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Introduction

Recent developments 1in hardware techanology have
decreased the cost of storage and manipulation of data. As
the cost/benefit ratio has improved, more work has been done
in the areas of computer graphics and data base technology.
This thesis demonstrates hcw these two areas can be made to
complement tc one another by using a data base to store data
frocm a system which manipulates graphical and nongravhical

data.

In brief, the focus of this thesis 1s an 1interactive
graphics system, L[RAW-A-MAP, which permits a wuser at a
graphics terminal to draw a map on the screen, enter
appropriate 1information about the map and its component
parts, and store the map in a date base. At a later point
in time, a user may request that the map be extracted fronm
the data base arnd may make inquiries about the characteris-

tics ¢f the areas shown on the mapvp.

Section 1 of this thesis discusses ©previous workx 1in
storing grarhical data and -explores the change from the
storagce of graphical data in data structures to the storage
of such data in data bases. This discussian also features
previous projects relating to map generation and the storage

of data associated with the map.
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Sectiecn 2 focuses on the data base aspect of the pro-
Ject. It discusses the demands irposed by computer graphics
on data base technclogy, and the data base model that
aprropriate to computer graphics. It includes the features
and conceptual schema of the data base for the DRA¥-A-MAP

system.

The graphical aspects of DRAW-A-MAP are considered 1in
Section &. This section inveclves a discussion ¢f twc tech-
niques used to represent graphical data, their advantages
and disadvantages, and the oualities a data structure must
pcssess to represent graphical information. A discussiorn of

the actual data structure used in DRAW-A-MAP follows.

The actual implementation of the DRAW-A-MAP system 1is
the sutject cf Section 4. It includes the structural mrcael
of the system anrnd discusses the user, the graphical and the

data base interface.

The next section, Section 2, discusses enhancerents
that would make the system more "user friendly”, mcre use-
ful, and mcre efficient. It also describes how DRAW-A-MAP

might be enhanced to become & production cartographic tool.

Section 6 concludes with an overview of the thesis.

1

The appendices fcllow: Appendix A contains the struc-
tural wodel of the system, Appendix B, a model of the data

base design, and Avpendix C ,source code.
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Robin Williams [1] in a review of data structures used
for computer graphics, states that the data structures for

computer gracvhics must pcssess the following qualities:

1. The data must be ordered, particularly in
the case of line drawings where a coordinate’s posi-
tion in the data structure irmplies a egraphizal mean-
ing, i.e.,where and when the line will be drawn.

2. The data must be structured to allow the
necessary searchirng and accessing of related data.
For exarple, when a line on the screen 1is identi-
fied, the representation of the line in the cate
structure must be located with relative ease.

2. The data structure must be flexible encugh
tec allow the wuvdatinz oprccedure to be verfcrmed
quicrly.

4. The data structure must be able to handile
the 1large amounts of data generated by computer
graphics.

The fcllowing articles trace the efforts to achieve the

above qualities in data structures.
1.1. Zarly Work in Data Structures Used in Granhics

In the first significant work done in computer graph-
ics, Sutherland [2] in Sketchpad used a ring structure to
contain graphical information. In his classic thesis, he

deronstratea how screen images could te drawn and stored

(1] Robin williams, "A Survey of Data Structures fcr Com-
puter Gradhics Systems,  ACM Computing Surveys, 3 (varch
1¢71), pp. 1-21. .

(2] Ivar E. Sutherland, “Sketchpad: A Man-Macnine Graphi-
cal Communication System, Proc. Sprinz Joint Coms
Conference, (AFIPS Press, 1962

Readings in Interactive Computer Graphics, ed. Eervert

~



interactively. hke introducea the coancept of instances,
i.e,. cne cr more occurrences of a subpicture on a screer.
This concept of subpictures is similar to the concept of
graphical building blocks. Usiang & ring type date structure
tc suppcrt tha2se 1ianstances, he related the concept of
hierarchies iz data structures to the graphical imaze

itself.

Data structura flexibility is a very 1important asgect
of harndling graphic data efficieatly. This flexibility was
a result of the develooment of lanzuages which had capatili-
ties to manipuléete and build list structures and to express
data relations inherent in the data itself. The following
discussion of L6, DSPL, APL and LEAP represent -early

attempts at creeting this flexibility.

Eerly werk iavolved the development of languages to
suzport list type data structures. LE [Z] and DSPL [4] were
low level languages developed to support data structures of
the list type. These languages contained blocks (a sequen-—
tial rumber of machine words) and fields (a s=quential

number of bits) and pointers (a word address). The user was

[3] XK.C.Knowlton, A Prograrming Descriptioa of L&", Comm.
ACM, ¢ {Aug.,1866), po. 616-625. in Robin Williams, A Sur
vey of Data Structures fer Computer Graphics Systems,’ AC
Corputirg Surveys, 2 (March 1971), ,p. 8.

[4] A. Van Lam and D. Evans, Data Structures Programminag
System, Proc IFIP  Cong. 1 (Amstderdam:North Hol-
landé,1963), £57-564. 1in Robin Williams, A Survey of
Data Strurtu‘es for Computer Graphics Systems, ACM Corput-

ing Surveys, & iMarch 1¢71) ,p. €. TEEEs

<X 1
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able to create and nare blocks and fields and could inter-
connect them with opcinters to form structures. DSPL con-
tained a vpagine facility to handle the large amounts of aata

with relative ease.

Higher level languages were also developed to support
flexible data structures. Dodd [5] added six statements tc
PL/I creating APL (Associated Prozramming Language). The
bacsic elemsnts cf APL were entities which were described by
attributes. kelated entities were then grouved intc sets.
Jeferences tc entities were made thrqugh the entities them-

selves or through a set which owned the entity.

LEAP , a language develcped to express data relatiorzns
in associative structures, was developed in 1268 by Feldman
ard Rovner [6]. Leap itself was an extension of Algol with
statements added to access the date by hash coding tech-

nicues. In LEAP, data associations were of the feorm

Attribute of Object is Value
or A\O) =V

“T[3] G.3.Toad, APL- a Language for Associative Data EZan-
dling 1ir PL/I,  Proc. AFIPS 196€ FJCC, 29 (New York:Spartan
Bccks,1S€6), pp. 677-€£4. in Rebin Williams, A Survey of
Structures for Computer Graphics Systems, ACM Comput-
ng Surveys, & (March 1871) ,p. 192.

[T J.A.Feldman and P.D.Rovner, An Algol-Based 4associa-
tive Languace, Comm. ACM, 12 (Aug. 1969), pp. 439-449. ir
Robin Williams, A Survey of Data Structures for Computer

Graphics Systems, ACM Ccmputing Surveys, & (March 1s71) ,p.
10-11.



an example of which is father (jack) = jim.

Data in Leap is stcred or an A page, an O page, ard a V
paze. Items (Jjack and jim) are treated as intezers. Eash
cocing techniques were used to store the triple on a page of
each type (4, O, V). The effect of this technique was that
stcrage and retrieval c¢f data was fast and did =not reauire

extensive pointer chasing.

The abcve languages and data structure techniques
represent a few of many that were explored during the late
sixties and early seventies. The 1late seventies saw a&n
emergerce cf graphical systems built on techniques developed
during the early periods. These systems handled graphical

infecrmation drawn frer traditional files.

In 1977, an extensive cartographic system, the Crime
Analysis and Research Package (CARP), was developeé at the
Gecgraphic Informaticn Systems Laboratory at the State
Urniversity of Buffalo.([?] This system drew upon two files
containing census and <crime data. A third file contained
such spatial infermaticn as geometric indices of census
block groups, census tract boundaries, and centroids ¢f sta-

tistical units. Tnese three files, which were organized 1irn

[?] Kurt E. Brassel, Jack J. Utano, Perry O. Hanson 1III,
The Buffalo Crime Mapping System: A Design Stretezy for the
Tisplay and Analysis of Refenerced Crime Data, Computer



indexed sequential and random access fashion, were wusei to
generate meps on a grachie device. The generated mens
revealed zraohically hcw census data ead crime cata were

related.

Williams [8] reports a similar prcject developed at the
IEM Research Laboratory in San Jose which was used to allo-
cate manpower in the San Jose police department so that zach
beat had arz equal worx lcad. A zone map which diviaed the

area into small zones was used with data collected on hous-

ing, schools, traffic and police activities. The system
generated a revised zone map which allocated pclice

resources more equally.

Another project, the Tomestic Iaformation Display Sys-
ter [8], was built to generate choropleth maps which dep-
icted sociceccnomic characteristics of zeometrically cefined
areas for the federal government. In this system the
gecmetric entities census tracts) were kept by their raster
images. These rasters were colored depending on what charac-

teristics that geomretric area had. To improve response

[8] ®.J.Cristiani,R.J.Evey,R.E.Goldman,P.E.Manty, "An In-
teractive System for Aiding Evaluation of Local Goverament
Policies, IEEE Trans. on Systems, Man and Cyberaetics,
SMC-3 (March 1973), pp.141-146. 1in Robin williams, On the
Application c¢f Relational Tata Structures in Computer

Graphics, ir Lata Structures, Computer Graphics and Pattern

[¢e] J. Talton, J.Billingsley, J. Quanr, P.Bracken, "In-
teractive Color M™Map Display c¢f ZDomestic Infremation,
NASA/Goddard Space Flight Center, Greenbelt, Md., Computer
graphics, 13 (August 1979), pp. 226-233.



tire,data fer this system was extracted from large data
files resident on a main frame arnd transmitted to & minicom-

puter on wkich the graphics system ran.

(=
w

Use cf Relational Data Bases for Graphic Data

The year 1978 mar<ed the appearance of graphical data
stcred in a data base. McIntosh [14] (in a project very
similar tc¢ the DRAW-A-MAP system) used a relational data
tase to stecre a map generated by users on a graphical dev-
ice. He stored the map in terms of nodes used to araw the
map but did rot prcvide the facility for nongraphical acata

to be stored with the map.

In another project Bonfatti and Tiberic [11] stored a
map 1in a relaticrnal data base but its representaticn was
guite different from that of McIntosh and DRAW-A-MAP. They
used a bit map technique tc¢ store maps and norngraphical
attributes in a data base. They subdivided the territory
being studied into geographical cells. Attribute values were
subdivided into classes and when a cell contained an attri-
bute of a certain value, its bit was turned on. Therefore,
fcr each class of attribute values there existed a bit map

that indicated which z=osrachical cells wculd be described

[12] J.F.McIntosh, "The Interactive Digitizing cof Po-
lycons and the Processing of Pclygons in a Relational Data-
base, Computer Graphics, 12 {(Aug. 1978), op. 60-62.

(11] Flavio sonfatti and Paolo Tiberio, Data Management
for Thematic Map Generation, Computers and Graphics, 3

(1678), pp. 7i-72.  ooToTTT o TRE TEETEERS



by that attribut=s. Map zeneration ccnsisted of cell oy cell
lcerical operations rverformed o2 the bit maps. Data fror
which the bit raps were generated was stored in a relational

data base.

Additional worx was done by Uno {12] in 1979 enhancing
our mnotion of the data structure features desirable in
graphical data base systems. He developed A-IDAS (Advanced
Integrated Lesign fctivity Sudpor: System), in which graphic
data, geometric data and engineering data were stored in a
relatioral cata base. The buildinz block approach was used
in that he divided every geometric element into four
gecmetric classes, 1i.e., vertex, edge, face and body. Each
class consisted of several geometric application dependent
categories c¢r “legions’, i.e., a point, an arc, & circle
etc. which were stored 1in a relaticn. Another relation
stored linking information which linked edges, vertices and
faces. Varicus combinations ¢f linkages and legioas were
used tol generate a screen image of the item so described.
The 1linkage relation alsc contained parameters which
described line style, color, and other graphic symbols to be
dreawn with tkhe object. Drawinz routines were wused to draw
screen images directly from the data base. This system also
prcvided a device independent graphic management facility

thus making the graphic device irdependent of the data base.

(12] Sazae Uno, A General Purpose Graphic System for
Corputer Aided Design, Computer Graphics, 13 (August 1579)
Pp. 25-32.
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Weller and williars [12] described a picture oDouilaing
system which allowed a wuser to interactively create and
moaify imazes. The system <conteined a graphics software
package ard a relational data base. The data base (XEM) was
self aescribinz,i.e.,it provided semantic (hew the data 1is
tc be wused) as well as the traditioral syntactic (aow the
data is stored and accressed) suppert. This feature allcwed
the data base to be read by an interpreter which passed cor-
manas airectly to the display file that generated the pvic-—
tures c¢n the screer. The data base/irnterpreter prccess pro-
viced for the operations of rotating, scaling, translating,
coloring, setting 1iatensity and 1line style, manipulating
text, and creating transfcrmations from the real world data
space 1into the screen data space, to be done purely from
data stored in the data base and not as traditionally done
uncer program contrel. It a&also provided an -efficient
machanism for correlation, i.e., the cperation of 1identif,/-
ing an item by pointing tc its revpresentation on the display
terminal. This operaticn was performed using a correlation
tatle that contaired all the items on the screen with their

locatiors in the data base.

Ir this thesis, LRAW-A-MAP defines a map as a collec-—

tion of subareas ard attributes specified by the user. Each

[13] Tan Weller and Hcbin Williams, "Graphigal and rela-
tioznal Data Base Support for Problem Solvirg, Computer

Graphics, 1¢ (3ummer 1¢76), in Tutorial and Selected Eead-

——— e ———— ————— i ——— — - — D=l 2P

(New York: IZEE Computer Society, 1983), pp. 183-19¢.
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sutarea is defined by the vertices that deterrine its greph-
izal 1irare, 1its rame, and the attribute values wnich
describe the ~raractersitics of the subarea. The data for
23ch subarea is stcred in a relational data base ana ray be
retrieved on derand. Tcr efficiency in drawing and wmanipu-
lating the wap, the data base als:c stcres, fcr each subarea,
a representative point in the subarea and the coordinates of
its surrourding ©box. For each vertice of the subarea, the
slcoe and y intercept c¢f the line departing from thet ver-—
tice 1s stored as well as the representation of that pcint

in user—defined world coorcinates.

Building on the past and present techniques of storing
graphical data, the next section will look at what must be

corsidered irn determining what storage techniques to use.
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In desi¢gning a data base management system to contairn
graphic data, the characteristics of graphic processes must
be coasidered. By inccrporating features in the data base
design which support graphic processes, the resultant data
base will enhance the executicn of those graphic ©processes.
The example of the screea irage of a building will illus-

trate these processes as follows:

1. Graphics elements are defined as the Dbasic
buildicge blocks of screen images. As such, they are
primitives. An example might be & window in a
building.

2. Primitives may be combined with othsr images
to form entities {more corplex zravphical images).
As such, primitives themselves remain distinctly de-
fined ©but are part of an entity when the entity de-
finition contains & “call” to them. An -example of
ar entity would be windows with shutters.

The entity would contain two references to the prim-
itive describing windows as well as two references
to a primitive describing shutters.



Z. Grarhical images are built by tne prccess c¢f
grouping entities in ¢ hierzrchical manner. Ir the
building exarple, a window with shutters ~izht te
part of the front of a houce.

(TR

4. Graphic entities and primitives frequently
have, associated with them, nongraphical data as
well, i.e. the name of the manufacturer of the win-
dows, their model rurber, their price and dimen-
sions.

€. Graphical 2ntities are subject to change 1in
an iateractive environment. Ir the building example,
the dimensions of the windows or the window style
might chanze completely, recuiring that the primi-
tive be changced.

A tabular implementation of the primitive/entity struc-
ture would be a:s shown in Figure 1. X and Y are relative
coordinates that define the shape ¢f the window in the cocr-
dinate space near the origin. The mode provides the name of
the graphic operation to be performed in connection with its
associated coordinate ,i.e., 'move means to make the coor-
dinate the —current position’  c¢n the screen, while “draw’
also means tc make the cocrdinate the ‘current cosition”
but in doing so, draw a line from the previous “current

position” to the new ~current position .
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Table Window Screen Representation
X Y MODE

(0,19) __________ (5,10)
/)] 2 move T !
5 d draw ! }
5 12 draw ! !
7 12 draw (2,5) } (5,5)
2 2 draw T T
2 5 move l I
5 5 draw l |

(0,2) __________ (5,2)

Figure 1

A composite screen image is generated through a table
which contains a referernce to primitive structures elong
with informatior regarding their placement on the screen.
For example a table that would generate an image of two
shutters beside two windows might appear as shown in Figure
2. This table is an entity which describes the instance of
an image composed of two windows and two shutters. Scaling
and translating factors control the placement of the winaows
and shutters on the screen, while the color arnd lirestyle
define graphical characteristics the lines are to have. The
columr “structure” actually cortains references to primi-
tive tatles which zive precise direction on how the respec-

tive images are to be drawn.

The facility for storing nongraphical informaticn 1is

shcwn ir Figure 2. The table, window-shutter-info, contains



Table wWindow_with shutters

Structure Scalex Scaley Translatex Translatey Color Linestyle

shupter 7 ir4 100 59 Green Thick

window 10 19 159 50 Red Thin

window 19 19 222 50 Red Thin

shutter 7 7 250 59 Green Thick
Figure 2

such nongraphical 1information as <cost, manufacturer and
dimensions. Note that the structure column <contains a
reference to another table, i.e., window. This is a refer-
erice to the window table which dictates the actual 1irtage

gereration of the window.

In selecting a data base managemert system to support

the above structure, several additional requirements need to

Structure Cost Manufacturer Height Width
window 22.90 Anderson 49 29
shutter 12.50 Ace 40 19
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be considerec. The first two imply the relaxation of cer-
tairn assurptions at the primitive level, while the third
apolies to levels cther thaa the primitive level. These are

as follows:

1. In defining the primitives, the ordering of
coordinates has specific meaninge and, therefore,
mrust be preserved. This, of course, may be avoided
by having every line cefined by both its besginninz
ard erdiag coordinates, however this approach would
require mere storage and effort and is not necessary
when oraering is preserved.

2. In defining primitives, duplicate records
must Dbe permitted because the sarme coordinates may
pe visited twice iz an image.

3. Attributes of the data base must be permit-
ted te¢ contain the names of relations. As such, &
hierarchy may be formed which permits entities to
contain calls to primitives as well as calls to oth-
er entities.

2.2. Selecting the Data Base Model

A relational date base system seems to be the data base
model most appropriate to computer graphics for the follow-

ing reasons:

1. It has a simple structure, devoid of the fan
and fan set structures (parent-child ordering con-
structs) found in hierarchical ana network models.
The absence of corplex ©pvointer schemes make the
operations of data extraction aand data 1ntegration
relatively efficient. Consequently, the language
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features,orerators, and cneracds for accessing the
on

date are simpole,i.e. ly one cperator is needed for
each <¢f the ‘tacic functicns: retrieve,insert,
delete, and update.

2. The relatioral mcdel oprovides for “symetric

exploitation: the ability to access a relation ty
specifyirg known values for arny combination of 1its
attributes, seeking the (unknown) values fer its
other attributes. Symetric exploitation is Tpossible
because _all information 1is presented in the same
way .[14]

Z. Relatioral data bases permit different logi-
cal views of the data which, in a corplex system,
would be useful to users with diverse interests.

4. For the nonsoohisticated user, the relaticn-
al model provides an easily urderstcod data image, a
table-- a structure with which most users are al-
ready familiar.

5. Relational data bases can suppcert the zraph-
ics processes stated above. By permitting attributes
whose dorains contain relation names, hierarchies
may be built.

6. Relaticnal data bases offer the flexibllity
required by computer graphics. The following opera-
tions may be dcne with ease:

a. New relations may be addea.

b. Additions may te made to existinz relaticns.
¢. Tuples withirn relations may be deleted.

d. Relations may be deleted.

[12a] E.F. Codd, "A Relational Model of Data for Large
Shared Data Ranks, CACM, 13 (June 1570), in C.J. Late, An
Introduction to Database Systers, (Reading,Mass.:Addison-

wesley,1877), p.448&.
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The foregcing has <svecified the requirements that
graphics ©places on data bases and has shown the advantages
of a relaticnal tycve data tase. It must be noted that usinz
a relational data base for the reasons given above and as
susgested ty Williams et. al. /%% implies -the relaxation of
the assumpti~ns of non-ordering and nor-duplicity cf tuples.
Consequently, the operations of select. join and project are
n:z longer availlabdle to the wuser. In DRAW-A-MAP these
assumptions are relaxed only at the primitive 1level. At
this level, relatiors are always used as a whole, i.e., each
tuple is only meaningful as vpart of the entire relation.
Likewise, the domains of the relation are meaningless stand-
ing alone. Therefore, at the primitive level the operations
of select, Jjoinm and project are mnot required and the
appropriate assumptions may be relaxed. The next section

describes hcw the DRAW-A-MAP data base is designed.

2.2. Data 2ase Desigr - DRAW-A-MAP

Y2 T XIS Se=— -

In the [RAW-A-MA? system,the graphical image of a map
is drawn on a graphical device. This map,actually a polygon
subdivided into subpolygons,is stcred in the data base. Ia
the creaticn of the map the user must indicate to the system

what nongraphical tyves of information (attributes) will be

/%% Robia Williams, "On the Application of Relational
Data Structures in Computer Graphics , in Data Structures,

COmputer Graphics ana Pattern Eecognition, eds. A Klinger,

Milabvd 222 il mmmmmem—m T ———

K.5. TFu, T.L.Knuii, (New Yorx:Academic Press, 1577), pp.
153-165.
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stcred for each subarea cf the map. Examples of attrioutes
might ©be ©pooulation,average income, median age, housing
stcck, crime activity indicaters, etc. The map 1is then
drawn on the screen, appropriate information pertaining to
the specified attribute is entered and the map is stored in

the data base.

The particular data base design used in the LRAW-A-MAP

system is shown in Appendix B and Figures 4 thru 8.

The relation, "mpdir”, shown in Figure 4, contains an
entry for each map in the data base. This relation provides
the name of the map (MPNAME), the author (AUTEOR), the name
of the relatior <containing the attribute table (ATTRTRL),
the number of attritutes {(NOATTR), and the number of
subareas ir the map (NOSUBA). It should be noted that two
of the attributes contain relaticn names, i.e., the nare of
the map 1is used as a "call” to the relation contaiaing the

subarea data and the attribute table is a “call” to the

MPNAME AUTHOR ATTRTBL NOATTR NOSUBA

Monroe Smith Mcn.atbl 3 19
Ontario Jones Ont .atbl 4 12

Figure 4
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relation containing the attribute table.

The attribute table relation shown in Figure &, con-
tains the names of the user-defined attributes (ANAME) that
will be stored for each subarea of the map. It also con-
tains an attribute {ATYPE) which indicates the type of the
attribute ( “n” for numeric or “c’ for character). In the

case of a numeric attribute low (ALOW) and high (AEIGE)

values are stored to form a range of valid values.

The relation called by the map name, shown in Figure 6,
contains information about the subareas of the map. This
relation represents a graphic entity, as discussed above. AS
such 1t contains graphic information about the entity and
references to relations containing primitives (SCOORD and
WCOORD). The graphic information includes X and Y, coordi-
nates of a point representing the subarea (used for filling
the subarea); COLOR, the color of the subarea;

BBXMIN,BBYMIN,BBXMAX,BBYMAX, minimum and maximum x and vy

Relation Mon.atbl

ANAME  ATYPE  ALOW  AEIGH
population n 1 32
area n 1 190
income n ] 50
party c (null) (null)
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SUSNAME SCOORD WCOORD NNODES X 1 COLOR

Rochester

Ferrietta Monro.s.2 Monro.w.2 4 2Z0 365 green
Brighton

(Relatiorn Morroe -- continued)

BEXMIN  BBYMIN  BBXMAX  BBYMAX

220 315 280 385

(Relation Monroe —-- continued)

POPULATION AREA INCOME PARTY

23 19 22 dem

values which define the ©bounding ©box that surrounds the
subarea; and NNODES, the number of vertices in the subarea.
The subarea relation contains a reference (SCOORD) to the
relation containing =screen coordinates which define the
subarea on the screen, as well as a reference (WCOORD) to
the relation <containing world coordinates. This relation
also contains the attribute values for the attributes speci-

fied by the user (in this example AREA, INCOME and PARTY).
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The relation conteining screen coordinates (called from
SCOORD), shown in Figure 7, also contains informaticr about
the line departing from this node to the next node (in the
next tuple) in the relation. Because in DRAW-A-MAP this
structure represents a closed polygon, no graphical opera-
tions need to be defined, i.e., the first node is assumed to
have to operation of "move” while the remaining nodes have
the operation of "draw’. The slove and y intercept of each
lize are kept 1in the data base to avoid the necessity of
continually recalculating them since they are very fre-
quently wused in polygon editing, unioring, and intersecting
functions. Because storage in MRS is limited to integers,
the slope is actually stored by its value multiplied by 19,
although its true value is shown here. For <conveni=nce

infinity is defined as €8¢¢&.

A second primitive defining the subarea is kept in the

relation referenced from WCOCRD and shown in Fizure 2. This

SCRX SCRY SCRSLOPE  SCRYINT

229 350 .€ 136
256 2835 -.6 545
230 379 299.9 2999
259 315 -.5 473

Figure 7
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cd 39
26 7
3¢ 34
9 23

Figure 8
relation contains the coordinates {(WORLDX and WORLDY) which
define the subarea in a user-defined (world) coordinate sys-—
ter. Such a system might be latitude and longitude read-
ings, mileage markers, etc. This is wuseful because it
preserves the integrity of a map when different sraphical

devices are used.

The following provides a review the features of this

data base design which makes it useful for graphics.

1. A building block structure is used. The screen
ard world coordirate relations are priritives. These are
referenced from an entity type structure which <contains
other information about the graphic image of this enti-
ty, as well as nongraphical information about the

subarea.

2. The maintainance of a world coordinatg syster
makes the image transportable to other graphical dev-

ices.
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S. It is flexible. More maps may easily be added to

the directory ‘relation mpdir) and subareas may te rece-
fi:ed by replacicg these relatious by new relaticns.

Retrieval of the map is an operation which may be done
with ease and will be thorocughl, explaired in a later sec-
tion. Basically it consists of one reference to the relation
mpdir, one reference to obtain the attribute table arnd the
subarea relation, and a reference to obtain the screen and
world coordinate relaticns for each subarea. In DEAW-A-MAP,
maps cannot be subdivided for retrieval from the data Dbase,
therefore all the referernces to the data ©base involve

obtaining whole relations, a time saving mechanism.

The next section will present the graphical aspects of

the LRAW-A-MA? system.
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Twe techniques appear to provide methods for storing
graphical irages in a file or a data base; the polygon tech-
nique used by McIntosh [15] ard the bit map technique wused
by Bonfatti and Tiberio. [1€] (The reader is referred to
the discussicr ¢f these techriques in Section 1.) The method
selected for an application depends upcn the nature of the
applicaticn. The nreeds of the application 1in terms of
storage, data entry, maenipulation of data, and the opurpose

of the system must b2 considered.

Storage requirements for the bit map technique deperd
upcnr the number of attribute classes that ar2 maintained
while those for the polygon techrique deperd upon the amount
of fragmentation of the edges of the polygon. Data entry
using the bit map technique is very tedious as data must be
entered for each attribute class within each geographic cell

of the rap.

Manipulation of the map itself must be considered. The
bit map representation &llows cell by cell lozgical opera-
tions for determining unions and intersections of the map, a

On the other hand, the polygon tech-

w
.

very sSimple procss

nique involves fairly complex algorithms which are quite

(151 McIntosh, pp. E@-6Z.
[16] Bonfatti and Tiberio. Dp. 71-78.



time consuring.

Firally, end most impcrtant, the purpose of the map
must ©Dbe considered. The bit map technique bsst represents
nonaggrerated collections of data and therefore would be
quite useful for analyzing such data. The polygon technique
is more aporopriate for aggregated date, as typically fcund

in sources like the cersus.

The polygon technique has been chosen to represent the
data in the DRAW-A-MAP system because of the requirements of
the system. 1In terms of storage, maps drawn with LhaW—A-MAP
are not necessarily fragmented ard the polygon technique is
supported. Data entry is by subarea and wunder this tech-
nioue 1is a simple process. Since the major focus of maops
drawn by LRAW-A-MEP 1is to 1illustrate aggregated data,a
static process, as crocsed to analyzing data graphically,
graphical manipulation operaticns are infrequent and the

polygon technique is the cne of choice.

The data structure used in DRA¥-A-MAP 1is designed to
serve the dual purposes of efficient interface with tce data
hase and ease in the execution of the algorithms necessary
to perform polygcn manipulating functions. The data struc-
ture of the LRAW-A-MAF system is shown in Figure 9 (its
source code can be found in Appendix C.1). Note that the

value of the attribute is shown in Figure S shortened to AV.
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The arrows in the diasramrm revresent pointers to structures.

The data structure corsists of a singly 1linked 1list
cecnstruct within a hierarchical structure. A singly linked
list construct is used since concatenation cof sirgly 1linked

lists 1is easy, a process useful in combining attributes in

- — s e T e e T T T T T T T - — T T ———

MAP
N N Y
ATT%;E%SE /’g%si}gg§f - ATTRIBUTE
EDGE ELGE - ZDGE
SUBAREA
N N Y
NOLE NODE — NOILE
NN Y
AV AV —— AV
Y Y X
EDGE EDGE - EDG
SUBAREA
: Y 7Y /77N
NOTE NODE ——- NODE
o NN,
Y Y
EDGE 2IGE - EDGE

- ormsad

SUBAREA
Y V- Y
NODE NODE -——  NODE
Y
AV AV — /gLN
EDGE  SLGE  ---  EIGE

Organization of Structures in a DRAW-A-MAP
Figure 9
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the case of map unicns and in compiling a list of all the
eczes of a map for the process cf subarea manipulatiop. The
hierarchical aspect of the structure ( maps contain a list
of sutareas and an attribtute table, and subareas ccntain a
list of attributes ard a 1list of nodes, i.e., vertices)
eliminates the need for a doubly linked list as the first

node of a list may always be accessed directly from the

level above.

Through pointers in the map structure, the prosram may
access the attribute table (mattrtbl), the subarea list
(msp), or the edge list (mpe) for the whole map. The map
structure contains a polater to the name of the map (map-
name), a pointer to the author’s name f{author), a pointer to
the name of the attribute table (mattram), the number of

attritutes for this map (mnoattr) and the number of subareas

and nodes in this map (mtotsuba aad mtotnode).

The attribute list contains information from toe attri-
bute relation (ANAME, ATYFE, ALOW, AHIGH) described in Sec-
tion 2.3. as well as a pointer (atlnext) to the next entry

in the list.

Fach subarea structure ccntains the inforration
described iz Section 2.2 regarding subareas as well as
pcinters tc the node list .spn), the edge 1list for that

subarea (spe), the attribute list for that subaresa (sattri)

and the next subarea (snext).
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The node structure contains the screen coordirates (NX
and NY), slcpe {NSLOF:Z), and y iatercept (NYINT) defined in
Secticn 2.2. Sirce the wcrld coordinates (%ORLLX and
¥ORLDY) are a function of the screen coordinates and since
they are nct used in the ranipulation of data, they are also
maintained in the node structure &s nwx and nwy. Nnext is a

pcinter to the next ncde.

The attribute structure contains the actual values fcr
the &attributes named in the attribute table. Each sutarea
has its own list of attribute structures that contain the
vaiues which describe the subarea. The attribute structure
contains a pointer to the attribute value (attribute) and a
pointer tc the next attribute structure {(anext). As such
this list and the attribute table list must be maintained in

lize order.

The major advantages to this structure is 1ts extreme
flexibility in data manipulation. ZEdses and attribute lists
may be combized or split without the processes of allocating
and freeing memory. The next section will describe the

actual implementation of DRAW-A-MAP.
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4. Implerentaticn of LRAW-A-MAP

The implerentaticn of the DRAW-A-MAP system is modular
in nature, allowing <changes to be made without worry of
uxwanted side effects. The modules which communicate with
the graphical device and the data base reside on separate
files for easy adaptation to new data bases or graphical

devices.

4.1. Data Base Interface

The data base, MRS, and DRAW-A-MAP comrmmunicate through
a set of modules designed fcr that purpose. Requests gen-
erated by these modules are orinted on a file named fre-
quest. Control is given tc an executable file rnamed mrscmds
.Shown in Apverndix C.2) which calls MRS and directs it to
read the file, frequest, for irput. MRS then executes the
recuest, places the results on the file,fmapres, and returns
control to the DRAW-A-MAP system. Several versiorns of this
file are shecwn. Which version is used depends upon hcw many

(¢.1,0or 2) files have been requested.

This process is cocntrolled ty the following modules;

1) Readmap (Apendix C.Z) receives the name of the
map, searches for the map in the data base and reads it
into the DRA%-A-MAP data structure.

2) Savemap (Appendix C.2) receives a pointer to the
map and stcres the map in the data bace.

Z) Deletemap (Appendix C.3) receives the name of a
map and deletes it from the data base.
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By limitinz the purpose of these modules to that of comruni-
cation with the data base, the system can easily be mcdified

to operate with other data base manazement systems.

The LRAW-A-MAP system is implemented using the Textron-

izs graphical terminal.

A set of modules (shown in Appendix C.4) contains the
code necessary to communicate with the graphics device.
This set contains modules to initialize the screen, to clear
the screen, to clip a line against window boundaries using
the Cohen-Sutherland clipping algorithm and draw 1it, to
position the cursor on the screen, to read the cursor posi-
ticn, to read a character string from the keyboard, and 1o

rinz the bvell.

m_mLl Sl 2= e

The structural model of the system is shown in Figure
12 and Appendix A. It consists of three primary modules;
CRAwW, EDIT and INQUIRE, which are controlled by a driver
module (MAIN) aand which communicate with the data base and

graphical device via the modules described above.

m Lol e emo -

The driver prograr, MAIN (shown in Appendix C.5), con-

trcls the user’s navigaticn through the system. [Lepencding



Structural odel

START

MAIN

(S _&:_ _iﬁ
‘ . *JTIL

DATA BASE GRAPEICAL
INTERFACE INTERFACE
MODUF%S MODULES
A ¥ T
MRS TEKTRONIX
DATABASE GRAPHICAL

TERMINAL

* Called by DRAw, EDIT. INQUIRE as required
Figure 19

upon placemaat of the cursor by the wuser, control 1is

transferred to the DRAW, EDIT cr INQUIRY modules or the pro-

gram is terminated.

U
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1aV)
lw)

rav

The module DRAW (shown in Appendix C.86) allows the user
to draw a map on the screen and enter it in the data base.
The user is first prompted for the name of the map, followed

by the attributes the map will have. To enharce drawing



(W]

Cpl

accuracy the user may request that the toundary of a previ-
ously stored map be drawn on the screen. The ucer can then
use these lines to draw the new map. In the drawing process
itself, the wuser sets the cursor at a position where he
wishes to have a node, and enters it by typing a pericd
(7.7, A bell will ring indicating to the user that the
system has received the node. To prevent splintering and
overlaying of subareas along boundaries,a mechanisr is in
place to assure that rodes within a preset radius are
assumed to bte the same ncde. The system collects rcdes
until the user has closed the polygon by reentering the
first node of the polygon. After the boundary polygon 1is
entered and drawn, the polygon for each subarea 1is drawr.
After entering each subarea, the user is prompted for the
name of the subarea and the attricute values pertaining te¢

that subarea.
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The module, ZDIT, while mnot currently implemented,
would allow the user to edit a map that he has Jjust arawn or
that has been previously stored in the data Dase. 5diting
operations would be of two major types: those affecting the
graphical image and these affecting the attributes. Graphi-
cal editing would allow the user to manipulate the lines
that appear on the screen. Thus he would be able te¢

1) Add a subarea by exteading the boundary of the map.
2) Combine two subareas by deleting a line.
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Z) Split a subarea by adding a lire to the map.

Care must be taxen to assure that the necessary operations
on attributes must be performed iz order to maintain the

validity of the attribute values associated with the

subareas.

Also very usetul for inquiry purposes would be a graph-
ical operation which would allow the user to overlay one mabd
with another, creating a urion of the two maps. As a result
of this overation, a wuser could incuire about the jcint
occurrence of attributes maintained on separate maps that

descrive the same geographical area.

A facility should be provided for users to edit attri-
butes. Characteristics of subareas may change over time
requiring the changing of attribute values therefore, the
user may also wish to expand the capability of the map by
deleting nc lcanzer useful attributes and adding new cnes.
Operations to handle these procedures would require changes
in the attribute table as well as changes to the attritbute

values asscciated with each subarea.

TN
{[¢]
TN

Irquire

The mcdule, INQUIRE, (Apvendix C.7) 1s designed to
allow the user to inquire about the data the map represents.

The user has three ways to use this module.

1) He can request a tabular display of the data
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gssoc;ated with the map. This apprcach wculd provide
aata 11 tabular form frr all subareas of the map but
would not show the mav cn the screen.

'2) He can request to see all the data for a
particular subarea. The map would be selected b/
the user and displayed on the Sscreen. The user would
then <select a sutarea ty placing the cursor on it
arnd the information pertaining to that subarea would
be displayed.

3) He can request information directly from the
data tase. The map selected by the user would be
displayed. The user would type a request of the
form appropriate to the data base management system
used, and the results of the inquiry would ©be
déiplayed on the screen. (not currently implemeat-
e
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A set of graphic utility modules are found iz UTIL.
These modules,cescribed telow, are called from the TRAY,
ZLIT or INQUIRE modules and overate on Z2raphic images on the

screen.

The function, getslope, receives the endpoints of a
line and returas its slope. The function, yintercept, calcu-
lates the y intercept of the line it receives and returns

this value. These functions are shown in Appendix C.&.

The function, ©bound_becx (Appendix C€.9), deterrines
whether two boxes defined by two sets of endpoints overlap.
This function calls another furction, bb (Appendix C.13),
which takes a point, x and y, and a box, defined by two
points, and returns an indicator based ¢n where the ©point

lies in relatior to the box. The reader is referred to the



illustration in the comments section of both functions for

more informatior about what indicators are returned.

The function, interoept (Appendix C.11), deterrines if
and how two lines intercept each other. Intercept checks to
assure that the bounding boxes of the 1lines for intersect
before proceeding to find the intercept. For additicnal
information on how the intercept function returns the infor-
mation 1t has fourd, the reader is invited to read the com-
ments at the beginninz of the function. In the case of a
single intersection rnot at an endpoint, intercept calls fin-
tercept (Appendix C.12), a recursive procedure which exam-
ires smaller and smaller sections of the lines for intersec-

tion.

The function for determining whether a point is 1in a
polygon 1is called inploy and is found in Appendix C.13. It
receives a point ard returns a polirter to the subarea of the
map containing that point. Inpoly first assures that the
point lies within the bounding box surrournding the polygon
by wusing the function bb. It then checks all edges for
intersection with the horizontal 1line which contains the
point and is Tbound by the minimum and maximum x values of
the surrourding box. After a&all intersections are calcu-
lated, whether the point lies inside or outsids the polyson
can be deterrined depending upor where it lies 1in relation

to the intersection points.
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The above describes DEAW-A-MAP, as it currently exists,
a basic interactive graphical system fcr drewing meps. The

next secticn will discuss how this system might be enhanced.



5. Enhancements

[RAW-A-MAP could bve ccnsiderably expanded to create

a

production aquality cartographic tool, to increase its effi-

ciency in interfacing with the data base and to increase its

“friendliness” to users.

As a production cartographic tool, a syster such

DPRAW—-A-MAP, could contain:

1. Facilities to maintain 1line data, such as a
river or a highway, point data, such as an historic
site, and vpolygon within a polygon data, such as a lake
within a subarea.

2. Facilities to develop specific graphic symbols
with which to label the map.

3. A facility for including text data in the map to
label the map, its subareas and its points of interest.

4. Facilities for filling subareas with a pattern
expressing a meaning rather than a color.

5. Facilities to define free formr lines, as would
pe found in a line defining a winding river or a complex

rolyegon.

DRAW-A-MAP could be made more user friendly .

as

It

could allow the user to enter maps traced from a real map on

a bit pad. It could then allcw the wuser to sdecify

how

large the map could be on the screen. Other screer cpera-

tions, such as scroll, expand and contract, rotate, mcve,

center and adjust size, could be added which would allow the

user to operéete on his drawing.



3E

Drawing a map would be much easier for the user if %e
coula erase 1lines and if he were allowed to draw the map
first, using lires that could crcss each other azd ther
enter the subarea data. These features would require
several corplex polygon manipulation functions but woula be

useful.

Increased error prevention procedures could ©be imple-
mented. Cnrrently the system perrtits a map tc contain areas
that are undefined. It is also pcssible to have subareas
definec outside of the ©bcuncary of the map as well as

subareas which cverlay or surrouad each other.

For more efficient operation the interface with the
data base could be improved. The user and system could be
able to detect and process error conditions returned from
the data base. It could be possitle to selectively retrieve
or update maps that exist in the data base. It would also
be useful to have a display/ interpreter (as describea oy
Weller and Williams) [17] that reads directly from the data

base and generates the map image on the graphical dsvice.

The above enharcements, if implemented, would 1improve

the quality and usefulness of the DRAW-A-MAP systenm.
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6. Ccnclusicn

The CRAW-A-MAP system demonstrates how both graohical
and nongraphical data may ©be stored in a relational data
pase. It provides an interactive system for drawing a rap
and suggests the many routes one might taxe in its enhance-

ment.

Secticn 1 traced the development of technicues for
storing graphical data. It Dbegan with the period durins
which languages were developed to handle list structures and
data relations. It followed with descriptions of computer
cartography applications and projects in which graphical

data was stored in data bases.

Section 2 provided a discussion <¢f the ©prccesses
inherent in graphics and their ramifications for data base
design. It specified what assumptions must be relaxed for a
data managemenat system to suppert graphical processes. It
explained why the relational cdata base moael is appropriate
for computer graphics. The DRAW-A-MAP data base design was

presented and explained.

The graphic considerations of DRAW-A-MAP were presented
in Section Z. Both the bit mav technique ana the polyszon
techrique (used in DRAW-A-MAP) for storirg graphical aata
were explained. Their respective uses were discussed. The
subject of data structures in computer graphics was

presented. Those features a data structure must posess to
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support corputer graphics were discussed. The data struc-

ture used in DRA¥-A-MAP was preserted and explained.

The actual implementation of DRAW-A-MAP was the topic
of Section 4. It was shown how DRAW-A-MAP was made portable
between data tase systems and graphical devices by the use
of separate modules tc execute the interface processes. Tae
three porimary mcdules of the system; LRAW, EDIT and INCUIRE
were examined. The user’s view and an inbternal view of the

system were provided.

Section & concluded the description of DRAW-A-MAP with
a discussion of the features one might add to convert the
system to a production quality cartographic tool and how one

might make the system more user friendly .
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Aopendix A

Structural Model

START

MAIN

)

e
*

_ EXIT

*UTIL

DRAW EDIT INQUIRE
( \
- —
—b N Y —Tl 4
DATA BASE GRAPHICAL
INTERFACE INTERFACE
MODULES MODULES
l 4
MRS TEKTRONIX
DATABASE GRAPHICAL
TERMINAL

Called by DRAW, EDIT, INQUIRE as required



Appendix B

Lata Base Tesign

Monroe Smith Mon.atbl 3
Ontaric Jones Ont.atbl 4

pooulation n 1 32
area n 1 100
income n 2 509
party c (null) (null)
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Rochester
Henrietta Monrec.s.2 Mcnre.w.2 4
Brighton

(Relation Morroe —— continued)
BBXMIN BBYMIN BBIMAX BBYMAX
220 315 280 335
(Relation Mcnreoce —— continued)

POPULATION AREA INCOME PARTY

25 12 29 dem

1<

!

230 3€S

green



229 250 .9 126
256 335 -.6 545
250 372 cce.¢ Gees
250 315 -.5 478

wORLDX WORLDY

20 39
26 o
0 24

30 23
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