angd areé for each polygon.
In the image data set, a line Segment points to its left énd
Tight polygons and +o the next two boundary chains +that
continue bounding the polygons on tke left and on the righ=.
Eack pnlygon in the inage data. se* points to its

Tepresentation in the descriptive data se+ and vice versa.

In the ©U.S. Census DIME files {Cooke and ¥axfield,

1967}, +he basic element is a line segment. Lline segments
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are defired by +two end nodes plus codes for +he EClygon on
the right side and +the polygeon on  +he lef+ side ¢f +the
Segment, In this System, the data structure has been kept
simple at a cost of extra CPU time for‘certain operations.
For instance, determining what line Segmnents share a2 node or
finding the whole cutline of a2 rolygon requires Searching
the database. This struc*ure is sufficient to represent all
tonologlcal spatial Telations be*ween regions, and is also

used by Hanson and Riseman (1978) ir their VISTONS systen.

The POLYVRT system (Harvarad Laboratory for Computer
Graphics and Spatial Analysis, 1974) apd the LUDA systern
(Fegeas, 1977) are sxmllar to ‘ne DINE sys+en, except that
the basic unit is a chain---a directed list of Foints tha+
can be'used to define an entire polygon. In PCLYVRT,
searching can take place in +two directions: from chain to

Polygon and from polygom to chain.

The spatial data structyre defined in this paper can

ea511v store the spatial data in all of the above Systems in

exactly the sanme logical rannper. We illustrate this by

~defining a system with similar characteristics. In our

System, a point is an atonp consisting of an ordered pair

(X, 1) where ¥ Tépresents latitude and v longitude. A
chain C is a spatial data Structure C = fa/vC, 1P}. LP is
an ordered lis+ (unary relation) O©f points that define the

chain, The attribute-valye table A/VC of a chain contains

the attributes LEFT_pOLYGON, RIGHT_POLYGON, NZXT_CHAIN_LEFT,
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and NEXT_CHAIN_RIGHT whose values correspond “o the pointers
in Tonlinson's system. The attribute-value vatle can also
contain such global information as the iergth ¢f “he chain

Oor a2 function to be used to interpolate between the peints.,

A polygon P is a Telatively =<simple spatial gda+ta
Structure P = {a/vpP}. In this case, the attribute-value
table contains +the attributes FIRST_CHAIN angd PCSITION. The
value of FIRST_CHAIN is +he first chain of the pelygon, ang
the value of POSITION is LEFT or RIGHT depending on whether
the polygon lies +to the ieft or té the right of the firat
chain. Such global éttributes as APEA and CENTROID can also

be stored in the attribute-value table.

Figure 2 illustrates this structure for a Simple *map!
of two regions P1 and po. Ir this example, we have ckosen
the chains +o be +he lorgest sequence of Peints that have
exactly one region to their right and one regien to their
left. The directioﬁs'of the chains vere chosen arbitrarily.
Ve do not mean to suggest that the points in a chain be
stored Seguentially as (X,7) condinates. Instead, we are
leaving +he. physical storage mechanisnm open. In sbme
applications, storing differences Or using Freeman chain
codes (Freeman, 1374y might be appropriate.. In other
applications, storing the chain in a pararetric functional
formz might be appropriate.. Regardless of the pkysical forn
of storage,  the Structural aspect of the Cepresentation is

the sanme.
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LUDA system.

a simple map that £encompasses
ation System, the DIME system,
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Edwards, Durfee, and Coleman {1977) use a hierarchical
polvygonal data structure to represent regions +ha+ can have

koles, which in turn can have holes of their cwn, +to any

level of nestinq. Because the spa*ial data structure is a
recursive structure, it can naturally handle such =2
hierarchy. We define the boundary of a region as follows.

A boundary is a polygon plus a {possibly empty) list of

boundaries of interior polygons. Thus a boundary c¢an be

represented by a spatial data structure B fA/VR, LB} where
R/VB contains the'attributes PIRST_CHAIN and POSITION, aﬁd
the unary relation LB is a 1lis*t of boundaries. As before,
FIRST_CHAIN is the first chain of the polygon, and POSITION

indicates whether the bounded region lies to the left or the

right of +he firs+ chain.

Fhen LB is empty, ‘B is a polygon or s;mnle boundary.
When LB is not wempty, +hen 3 bhas holes im i+, Each of
these holes is also a boundary, SO0 it may also have holes.
Thus this spatial data s*ructure handles +he hierarchical
polygonal data structures. Oﬁher hierachic structures such
as Rrassel's hierarchically organized spatial data base of
Thiessen polygons can .be handled similariy by our spatial

data structure.

Burton's polygonal representation (Burton, 1877) allows
guick solutions of the point in polygon and polygorn
intersection problems. It is based on breaXing up a polygon
into Dbasic sections that are maxiral 7 length chains,

monotonic in both coordinates. The chain spatial data



structure as described above may be modified@ so +tha*t the
list of ©points are morotonic in both coordinates. Thus

Burton's algorithws may be applied +o our chain structure.

The trianqle data structure has been used for
representing surface data. A triangle represents a piece of
a three-dimensional surface. The vertices of the triangle
are nodes containing information suck as elevation and
slope. To obtain ihformation abou* points of. the surface
interior *o a triangle, an interpolation may be used with a
homogeneous c¢nordinate syétem based on the three. nodes!
sanpled values {Gold, 1976; Haies, 1977). In the triangle
data s*tructure, each triangle points tp its vertices and

adjacent +triangles. Thus a triangle is a spatial data

structure T = [LYV, ‘AT} where LY is a list of +hree
vertices, ard AT is a 1iist of adjacent +riangles. Each
vertex V 1is a spatial data structure V = {A/VV} where the

attribute-value *table A/VV contains the attributes SLODE,

ELEVATICN, and other ipformation.

GEOGRAF is a system proposed by Peucker and Chrisman
(1975) to handle bo*h planar data and surface data. The
system includes the concepts of H a least. COMmMOT
geographic unitr {an area that will not be partitioned
further) 2) 8 chain group (a set of chains tha* form a
boundary of two areal units of a given polygon class, angd
3 an attribute cross-reference table. To handle surface

data the system has a two-part da*ta base including botk a
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triangle structure and a set of points that lie along lines
of high information <content. The *riangle structure is a
low level structure comparable to the image data set of the
Canada Geographic Information Sys*en. The peints in the
second set coosist of'peaks; pits, and passes. This set in
sSome ways corresponds %o the descriptive data set of
Tomlinson. The GEOGRAF systen is & movement ‘toward

unification of geographic data structures.

Go, Stonebraker, and Williams (1979 describe a
relational database approach to implementing a geographic
data system.  The basic enti*y in their system is a map, a
collection of lines, points, line groups {pelygons), and
Zones {colle;tions of polygons) represented Ly a 9-ary
relétion. A gquery language QUZEL yhich is similar to SEQUEL
[Chamberlin and Boyce, 1974) is nused to interrogate the

'SysStem,. The system can handle simple gueries about a aap
and can display information fron a Ta Da Because of its
relational nature, this system is related to the mére

sophisticated systenm we discuss in this paper.

The systems Jjust described all s+ore their geographic
data in vector form. Vector form is cenly c¢ne form of
spatial data. It represents areas by their boundaries agd
has the advantage of a very compact Tepresentation. Raster
or grid form is another fofm of spatiél data. In this form
areas are represented by the grid <cells tha*t cover thema

The advantage of raster forpat data is the sipplicity of
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performing certain tasks such as map overlay. Our spatial
data strtucture can handle raster form data Jjust as easily as

it handles the vector form.

Consider, for example, storing an entire map of regions
in a run length encoded form of raster grid cell data.

Shown below is one row of such map data.

N R e e e e T S i e M R G T T ar T e e M W g S W e T e e e S - A e - ———

TR e e e e v o e A o ) - -

In the row shown, there are seven intervals, . each one
of which bhelongs to one of three regions: A&, B, or C. Each
interval is specified by a beginning ?ixel, an ending pixel,
and'an interval label. By grouping together all intervals

of the same label we may represent *his row by the following

table.
-Inpternal lList Kame
Az (1,6}, (20,60), (114,130} ILru7a Partition
B: {(61,74),{98,113) IL52D List ‘
C: (7,19} ,1{75,97) TL38E _ BPL8 1B

In this case, the rovw points to the partition list
{MerTill, 1973) PL81B which «contains the interval lists
IL474, 1IL52D, and IL36E, each of which contains a set of

intervals for some region in the row.
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Grid cell data structures explicitely represen* areas.

We will call the entities employing this represeﬁtaion Tmap
areas'. Thus, the entity ‘'map aréa' is a spatial data
structure MA = [A/VMA,PLR), where *he attribute~value table
A/¥MA2 has +the attribute THEME with values such as 1501l
type! or *land use'. PLR 1is the partition lis: binary
relation. It consists of a set of ordered {rew,partition
list) pairs. The entity 'partition listt is a spatial data
structure PL = {A/VPL,ILS}, where +he aitribute—value table
A/VPL has the attribute ROW whose valune is the numbher of the
rov beinqg divided up by the partition list. ILS is the set
of interval lists composing the partition PL. Finally, the
entity ‘'interval list' is a spatial data structure IL =
{A/VIL,HS}, where the attribute-value *abhle A/VIL contains
the attributes NAME and ROW.  The attribute NAKE takes on a

value whick is the name of the region to which the intervals

in IL belong. The attribute ROW has as its value +the row
number., HS is the ordered 1list of thorizontal strips
(intervals) in the interval list. Each s+rip in ES is an

ordered pair whose firs% componept is the beginning pixel

and whose second component is +he ending pixel of the strip.
III. Design of a Spatial Information System

Ve are cuarrently involved in the design and
implementation of an experimental spatial information systen
using the spatial data structures concept of Section II.

The system will answer user queries and solve problens
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presented to it in a subset of English. In this section, we
describe some of the important features of the proposed

system,

Major Data Structures

The spatial data structure is the primitive or building

block of the systen. A finite number of spatial data
‘Structure types will be allowed. For instance, the systen

might include spatial data structures representing tke high-
level entities states, cities, counties, highways, rivers,

lakes, and @mountains and the lower-level entities

boundaries, simple boundaries, and chains. Thus the systen

right con*tain a spatial data structure shcse name is

MONTGOMERY and vwhose type is COUNTY.

For each type of spatial da+a structure, the systen
will keep a proitotype structure. The prototype will

indicate what attributes are found in the attribute~-value
relation of +his type of spatial data structures and what
relations besides the A/V relation compriée the data
structure. Similarly a finite number of relation types will
be allcwed, and thg system will keep prototypes of the.
allowable relations. Thus the  STATE prototype aight
indicate +<hat all spatial data étructures of type STATE have
a8 CCUONTY_ADJACENCY relation. The COUNTY_ADJACENCY prototype
would indica*e tha*t this is a binary relation and that both

components of each pair in the relation are spatial data
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structures of type COUNTY. {See Figure & in the section
entitled Primitive Operations.) 4 user guery might involve
a srecific spatiél data structure or a specific type of
spatial data structure. For fas*t access in either case, the

system will inclnde a Spatial data s*ructure nace dictionary

that maps a name to a spatial data structure and a spatial

data structure +ype dictiopary that maps a type to a lisz of

all spatial data structures of that type. Similarly a

relation type dictionary will map a relation tyre tc a list

of all relations of that type. ¥We are planning te¢ implement

relations as relational trees {Shapiro, 1979). Note +hat

all of these structures can be represented by spatial data

structures, unifying the whole systen.

Program Structure

We envisior an intelligent system that can handle a
variety of queries. For exanmple,
1} What is the population of Richmond?

2) What cities with population qreater than 20,000 lie
in Montgomery County?

3) What crops are grown within a radins of one hundred
miles from Charlottesville? -

4y In what counties is 20 per cent of +the area
mountainous?

5) What 13 +*he shortest route from Alexandria £o

- Blacksburg?
are all reasonable gueries, Some of uhe guesticns require
quick table-look-ups to produce the ansver and scme reguire

searching +hrough the database and using special purpose
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algorithms. It 1is also possible tha* +here are several
different procedures or several 4&ifferent paths through the
database to find an answer *o a guery. In this case, <*he
system should be able *o choose the mest efficient way to
solve the problem. - #e ©proposs +the following prograr

organization.

The user queries.or commands are processed by a PARSER
routine which transiates the gquery into a component command
and a list of gunalifiers. The PARSER will detect any sytax
errors and try to rectify the mistakes through dialog with
the user. The output of the PARSER is accepted by the TREE~-
GENERATION routine which creates a tree of poséible solution
paths through the database. The most efficient solution
path 1is determined 'by the TREE-EVALUTATIO& routine which
produces, as i*s output, a procedure of primitive database
functions which when executed will satisfy the user guery.
Finally, the EXECUTOR executes the procédure to complete the
command. Figure 3 depicts thé flow of a user gquery fronr

input to answer.

Each of the nmajor modules nmust access information
structures as part of its input. The PARSER requires a
grammar +hat deséribes the syntax of the gquery language.
Since the-query language should be English~like, the PARSER
will also need some world knowledge +o help disambiguate
some of the phrases used. {See Winograd, 1972). The TREE-

GENERATION routire uses world knoéledge, spatlal knowledge,
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Figure 3 illustrates the flow of 2 user query through the spatial
information system.
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and knowledge of the database structure. The world

- knowledge and spatial Xnowledge <can be represented in

several different ways including .relational tables {Codd,
1970), production rules (Shortcliffe, 1970), and procedures
(Bevitt, 1972y Again each of . these knovledge
representations can be represented bj spatial data
structures. The database structure knowledge shculd inclnde

the spatial da*ta structure nanre dictiorary, the spatial data

structure type dictionary, the relation type dictionary, and

all the prototypes.

The TREE-EVALUATICN routine uses cost knewledge to
choose a path from the set of paths produced by +“he TREE-
GENERATION routine. The cost knowledgé =ay be stored in
tabular form or built into the TREE-EVALUATICK routine in
the form of procedures. The TREE-EVALUATION routine may be
offered a choice between a high cost for an exac*t answer or

a lower cost for a less than perfect answer.

The input to the EXECUTOR is a procedure cf primitive
functions that operate on the datahase. The EXECUTOR has
access to the entire database of information. The EXECUTOR

can also access the primitive functions and special purpose

high-level algorithms that are buil% in*o the system.
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Primitive Operations

The spatial data structure is a rela*ional s*rucsurce.
Becausé of this, the spatial dgtabase systep shares many
characteristics of relational database systens. In
particular, all of the primitive operations used in
relational database systens are applicable to the relations
of a spa+ial data structure. ¥e will use a small exanmple
database to motivate the use of these anpd other primitive

operations.

Figure 4 illustrates a set of prétotypes for spatial
data structures and *heir relations that might be found in a
spatial information systen. The STATE prototype indicates
that STATE 1is a +ype of spatial da*a structﬁre having an
A/V_STATE relation, .a COUNTY_ADJACENCY Telation, and a
RIVERS relation. The  A/V_STATE relation has four
attribu+tes: NAME, whose value 1is a character string,
PdPULATION and AREA whosfe valueé. are numbers, and BOUNDARY

wvhose value is a spatial data structure of type POLYGON.

The COUNTY_ADJACENCY relation is a binary relation, and
each member of eéch pair is a spatial data structure of type
COUNTY. The RIVERS relatior is a unary relation, and eactkt
element is a spatial data structure of +ype RIVER. The

other prototypes convey similar information.

The followving guestions are possible gueries to a



PROTOTYPES

STATE N NAME CHAR
A/V-STATE _ — POPULATION | NUMBER
COUNTY._ADJACENCY e AREA NUMBER
RIVERS 1 , | BOUNDARY | (POLYGON)
(RIVER) | [(COUNTY) I (COUNTY)] |
county CLNAME | CHAR
A/V -COUNTY K —>| POPULATION | NUMBER
CITIES ] AREA NUMBER
J(CI%;j | BOUNDARY | (POLYGON)
ey NAME CHAR
MV_CITY e POPULATION | NUMBER
S o COORDINATES | POINT
RIVER | TNAME CHAR
A/V _RIVER - — > COURSE (CHAIN)
CHAIN ]
A/V _CHATN - S LENGTH | NUMBER
POINTS 1
¥
[CPOINT) ]
POLYGON
 CHAINS - —
| | | (CHAIND |

Figure 4 illustrates a set of prototypes for the spatial data 'structure
types STATE, COUNTY, CITY, RIVER, CHAIN, and POLYGON and the relation
types COUNTY ADJACENCY, RIVERS, CITIES, POINTS, and CHAINS.
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spatial information system having the prototypes of Figure

4. DUnder each guestion, we suggest a seguence of operations

that might be performed to answer the quervya.

n

2)

3)

&)

What cities are in county X?

A. Locate county X.
B. For each CITY C in CITIES{Y).
1. Look up N = NANE(C}. .
2. Add N to the relation being created.

What cities are in state ¥ 7

A. Locate state IX. :
B. Perform a projection operation on COUNTY
ADJACENCY (X} to obtain a list of counties.
C. For each county Y in the list
For eack city C in CITIES{Y)
1= Look up ¥ = NAME(Q).
2. 3dd N to the relation being created.

What is the length of river Rr?

A. Locate river E.
B. Return value of LENGTH (COURSE(R)).

What cities lie on rivers in state ¥?

A. Locate state X.
E. Perform a projection operation en COUNTY
ADJACENCY (X) to obtain a list of counties.
C. For each county Y in %the list
For each city € in CITIESIY)
For each river B in RIVERS (x)
if POIHT_CHAIN_DISTANCE(COORDINATES{C},
COURSE{R} ) =0
then add C to the Telation being created.

What cities are within 15 mpiles of a river in state

2

same as 5) except change '=0f +o t<15¢,

What counties in state X does river R flow through?

A-. Locate state X.
B. Perforn a projection operation cn COUNTY.
ADJACENCY(X) *to obtain a list of counties.

™~
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C. For each county Y in <he list
- if CHAIN_INTEFSECTS_POLYGOCN {COURSE (R},
BOUNDARY {Y) )
then add Y to the relation heing created.

7) What states does river R flow in?

For every state §
if R is an element of RIVERS{S) then add S *o
the relation being created.

8) What points do river X and river Y share?

A. Locate river X.

B. Locate river Y.

C. Construct the intersection of POINTS (COURSE(XI})
with POINTS {COUESE{Y)).

9) Answer the following guestions abou* the region ®
defined by the states X, Y, and Z.
A, Locate state X.
B. Locats state Y.
C. Locate state Z.
D. Create a new temporary spatial data structure R
from the information in X, ¥, and Z and dependent
on the prototype for spatial data structures of
type REGIOK. This will include such operations as
finding sums of populations and areas and
constructing a new boundary based on *hree existant
boundaries.

From these sample queries, we find +the following

operations are npecessary.

1. projection in the relational database sense
2. selection in the relational database sense

3. 1intersection or join in the relational databases
sense '

4. look up the value of an attribute
5. call on geometric or distance functions
6. create a list

7. add elements to a list



10.

1.

comsparison

determine 1f an N-tuple is a =member of a
relation

create a new relation

create a nev spatial data structure

The system will also require a number of relaticn utility

functions.

To give the reader sonre feeling for these, vwe

list several of the utility access operations that are

reguired.

return the i'th N-tgple in a relaticn

return the position in a relation at which a
given N-*uple is found

return the next N-tuple in a relation

insert an ¥~tuple irn a relation

delete an N-tuple from a relation

Gelete a relation from a spatial data s+tructure
add a relation to a spatial data structure
delete a spatial data s*ructure from the systen
copy a relaticn

Copy a spatial data s*ructure

catalogue a new relation

catalogue a new spatial data structure
constrﬁct the union of two relations

construct the intersection of two relations



Geomerric Operations

Thus far we have emphaéized operaticns  which
explicitely depend an the Telational kind of information the
system might have stored In +his section, we illustrate how
a basic geometric operation such as interactive regior
editing might be done. For this examrple, we usa the TuD
length encoded raster forpa*+ data. The algorlbhm sketched

here is more general than the one given in Pegquet [1979).

In the region editing situation, 4 conpnected region is
given and an operator desireé to change the boundary of the
region. The change can consist of adding area to the region
and/or subtracting  area from the region. To specify the
rTeguired chaﬁge, the operator can 4draw an arc overlaying a
picture of the giver region and can designate which side of
the arc is associated with area to be inside the region and
thch side of the arc is associated wi*h area tc¢ be putside

the region.

Figuré 5 illus*trates an example region héting a
boundary shown as a solid line and the operatcr-specified
arc shown as a dashed line, Notice that the arc crosses the
boundary. We viev this situation as éne in which the arc is
partitioned into two pieces by +the boundary which crosses
it. The arc segment which lies entirely outside the region
can have its sides designated as inside and outside in %wo

possible ways. These are shov in Figure 6. Likewise, the



Figure 5(a) shows a region enclosed by the
solid boundary and an operator drawn arc
which designates the way in which the
region is to be modified. Figure 5(b)
shows the new region after modification as
the hatched area.



——

(a)

(b)

Figure 6 illustrates how an arc lying outside
the region can have its sides designated in

two possible ways, thereby defining two dif-

ferent areas (shown as hatched) which may be
added to the area of the original region.
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arc segment which 1lies entirely inside +the region can have
i*s sides designated as inside arnd outzide in +we possible

ways. These are shown in Figure 7.

Cne algorithm which can do +the region editing begins
with the original arc divided into segments, each of which
is entirely inside or outside the Tegion and eaéh of which
touches the region boundary onrly a*t its beginning or erding
coint. The algorithm can be explained 1in <terms of
coloring. For ap arc segment which lies outside the recgion,
locate any point on the "ip” labeled side of *he arc. Color
this poin*. Then coior all points reachable from this point
without crossing either ¢he arc Segpent or region bhoundary.

A1l such colored points rpust be subtracted from the region.

Coloring regions requires a connected components
labelinqg algorithm (Rosenfeld and Kak, 1976). | Firs+ tﬁe
vertical boundaries of the operator-specified arc are used
to modify the interval lists of the region to be edited.
Then éach_interval is considered as a node in a grapgh. If a
pair of intervals or successive rows has ovetlap;ing columns
and the ©pair of rows fo:‘the duration of the overlapping
columns 1is not separated by a horizontal segment of +the
operator—-specified arc, +then the éorresponding nodes in the
graph_are linked together. Each connected compcnent of the
~Tesul*ing graph correspbnds to a connected region whose
intervals are defined by the nodes of the grarph component.

The edited region will correspond to exactly one of the



Figure 7 illustrates how an arc lying inside
the region can have its sides designated in
two possible ways thereby defining two dif-
ferent areas (shown as hatched) which may
become the new region.
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components determined by +the labeling algorithm. ﬁhich
component i+t is can be determined by locating any part of
its boundary which is coincident with some Fart of the
opérator specified arc and seeing if the inside of the
region corresponds to the "iaside® label of that boundafy

Segment,

To carry out this kind of oberation the following two

geometric primitives are required.

') Search througk all the horizontal strips in the
interval lists specified by the region and/or i+s
complement +to determine +hat strip containing a

given {row,cclumn) pair.

2y Given the ordered interval lis*s for a pair of
rows, determine all intervals having overlapping

columns.

Tr addition, the relational primitive of transitive
closure of a binary relation is required in crder to

determine the connected comporents of the associatesj graph.

Cf course for other basic queries, the system will
require a number of geometric utility functions. Included
are

1Y interval lis+ intersectior,

2) in*terval 1list union,



3) interval 1list cowplement, ang
4) interval list growing hy a specified distance

both horizontally ang vertically.

Iv. ACMOMOEPHISMS OF SPATIAL DaTa STIRUCTURES

A differert kind of guestion that can be asked about
map data is whether tvo entities have similar Structures,
For exanple, it might be interesting to compare the road
Network structures around two cities. A function +that
Preserves structure is called a hemomorphism. If there is a
homomorphisp from one Structure to a Part of another thenp we
have a basis for considering the two Structures similar and
Comparing +hen further. Since the spatial data structure is
8 recursive structure, we will define @ homonmorphism for

this structure with a recursive definition, Firs+ we define

the composition of a function with 3 Telation,

Let B1 ¢ s1 x S2 ¥...X 3¥ ang E2 ¢ T1 X T2 X...X TN be
twWo N;azy Telations, and le+ h be a functionp frem s = 351 ¢

S2 U...U SN to0 T = T1 U T2 O...0 TN The composition of R1

with h is defined by R1 ¢ h = [{t1,ee.,thy & 71 XeadX T¥

there exists {81,0na,8M) € 11 with h(si)=£i, i=?,...,N}.

Thus +he Composition of an N~ary relaticn with a
function is another ¥-ary relation. If ”m ® h = R2, then R1
and R2 have the Same structure. If pi o h ¢ R2, +then p1 has

the same structyre as a subset of g2, A sratial data
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structure is a sget of Telations. Twc spatial data
Structures can be considered similar if each of their common
relations have similar structures. However, we may wish to
compare two structures or the basis of only some of their
common relations. This motivates the following definition

of homomorphisn.

Let D1 and D2 be two spatial data étructures. For each
Telation 8 in D1 U D2, there is an integer N{R) and a
sequence of sets S{1/R) yama, S{N{R},R) such that R £ 5{1,8)

ZsewX S{¥(R),R). A homomorchism from D1 to D2 is a pair

{f,¥) where
1 f is a Ffunection from a subset D of D1 to D2

satisfying for every R € D, N(R) = N{f(R)).
2 F = {(hR,HR) I R € D} where
4) hR is a function fron

S{R)=S(1,R) Haweo...U S{N(F),R) to

STEMR))=S5(1,£(R)) U.....U S{N{E{R)),£(R))

satisfying
a) 5 € S{R) 1is a spatial data structure
Lff b o(Ss) € S(f(R)) is a spatial data
Structure |

By R © b_ ¢ £(R)
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B) Hp 1s a set of homomorphisms, B = {GS 1 s
€ S{R)} satisfying that if s is a spatial data
structure then Gs 1s a honomorphism from s to

hris).

Intuitively, if D1 and D2 are two sratial data
structures and D is a subse+ 0f the relations of D1, then £
is a function tha+ maps each relation ® in D to a relation
£Fimy of D2 of the sanme order. For each such pair of
relations {R,£(R)), hp is a function that maps €ach elemen+
of the domain of R to an element of the domain of £i{r).
Since these elements cap be either atoms or themselves
spatial data structures, 2p 1s restricted to - map atoms to
atoms and spatial data structures to spatial data
structures. Furthermore, if hp maps a spatial  data
structu:é S to another spatial éata sS*tructure hH(s), then
there must be a homomorphisn frém s to hR(s). HR is the set
of such ﬁomomophisms. |

To illuétrate the recursive homomorphism, we will look
at a éimple, abstract example. FPigure 8 shows two Spatial
data structures SDS1 ang SDS2. = A homomorphisn {£,F) can bhe
defined as follows. | Let D be the subset of 5DS1 defined.by

D= fA/V1,R1} and define F:p -> SDEZ2 by £(A/V1) = A/V2 and

f{R1). R3. This function £ satisfies our restriction in

that it maps order 2 relations to order 2 relations.

The set F consists of the pair (hA/V1 ’HAAH.} angd

let {al)=a5, h {a2Z)=au,

(hpy e Hgy) - B oAn AL
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Figure & illustrates a homomorphism from spatial data structure
SDSY to spatial data structure SDS2.
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Pasvy (SDS3)=SDS4, and hynq (v2)=vh.  Then hpsr1 maps atoms
to atoms and spatiazl da+a structures +tc sratial data
structores. (It alsc nmaps attributes +o attributes angd
their valunes to the CoTresonding values, ¥hich is a
desirable requiremept for attribute-value +able relations.,)
Since hAﬂﬂ. maps spatial data structure SDS3 o spatial data
siructure SDSL, +he sét Hps/y1 Rust contain a homomorphisam G
from SDS3 to SDS4. Let GSDS3=fg,G) where g{A/YB) = A/V4 and

G={(dA let dA/v3(33)=a5 and dA/V31a6}=v6. Since

/\73'1?)}*

a3, ab, v3, and v6 are ators, no further levels of

homomorphisms are needed.

Now, with respect to R1 and R3, let h . (SDS3)= SDSU and

th(SDSU)r SDS3. Then R1 © hp1 € R3 as required in 2.a.b
‘above, and we have already given a homomorphisn GSDS3 from
SD53 to sSD34, In a similar nmanner we can ccnstruct a
homomophisnr ¢ spsy £rom  SDS4 te  sps3. Thus 2.8 is also
satisfied, and we have a two-level homomophism from SDST to
5DS2. The. dashed arrows in Figure 8 illustrate +his

homomorphism pictorially.

Some discussion of the construction of this
homomorphism is important. First, the function f was
defined on the set of relations D={A/V1,R1}. The relation
R2, altkough a part of SDS1, was left ont of p since there
was nothing in $SDS2 of +the same order *hat 32.cculd rap to.
In general, a measure of simpilarily nust be defined whick

*akes into account the percentage of the relations included

SDS3
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in eack level of homomo%phism. Clearly we can always define
a null homomophism +that uses relations at £very level, bont

this would not be a very interesting mapoping.

Second, the definition of homomorphisnm requires no-
special thandling of the attribute-value table.  In a
Previous paper (Shapiro and Haralick, 19783, wve singled ou¢
the lattfibute—value table relations for special
Testrictions. The funection napping elements of rairs in one
table to elements of Fairs inp 4 second table ¥as reguired to
map an atttibute to  an attriﬁute and ip this case, a
homomorphism had +o exist Dbetween +heir {sratial data
Structure) values. A strigter Tequiremert might force ap
éttribute in the first table to Bap to the same attribute in
the second table.

Figure 3 shows two geometric spatial da+a structures

GSDS1 and 6SDS2. GSDS1 consists of a bridge, a city, a
railroad, and a . highway in & specified geometric
Telationship. G3DS2 consists of a bridge, a city, a river,

and a highway in a sipilar Telationship.

At the top level, the pair {£,(kp1 ,Hp1)) where

£{R1) = R2
th{BRIDGE_.'!) = BRIDGE_2

hpy (CITY_1) = CITY_2

hpy (HWY_1) = HWY_2

hgi (RR1) = RIVER 2

h {entrance~to) = entrance~to
hqi(routed—over) = routed-over
h%l(crosses) = crosses

- ) = {G - ¢ G . G ;s G 1
Rl BRIDGE 1 CITY 1 HWY 1 RR1

SeRDGE 1 = Scrmy 1 = SHwy 1 = Grr1 = 2
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Figure 9 {llustrates two geographic spatial data structures that are similar
at least at the top level.
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is a homomorphism from GSDS1 to GSDS2. In order +o extend
the homomorphisp to another level, ve pust define non-null
homomorphisms fronm BRIDGE_1 to BFRIDGE_2, CITY_1 to CITY_2,
AWY_1 to H¥Y_2, and RR1 to RIVER_2. At each level, the
homomorohisnms may be weak or - stroag, depending on how Rany
relatioﬁs are compared ané how nmuch collapsing takes pléce.
For instance, BRIDGE_1 and BRIDGE_2 have different physical

attributes, but in some #ays are s+ill similar.

Finding homomorphisms 1in map data can provide
interes*ing information about the structure of the data. We
envision an interactive System where the user nmay specify

which spatial data structures, which of their relations, and

“how many levels +o compare. However, finding even one-level

homomorphisms has been shosn to ke an NP-complete problen,
although look-ahead operators have been proposed to speed up
*he search. Finding *hese multi—level'homoﬁorphisms is an
interesting problem +hat we will be investigating in the

near future.

V. SUMMARY

We have defined 2 spatial data structure that can be
used to.represent spatial obijects. The structure consists
of a set of N-ary relations of+ten including an attribute~

value table. The entries in the table and the objects on

~which the rela*ions are defined may also be spatial data

structures, Thus the spatial data structure is a recursive
=
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structure.

The use of the spatial data structure vyas iliustrated
by a representation of a portion of a map of Virginia
including counties and lakes. The spatial datarétructure
was shown to be able to handle all the geographic data
structures proposed by other researchers., 4 discussion of
the manipulations required to ansver gueries about such a
structure suggested that the database sys*em should contain
@ control processor which when given a guery whonlgd
determine all possible pPaths through the structure +o ansver
therguery and . select the best path with the use of a éost
function. The control processor would hpeed a prototype of
€ach kind of spatial data structure in the systen and mus%
have some knowledge of the semantics of the relations in the
spatial data structures. The contral.processor might also
pPossess sone special purpoée knowledge about particular
objects in the systems. 1 study of the operations needed to
dnswer gqueries concerning spatial data s*ructures led to a
list of suggested primitive operations in the systen.

One high-level operation of interest in a system of
spatial data structures 1is the matching of two structures.
Since the séatial data structure is a3 recursive structure,
the function mapping one spatial da*a structure to another
can also be defined recutsively. The definition of a
spatial data s+tructure homombrphism allows us to méasure the
similarity of ‘wo spatial data Structures at one or more
levels of +he structures.  The problem of finding +hese

multi-level homomorphisms is the subject of our future work
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